INo 2 . 5100. 4. 204y

1816
|

g
bt *
‘i\’*‘/i’

e (]
YsecW®

Szkota Gtéwna Gospodarstwa Wiejskiego

w Warszawie

Instytut Nauk o Zywnosci

Mgr inz. Adonis Hilal

Hydrozele bialkowo-polisacharydowe
w projektowaniu innowacyjnych ukladow
strukturotworczych i noSnikéw substancji

bioaktywnych

Protein-Polysaccharide Hydrogels in the Design of Innovative Structure-
Forming Systems and Carriers for Bioactive Substances

RPN (238 85% 904
WPLYNELO DNIA

2024 -10- 21

Instytut Nauk o Zywnosci
Sekretariat i
INOZ 45 [L024 /Qﬂ
ek dlo ?wuwlm,o/
RO [»A231] 2004
WPLYNELO DNIA

W24 -1~ U 4

Instytut Nauk o Zywno$ci
Sekretariat

, INox [ Ut 202 Hed
Lf . % i o gele Lenva
2 2alecauc leatet”

Rozprawa doktorska

Doctoral thesis

Rozprawa doktorska wykonana pod kierunkiem
dr hab. Malgorzaty Wroniak, prof. SGGW
Instytut Nauk o Zywnosci

Katedra Technologii i Oceny Zywnosci

Promotor pomocniczy
dr inz. Anna Florowska
Instytut Nauk o Zywnosci

Katedra Technologii i Oceny Zywnosci

Warszawa 2024







Pragne z calego serca podzigkowac
Jjednoczesnie dedykujgc te rozprawe
doktorskg,

moim Rodzicom, za mitos¢ i usmiech
kazdego dnia i za ich bezcenne
wsparcie, pomoc i nieskonczong
cierpliwos¢ na kazdym etapie mojej
edukacji

oraz

mojej drugiej potowce, za wsparcie
i wyrozumiatos¢.  Twoja  obecnosé
uczynita te podroz nie tylko mozliwg,
ale i wyjgtkowq.






Oswiadczenie promotora rozprawy doktorskiej

Oswiadczam, ze niniejsza rozprawa zostala przygotowana pod moim kierunkiem
i stwierdzam, Ze spetnia warunki do przedstawienia jej w postgpowaniu o nadanie stopnia
naukowego doktora.

wede W‘/O/WUJL

-

Oswiadczenie autora rozprawy doktorskiej

Swiadom odpowiedzialnosci prawnej, w tym odpowiedzialnosci karnej za zlozenie
falszywego o$wiadczenia, oswiadczam, ze niniejsza rozprawa doktorska zostala napisana
przez mnie samodzielnie i nie zawiera tresci uzyskanych w sposéb niezgodny
z obowigzujacymi przepisami prawa, w szczeg6lnosci z ustawg z dnia 4 lutego 1994 r.
o prawie autorskim i prawach pokrewnych (tj. z dnia 28 pazdziernika 2022 r., Dz.U.
22022 r. poz. 2509 ze zm.)

Os$wiadczam, ze przedstawiona rozprawa nie byta wezesniej podstawg zadnej procedury
zwigzanej z uzyskaniem stopnia naukowego doktora.

Os$wiadczam ponadto, Ze niniejsza wersja rozprawy jest identyczna z zalgczong wersja
elektroniczna.

Przyjmuj¢ do wiadomosci, ze rozprawa doktorska poddana zostanie procedurze
antyplagiatowe;j.

Data . 2. AQ. 292U .£... Czytelny podpis autora rozprawy A}LJ“»)‘?HWJL







Streszczenie

Hydrozele bialkowo-polisacharydowe w projektowaniu innowacyjnych ukladow
strukturotworczych i nosnikow substancji bioaktywnych

W ostatnich latach obserwuje si¢ wzrost swiadomosci konsumentow w zakresie
probleméw zdrowotnych oraz zréwnowazenia S$rodowiskowego. Istnieje rowniez
potrzeba projektowania nowej zywnos$ci funkcjonalnej, obejmujacej produkty roslinne
o zwickszonej wartos$ci odzywczej i biodostepnosci sktadnikow bioaktywnych. Zatem,
uzasadnione jest ciggle poszerzanie wiedzy na temat sktadnikow pochodzenia roslinnego,
ktére moga potencjalnie pomoéc w kreowaniu wygladu, konsystencji i smaku
innowacyjnych produktow.

Celem pracy doktorskiej bylo okreslenie wlasciwosci fizykochemicznych binarnych
hydrozeli biatkowo-polisacharydowych oraz opracowanie ukladu modelowego,
w ktorym hydrozel pehitby funkcje sktadnika strukturotworczego i nos$nika substancji
bioaktywnej. Badania podzielono na 4 etapy zgodnie z zakresem pracy. Rozpoczgto od
analizy bibliometrycznej literatury dotyczacej hydrozeli biatkowo-polisacharydowych
(przy uzyciu oprogramowania VOSviewer) oraz charakterystyki wybranych preparatow
biatkowych (biatko grochu i biatko pszenicy) i polisacharydowych (guma gellan, guma
konjac, inulina, maltodekstryna, babka ptesznik i guma tara). Wybrano do dalszych badan
dwa biopolimery - biatko grochu (jako dodatek 12,5 g/ 100 g hydrozelu) i babke ptesznik
(jako dodatek 0,5 g/ 100 g hydrozelu). Okreslono wptyw pH (7, 4,5 1 3) i st¢zenia NaCl
(0, 0,15 1 0,3 M) na wiasciwosci fizyczne tych hydrozeli. W koncowym etapie zbadano
wplyw metody indukcji na wlasciwosci ukladu zawierajacego antocyjany z ekstraktu z
owocOw czarnego bzu (w ilosci 2 g/100 cm® wodnej fazy hydrozelu). Zastosowano
innowacyjng metod¢ sekwencyjnej indukcji, taczac indukcj¢ termiczng z wtérng indukcja
nietermiczng tj. homogenizacja ultradzwigkowa (25 kHz, 70 W, 100% puls, 100%
amplituda, temp. 20 £ 1 °C) i obrobka wysokimi ci$nieniami hydrostatycznymi (500
MPa, ustawiona temperatura 20 £ 1 °C, temp. max w trakcie ci$nieniowania 30 £ 1 °C).
Otrzymane uklady analizowano pod wzgledem stabilnosci fizycznej, parametrow
mikroreologicznych, teksturalnych, barwy, wydajnosci wigzania antocyjanow
z ekstraktu, analizy FT-IR, mikrostruktury, ogoélnej zawartosci zwigzkéw fenolowych,
aktywnosci przeciwutleniajacej (ABTS, DPPH) oraz stabilno$ci termiczne;.
Przeprowadzono analiz¢ statystyczng uzyskanych wynikéw (analiza wariancji jedno-
i dwuczynnikowa ANOVA, test Tukey’a). W celu efektywnego podsumowania
zgromadzonych danych, wyniki po kazdym etapie, poddano analizie sktadowych
glownych (PCA) oraz hierarchicznej analizie skupien (HCA).

Na podstawie analizy bibliometrycznej wykazano, ze badania nad spozywczymi
hydrozelami binarnymi uzyskanymi z polaczenia biatka roslinnego i polisacharydu jako
materialdw budulcowych s3 stosunkowo nowym obszarem badan o charakterze
interdyscyplinarnym. Jednocze$nie podkreslono, ze ich innowacyjno$¢ polega na
zastosowaniu podejscia "Bottom-Up Design" do opracowania nowych funkcjonalnych
matryc zywnos$ciowych. To podejscie pozwala na kontrolowanie interakcji pomiedzy






biatkiem a  polisacharydem w  celu  otrzymania  zlozonej  struktury
o zindywidualizowanych wtlasciwosciach, ktéore moga pomdc w opracowaniu
innowacyjnych i prozdrowotnych produktéw spozywczych.

Charakterystyka wlasciwosci fizycznych preparatow biatkowych
i polisacharydowych pozwolita wytoni¢ preparaty (biatko grochu, guma gellan, guma
konjac 1 babka ptesznik), ktore charakteryzowaty si¢ zdolnoscig do tworzenia struktur
zelowych (wspodtczynnik ciecz-ciato state SLB < 0,5). Uktady otrzymane z uzyciem tych
preparatoéw wykazaly wysoka stabilno$¢ fizycznag (index niestabilnosci < 0.06). Preparaty
biatka pszenicy, maltodekstryny i gumy tara nie utworzyty struktury zelowej (SLB > 0,5).
Na podstawie analizy gtownych sktadowych oraz analizy skupien wybrano biatko grochu
1 babke ptesznik jako sktadowe hydrozeli do dalszych badan. Analizujac widma FT-IR,
dla uktadu z biatka grochu, babki plesznik i ich binarnego hydrozelu, potwierdzono
wystepowanie oddziatywan asocjacyjnych (kompatybilno$¢ termodynamiczna),
pomiegdzy ich tancuchami, w postaci interakcji miedzyczasteczkowych, w tym van der
Waalsa i elektrostatycznych. Wykazano, ze synergiczne dzialanie biatka grochu i babki
ptesznik umozliwia otrzymywanie hydrozeli o korzystnych wiasciwosciach fizycznych,
przy jednoczesnym zmniejszeniu st¢zenia biopolimerdw potrzebnych do wytworzenia
struktury zelu.

Na podstawie wynikéw z kolejnego etapu stwierdzono, ze modyfikacja warto$ci
pH i dodatku NaCl skutkowata powstaniem hydrozeli o zréznicowanych wtasciwosciach
fizycznych. Badane hydrozele sklasyfikowano jako stabe zele o podobnych
wlasciwo$ciach do produktow takich jak ketchup, jogurt czy budyn. Indukcja przy
nizszym poziomie pH (szczegdlnie pH 3 i 4,5) i bez dodatku NaCl prowadzita do
tworzenia si¢ stabych, smarownych hydrozeli, o czym $wiadczyly: tangens kata
przesunigcia fazowego (tan(d) = 0,26) oraz warto$¢ odksztatcenia w liniowym zakresie
lepkosprezystym (1,39 <7y [%] < 2,18). Dodanie NaCl (0,15 i 0,3 M) przy tych samych
warto$ciach pH (pH 3 i 4,5) poprawilo stabilno$¢ strukturalng. Przy pH 3, wraz ze
zwigkszeniem stezenia NaCl z 0 do 0,15 M odnotowano $redni wzrost warto$ci modutow
G'1 G" o okoto 95 razy, a w przypadku zwigkszenia stgzenia NaCl z 0 do 0,3 M wzrost
ten osiggnal nawet 170 razy. Zastosowanie nizszego pH i1 wysokiego stgzenia NaCl
skutkowalo wzmocnieniem oddziatywan elektrostatycznych migdzy biatkiem grochu
ibabkag ptesznik, czego efektem bylo powstanie hydrozelu o korzystniejszych
wiasciwosciach fizycznych, w tym wysokiej stabilno$ci strukturalnej. Wykazano, ze
podczas indukcji wptyw NaCl na wlasciwosci hydrozeli uzalezniony byt od pH uktadu.

Analizujgc parametry w ostatnim etapie, stwierdzono, ze indukcja wtorna
zuzyciem homogenizacji ultradzwickowej (U5 1 Ul0) lub wysokich ci$nien
hydrostatycznych (P5 i P10), prowadzita do powstania uktadéw hydrozelowych o istotnie
réznych wiasciwos$ciach fizykochemicznych. Uzycie wtornej indukcji ultradzwigkowe;j
USH spowodowalo powstanie uktadow o niskiej stabilno$ci fizycznej i twardosci (0,07
N), co negatywnie wpltyneto na zdolno$¢ wigzania ekstraktu z owocdéw czarnego bzu
(EEus = 3%; EEui0 = 9%) oraz na koncowa aktywnos¢ przeciwutleniajacg (ABTSus =
3,6 mg TE/ 100 g s.s.; ABTSui0 = 3,1 mg TE/ 100 g s.s.). Dodatkowo, wydtuzenie czasu






indukcji do 10 minut (U10) spowodowato najwigksza degradacje¢ polifenoli (9,31 g kwasu
chlorogenowego/ 100 g s.s.) w porownaniu z uktadem kontrolnym (TPCc = 18,4 g kwasu
chlorogenowego/ 100 g s.s.). Natomiast, zastosowanie wtérnej indukcji
wysokocisnieniowej HHP  doprowadzilo do powstania ukladow o zwartej
mikrostrukturze (widocznej na mikrofotografiach SEM), czego efektem byta wysoka
zdolno$¢ wigzania antocyjandw z ekstraktu wewnatrz uktadu (EEps =20%, EEpio =33%).
Uktady modelowe na bazie hydrozelu z biatka grochu i babki plesznik, zawierajace
ekstrakt z owocow czarnego bzu otrzymane poprzez wtérng indukcje HHP wykazaty
wysoka aktywno$¢ przeciwutleniajaca, przy czym dziesigciominutowa indukcja HHP
pozwolita osiggnaé najwyzsza zawartos¢ polifenoli ogotem w strukturze (TPCpio = 22,7
g kwasu chlorogenowego/ 100 g s.s.) oraz najwyzsza aktywnos$¢ przeciwutleniajaca
(ABTSpi10=5,8 mg TE/ 100 g s.s.; DPPHp1o = 1,08 mg TE/ 100 g s.s.).

Na podstawie wynikow wykazano, ze istnieje mozliwo$¢ opracowania uktadu
modelowego o wlasciwos$ciach prozdrowotnych na bazie binarnego hydrozelu z biatka
grochu 1 babki ptesznik, w ktérym hydrozel ten pemlit funkcj¢ skladnika
strukturotworczego i jednoczesnie nosnika substancji bioaktywnej. Ponadto wykazano,
ze metody iparametry indukcji istotnie wplynety na ksztattowanie wiasciwosci
fizykochemicznych ukladéw hydrozelowych. Jednocze$nie nalezy podkresli¢, ze
sekwencyjna technika polegajaca na zastosowaniu indukcji termicznej i wysokich ci$nien
hydrostatycznych przy odpowiednio dobranych warunkach (pH = 3 i dodatek NaCl na
poziomie 0,3 M) umozliwita otrzymanie ukladu hydrozelowego o optymalnych
wlasciwos$ciach fizykochemicznych do tworzenia zaréwno sktadnika strukturotworczego
jak i no$nika substancji bioaktywnych.

Stowa kluczowe — hydrozele biatkowo-polisacharydowe, biatko grochu, babka ptesznik,
wlasciwos$ci fizykochemiczne, ekstrakt z owocoéw czarnego bzu, metody indukcji,
homogenizacja ultradzwigkowa, wysokie ci$nienia hydrostatyczne






Summary

Protein-Polysaccharide Hydrogels in the Design of Innovative Structure-Forming
Systems and Carriers for Bioactive Substances

In recent years, there has been a significant increase in consumer awareness
regarding health issues and environmental sustainability. This has led to a growing need
for the design of new functional foods, particularly plant-based products with enhanced
nutritional value and bioavailability of bioactive compounds. Therefore, it is justified to
continually expand the knowledge of plant-derived ingredients that can potentially aid in
shaping the appearance, texture, and taste of innovative products.

The aim of this study was to determine the physicochemical properties of binary
protein—polysaccharide hydrogels and to develop a model system in which the hydrogel
would function as both a structure-forming component and a carrier of bioactive
substances. The research was divided into four stages in accordance with the scope of the
work. It began with a bibliometric analysis of the literature on protein—polysaccharide
hydrogels using VOSviewer software, as well as the characterization of selected protein
preparations (pea protein and wheat protein) and polysaccharide preparations (gellan
gum, konjac gum, inulin, maltodextrin, psyllium husk, and tara gum). Based on the
obtained results, two biopolymers were selected for further study: pea protein (added at
12.5g/100 g of hydrogel) and psyllium husk (added at 0.5 g/100 g of hydrogel). The
influence of pH levels (7, 4.5, and 3) and NaCl concentrations (0, 0.15, and 0.3 M) on the
physical properties of these hydrogels was determined. In the final stage, the impact of
the induction method on the properties of a system containing anthocyanins from black
elderberry fruit extract (at 2 g/ 100 cm? of the hydrogel's aqueous phase) was examined.
An innovative method of sequential induction was applied, combining thermal induction
with secondary non-thermal induction—namely, ultrasonic homogenization (25 kHz,
70 W, 100% pulse, 100% amplitude, temperature of 20+ 1 °C) and high hydrostatic
pressure processing (500 MPa, set temperature of 20+ 1 °C, maximum temperature
during pressurization of 30+ 1 °C). The obtained systems were analyzed in terms of
physical stability, microrheological and textural parameters, color, efficiency of
anthocyanin binding from the extract, FT-IR analysis, microstructure, total phenolic
content, antioxidant activity (ABTS and DPPH assays), and thermal stability. Statistical
analysis of the results was conducted using one-way and two-way ANOVA, along with
Tukey's test. To effectively summarize the collected data, the results after each stage were
subjected to principal component analysis (PCA) and hierarchical cluster analysis (HCA).

Based on the bibliometric analysis, it was demonstrated that research on food-
grade binary hydrogels obtained by combining plant proteins and polysaccharides as
building materials is a relatively new and interdisciplinary field. It was also emphasized
that their innovativeness lies in the application of a "Bottom-Up Design" approach to
develop new functional food matrices. This approach allows for controlling the
interactions between proteins and polysaccharides to obtain complex structures with






customized properties, which can aid in the development of innovative and health-
promoting food products.

Characterization of the physical properties of protein and polysaccharide
preparations led to the identification of materials—pea protein, gellan gum, konjac gum,
and psyllium husk—that exhibited the ability to form gel structures (solid-liquid balance
coefficient SLB < 0.5). Systems prepared using these materials showed high physical
stability (instability index < 0.06) due to the formation of the gel structure. In contrast,
preparations of wheat protein, maltodextrin, and tara gum did not form gel structures
(SLB > 0,5). Based on principal component analysis and cluster analysis, pea protein and
psyllium husk were selected as hydrogel components for further studies. Analysis of the
FT-IR spectra for the system containing pea protein, psyllium husk, and their binary
hydrogel confirmed the presence of associative interactions (thermodynamic
compatibility) between their chains in the form of intermolecular interactions, including
van der Waals and electrostatic forces. It was demonstrated that the synergistic action of
pea protein and psyllium husk enables the production of hydrogels with favorable
physical properties while simultaneously reducing the concentration of biopolymers
required to form the gel structure.

Based on the results from the next stage, it was concluded that modifying the pH
values and adding NaCl resulted in hydrogels with varied physical properties. The studied
hydrogels were classified as weak gels with properties similar to products like ketchup,
yogurt, or pudding. Induction at lower pH levels (particularly pH 3 and 4.5) without the
addition of NacCl led to the formation of weak, spreadable hydrogels, as indicated by a
phase angle tangent (tan (8) ~0.26) and a strain value in the linear viscoelastic range
(1.39% <7y [%] <2.18%). The addition of NaCl (0.15 and 0.3 M) at the same pH values
improved structural stability. At pH 3, increasing the NaCl concentration from 0 to
0.15M resulted in an average increase in the storage (G') and loss (G") moduli by
approximately 95 times, and increasing the NaCl concentration from 0 to 0.3 M led to an
increase of up to 170 times. The use of lower pH and higher NaCl concentrations
enhanced electrostatic interactions between pea protein and psyllium husk, leading to the
formation of hydrogels with more favorable physical properties, including high structural
stability. It was demonstrated that during induction, the effect of NaCl on the properties
of the hydrogels depended on the pH of the system.

Upon analyzing the parameters in the final stage, it was determined that secondary
induction using ultrasonic homogenization (U5 and U10) or high hydrostatic pressure (P5
and P10) led to the formation of hydrogel systems with significantly different
physicochemical properties. The use of secondary ultrasonic homogenization (USH)
resulted in systems with low physical stability and hardness (0.07 N), which adversely
affected the binding capacity of black elderberry fruit extract (EEus =3%; EEu10=9%)
and the final antioxidant activity (ABTSus =3.6 mg TE/100 g d.m.; ABTSyi0=3.1 mg
TE/100 g d.m.). Additionally, extending the induction time to 10 minutes (U10) caused
the greatest degradation of polyphenols (9.31 g chlorogenic acid/100 g d.m.) compared to
the control system (TPCc=18.4¢g chlorogenic acid/100g d.m.). In contrast, the






application of secondary high-pressure induction (HHP) resulted in systems with a
compact microstructure (visible in scanning electron micrographs), leading to a high
capacity for binding anthocyanins from the extract within the system (EEps=20%;
EEpi0=33%). Model systems based on a pea protein and psyllium husk hydrogel
containing black elderberry fruit extract, obtained through secondary HHP induction,
exhibited high antioxidant activity. Notably, a ten-minute HHP induction achieved the
highest total polyphenol content within the structure (TPCpi9=22.7 g chlorogenic
acid/100 g d.m.) and the highest antioxidant activity (ABTSpi0=5.8 mg TE/100 g d.m.;
DPPHpio=1.08 mg TE/100 g d.m.).

Based on the results, it was demonstrated that it is possible to develop a model
system with health-promoting properties based on a binary hydrogel of pea protein and
psyllium husk. In this system, the hydrogel serves both as a structure-forming component
and as a carrier of bioactive substances. Furthermore, it was shown that the methods and
parameters of induction significantly influenced the physicochemical properties of the
hydrogel systems. Notably, the sequential technique involving the application of thermal
induction and high hydrostatic pressure under appropriately selected conditions (pH =3
and NaCl addition at 0.3 M) enabled the formation of a hydrogel system with optimal
physicochemical properties, capable of serving both as a structure-forming component
and as a carrier of bioactive substances.

Keywords — protein—polysaccharide hydrogels, pea protein, psyllium husk,
physicochemical properties, black elderberry fruit extract, induction methods, ultrasonic
homogenization, high hydrostatic pressure
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*Jestem autorem korespondencyjnym.
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[P3] Hilal, A.*; Florowska, A.; Domian, E.; Wroniak, M.: 2024. Binary Pea Protein-
Psyllium Hydrogel: Insights into the Influence of pH and lonic Strength on the Physical
Stability and Mechanical Characteristics. Gels, 10(6), 401.
https://doi.org/10.3390/gels 10060401 ; IF: 5; MEiN2p24: 20 pkt.

Moj udzial szacuje na 70%. Polegal na wspotudziale w opracowaniu koncepcji
manuskryptu, zebraniu literatury, zaplanowaniu doswiadczenia, doborze metod
badawczych, przeprowadzeniu doswiadczenia, opracowaniu i interpretacji wynikow oraz

uczestniczeniu w przygotowaniu wstepnej i ostatecznej wersji manuskryptu.

*Jestem autorem korespondencyjnym.

[P4] Hilal, A.*; Florowska, A.; Florowski, T.; Rybak, K.; Domian, E.; Szymanski, M.;
Wroniak, M.: 2024. Effects of Sequential Induction Combining Thermal Treatment with
Ultrasound or High Hydrostatic Pressure on the Physicochemical and Mechanical
Properties of Pea Protein—Psyllium Hydrogels as Elderberry Extract Carriers.
International Journal of Molecular Sciences, 25(16), 9033.

https://doi.org/10.3390/ijms25169033; IF: 4,9; MEiN2024: 140 pkt.

Moj udzial szacuje na 65%. Polegal na wspotudziale w opracowaniu koncepcji
manuskryptu, zebraniu literatury, zaplanowaniu doswiadczenia, doborze metod
badawczych, przeprowadzeniu doswiadczenia, opracowaniu i interpretacji wynikow oraz

uczestniczeniu w przygotowaniu wstepnej i ostatecznej wersji manuskryptu.

*Jestem autorem korespondencyjnym.

Laczna warto$¢ IF — 19,65 punkty MNiSW — 280 pkt.
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Wykaz skrotow i oznaczen

Symbol Znaczenie i jednostka
a* barwa czerwona/zielona [-]
ABTS  aktywno$¢ przeciwutleniajacg wobec rodnika ABTS [mg TE/ g s.s.]

b* barwa zotta/niebieska [-]
C* nasycenie barwy [-]
DPPH  aktywno$¢ przeciwutleniajacg wobec rodnika DPPH [mg TE/ g s.s.]
EE zdolno$¢ wigzania ekstraktu [%]
EFE  Suchy ekstrakt z owocdéw czarnego bzu

EI indeks elastyczno$ci [nm2]
G' modul zachowawczy [Pa]
G" modut stratnosci [Pa]

GG  guma gellan
h odcien barwy [°]
HHP  wysokie ci$nienia hydrostatyczne
INU  inulina
KG  guma konjac
L* jasnos¢ [-]
LVR G' modut zachowawczy w liniowym zakresie lepkosprezystosci [Pa]
LVRy odksztatcenie [%]
MD  maltodekstryna
MSD  $rednie przemieszczenie kwadratowe w funkcji czasu dekorelacji [nm 2]
MVI  indeks lepkosci makroskopowej [nm 2]
PP biatko grochu
PS babka plesznik
RP zdolnos¢ redukceji jonow zelaza [mg TE/ g s.s.]
SLB  wspdlczynnik ciecz-ciato stale [-]
tan(0) tangens kata przesunigcia fazowego
TG guma tara
TPC  ogodlna zawartos¢ zwigzkéw fenolowych [mg kw. chlorogenowego/ 100 g s.s.]
UHS  homogenizacja ultradzwigkowa
WI indeks bieli [-]
WP Biatko pszenne
YI indeks zazodtcenia [-]
AE catkowita réznica barwy [-]
m*| lepko$¢ zespolona [Pa-s]
n? wielkos$¢ efektu
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1. Wstep

‘ N J spotczesni  konsumenci coraz czesciej poszukuja produktow, ktore

dostarczaja korzysci zdrowotnych wykraczajacych poza podstawowe
warto$ci odzywcze. W ostatnich latach obserwuje si¢ wzrost swiadomos$ci konsumentow
w zakresie problemow zdrowotnych oraz zrownowazenia $rodowiskowego. Istnieje
réwniez potrzeba projektowania nowej zywnosci funkcjonalnej, obejmujacej produkty
ros$linne o zwigkszonej warto$ci odzywczej 1 biodostepnosci sktadnikow bioaktywnych.
Zatem, uzasadnione jest ciagle poszerzanie wiedzy na temat sktadnikoéw pochodzenia
ro§linnego, ktéore moga potencjalnie poméc w kreowaniu pozadanego wygladu,
konsystencji i smaku zywnos$ci. Hydrozele spozywcze moga si¢ okaza¢ kluczowe dla
rozwoju innowacyjnych produktéw spozywczych z uwagi na ich unikalne wtasciwosci
fizykochemiczne. Moga by¢ one stosowane rodwniez jako skladniki poprawiajace
wlasciwos$ci sensoryczne produktow roslinnych lub jako nowatorskie systemy wigzania

1 dostarczania zwigzkéw bioaktywnych.

Hydrozele to tréjwymiarowe sieci hydrofilowych polimerow wykazujace wiasciwosci
lepkosprezyste. W sektorach biomedycznym 1 farmaceutycznym hydrozele ciesza si¢
duza popularnoscia i sa wykorzystywane m.in. jako rusztowania dla komoérek
w hodowlach komorkowych, a takze jako nos$niki substancji farmakologicznych
stosowanych w leczeniu schorzen skory, stawow i uktadu pokarmowego. W przemysle
spozywczym, tradycyjne zastosowanie hydrozeli ogranicza si¢ m.in. do produkcji np.
galaretek 1 kisieli. Chociaz moga one wnie$¢ duzo innowacyjnych aplikacji ich szersze
zastosowanie jest wcigz marginalne. Hydrozele spozywcze, maja bowiem migdzy innymi
obiecujacy potencjat jako elementy aktywnych opakowan i sensorow inteligentnych
opakowan, a takze jako mimetyki thuszczu w produktach niskothuszczowych. Ponadto
moga by¢ stosowane jako czynniki poprawiajace wtasciwosci teksturalne i stabilnos¢
Zzywnosci o obnizonej zawarto$ci cukru, jak i zywnosci roslinnej. Dzieki ich zdolnos$ci do
tworzenia strukturalnej matrycy moga by¢ wykorzystane jako systemy wigzania

1 dostarczania zwigzkéw bioaktywnych do wybranych czesci uktadu pokarmowego.

Wiasciwosci hydrozeli zalezag od szeregu czynnikéw, z ktdrych najwazniejszy to
rodzaj zastosowanego do ich tworzenia biopolimeru. W przemysle spozywczym moga
by¢ one otrzymywane z bialek, polisacharydéw oraz ich mieszanek. Kolejnym istotnym

aspektem jest dobor odpowiednich warunkéw ich wytwarzania, takich jak metoda
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indukcji, pH 1 sita jonowa systemu, ktére w znaczacy sposdb wplywaja na wiasciwosci
fizykochemiczne. Dostepna literatura w niewystarczajacym stopniu dostarcza informacji
na temat spozywczych hydrozeli otrzymanych z polaczenia bialek roslinnych
i polisacharydéw, pod katem kombinacji réznych biopolimeréow, metod indukcji,
wlasciwos$ci fizykochemicznych oraz potencjalu aplikacyjnego jako funkcjonalnych
matryc zdolnych do poprawy jakos$ci, warto$ci odzywczej i biodostepnosci sktadnikow

bioaktywnych.

Podsumowujac, badania nad hydrozelami spozywczymi na bazie biatek roslinnych
i polisacharydow otwieraja nowe mozliwosci w projektowaniu zywnos$ci. Prowadzone
badania nad hydrozelami maja na celu dostarczenie nowych informacji na temat wptywu
r6éznych czynnikow na ich wlasciwosci fizykochemiczne, w tym teksturalne, reologiczne,
stabilno$¢ fizyczng, barwe, retencje skladnikow bioaktywnych oraz wlasciwosci
przeciwutleniajace. Uzyskane wyniki moga przyczyni¢ si¢ do opracowania
innowacyjnych, zréwnowazonych, funkcjonalnych uktadéw hydrozelowych jako

no$nikéw substancji bioaktywnych.
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2. Przeglad piSmiennictwa
2.1. Hydrozele bialkowe i polisacharydowe

ydrozele to lepkosprezyste uktady, sktadajace si¢ ze splecionych tancuchow
Hpolimerowych tworzacych trojwymiarowa sie¢ [Li 1 in. 2021]. Charakter
hydrofilowy hydrozeli jest spowodowany obecnoscia w ich tancuchach polimerowych
reszt takich jak grupy aminowe, karboksylowe i1 hydroksylowe. Takie sieci hydrozelowe
moga utrzymywac w swojej strukturze duze ilosci wody (nawet 99% w/w), zachowujac
przy tym wiasciwosci ciala statego [Khalesi i in. 2020; Cao, Mezzenga 2020]. Na
koncowa stabilno$¢ sieci hydrozelowej istotnie wptywaja zrodto i sktad polimeréw oraz
rodzaj usieciowania (Tabela 1). W rezultacie struktura hydrozelu, jego wtasciwosci
lepkosprezyste i zdolno$¢ zatrzymywania wody sg zalezne od dobranego polimeru oraz
od metody przygotowania (warunkéw, w tym pH i tadunku jonowego uktadu oraz metody
indukcji) [Gul i in. 2022].
fl".abgl(:)iz}).] Klasyfikacja hydrozeli w oparciu o zrédto i sktad polimerowy oraz rodzaj sieciowania [Khalesi
iin. .

Kryteria klasyfikacji Typy hydrozeli
Naturalny

Zrodto polimeru Syntetyczny
Hybrydowy

Jednopolimerowy
Sktad polimerowy Dwupolimerowy

Wielopolimerowy

Usieciowany fizycznie
o ] Usieciowany chemicznie
Rodzaje sieciowania o )
Usieciowany enzymatycznie

Wielosieciowany

W przemysle spozywczym do uzyskania hydrozeli stosuje si¢ wylacznie jadalne
biopolimery, do ktorych zalicza si¢ biatka (tj. biatko serwatkowe, kazeina, albumina jaja
kurzego, zelatyna, biatko sojowe, grochu, gluten, bobu, tubinu, zeiny, itp.)
1 polisacharydy (tj. skrobia, pektyna, celuloza, guma arabska, karagen, chitozan, alginian,
inulina, guma gellan, itp.) [Tan, McClements 2021; McClements, Grossmann 2021; Li
iin. 2022]. Polimery te wyr6zniaja si¢ szerokim zakresem funkcjonalno$ci oraz
potencjalem do rozwigzania probleméw zréwnowazonego rozwoju $rodowiska,

poniewaz s3 odnawialne, przystepne cenowo, biokompatybilne i biodegradowalne,
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w poréwnaniu do syntetycznie otrzymywanych polimeréw [Wankhade 2020; Cui i in.

2021; Mahmood 1 in. 2022].

Biatka, sa makroczasteczkami zbudowanymi z aminokwasoéw potaczonych ze soba
wigzaniami peptydowymi. Zrédta pochodzenia biatek (tj. zwierzeta, rosliny, algi lub
grzyby) jak 1 ich rodzaje (fibrylarne tj. kolagen oraz globularne tj. biatko serwatkowe
i biatka zapasowe ro$lin) maja wptyw na ich wlasciwosci funkcjonalne. Ponadto biatka
r6znig si¢ pod wzgledem takich cech, jak rozpuszczalno$¢, zdolno$¢ do agregacji,
denaturacji oraz tworzenia sieci hydrozelowych. Biatka globularne sg powszechnie
obecne w roslinnych surowcach i odgrywaja kluczowa rolg w przetworstwie spozywczym
[Munialo 1 in. 2018a; Klost, Drusch 2019]. Sa zwinigtymi biopolimerami z grupami
hydrofobowymi skierowanymi do ich wnetrza i grupami hydrofilowymi odstonigtymi na
zewnatrz. Taka orientacja molekularna czasteczki sprawia, ze sga one zwykle
rozpuszczalne w wodzie [Klein, Poverenov 2020]. Proces denaturacji biatek
globularnych prowadzi do odstoniecia grup hydrofobowych co prowadzi do szeregu
interakcji miedzyczasteczkowych, ktore moga mie¢ charakter kowalencyjny
iniekowalencyjny [Munialo i in. 2018a; Klost i in. 2020]. Oddziatywania o charakterze
kowalencyjnym sg nieodwracalne i zwykle obejmuja powstanie agregatow potaczonych
mostkami disiarczkowymi. Oddziatywania niekowalencyjne sa odwracalne i zwykle
obejmuja wigzania wodorowe, oddziatywania hydrofobowe, oddzialywania
elektrostatyczne 1 oddzialywania van der Waalsa. Te wszystkie interakcje
migdzyczasteczkowe prowadza do agregacji biatek, ktora ostatecznie, przy krytycznej
warto$ci stezenia, prowadzi do przejscia zolu w zel o zorganizowanej strukturze
odpowiedzialnej za lepkosprezyste wiasciwosci uktadu (Rysunek 1) [Panahi, Baghban-

Salehi 2018].

Do otrzymania hydrozelu z biatek niezbedny jest proces indukcji, czyli proces, ktory
inicjuje agregacje i dalsze formowanie struktury zelowej [Munialo i in. 2018b]. MozZna
to osiggng¢ za pomoca réznych metod, od tradycyjnych po bardziej innowacyjne.
Najbardziej konwencjonalnym podejsciem jest zelowanie indukowane termicznie,
w ktorym denaturacja termiczna powoduje rozktad i agregacj¢ bialek. Dodatkowo, ten
proces mozna wzmocni¢ poprzez modulacj¢ wartosci pH [Chen i in. 2017b; Zhu 1 in.
2021] i sity jonowej dyspersji biatkowej [Chao i in. 2017; Wang i in. 2022]. Inng
popularng metoda jest zelowanie indukowane enzymatycznie, gdzie enzymy, takie jak

transglutaminaza, katalizujg reakcje sieciowania pomi¢dzy biatkami [Ruzengwe 1 in.
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2020; Wang i in. 2022c]. Do niekonwencjonalnych metod otrzymywania hydrozeli
biatkowych mozna zaliczy¢ indukcje wysokimi ci$nieniami hydrostatycznymi [Luo i in.
2021; Peyrano i in. 2021], ultradzwigkami [Zhang i1 in. 2021a; Wang i in. 2022d],
pulsacyjnym polem elektrycznym [Wang i in. 2022b; Taha i in. 2022], wysokimi sitami
$cinajacymi (np. wystepujacymi przy ekstruzji) [Schmid i in. 2020; Zhang i in. 2022d].
Chemiczne indukowanie zeli bialtkowych jest rzadziej stosowane w przemysle
spozywczym ze wzgledu na potencjalng toksyczno$¢ niektorych uzywanych zwigzkoéw
iproblemy zwigzane z bezpieczenstwem koncowego produktu. Przykladowo, taki
zwigzek jak aldehyd glutarowy moze by¢ uzyty to zainicjowania procesu zelowania
poprzez tworzenie wigzan kowalencyjnych pomiedzy czasteczkami bialek, co prowadzi

do powstania wysokostabilnych zeli [Xi i in. 2021; Zhang i in. 2022c].

Rysunek 1. Mechanizm formowania struktury zelowej na przyktadzie bialka grochu, opracowanie wtasne
na podstawie Cao, Mezzenga [2020]; Li, i in. [2021].

Biatka globularne pochodzenia roslinnego pozyskiwane z roslin straczkowych, od
dawna odgrywaja waznga rol¢ w produkcji zywnosci ze wzgledu na ich warto$¢ odzywcza
oraz wlasciwosci funkcjonalne [Aschemann-Witzel i in. 2020]. W$réd biatek roslinnych
to biatko sojowe poczatkowo zyskato najwieksza popularnosé i byto szeroko badane, ze
wzgledu na szereg wlasciwosci technologicznych 1 peten profil niezbednych
aminokwasow. Jednakze, z czasem pojawily si¢ obawy dotyczace jego alergennosci oraz
kontrowersje wzgledem GMO, co sktonito do poszukiwania alternatywnych biatek.
W wyniku tego wzrosta popularno$¢ biatka z grochu, ktére oferuje podobne wlasciwosci
funkcjonalne, jednocze$nie bedac mniej alergenne 1 uzyskiwane 2z upraw
zréwnowazonych, niemodyfikowanych genetycznie [Zhao i in. 2020; Boukid i in. 2021].
Wraz z rozwojem sektora zywnosci roslinnej (weganskiej), stosowanie biatka grochu
jako sktadnika teksturotworczego ma znaczacy potencjal w produkcji analogéw migsa

oraz nabiatu [Aschemann-Witzel i in. 2020; McClements, Grossmann 2021].
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Biatko grochu (Pisum sativum) sktada si¢ w 65-70% z bialek zapasowych (t;.
legumina, wicylina, konwicylina i albumina). Skfad biatek globularnych (zapasowych)
r6zni si¢ w zalezno$ci od genotypow grochu i stosunku leguminy do wicyliny [Stone i in.
2015; Zhu i in. 2021]. Do produkcji koncentratow biatka grochu (zawarto$¢ biatka 50—
55% s.s.) wykorzystuje si¢ tzw. metod¢ suchego frakcjonowania, ktoéra polega na
oddzieleniu skrobi od mieszaniny za pomocg cieptego strumienia powietrza. Z kolei przy
wytwarzaniu izolatéw biatek grochu (zawarto$¢ biatka > 80% s.s.) stosuje si¢ mokra
ekstrakcje, w ktorej sktadniki o niskiej masie czasteczkowej oraz biatka sg ekstrahowane
zmaki przy uzyciu wody w $rodowisku zasadowym. Nastepnie biatka globularne sg
izolowane przez selektywne wytracanie w punkcie izoelektrycznym, po czym
przeprowadza si¢ ich neutralizacj¢ i suszenie [Klost, Drusch 2019; Sridharan i in. 2020;
Boukid i in. 2021]. Aby unikna¢ redukcji funkcjonalnosci natywnych biatek, mozna
zastosowa¢ nowe, hybrydowe metody. Opieraja si¢ one na separacji fizycznej, w ktorej
drobna frakcja maki grochowej (uzyskana po frakcjonowaniu na sucho) jest zawieszana
wwodzie, a nastgpnie frakcjonowana poprzez wielowarstwowa separacje
z wykorzystaniem sit odsrodkowych i/lub dodatkowego oczyszczania (np. przy uzyciu
dializy lub ultrafiltracji), co pozwala zwigkszy¢ czysto$¢ biatka do poziomu 75-90%

suchej masy [Geerts i in. 2018; Wang i in. 2020b].

Polisacharydy s3 makroczasteczkami  zbudowanymi z wielu jednostek
monosacharydéow polaczonych wigzaniami glikozydowymi. Zrodta pochodzenia
polisacharydow (tj. rosliny, algi, grzyby czy bakterie) jak i ich budowa, maja wptyw na
ich wlasciwosci funkcjonalne. Ponadto r6znig si¢ one pod wzgledem takich cech, jak
rozpuszczalno$¢, zdolnos$¢ do agregacji, stabilno$¢ termiczna oraz zdolnos¢ do tworzenia
sieci hydrozelowych. Najpopularniejsze z nich to skrobia, pektyna, celuloza [Manzoor
iin. 2020]. Biopolimery polisacharydowe o wlasciwosciach zelotworczych po
catkowitym uwodnieniu i w okreslonym st¢zeniu oraz w odpowiednich warunkach,
zaczynaja oddziatywaé miedzy soba, tworzac strefy potaczen co z kolei prowadzi do ich
sieciowania [Stephen i in. 2016; Auriemma i in. 2020]. Przy krytycznym stezeniu danego
biopolimeru i przy pewnym stopniu usieciowania dyspersja polisacharydowa ostatecznie
zamienia si¢ z zolu w zel. Polisacharydy moga tworzy¢ zele pod wptywem réznych metod
indukcji, z ktorych kazda umozliwia specyficzng kontrole nad wlasciwosciami
koncowego uktadu zelowego [Manzoor i in. 2022]. NajczeSciej stosowang metoda jest

indukcja termiczna, ktéra inicjuje zelowanie takich polisacharydéw jak skrobia, agar czy

29



inulina [Lee i in. 2017; Min i in. 2021b; He i in. 2024]. W przypadku niektorych
polisacharydow konieczne jest uzycie indukcji termicznej wraz ze zmiang wartosci pH
(np. wysokometylowana pektyna), lub dodatkiem jondw (np. niskometylowana pektyna,
alginian 1 karagen) [Zhou i in. 2020; Cao i in. 2020; Hu i in. 2021; Cui i in. 2022]. Mniej
popularne metody obejmuja zelowanie indukowane enzymatycznie (np. dodatek lakkazy
do indukcji zelowania pektyny) [Chen i in. 2019; Pan i in. 2021] oraz wysokimi
ci$nieniami hydrostatycznymi [Larrea-Wachtendorffi in. 2019, 2021; Liu i in. 2020a].

Hydrokoloidalne polisacharydy, takie jak skrobia, pektyna, celuloza, guma arabska,
karagen, chitozan, alginian, czy guma gellan, zostaly szeroko przebadane i sa
powszechnie stosowane w przemysle spozywczym [Saha, Bhattacharya 2010; Manzoor
11n. 2020]. Natomiast tuska babki ptesznik (psyllium) pozostaje stosunkowo mato znana,
zwlaszcza w kontekscie jej laczenia z biatkami ro$linnymi w celu otrzymania hydrozelu

binarnego.

Babka ptesznik (Plantago afra L.), zwana rédwniez psyllium, nalezy do rodziny
babkowatych (Plantaginaceae Juss.). Luski nasion babki ptesznik zawieraja okoto 80%
rozpuszczalnego blonnika, w sktad ktorego wchodza gtéwnie arabinozy (23%), ksylozy
(75%) oraz §ladowe ilosci innych cukréw [Belorio, Gémez 2020; Franco i in. 2020].
Arabinoksylany s3 zdolne do tworzenia sieci zelowych stabilizowanych kowalencyjnymi
wigzaniami sieciowymi. Zelowanie arabinoksylanow (Rysunek 2) jest inicjowane przez
ich uwodnienie i ogrzanie lub poprzez dodatek enzyméw (np. lakkazy) lub jonow (np.

Ca*").

Rysunek 2. Mechanizm formowania struktury zelowej na przyktadzie babki ptesznik, opracowanie
wlasne na podstawie Cao, Mezzenga [2020]; Li, i in. [2021].

Kinetyka procesu zelowania arabinoksylanow zawartych w psyllium zalezy migdzy

innymi od temperatury i pH dyspersji [Anderson, Simsek 2018; Yu i in. 2021]. Ponadto,
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na zdolno$¢ do tworzenia struktur zelowych oraz ich wlasciwosci maja wptyw cechy
molekularne arabinoksylandow. Silne sieci zelowe uzyskuje si¢ z arabinoksylanow
o wysokiej zawarto$ci reszt kwasu ferulowego, duzej masie czasteczkowej i niskim
stopniu podstawienia reszt arabinozy w tancuchu gléwnym arabinoksylanow. Zele
arabinoksylanowe wykazuja duza zdolno$¢ zatrzymywania wody, do 100 g wody na gram
suchego usieciowanego polimeru [Yildirim-Semerci 1 in. 2024]. Dodatkowo,
rozpuszczalne w wodzie arabinoksylany sa btonnikiem pokarmowym wspierajacym
zdrowe funkcjonowanie okr¢znicy i obnizajacym poziom cholesterolu w krwi. Obecnie
psyllium w przemysle spozywczym jest wykorzystywane jako dodatek do makaronéw,

pieczywa oraz produktdéw ciastkarskich [Franco i in. 2020; Agrawal 2021].

2.2. Binarne hydrozele bialko-polisacharydowe

Hydrozele oparte na pojedynczych biopolimerach, takich jak biatka Iub
polisacharydy, czgsto maja pewne ograniczenia, takie jak staba zdolno$¢ zatrzymywania
wody, niska wytrzymalos¢ mechaniczna i stabilno$¢ fizyczna, co ogranicza ich
zastosowanie w przemys$le spozywczym [Yang i in. 2021b; Zha i in. 2021]. Aby
zniwelowaé te ograniczenia, opracowano hydrozele binarne, ktore tacza dwa rozne
polimery — biatka z biatkami [Borderias i in. 2020; Guidi i in. 2022; Zhang i in. 2023],
polisacharydy z polisacharydami [Dafe i in. 2017; Florowska i in. 2022; Zhang i in.
2022a] lub biatka z polisacharydami [Liu i in. 2020c; Kazemi-Taskooh, Varidi 2021;
Zernov 1 in. 2022]. Dzigki zdolnosci do tworzenia wigzan kowalencyjnych
iniekowalencyjnych miedzy tymi sktadnikami, hydrozele binarne charakteryzuja si¢

lepszymi wlasciwosciami fizykochemicznymi [Akhtar, Ding 2017; Fan i in. 2022].

W zalezno$ci od tadunkéw elektrycznych obu biopolimerow wyrdznia si¢ dwa
rodzaje wzajemnych oddziatywan mieszanek biatkowo —polisacharydowych [Le i in.
2017;  Warnakulasuriya,  Nickerson 2018]: niezgodno$¢ termodynamiczna
1 kompatybilnos$¢ termodynamiczna (Rysunek 3). Niezgodno$¢ termodynamiczna polega
na dziataniu segregacyjnym faz i zachodzi w przypadku, gdy oba biopolimery nosza te
same tadunki lub jeden z polimerdéw jest naladowany a drugi nie, lub oba polimery sg
nienaladowane. Wowczas odpychanie elektrostatyczne lub brak odzialywan
miedzyczasteczkowych prowadza do utworzenia dwoch faz. Przy dostatecznie niskim
stezeniu biatka i polisacharydu te dwie fazy tworza jedng. Gdy stezenie polimerdéw
wzrasta zachodzi separacja faz, ktorej efektem jest powstanie dwoch faz — jednej bogate;j

w biatko a drugiej w polisacharyd. Natomiast, w przypadku kompatybilnosci
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termodynamicznej, istniejagce stosunkowo silne elektrostatyczne przyciaganie migdzy
biatkiem i polisacharydem, prowadzi do asocjacji faz [Bealer i in. 2020; Cortés-Morales

iin. 2021].

Rysunek 3. Oddziatywanie asocjacyjne i segregacyjne pomi¢dzy biatkiem a polisacharydem w uktadzie.
Opracowanie wlasne na podstawie Le i in. [2017]; Warnakulasuriya, Nickerson [2018]; Cortés-Morales
iin. [2021].

W zalezno$ci od czynnikow takich jak powinowactwo miedzy biatkami
i polisacharydami, tadunek molekularny i konformacja czasteczkowa, moga powstawac
roézne typy struktur biatkowo-polisacharydowych. Dodatkowo, kiedy st¢zenie jednego
biopolimeru jest niewystarczajace do utworzenia stabilnego hydrozelu, dodanie innego
biopolimeru jako drugiego sktadnika budulcowego moze poprawi¢ wilasciwosci
fizykochemiczne uktadu, umozliwiajac utworzenie stabilnej struktury zelowej [Yang i in.
2021b]. Wykorzystujac wiedze o interakcji migdzy tymi dwoma biopolimerami, mozna
uzyska¢ szeroki zakres binarnych hydrozeli biatkowo-polisacharydowych o réznych

mikrostrukturach i wtasciwosciach fizykochemicznych.

Do przyktadowych synergistycznych mieszanek biatkowo-polisacharydowych

mozna zaliczy¢ mieszanke biatek serwatkowych i skrobi [Lavoisier, Aguilera 2019], czy
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mieszanke kazeiny i1 karagenu [Tang i in. 2019], ktére pozwalaja otrzymaé binarne
hydrozele charakteryzujace si¢ nowymi i interesujagcymi wlasciwos$ciami reologicznymi
1 mikrostrukturalnymi oraz lepsza stabilno$cig fizyczng. Zernov i in. [2022] udowodnili,
ze potaczenie chitozanu i kolagenu umozliwia otrzymanie hydrozelu, ktéry moze pehic¢
funkcje jadalnego rusztowania (ang. scaffolding) do hodowli migsa komodrkowego.
Popularnym biatkiem roslinnym stosowanym w zywnosci jest biatko sojowe, ktore takze
po polaczeniu z polisacharydami, moze tworzy¢ binarne hydrozele o nowych
wiasciwosciach technologicznych. Przeprowadzone dotychczas badania obejmowaty
miedzy innymi kombinacje: biatko sojowe—guma z widkna kukurydzianego [Yan i in.
2020], biatko sojowe—inulina [Florowska i in. 2020b], biatko sojowe—karagen [Zhang
11in. 2021b], biatko sojowe—alginian sodu [Shahbazizadeh i in. 2022]. Kombinacje innych
biatek roslinnych i polisacharydow sg obecnie zbadane jedynie w niewielkim stopniu. Do
takich przyktadowych kombinacji mozna =zaliczy¢: biatko grochu-rozpuszczalny
polisacharyd sojowy [Zhan i in. 2019], biatko grochu-inulina [Florowska in. 2020b],
biatko zeiny—pektyna [Kaushik i in. 2020], biatko grochu—alginian sodu [Wang i in.
2022c].

Podsumowujac, interakcje pomigdzy biatkami odzwierzecymi (tj. biatka zelatynowe,
biatka serwatkowe i1 kazeinowe, biatka albuminowe, itd.) lub biatkiem sojowym
i polisacharydami sg dobrze zbadane i opisane w literaturze. Natomiast wraz ze wzrostem
zainteresowania produktami ro§linnymi celowe jest podjecie badan prowadzacych do
okreslenia  wilasciwosci  oraz  warunkéw  tworzenia  hydrozeli  biatkowo-
polisacharydowych ~ z  wykorzystaniem  innowacyjnych, zrbwnowazonych

1 niealergennych surowcow roslinnych.

2.3. Indukcja hydrozeli

Indukcja procesu zelowania w hydrozelach binarnych, sktadajacych si¢ z biatek
i polisacharydow, opiera si¢ na podobnych mechanizmach jak w przypadku hydrozeli
pojedynczych biopolimerow. Najczesciej stosowang metoda jest indukcja termiczna,
ktéra umozliwia zelowanie zarowno bialek, jak i polisacharydoéw. Ciepto inicjuje proces
denaturacji i1 agregacji biatek, a takze prowadzi do formowania sieci zelowej
w polisacharydach [Cao, Mezzenga 2020; Li i in. 2021]. Dodatkowo, warunki indukcji
termicznej mozna precyzyjnie kontrolowa¢ poprzez zmiang pH i/lub dodatek soli, co
pozwala na otrzymywanie uktadéw o roéznych wiasciwosciach. W przypadkach, gdy

hydrozele maja petli¢ funkcje matryc strukturalnych lub no$nikéw termolabilnych
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zwigzkéw  bioaktywnych,  zasadnym  jest  zastosowanie  nietermicznych,
niekonwencjonalnych metod indukcji. Tego typu metody pozwalaja na uniknigcie
degradacji bioaktywnych skladnikow wrazliwych na wysoka temperature [Rostamabadi

i in. 2023b].

2.3.1. Modulacja warunkéw zelowania poprzez modyfikacj¢ pH i dodatek soli

Wiasciwosci hydrozeli bialtkowo-polisacharydowych moga by¢ precyzyjnie
kontrolowane poprzez warunki ich indukcji, w tym przez pH i1 dodatek r6éznych soli, ktore
sg kluczowymi czynnikami wplywajacymi na rodzaj 1 sile interakcji
migdzyczasteczkowych [Yang 1 in. 2021a]. pH uktadu odgrywa role regulujaca stopien
jonizacji grup funkcyjnych w biatkach i polisacharydach [Wu i in. 2020]. Przy pH
nizszym od punktu izoelektrycznego biatka (Ip), fancuchy polipeptydowe maja dodatni
tadunek, a tancuchy polisacharydowe, zawierajace grupy funkcyjne (np. karboksylowe),
sa ujemnie naladowane. Te sprzyjajace warunki umozliwiajg interakcje elektrostatyczne,
ktoére sa sita napgedowa do zapoczatkowania powstawania kompleksow biatkowo-
polisacharydowych, prowadzacych do pdzniejszego procesu zelowania [Chen i in. 2017;

Klost i in. 2020b; Zhu i in. 2021].

Dodatek soli polegajacy na wprowadzeniu jonow (Na*, Ca?*, itp.) do uklfadu,
dodatkowo reguluje interakcje pomiedzy biatkiem a polisacharydem. Dodatek jonow
w umiarkowanym st¢zeniu zmniejsza odpychanie elektrostatyczne mig¢dzy podobnie
natadowanymi grupami w biopolimerach, umozliwiajac lepsze upakowanie agregatow
ibardziej efektywne uformowanie sieci [Danielsen i1 in. 2020]. Jony dodatnie moga
dziala¢ jako mostki migedzy ujemnie natadowanymi grupami polisacharydow
a odstonigtymi reaktywnymi grupami bialek, zwickszajac usieciowanie w strukturze
zelowej. Prowadzi to do bardziej wytrzymatego i spdjnego uktadu zelowego o lepszych
wiasciwosciach mechanicznych i lepkosprezystych. Obecnos¢ jonéw moze prowadzi¢ do
interakcji hydrofobowych i lepszej agregacji biatek, co dodatkowo stabilizuje uzyskany
hydrozel [Dahal, Schmit 2018; Wang i in. 2018]. Jednak nadmiar jonéw w uktadzie moze
ekranowa¢ tadunki elektryczne w biopolimerach, co ostabia sit¢ oddzialywan

elektrostatycznych i destabilizuje strukture hydrozelu [Liu 1 in. 2020b; Chen i in. 2021].

Precyzyjne dobranie pH 1 stgzenia danej soli w ukladzie biatkowo-
polisacharydowym jest kluczowe do otrzymania optymalnego $§rodowiska dla interakcji

miedzyczasteczkowych. Optymalizacja tych parametrow pozwala na uzyskanie
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wystarczajaco silnych interakcji elektrostatycznych, aby utworzy¢ stabilng siec,
jednoczesnie nie blokujac mozliwosci powstania innych potaczen, takich jak wigzania
wodorowe 1 interakcje hydrofobowe, ktore réwniez mogg skutecznie przyczyniaé si¢ do

zwigkszenia stabilnosci otrzymanego hydrozelu [Li i in. 2023].

2.3.2. Niekonwencjonalne metody indukcji

Metoda indukcji hydrozeli jest kluczowym czynnikiem determinujacym
integralno$¢ strukturalna, a takze wtasciwosci fizykochemiczne otrzymanych hydrozeli.
Konwencjonalna indukcja termiczna, cho¢ w prosty i skuteczny sposob pozwala na
otrzymanie hydrozeli biatkowo-polisacharydowych, ma pewne ograniczenia [Klost i in.
2020; Zhuiin. 2021]. W przypadku produkcji hydrozeli majacych petni¢ funkcje matrycy
strukturalnej zywnosci lub nosnika termolabilnych i bioaktywnych sktadnikoéw, indukcja
termiczna moze powodowaé degradacje tych zwiazkéw [Corkovié i in. 2021; Zabot i in.
2022]. Potrzeba nowych metod indukcji wynika wigc z konieczno$ci stworzenia
warunkéw zelowania, ktore pozwola na zachowanie wlasciwosci prozdrowotnych
zwigzkow bioaktywnych przy jednoczesnym uzyskaniu hydrozeli o pozadanych cechach

technologicznych.

Zaawansowane metody fizyczne, takie jak wysokie ci$nienia hydrostatyczne (ang.
high hydrostatic pressure - HHP) i homogenizacja ultradzwigckowa (ang. ultrasound
homogenization - USH), oferuja znaczace korzys$ci w poréwnaniu z tradycyjng metoda
indukcji termicznej, w tym zachowanie wiasciwosci bioaktywnych iwzmocnienie
integralno$ci strukturalnej hydrozeli [Khatkar i in. 2020; Rostamabadi i in. 2023a;
Rostamabadi i in. 2023b].

Gléwny mechanizm dziatania wysokich ci$nien hydrostatycznych (zazwyczaj
w zakresie od 100 do 600 MPa) na biopolimery polega na zaktoceniu oddzialywan
niekowalencyjnych pomiedzy tancuchami biatkowymi i polisacharydami, co z kolei
prowadzi do ich agregacji [Luo iin. 2021; Zang i in. 2023]. Pod wptywem wysokiego
ci$nienia biatka globularne rozwijaja si¢, co w nastepstwie agregacji, prowadzi do
utworzenia si¢ struktury zelowej [Peyrano iin. 2021]. Dodatkowo, wysokie ci§nienie
prowadzi do kompresji agregatdow co moze skutkowaé zwigkszong wytrzymatoscia
mechaniczng 1 stabilnoscia struktury zelowej [Florowska i in. 2020a; D’Aniello 1 in.

2023].
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Homogenizacja ultradzwigkowa generuje zjawisko kawitacji [Naik i in. 2021],
ktére prowadzi do powstania intensywnych sit $cinajacych. Sily te rozbijaja wigksze
agregaty powstale w niekontrolowany sposéb i pomagaja w rownomiernym roztozeniu
tancuchéw biopolimerowych w catej objetosci uktadu. Pozwala to poszczegdlnym
tahcuchom na swobodniejsze wzajemne oddzialywana itworzenie nowych wigzan.
Skutkuje to powstaniem drobniejszych agregatow i bardziej jednolita siecig zelowa
[Zhang i in. 2021a; Yue i in. 2022; Lin i in. 2024]. Na podstawie danych literaturowych
wiadomo, ze obrobka ultradzwigkowa (w zakresie 30-100% amplitudy) biatka grochu,
wptywa na jego wiasciwosci hydratacyjne i1 prowadzi do wuzyskania wyzszej
wytrzymato$ci strukturalnej hydrozeli w poréwnaniu do tych indukowanych
tradycyjnymi metodami [Khatkar i in. 2020]. Dobdr czasu jak i mocy obrobki
ultradzwickowej pozwala kontrolowac¢ wielko$¢ powstajacych agregatow umozliwiajac

tym samym uzyskanie wymaganych wtasciwos$ci hydrozelu.

Mozliwe jest rowniez taczenie roznych metod indukcji odzwierciedlajac
etapowos¢ procesoOw wykorzystywanych do produkcji zywnosci. Stad, innowacyjnym
podejsciem zastosowanym w tej pracy byto uzycie sekwencyjnych krokéw do indukcji
polegajacych na faczeniu réznych metod indukcji w celu wykorzystania zalet kazdej
z nich. Stosujac to podejscie w celu indukceji hydrozelu biatkowo-polisacharydowego, na
poczatku prowadzi si¢ indukcje termiczna (wstgpng) biatka co pozwala na rozwinigcie
jego struktury i stworzenie wstepnych agregatow. Nastgpnie po schitodzeniu uktadu
biatkowego nastepuje dodanie polisacharydu oraz zwigzku bioaktywnego, po czym
otrzymany uktad jest poddawany wtdérnej indukcji przy uzyciu wysokich ci$nien
hydrostatycznych lub homogenizacji ultradzwickowej. Zastosowanie HHP jako indukcji
wtornej, prowadzi do wzmacniania oddzialywania migdzy agregatami biatkowo-
polisacharydowymi, tworzac docelowg strukture zelowa wraz z uwigzionym sktadnikiem
bioaktywnym [Peyrano i in. 2021; Mao i in. 2024; Zhang i in. 2024]. Alternatywnie,
zastosowanie homogenizacji ultradzwigkowej jako indukcji wtérnej moze prowadzi¢ do
lepszej dyspersji biopolimerow, skutkujac bardziej jednorodng struktura zelowa,
zawierajacg bioaktywny sktadnik [Cai i in. 2022; Yuxuan i in. 2024]. Wplyw tacznego
zastosowania indukcji termicznej z wysokim ci$nieniem hydrostatycznym lub
homogenizacja ultradzwigkowa na witasciwosci hydrozeli jest tematem wcigz stabo

zbadanym. Lepsze poznanie mechanizméw zachodzacych podczas tych procesow
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pozwolitoby na opracowanie bardziej efektywnych metod wytwarzania hydrozeli

o dostosowanych wilasciwosciach fizykochemicznych.

2.4. Potencjal aplikacyjny hydrozeli

Dzigki swoim unikalnym wlasciwosciom fizykochemicznym, szczegdlnie
teksturalnym, reologicznym, stabilno$ci fizycznej, retencji sktadnikéw bioaktywnych
oraz wlasciwosciom przeciwutleniajacym, hydrozele biatkowo-polisacharydowe, moga
znalez¢ szerokie zastosowanie w przemysle spozywczym [Li i in. 2021]. Na rysunku 4

przedstawiono trzy gléwne filary zastosowan hydrozeli w przemysle spozywczym.

Rysunek 4. Glowne obszary zastosowan hydrozeli w przemysle spozywczym. Opracowanie wlasne na
podstawie Hilal i in. [2023].

Unikatowe struktury hydrozelowe, moga by¢ wykorzystywane w rozwoju
innowacyjnych i prozdrowotnych artykutéw spozywczych [Cao, Mezzenga 2020; Zhang
1 in. 2020]. Dzigki podobienstwu do wioknistej struktury i soczystosci tkanek miesa,
hydrozele moga by¢ wykorzystane w produkcji roslinnych analogéw produktow
migsnych [Cornet i in. 2020; Gul i in. 2022; Tan i in. 2023]. Ponadto, z uwagi na ich
podobienstwo do matryc komorkowych oraz wysoka biokompatybilno$¢ z zywymi
tkankami, hydrozele spozywcze sa wykorzystywane do wytwarzania rusztowan
w produkcji miesa hodowlanego [Enrione i in. 2017; Naahidi i in. 2017; Wollschlaeger
iin. 2022; Chen i in. 2023]. Odpowiednio dobrane biopolimery i warunki procesu
umozliwiaja uzyskanie hydrozeli o wlasciwos$ciach teksturalnych zblizonych do

produktow mlecznych. Dzigki temu mozliwe jest wytwarzanie ro$linnych analogow
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produktow nabiatowych, takich jak desery, o pozadanej kremowej konsystencji [Sim i in.
2020; Boehm i in. 2023]. Hydrozele moga takze skutecznie zastgpowac thuszcz
w zZywnosci, przyczyniajac si¢ do wytwarzania produktow niskokalorycznych z tzw.
,»czysta etykieta” [Razavi, Behrouzian 2018; Dominguez i in. 2021; Barragdn-Martinez
1in. 2022; Tomi¢ i in. 2022].

Najnowsze badania wskazuja, ze hydrozele moga odgrywaé coraz wigksza role
w stabilizacji, ochronie i transporcie zwigzkéw bioaktywnych w zywno$ci [Wijaya i in.
2017; Tan, McClements 2021; Li i in. 2022]. Dzi¢ki zdolnosci do kontrolowanego
uwalniania tych substancji w okreslonych miejscach uktadu pokarmowego, hydrozele
zwigkszaja takze ich biodostepnos¢. Dostepne badania potwierdzaja ich potencjal m.in.
jako no$nikéw do dostarczania witaminy A, E oraz witamin z grupy B [Kundu, Banerjee
2019; Martinez i in. 2021; Rana i in. 2021; Mir i in. 2022], albuminy surowicy bydlece;j
(BSA) [Yang i in. 2013], kurkuminy [Ambebila i in. 2019], antocyjanéw [Liu i in. 2022],
kwercetyny [Ohiin. 2019], resweratrolu [Wu i in. 2022], oraz galusanu epigallokatechiny
(EGGG) [Wang iin. 2022¢]. Ponadto, dostgpne badania wskazuja, ze hydrozele moga
by¢ uzyte do wigzania i dostarczania bakterii np. Lactobacillus Plantarum ATCC:13643
[Dafe i in. 2017; Yuxing i in. 2023].

W wyniku wprowadzenia do uktadu hydrozelowego zwigzku bioaktywnego, zwigzek
ten moze peli¢ dwie role: aktywnego lub nieaktywnego wypetniacza. W przypadku
pierwszej roli (Rysunek 5A), uzyskany hydrozel charakteryzuje si¢ tym, ze wprowadzony
zwigzek bioaktywny wchodzi w interakcje z biopolimerami budulcowymi, co przyczynia
si¢ do wytworzenia stabilnej struktury hydrozelu. Natomiast w roli nieaktywnego
wypehiacza (Rysunek 5B), wprowadzony zwigzek nie oddziatuje ze strukturg hydrozelu
lub oddziatuje z nig w minimalnym stopniu [Farjami, Madadlou 2019; Li i in. 2021; Liu

iin. 2021a].
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Rysunek 5. Rodzaje oddziatywan pomigedzy binarnym hydrozelem biatkowo-polisacharydowym
a prowadzonym zwiazkiem bioaktywnym. Opracowanie wtasne na podstawie Farjami, Madadlou [2019];
Liiin. [2021].

Wyniki dotychczasowych badan prezentowanych w literaturze wskazuja na
korzystny wptyw taczenia biatek i polisacharydéw na wiasciwosci fizykochemiczne
uzyskanych binarnych hydrozeli, co z kolei poszerza ich potencjat aplikacyjny
w przemys$le spozywczym. Pomimo tego, dostgpna literatura dotyczaca binarnych
hydrozeli spozywczych wcigz nie zawiera pelnych informacji, szczegdlnie w kontekscie
wykorzystania bialek roslinnych, takich jak biatko grochu i mniej popularnych
polisacharydow jak babka ptesznik. Stad, zasadne byto podjecie badan nad tymi uktadami
zelowymi celem zrozumienia wptywu réznych warunkéw i metod indukcji na koncowe

wiasciwosci tych uktadow.
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3. Cel, zakres pracy i hipotezy badawcze

‘ N J niniejszej pracy przed rozpoczeciem badan zostat postawiony jeden gtowny cel

badawczy, ktérego realizacja w zaplanowanym zakresie badan zaklada

sprawdzenie postawionych hipotez badawczych.

Celem pracy doktorskiej byto okreslenie wiasciwosci fizykochemicznych
binarnych  hydrozeli  biatkowo-polisacharydowych oraz opracowanie uktadu
modelowego, w ktorym hydrozel petnilby funkcj¢ sktadnika strukturotworczego

1 no$nika substancji bioaktywne;j.
Zakres pracy obejmowat:

e analiz¢ bibliometryczng dostepnej literatury na temat hydrozeli biatkowo-
polisacharydowych;

e ocen¢ wlasciwo$ci  fizycznych  wybranych  preparatéw  biatkowych
ipolisacharydowych, jako sktadowych hydrozeli spozywczych oraz wybor
wariantow recepturowych do dalszych badan;

e okreslenie wptywu pH i stgzenia NaCl stosowanych podczas indukcji na
wlasciwosci  fizyczne binarnych hydrozeli biatkowo-polisacharydowych
otrzymanych na bazie biatka grochu i babki plesznik;

e ocen¢ mozliwosci otrzymania uktadu modelowego na bazie hydrozelu z biatka
grochu i babki ptesznik pelnigcego funkcje nos$nika sktadnika bioaktywnego —
bogatego w antocyjany ekstraktu z owocow czarnego bzu; w tym takze, okreslenie
wptywu metody indukcji  hydrozelu z uzyciem wysokich ci$nien
hydrostatycznych lub homogenizacji ultradzwigkowej na wlasciwosci

fizykochemiczne otrzymanych uktadow modelowych.
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Hipotezy badawcze:

e HI. Tematyka spozywczych hydrozeli binarnych uzyskanych z potaczenia biatka
roslinnego i polisacharydu jest stosunkowo nowym obszarem badan o charakterze
interdyscyplinarnym [P1].

e H2. Synergiczne dziatanie biatka grochu 1 babki ptesznik umozliwia
otrzymywanie  binarnych  hydrozeli o  korzystnych  wtasciwosciach
fizykochemicznych, w tym przy zmniejszonym st¢zeniu biopolimerow
potrzebnych do wytworzenia struktury zelu [P2, P3, P4].

e H3. Metody i parametry indukcji zelowania istotnie wptywaja na ksztaltowanie
wlasciwos$ci fizykochemicznych binarnych hydrozeli z biatka grochu i babki
ptesznik [P3, P4].

e H4. Istnieje mozliwo$¢ opracowania uktadu modelowego o wiasciwosciach
prozdrowotnych na bazie binarnego hydrozelu z biatka grochu i babki plesznik,
w ktorym hydrozel ten petilby funkcj¢ zarowno sktadnika strukturotwoérczego

jak i no$nika substancji bioaktywnych [P4].
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4. Organizacja badan, material doswiadczalny i metody
4.1. Organizacja badan

Rializach zakresu badan zaplanowanego w niniejszej pracy doktorskiej podzielono
a cztery etapy badawcze (Rysunek 6):

etap 1 — analiza bibliometryczna dostgpnej literatury na temat hydrozeli biatkowo-

polisacharydowych;

etap 2 — ocena wlasciwosci fizycznych wybranych preparatow biatkowych
i polisacharydowych, jako sktadowych hydrozeli spozywczych oraz wybor wariantow

recepturowych do dalszych badan;

etap 3 — okreslenie wplywu pH i stezenia NaCl stosowanych podczas indukcji na
wlasciwosci fizyczne binarnych hydrozeli biatkowo-polisacharydowych otrzymanych na

bazie biatka grochu i babki ptesznik;

etap 4 — ocena mozliwosci otrzymania uktadu modelowego na bazie hydrozelu z biatka
grochu i babki ptesznik petnigcego funkcje nos$nika sktadnika bioaktywnego — bogatego
w antocyjany ekstraktu z owocoOw czarnego bzu; w tym takze, okre§lenie wplywu
sekwencyjnej metody indukcji hydrozelu z uzyciem wysokich ci$nien hydrostatycznych
lub homogenizacji ultradzwickowej na wilasciwosci fizykochemiczne otrzymanych

uktadow modelowych.

Rysunek 6. Organizacja etapéw badan oraz publikacji, w ktorych weryfikowano poszczegolne
hipotezy badawcze.
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4.2.Material doSwiadczalny

4.2.1. Dane bibliometryczne

Dane bibliometryczne =zostaly wyodrgbnione z bazy danych Scopus

(https://www.scopus.com/search/form.uri?display=advanced) w pazdzierniku 2022 roku.

Proces zbierania danych opieral si¢ na kompleksowym zgromadzeniu literatury istotne;j
dla badan nad binarnymi hydrozelami spozywczymi, otrzymanymi z biatek
i polisacharydow. Wyszukiwania danych polegaty na uzyciu ciggu zapytan obejmujacych
takie wyrazy jak ,,protein polysaccharide food hydrogels,” ,,food biopolymer hydrogel,”
oraz ,,food hydrogel,” ktore byly uzywane do przeszukiwania tytutdéw i streszczen
publikacji. Wyszukiwanie zostato ograniczone do okresu obejmujacego lata 2012-2022,
co miato na celu odzwierciedlenie najnowszych i najbardziej istotnych osiagnie¢ w tej
dziedzinie w ciggu ostatniej dekady. Aby zapewni¢ istotno$¢ i jako$¢ danych, baze
ograniczono do artykutow badawczych i przegladowych. Dalsze udoskonalenie danych
polegato na wykluczeniu artykutdéw zawierajacych okreslone wyrazy (np. ,,aerogels,”
,oleogels™) oraz eliminacji artykutow z obszarow niezwigzanych z tematem, takich jak
ekonomia i1 finanse, informatyka, zarzadzanie i rachunkowo$¢, matematyka, nauki
spoteczne, energetyka, nauki planetarne, neurobiologia, pielegniarstwo i nauki o zdrowiu.
Ostatecznie uzyskano zbidr danych obejmujacy 297 artykutéw (239 badawczych i 58
przegladowych), ktére stanowity materiat do analizy bibliometrycznej [P1].

Przyktadowy ciag zapytan:

TI TLE- ABS( Food AND protein AND pol ysacchari de AND hydrogel) OR (Tl TLE-
ABS(Food AND biopol ynmer hydrogel) OR TITLE-ABS(food hydrogel)) AND
PUBYEAR>2012 AND PUBYEAR<2023 AND PUBYEAR>2012 AND PUBYEAR<2023 AND
PUBYEAR>2017 AND PUBYEAR<2023 AND PUBYEAR>2017 AND PUBYEAR<2023 AND
PUBYEAR>2017 AND PUBYEAR<2023 AND (LIMT-TO (PUBSTACE, "final")) AND
(LIMT-TO (DOCTYPE, "ar") OR LIMT-TO (DOCTYPE, "re"))

4.2.2. Materiat do wytwarzania hydrozeli

Do etapu drugiego [P2] zastosowano: biatko grochu (PP, NUTRALYS® F85F,
Roquette Freres, Francja), biatko pszenicy (WP, NUTRALYS® W, Roquette Fréres,
Francja), maltodekstryne (MD, GLUCIDEX® 1, Roquette Fréres, Francja), gume gellan
(GG, high acyl Type 900, C.E. Roeper GmbH, Niemcy), gume konjac (KG, Type CKHY
1240, C.E. Roeper GmbH, Niemcy), babke ptesznik (PS, type 10351, C.E. Roeper
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GmbH, Niemcy), gume tara (TG, Type 5000, C.E. Roeper GmbH, Niemcy), inuling
(INU, Type Orafti® HPX, BENEO GmbH, Niemcy).

Do etapow trzeciego i czwartego [P3 i P4] zastosowano: biatko grochu (PP,
NUTRALYS® F85F, Roquette Freres, Francja), babke ptesznik (PS, type 10351, C.E.
Roeper GmbH, Niemcy), kwas cytrynowy (Agnex, Polska), cytrynian sodu (Agnex,
Polska), sol kuchenng (o’sole, Polska), a wylacznie do etapu czwartego — suchy ekstrakt

z owocow bzu czarnego (EFE, GreenVit, Polska; zawarto$¢ antocyjandéw 25%).

4.3. Metody

4.3.1. Otrzymywanie hydrozeli

Etap 2 [P2] — probki do badan otrzymano wedlug schematu przedstawionego na
rysunku 7. Przy ustalaniu poziomu st¢zenia dla kazdego preparatu uwzgledniono
optymalne stezenie zelujace opisane w dostgpnej literaturze. Biatko grochu (PP), biatko
pszenicy (WP), inuling (INU) i maltodekstryne (MD) zastosowano w st¢zeniach 20 g/100
g hydrozelu. Gume konjac (KG) i babke ptesznik (PS) w stezeniach 1,5 g/100 g
hydrozelu. Gumg gellan (GG) i gumg tara (TG) w stezeniach 0,4 g/100 g hydrozelu.

Rysunek 7. Schemat otrzymywania prébek do badan w etapie drugim [P2].

W celu uwodnienia wybrane preparaty biatkowe i polisacharydowe zostaly
zdyspergowane w wodzie destylowanej przy uzyciu homogenizatora (X120, CAT
GmbH, Niemcy) — predko$¢ obrotowa wynosita ~ 2000 rad/ s, w temperaturze 80°C.
Uzyskane dyspersje przechowywano przez 24 godziny w temperaturze 8 £ 1 °C w celu
wytworzenia struktury zelowej. Po tym czasie probki kondycjonowano do osiagnigcia

temperatury 20 + 1 °C, po czym poddano je badaniom.

Etap 3 [P3] — probki do badan otrzymano wedthug schematu przedstawionego na
rysunku 8. Indukcja badanych hydrozeli polegata na hydratacji biatka grochu PP (12,5 g
biatka/100 g hydrozelu) w wodzie destylowanej (temp.: 20 = 1 °C) przy ciaglym

mieszaniu (31 rad/ s) przez 60 minut za pomoca magnetycznego mieszadta z funkcja
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grzania SCI280-Pro (Scilogex, Connecticut, USA). Otrzymang dyspersj¢ biatka
podgrzewano do 80 = 1 °C przez 30 minut przy cigglym mieszaniu (31 rad/ s). Po
schlodzeniu dyspersji do 20 = 1 °C dodawano babkg ptesznik PS (w stezeniu 0,5 g/100

g) 1 ponownie dyspersje¢ mieszano przez 10 minut (31 rad/ s).

Rysunek 8. Schemat otrzymywania probek do badaf w etapie trzecim [P3].

pH dyspersji zostato dostosowane (7, 4,5 i 3) przy uzyciu roztwordw 1 M kwasu
cytrynowego oraz 1 M cytrynianu sodu. Sit¢ jonowa dyspersji zmodyfikowano poprzez
dodanie NaCl (w stezeniu 0, 0,15, 0,3 M). Nastepnie uzyskane dyspersje przechowywano
przez 24 godziny w temperaturze 4 + 1 °C w celu wytworzenia struktury zelowej. Po tym
czasie probki kondycjonowano do osiggniecia temperatury 20 = 1 °C, po czym poddano
je badaniom. W tabeli 2 zaprezentowano kodowanie uzyskanych probek hydrozeli oraz

warunki ich indukcji (pH oraz dodatek NaCl).

Tabela 2. Kodowanie probek badanych w etapie II oraz warunki indukcji hydrozeli.

Kod probki pH Dodatek NaCl (M)
pH3S0.0 3 0,0
pH3S0.15 3 0,15
pH3S0.3 3 0,3
pH4.5S50.0 4,5 0,0
pH4.5S0.15 4,5 0,15
pH4.5S0.3 4,5 0,3
pH7S0.0 7 0,0
pH7S0.15 7 0,15
pH7S0.3 7 0,3

Etap 4 [P4] — probki do badan otrzymano wedlug schematu przedstawionego na
rysunku 9. Dyspersj¢ biatka grochu uzyskano w podobny sposéb jak w etapie drugim. Po
schtodzeniu dyspers;ji biatkowej do 20 + 1 °C, pH uktadu doprowadzono do wartosci 3
(przy uzyciu 1 M roztworéw kwasu cytrynowego i cytrynianu sodu), dodano réwniez
NaCl (0,3 M). Nastepnie, dodano babke plesznik PS (0,5 g/100 g hydrozelu) oraz suchy
ekstrakt z czarnego bzu EFE (2 g/100 cm® wodnej fazy hydrozelu), a nastepnie dyspersje
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mieszano przez 10 minut za pomocg magnetycznego mieszadta z funkcja grzania (31 rad/

S).

Rysunek 9. Schemat otrzymywania probek do badaf w etapie trzecim [P4].

Probki podzielono na trzy grupy - tabela 3 objasnia kodowanie i zastosowane
obrébki. Pierwsza grupa obejmowata hydrozele kontrolne indukowane termicznie (C).
Druga grupa obejmowata hydrozele indukowane termicznie, a nastgpnie poddane
homogenizacji ultradzwickowej (USH, 25 kHz, 70 W, 100% puls, 100% amplituda,
zanurzenie sonotrody - 15 mm) przez 5 (U5) i 10 (Ul0) minut przy uzyciu
homogenizatora ultradzwickowego P200St wyposazonego w tytanowa sonotrode S26d7

(Hielscher Ultrasonics GmbH, Teltow, Niemcy).

Tabela 3. kodowanie probek badanych w etapie I1I oraz metoda i czas indukcji hydrozeli.

Czas trwania indukcji

Kod probki  Indukcja wstepna Indukcja wtorna wtérnej [min]
C - -
U5 Homogenizacja 5
ultradzwiekowa (25 kHz,
U10 Ogrzewanie do 80 °C 70 W, 100% puls, 100% 10
przez 30 min amplituda), temp. 20 + 1°C
P5 Wysokie cisnienia 5

hydrostatyczne (500 MPa),

P10 temp. 20 £ 1°C

10

Homogenizacj¢ ultradzwickowa dyspersji prowadzono z okresowymi przerwami
(jedna przerwa dwuminutowa dla U35, 3 przerwy dla U10) w kapieli lodowej mieszajac
rgcznie, aby zapobiec przegrzewaniu probek (temperatura utrzymywana byta na poziomie
20 = 1 °C). Trzecia grupa obejmowata hydrozele indukowane termicznie, a nast¢pnie
poddane obrébce wysokimi ci$nieniami hydrostatycznymi (HHP, 500 MPa, ustawiona
temperatura wynosita 20 = 1 °C, temperatura maksymalna w trakcie ci$nieniowania

wynosita 30 = 1 °C) przez 5 (P5) i 10 (P10) minut przy uzyciu Paskalizatora U5000/120
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(Unipress, Warszawa, Polska). Nastepnie wszystkie uzyskane dyspersje przechowywano
przez 24 godziny w temperaturze 4 = 1 °C, aby wytworzy¢ strukturg zelowa. Po tym
czasie probki kondycjonowano do osiggniecia temperatury 20 = 1 °C, po czym poddano

je badaniom.

4.3.2. Metody analityczne

Wizualizacja danych bibliometrycznych [P1] — mapowanie danych zostato
zrealizowane przy uzyciu oprogramowaniu VOSviewer (wersja 1.6.18, CWTS, Leiden,
Holandia) do mapowania scjentometrycznego. Dane, w tym wszystkie szczegdly
dotyczace 297 znalezionych artykutow, zostaly wyeksportowane, a nastepnie
przeprowadzono analiz¢ wspotwystgpowania stow kluczowych w zalezno$ci od roku

publikacji [Park, Nagy 2018; Sweileh i in. 2018; Han, Gong 2021].

Stabilno$¢ fizyczna i kinetyka destabilizacji [P2, P3, P4] — wyrazone jako
indeks niestabilno$ci i zmiana indeksu niestabilnosci w funkcji czasu. Badanie
przeprowadzono za pomocg analizatora dyspersji LUMiSizer 6120-75 (LUM GmbH,
Berlin, Niemcy), ktéry mierzy intensywno$¢ przepuszczanego $wiatlta bliskiej

podczerwieni [Florowska i in. 2020b].

Parametry mikroreologiczne [P2, P3, P4] — badane parametry: S$rednie
przemieszczenie kwadratowe w funkcji czasu dekorelacji MSD [nm2], wspotczynnik
ciecz-cialo state SLB [-], indeks elastycznosci EI [nm 2], indeks lepkosci makroskopowej
MVI [nm2]. Pomiar przeprowadzono przy uzyciu urzadzenia Rheolaser Master
(Formulaction, L’Union, Francja) wykorzystujacego technike dynamicznej spektroskopii
dyfuzyjnych fal MS-DWS (ang. Multi Speckle Diffusing Wave Spectroscopy) [Cristiano
i1in. 2020].

Parametry tekstury [P3, P4] — Pomiaru twardosci [N] oraz adhezji [N]
otrzymanych hydrozeli dokonano przy uzyciu teksturometru TA-XT2i (Stable Micro
Systems, Wielka Brytania), wyposazonego w cylindryczng gltowice o $rednicy 0,5R
(predkos¢ przesuwu gtowicy wynosita 1 mm/s, a jej glebokos$¢ zanurzenia w zelu 5 mm).
Do pomiaru smarownosci [N-s] teksturometr wyposazono w przystawke

SpreadabilityRig (predkos¢ przesuwu glowicy wynosita 3 mm/s) [Florowska i in. 2022].

Parametry reologiczne [P3] — Pomiar przeprowadzono przy uzyciu reometru

oscylacyjnego Haake Mars 40 (Thermo Scientific, Karlsruhe, Niemcy) wyposazonego
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w ptytki o $rednicy 35 mm z zabkowang powierzchnig oraz przerwa miedzy plytkami
wynoszaca 1 mm. Przeprowadzono dwa testy w celu wyznaczenia charakterystyki
lepkosprezystej otrzymanych hydrozeli oraz ich wytrzymatosci: test przemiatania
odksztatlcaniem oraz test przemiatania czgstotliwoscig. Badane parametry uzyskane
w teScie przemiatania czestotliwo$cig przy amplitudzie odksztalcania 1%: modut
zachowawczy G’ [Pa], modul stratnosci G” [Pa], tangens kata przesuni¢cia fazowego
tan(0) oraz lepko$¢ zespolona n*| [Pa-s]. Badane parametry uzyskane w tescie
przemiatania odksztatceniem przy czestotliwosci 1 Hz: modut zachowawczy LVR G’
[Pa] 1 dlugos¢ liniowego zakresu lepkosprezystego reprezentowana przez warto$é

odksztatcenia LVR y [%] [Chen i in. 2017a; Cichonska i in. 2022].

Parametry barwy [P2, P3 i P4] — pomiar parametrow barwy L*, a*, b*, C*1 h [°]
wykonano za pomocg stacjonarnego kolorymetru CR-5 (Konica Minolta, Tokio, Japonia)
w systemie CIE (L*, a*, b*) [Sobol i in. 2020]. Wyliczono rowniez catkowitg réznice
barwy AE pomig¢dzy probkami [P2, P3] oraz pomigdzy otrzymanymi probkami a probka
kontrolng [P4]. Ponadto, wyliczono indeks zazotcenia (Y1) [P3] oraz indeks bieli (WI)

[P2, P3] na podstawie wzorow:

AE = /(L = 15)? + (a} — a}3)2 + (b} — b})?

*

gdzie: AE — ro6znica barwy pomie¢dzy probkami, L7, a7, b] — sktadowe barwy dla probki
1, L3, a3, b5 — sktadowe barwy dla probki 2.

*

Y] = 142.86 b
= ) T

WI = 100 — /(100 — L*)2 + a*2 + b*2

Gdzie: YI — indeks zazotcenia, WI — indeks bieli, L*, a*, b* - skladowe barwy dla dane;j
probki.

Zdolno$¢ wigzania ekstraktu [P4] — zdolno$¢ wigzania ekstraktu EE [%]
obliczono na podstawie zawarto$ci antocyjanéw (C) zwigzanych wewnatrz struktury
hydrozelu, okre$lonej przy uzyciu spektrofotometru UV-VIS (Genesys 180,
ThermoScientific, USA), zgodnie z metodologia opisang przez Chi i in. [2019].

N (Ale,O - ApH4,5) X MW X DF X 1000

¢ exl
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gdzie: C - zawarto$¢ antocyjandéw (mg/ 100 c¢cm?), € - wspotczynnik ekstynkcji dla
cyjanidyno-3-glukozydu (26900 dm?/ mol-cm), | - grubo$¢ zmierzonej warstwy roztworu
(1 cm), My, - masa molowa cyjanidyno-3-glukozydu (449,2 g/ mol), DF - wspdtczynnik
rozcienczen.

Cg —Ca

EE =
Cg

x 100

gdzie: gdzie: EE — zdolno$¢ wigzania ekstraktu [%], Ca — zawarto$§¢ wykrytych
antocyjanow w fazie wodnej po odwirowaniu, Cg — catkowita zawartos¢ wprowadzonych

antocyjanow (0,5 g).

Widma FT-IR [P4] — pomiar wykonano przy uzyciu spektrofotometru Cary 630
(Agilent Technologies Inc., Santa Clara, CA, USA). Przed przeprowadzeniem analizy
FT-IR, hydrozele zamrozono w temperaturze —20 + 1 °C, a nast¢gpnie suszono
sublimacyjnie. Otrzymane probki zostaly zmielone na proszek. Pomiar FT-IR

1

przeprowadzono w zakresie dlugosci fal od 500 do 4000 cm™, wykonujac 32 skany przy

rozdzielczosci 4 cm™! [Rybak i in. 2022].

Zdjecia mikrostruktury [P4] — do uzyskania mikrofotografii suszonych
hydrozeli uzyto skaningowego mikroskopu elektronowego Hitachi TM3000 (Hitachi,
Tokio, Japonia). Analize¢ prowadzono przy napigciu przyspieszajacym 15 kV, pod
cisnieniem 100 Pa, przy powigkszeniu x1000 [He i in. 2020].

Ogolna zawarto$¢ zwiazkow fenolowych [P4] — okreslona jako TPC [mg kwasu
chlorogenowego/ 100 g s.s.]. Pomiar przeprowadzono z uzyciem techniki
spektrofotometrycznej, polegajacej na reakcji barwnej z odczynnikiem Folina—Ciocalteu
[Rybak i in. 2022]. Reakcje przeprowadzono na 96-dotkowych plytkach. Nastepnie,
absorbancj¢ przy 750 nm zmierzono za pomocg czytnika ptytek Multiskan Sky (Thermo
Electron Co., Waltham, MA, USA).

Aktywno$¢ przeciwutleniajaca [P4] — okre$lona przez nastgpujace parametry:
ABTS [mg TE/ g s.s.], DPPH [mg TE/ g s.s.], zdolnos$¢ redukcji jondw zelaza RP [mg
TE/ g s.s.]. Aktywnos$¢ przeciwutleniajacg probek wobec roztworéw ABTS, DPPH
badano z uzyciem metody spektrofotometrycznej [Rybak i in. 2020]. Reakcje
przeprowadzono na 96-dotkowych ptytkach. Nastepnie, zmierzono absorbancje za
pomoca czytnika plytek Multiskan Sky (Thermo Electron Co., Waltham, MA, USA).

Zdolnos¢ redukcji jonow zelaza (RP) przeprowadzono zgodnie z metodyka opisang przez
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Swieca [2016]. Odpowiednio przygotowane mieszanki inkubowano w ciemnos$ci
w temperaturze 50 °C przy uzyciu inkubatora (INCU-Line ILS 10; VWR, Radnor, PA,
USA). Nastepnie, dodano wody destylowanej i roztwor chlorku zelaza (III). Po 10

minutach zmierzono warto$ci absorbancji.

Stabilno$¢ termiczna [P4] — Stabilno$¢ wyrazono zmiang masy [%] oraz
pochodng ubytku masy DTG [1/ °C] w funkcji temperatury. Do przeprowadzenia analizy
stabilno$ci termicznej uzyskanych hydrozeli uzyto termograwimetru (TGA/DSC 3+,
Mettler Toledo, Greifensee, Szwajcaria). Material poddano pirolizie w zakresie
temperatur od 30 do 600 °C, z predkoscig ogrzewania 10 + 1 °C na minute¢, w atmosferze

azotu (przeptyw 50 cm?/min) [Merino, Athanassiou 2023].

Analiza statystyczna [P2, P3, P4] — doswiadczenie wykonywano w trzech
powtdérzeniach (n = 3), a warto$ci przedstawiono jako $rednie z odchyleniem
standardowym (+ SD). Zgromadzone dane zostaly poddane analizie statystycznej przy
uzyciu oprogramowania Statistica 13.3 (TIBCO Software Inc., Palo Alto, CA, USA).
W celu oceny istotno$ci roznic w $rednich warto§ciach mierzonych parametréw hydrozeli
przeprowadzono analiz¢ wariancji jedno- i dwuczynnikowa (ANOVA) oraz zastosowano
test Tukey’a do podzialu na grupy jednorodne, przy poziomie istotnosci a = 0,05.
Przeprowadzono réwniez analize¢ sktadowych gtownych (PCA) oraz analiz¢ skupien

(HCA).

50



5. Omowienie i dyskusja wynikow
5.1. Analiza bibliometryczna dostepne;j literatury na temat hydrozeli bialkowo-

polisacharydowych

[P1] Hilal, A.*; Florowska, A.; Wroniak, M.: 2023. Binary Hydrogels: Induction Methods and Recent
Application Progress as Food Matrices for Bioactive Compounds Delivery — A Bibliometric Review.

Gels, 9(1), 68. https://doi.org/10.3390/gels9010068

Przeprowadzono analize¢ tacznie 297 dokumentéow, z czego 80,5% stanowily
artykuly badawcze, a 19,5% artykuly przegladowe. Na rysunku 10A przedstawiono
liczbe publikacji na temat hydrozeli biatkowo-polisacharydowych w zywnosci, ktore
ukazaty si¢ w ciggu ostatnich dziesigciu lat. Na rysunku 10B przedstawiono gtowne
obszary tematyczne, w ktorych opublikowano analizowane artykuly w ciggu ostatnich
dziesigciu lat (badania przeprowadzone w bazie danych Scopus w pazdzierniku 2022
roku). Analizujac dane zaprezentowane na Rysunku 10A, zaobserwowano powolny, ale
systematyczny wzrost liczby publikacji w latach 2014-2019. Od 2020 roku odnotowano
dynamiczny wzrost liczby artykutow na temat hydrozeli biatkowo-polisacharydowych
w zywnosci. W 2020 roku liczba publikacji na ten temat osiagneta 63, a w 2022 roku —
73. Wzrost liczby publikacji na temat hydrozeli spozywczych odzwierciedla
zwigkszajace si¢ zainteresowanie ich potencjalnymi zastosowaniami w sektorze

spozywczym [Zha i in. 2021; Manzoor i in. 2022].
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Rysunek 9. (A) Liczba publikacji na temat spozywczych hydrozeli biatkowo-polisacharydowych
opublikowanych w ciagu ostatnich dziesigciu lat (B) oraz glowne obszary tematyczne, w ktorych
zarejestrowano te publikacje [P1].
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Publikacje naukowe dotyczace spozywczych hydrozeli skupialy si¢ na trzech
glownych obszarach tematycznych: inzynieria chemiczna, inZynieria materialowa oraz
nauki rolnicze 1 biologiczne (Rysunek 9B). Inne obszary (17%), w ktorych
zarejestrowano publikacje obejmowaty: fizyke i1 astronomig (7,7%); biochemie, genetyke
i biologi¢ molekularng (5,9%); farmakologi¢, toksykologie (1,6%); immunologi¢
imikrobiologie (1,5%); medycyng (0,5%). Ta r6znorodnos¢ obszarow tematycznych
potwierdza interdyscyplinarny charakter badan nad hydrozelami otrzymanymi z uzyciem
biatek i polisacharydéw. Li i in. [2021] stwierdzili, ze w poréwnaniu z niektéorymi
obszarami nauk takimi jak biomedycyna 1 inzynieria tkankowa, badania nad
zastosowaniami hydrozeli w obszarze nauk o zywnosci sa wcigz stosunkowo marginalne,
chociaz ten stan rzeczy wskazuje rowniez na szerokie mozliwo$ci rozwoju tej tematyki

badan w tym obszarze.

Rysunek 11. Uproszczony schemat sieci stow kluczowych opartej na ich wspétwystepowaniu (pomigdzy
2018 a 2022). Rozmiar ramki reprezentuje czestotliwo$¢ wspotwystepowania danego stowa kluczowego.
Skala kolorow odzwierciedla $rednig liczbe publikacji na rok [P1].

Ponadto, Cao i Mezzenga [2020] stwierdzili, ze rozw0j innowacyjnych zasad
projektowania  hydrozeli spozywczych jest S$ciS$le zwigzany =z procesem

interdyscyplinarnej wymiany wiedzy pomig¢dzy obszarami nauki. Na rysunku 11
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przedstawiono sie¢ wspotwystepujacych stow kluczowych w stosunku do $redniej liczby
publikacji na rok (w latach od 2018 do 2022). Na jej podstawie stwierdzono, ze artykuly
opublikowane okoto roku 2018 skupiaty si¢ w duzej mierze na wlasciwosciach hydrozeli
biopolimerowych (na bazie biatka serwatkowego, chitozanu czy zelatyny) w kontekscie

uzywania ich do enkapsulacji.

W 2020 artykuly dotyczace hydrozeli biopolimerowych byty badane pod katem
ich wiasciwosci reologicznych, jak i1 micro- i makrostruktury ze szczegdlnym
uwzglednieniem ich zastosowania w inzynierii tkankowej i do kontrolowanego
uwalniana lekéw. W 2022 kontynuowano badania nad hydrozelami jako no$nikami
lekoéw z uwzglednieniem mechanizmu ich dostarczania do odpowiedniego punktu uktadu
pokarmowego. Ponadto, wzroslo zainteresowanie wlasciwosciami mechanicznymi
hydrozeli jako potencjalnych materialdéw do produkcji opakowan zywnosci ze wzgledu
na ich zdolno$¢ do enkapsulacji nanoczasteczek, samoorganizacji i samonaprawiania si¢

[Deng i in. 2022; Guo i in. 2023].

Na podstawie przeprowadzonej analizy bibliometrycznej przedstawione]
w publikacji [P1] potwierdzono hipoteze H1. Wykazano, ze badania nad spozywczymi
hydrozelami binarnymi uzyskanymi z potaczenia biatka roslinnego i polisacharydu jako
materialdw budulcowych s3 stosunkowo nowym obszarem badan o charakterze
interdyscyplinarnym. Jednocze$nie nalezy podkresli¢, ze biopolimery spozywcze sa
dobrze znane i zbadane w przemyS$le spozywczym i mozna je znalez¢é w rdéznych
produktach spozywczych, w ktorych petnig funkcje wiazace, zelujace lub stabilizujace.
Jednak innowacyjno$¢ obszaru badan nad binarnymi hydrozelami biatkowo-
polisacharydowymi polega na =zastosowaniu podejscia "Bottom-Up Design" do
opracowania nowych funkcjonalnych matryc zywnosciowych. To podej$cie pozwala na
kontrolowanie interakcji pomiedzy biatkiem a polisacharydem w celu otrzymania
ztozonej struktury o zindywidualizowanych wiasciwosciach, ktéore moga pomodc

w opracowaniu innowacyjnych i prozdrowotnych produktow spozywczych.
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5.2. Charakterystyka roznych preparatow bialkowych i polisacharydowych, jako
skladowych hydrozeli binarnych

[P2] Hilal, A.*; Florowska, A.; Florowski, T.; Wroniak, M.: 2022. A Comparative Evaluation of the
Structural and Biomechanical Properties of Food-Grade Biopolymers as Potential Hydrogel Building
Blocks. Biomedicines, 10(9), 2106. https://doi.org/10.3390/biomedicines 10092106

[P4] Hilal, A.*; Florowska, A.; Florowski, T.; Rybak, K.; Domian, E.; Szymanski, M.; Wroniak, M.:
2024. Effects of Sequential Induction Combining Thermal Treatment with Ultrasound or High
Hydrostatic Pressure on the Physicochemical and Mechanical Properties of Pea Protein—Psyllium
Hydrogels as Elderberry Extract Carriers. International Journal of Molecular Sciences, 25(16), 9033.
https://doi.org/10.3390/ijms25169033

W celu selekcji sktadowych hydrozeli do dalszych badah przeprowadzono
wstepne badania nad wlasciwo$ciami fizycznymi uktadow uzyskanych poprzez indukcje
termiczng wybranych preparatéw biatkowych (biatko grochu i biatko pszenicy)
i polisacharydowych (guma gellan, guma konjac, inulina, maltodekstryna, babka ptesznik
1 guma tara). W tym etapie zbadano nastgpujace parametry: stabilnos¢ fizyczna, kinetyke
destabilizacji, parametry mikroreologiczne (MSD, SLB, EI i MVI) oraz parametry barwy
(L*, a*, b*, Wl i AE). Nastepnie, przeprowadzono analiz¢ sktadowych gldéwnych (PCA)
1 analize skupien (HCA), ktére pozwolity wytoni¢ grupe preparatow jako potencjalnych
materialdw budulcowych binarnych hydrozeli biatkowo-polisacharydowych [P2].
Ponadto, najbardziej korzystny hydrozel otrzymany na bazie biatka grochu i babki
ptesznik poddano analizie sktadu przy wuzyciu spektroskopii FT-IR w celu
zidentyfikowania zmian w strukturze chemicznej oraz interakcji migdzy sktadnikami

hydrozelu [P4].

Na rysunku 12 przedstawiono wyniki indeksu niestabilnosci (Rysunek 12A),
wspotczynnika ciecz-ciato state SLB (Rysunek 12B) a na rysunku 13 przedstawiono
profile transmisyjne badanych uktadow. Stabilno$¢ fizyczna uzyskanych uktadow jest
istotnym parametrem w ocenie zdolnosci danego biopolimerow do tworzenia trwalej
struktury zelowej. Badanie stabilno$ci ukladoéw przeprowadzono z wykorzystaniem
fotowiréwki LUMiSizer. Wyznaczono indeks niestabilno$ci oraz profile transmisyjne dla

kazdego badanego uktadu. Analizujac wartosci indekséw niestabilnosci (Rysunek 12A)
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stwierdzono, ze w przypadku biatka pszenicy (WP), gumy tara (TG) oraz maltodekstryny
(MD) doszto do najwigkszej destabilizacji uktadu.
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Rysunek 12. Witasciwosci fizyczne badanych uktadoéw [P2]. (A) indeks niestabilno$ci; (B) wspotczynnik
ciecz-ciato state (SLB), gdzie a, b, ¢ - wartosci $rednie oznaczone tymi samymi literami nie r6znig si¢
istotnie przy a = 0,05.

Rysunek 13. Profile transmisyjne dla uktadéw zawierajacych: biatko grochu (PP), biatko pszenicy (WP),
gume gellan (GG), gume konjac (KG), inuling (INU), maltodekstryng (MD), babke plesznik (PS) i gume
tara (TG). Czerwone linie reprezentuja transmisje $wiatta na poczatku analizy, a zielone linie reprezentuja
transmisje $wiatta na koncu analizy.

Profile transmisyjne WP i MD (Rysunek 13) reprezentowaly ruch czastek, ktére
wskutek dziatania sit odsrodkowych przesuwaty sie wraz z frontem destabilizacji ku dnu

probki, co spowodowato kompresje strukturalng i w konsekwencji wydzielenie si¢ wody.
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Natomiast, destabilizacja uktadow zawierajacych biatka grochu (PP), gume gellan (GG),
gume konjac (KG), inuling (INU) i1 babke plesznik (PS) byla wolniejsza. Wysoka
stabilno$¢ fizyczna preparatow PP, GG, KG, INU i PS prawdopodobnie mogta wynikaé
z utworzenia sieci, ktora dzialala jako struktura stabilizujagca. Qayum i in. [2021]
w swoich badaniach zaobserwowali, Ze jednorodna i zwarta struktura utworzona przez
laktoalbumine wplywa na stabilno$¢ fizyczng podczas dziatania sity odsrodkowej oraz na
zdolno$¢ zatrzymywania wody w uzyskanych zelach. Natomiast, niska stabilno$¢
fizyczna, taka jak w przypadku preparatow WP, MD i TG $wiadczyta o stabo rozwinigte;j
strukturze zelowej lub jej braku [Feng i in. 2021].

Wiasciwosci mikroreologiczne zostaty okreslone za pomocg metody dynamiczne;j
spektroskopii dyfuzyjnych fal MD-DWS przy uzyciu urzadzenia Rheolaser Master.
Metoda ta umozliwia przeprowadzanie pomiaru w sposob nieinwazyjny (uktad w stanie
spoczynku). Wspotczynnik ciecz-cialo stale (SLB — ang. solid-liquid balance index)
odpowiada bezwymiarowemu stosunkowi modulu zachowawczego G’ do modutu
stratno$ci G”. Wspotczynnik SLB jest wprost proporcjonalny do wlasciwosci
lepkosprezystych probek i stuzy do wskazania zmian w zachowaniu probki [Cristiano
1in. 2020]. Na podstawie wynikow SLB (Rysunek 12B) wykazano, ze uktady uzyskane
z biatka pszenicy (WP), maltodekstryny (MD) i gumy tara (TG) charakteryzowaty si¢
przewaga modulu G”, co $§wiadczylo o braku struktury zelowej (SLB > 0,5). Z kolei
w przypadku preparatow PP, GG, KG, INU i PS, ich uktady cechowaty si¢ przewaga
modutu G’ (SLB < 0,5), co potwierdzilo utworzenie stalej struktury zelowej — probki

wykazaty wlasciwos$ci sprezyste charakterystyczne dla ciat statych [Yating 1 in. 2022].

Na podstawie uzyskanych wynikéw przeprowadzono analize gtownych
sktadowych (PCA, Rysunek 14A) oraz analiz¢ skupien (HCA, Rysunek 14B).
W przypadku analizy PCA wykazano, ze czynnik 1 byt dodatnio skorelowany z indeksem
elastycznosci EI (r=0,91) i lepkoscia makroskopowa MVI (r = 0,94). Natomiast ujemnie
skorelowany byl z indeksem niestabilnosci (r =—0,94) i SLB (r =—0,96). Czynnik 2 byt
natomiast skorelowany ujemnie z indeksem bieli WI (r =-0,90). Wytoniono uktady,
ktore charakteryzowaly si¢ zdolnoscig do tworzenia stabilnych struktur zelowych
o podobnych wtasciwosciach mikroreologicznych (Rysunek 14). Do tej grupy nalezaty
uktady z biatkiem grochu (PP), guma gellan (GG), guma konjac (KG) i babkg ptesznik
(PS). Uktady te charakteryzowaly si¢ utworzong struktura zelowa, ktora nie roznita si¢

istotnie wzgledem warto$ci EI i MVI. Ponadto, wykazano, ze uktad INU wyro6zniat si¢
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najwyzszg wartoscig indeksu elastycznosci (EI) i indeksu lepkosci makroskopowe;j
(MVI) co $wiadczyto o utworzeniu bardziej zwartej struktury (EI = 0,31 nm2; MVI =
0,059 nm).

Rysunek 14. Analiza sktadowych glownych PCA (A) oraz hierarchiczna analiza skupien HCA (B)
uzyskanych probek [P2].

Do dalszych badan wybrano zatem jako sktadowe hydrozeli, biatko grochu (PP) oraz
babke ptesznik (PS). Dokonujac wyboru preparatu z babki ptesznik dodatkowo
kierowano si¢ jego wlasciwosciami prebiotycznymi. Dzigki jego obecnosci w ukladzie
pokarmowym zwigkszona zostaje lepko$¢ tresci pokarmowej, uczucie sytosci oraz
skutecznie spowalniany jest rozklad i wchlanianie sktadnikéw odzywczych [Belorio,
Goémez 2020; Agrawal 2021]. Dodatkowo, potaczenie babki ptesznik z biatkiem grochu
moze stanowi¢ efektywny sposob na uzyskanie matrycy do kontrolowanego dostarczania

substancji bioaktywnych do jelita grubego. Babka plesznik, nie ulegajac rozpadowi
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w gornym odcinku przewodu pokarmowego, pozostaje nienaruszona az do momentu
fermentacji przez mikrobiote jelitowa. Dzigki temu hydrozele zawierajace babke plesznik
moga chroni¢ efektywnie substancje bioaktywne przed degradacja w zotadku i jelicie
cienkim, umozliwiajac ich efektywne uwalnianie w jelicie grubym [McClements 2017;

Wang i in. 2022a].

W celu analizy migdzyczasteczkowych interakcji w hydrozelu uzyskanym
z potaczenia biatka grochu (PP) i babki ptesznik (PS) uzyto spektroskopii FT-IR.
Wszystkie analizowane probki wykazywaty typowe piki dla sktadnikéw pochodzenia

organicznego (Rysunek 15) [Sivam i in. 2012].
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Rysunek 15. Widma FT-IR w zakresie 1500-3500 cm™! dla biatka grochu (PP), babki ptesznik (PS) oraz
dla binarnego hydrozelu (H) [P4].

Analizujac widma FT-IR biatka grochu (PP) wykazano charakterystyczne pasmo
amidowe I (~1650 cm™), przypisywane drganiom rozciggajacym grup karbonylowych
(C=0) w wiazaniach peptydowych skorelowane z drugorzedng strukturg bialka.
Dodatkowo, obecnos$¢ pasma przy okoto 1625 cm™ sugerowata, ze dominujacg strukturg
drugorzedna biatka byta struktura B-harmonijki. Ponadto pasmo amidowe II (~1550
cm™), zwigzane z drganiami deformacyjnymi N—H oraz drganiami rozciggajacymi C—N,
moglto si¢ naklada¢ na charakterystyczne drgania C—-C tancuchéw bocznych
aromatycznych aminokwasow (1500-1600 cm™), co wskazywalo na obecno$é
fenyloalaniny i tyrozyny w badanym preparacie [Moreno i in. 2020]. Pasmo przy ~2900

cm™' wyraznie wskazywato na drgania rozciggajace wigzan C-H w alifatycznych
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tancuchach bocznych aminokwasow, takich jak alanina, walina, leucyna, izoleucyna
i prolina. Pasmo przy ~3290 cm™ reprezentowato drgania rozciagajace N-H z grup

aminowych obecnych w szkielecie polipeptydowym biatka grochu [Ertugrul i in. 2021].

Analizujagc  widma FT-IR babki ptesznik (PS, Rysunek 15) oraz badania
przeprowadzonego przez Waleed i in. [2022], odnotowano charakterystyczne pasmo
w okolicach 1630 cm™, zwigzane z drganiami rozciggajacymi grup karbonylowych
(C=0) grup acetylowych, wystepujacych w niektorych czasteczkach ksylanu
i arabinoksylanu. Intensywnos$¢ tego pasma koreluje ze stopniem acetylacji, co

w przypadku badanego preparatu wskazato na niski stopien acetylacji [Ren i in. 2020].

W widmie FT-IR hydrozelu uzyskanego z biatka grochu i babki ptesznik (H, Rysunek
15) wykazano nowe interakcje miedzy skladowymi. Odnotowano zmniejszenie
intensywnos$ci pasm w zakresie 1500-1700 cm™, co sugerowalo zmiany strukturalne
biatka po jego denaturacji oraz interakcji z PS [Moreno i in. 2020]. Niu i in. [2019]
w swoich badaniach nad interakcjami pomiedzy babka plesznik a biatkiem
serwatkowym, zaobserwowali wzrost intensywnosci pasm absorpcyjnych przy 1401
11648 cm™, co wskazywalo na tworzenie dodatkowych wigzah C=0 1 C-N,
prawdopodobnie wynikajacych z reakcji karbonylowo-amoniowej. Natomiast
w przypadku widma probki H odnotowano obnizenie intensywnosci tych pasm, co mogto
wskazywa¢ na powstanie interakcji van der Waalsa lub interakcji elektrostatycznych
pomiedzy czasteczkami, co z kolei moglto ograniczy¢é swobode drgan tych grup (tzw.

efekt ekranowania) [ Xue i1 in. 2020; Mengyao Liu i in. 2023].

Na podstawie przeprowadzonej analizy widm FT-IR wykazano, ze pomigdzy biatkiem
grochu a babka ptesznik wystepowaly oddzialywania asocjacyjne (kompatybilno$é
termodynamiczna) w postaci interakcji miedzyczasteczkowych, w tym van der Waalsa
i elektrostatycznych. Dzigki tym obserwacjom udowodniono wystgpowanie synergii

pomigdzy tymi dwoma sktadowymi wybranymi do dalszych etapéw badan.
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5.3. Okreslenie wplywu pH i stezenia NaCl na wlasciwosci fizyczne hydrozeli

uzyskanych z bialka grochu i babki plesznik

[P3] Hilal, A.*; Florowska, A.; Domian, E.; Wroniak, M.: 2024. Binary Pea Protein-Psyllium Hydrogel:
Insights into the Influence of pH and Ionic Strength on the Physical Stability and Mechanical
Characteristics. Gels, 10(6), 401. https://doi.org/10.3390/gels10060401

W celu zbadania wplywu warunkéw indukcji termicznej (pH i st¢zenia NaCl) na
wlasciwosci fizyczne hydrozeli otrzymanych z biatka grochu (PP) i babki ptesznik (PS),
przygotowano dziewig¢¢ hydrozeli. Warto$¢ pH utrzymywano na trzech poziomach (7, 4,5
i 3), a NaCl dodawano w stezeniach 0, 0,15 i 0,3 M. Przeanalizowano nastepujace
parametry: stabilno$¢ fizyczna, kinetyke destabilizacji, parametry mikroreologiczne
(MSD, SLB, EI), parametry tekstury (twardo$¢, adhezja, smarowno$¢), parametry
reologiczne (G’, G”, tan(d), In*|, LVR G’ 1 LVR v) oraz parametry barwy (L*, a*, b*, WI,
YI i AE). Ponadto podano wartosci wielkos$ci efektu (n?) - miara ta okresla jaka czesé
catkowitej wariancji byta wyjasniana przez dany czynnik lub interakcj¢ czynnikow.
Nastepnie przeprowadzono analize skladowych glownych (PCA) i analize skupien
(HCA), na podstawie ktorych wybrano najkorzystniejsza warto$¢ pH oraz dodatku NaCl
do dalszego etapu badan [P3].

Jednoczesna modyfikacja wartosci pH jak i stezenia NaCl (n2pu-Nac)) = 0,989)
istotnie wplywala na stabilno$¢ fizyczng analizowanych hydrozeli (Rysunek 16A).
Najwyzsza stabilno$cig fizyczng charakteryzowat si¢ hydrozel otrzymany przy pH 7 bez
dodatku soli. Obnizenie pH do 4,5 spowodowato zmniejszenie stabilnosci hydrozelu.
Jednak dalsze obnizenie pH do 3 skutkowalo ponownym wzrostem stabilnosci.
Stwierdzono takze, ze wpltyw sily jonowej, regulowanej poprzez dodatek NaCl, na
stabilno$¢ hydrozeli byt zalezny od pH. Zaobserwowano obnizenie stabilno$ci hydrozelu
indukowanego przy pH 7 po dodaniu NaCl, natomiast w przypadku hydrozeli
otrzymanych przy nizszych wartosciach pH (4,5 i 3) stwierdzono stabilizujace dziatanie
NaCl, szczeg6lnie przy najwyzszym badanym stezeniu NaCl (0,3 M). Lei i in. [2022]
dokonali podobnej obserwacji w przypadku hydrozeli otrzymanych z biatka orzecha
wloskiego i k-karagenu, gdzie dodatek jondw Na' istotnie poprawil site wigzan miedzy
biopolimerami, co skutkowato powstaniem znacznie bardziej jednolitej i $cisle zwigzane;j
struktury zelu o zwigkszonej zdolno$ci zatrzymywania wody. Chen i in. [2017b] doszli

do wniosku, ze zwigkszenie sily jonowej ma podobny wplyw na agregacje biatek
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sojowych co obnizenie pH uktadu. Ponadto zaobserwowali, ze dodatek NaCl wptywal na
zwigkszenie sity oddzialywan migdzy *lancuchami biatkowymi, co skutkowato
zwieszeniem wielkosci 1 gestosci agregatow prowadzac do powstawania bardziej

heterogenicznej mikrostruktury zelu.
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Rysunek 16. Wptyw pH i dodatku NaCl na stabilno$¢ fizyczna, parametry mikroreologiczne i tekstury
otrzymanych hydrozeli [P3], gdzie a, b, ¢ - wartosci srednie oznaczone tymi samymi literami nie r6znig si¢
istotnie przy o = 0,05. (A) indeks niestabilno$ci; (B) wspotczynnik ciecz-cialo stale SLB; (C) indeks
elastycznosci EI; (D) twardos¢.

Analizujac wartosci wspotczynnika ciecz—cialo stale (SLB) (Rysunek 16B),
indeksu elastycznosci (EI) (Rysunek 16C) oraz twardosci (Rysunek 16D) wykazano, ze
zarobwno pH, jak i sita jonowa istotnie wptywatly na wilasciwosci mikroreologiczne
1 teksturalne uzyskanych hydrozeli. Stwierdzono, ze dodatek NaCl miat silniejszy wptyw
na zmienno$¢ SLB (n*wacn) = 0,838) 1 twardosci (n*mach = 0,974), podczas gdy pH silniej
wplywato na zmienno$¢ EI (n%pn) = 0,959). Obnizenie pH do 4,5 spowodowato, ze
hydrozel indukowany bez dodatku NaCl charakteryzowal si¢ przewaga wlasciwosci

typowych dla ciata stalego (SLB < 0,5). Jednak dalsze obnizenie pH do 3 skutkowato

61



powrotem SLB do warto$ci poczatkowej. Ponadto dodatek NaCl zmodyfikowat ten trend,
prowadzac do wzrostu warto$ci SLB dla hydrozeli otrzymanych przy pH 4,5, przy czym
maksymalna warto$¢ SLB zostata osiggnigta przy stezeniu soli 0,15 M. Natomiast dla
hydrozeli o pH 7 i 3 dodatek 0,3 M NaCl spowodowatl wyrazne zwigkszenie modutu G',
o czym $wiadczyta warto§¢ SLB bliska 0,355.

Niska warto$¢ wspotczynnika SLB $§wiadczy o utworzeniu si¢ mocnej struktury
zelowej [Gagliardi i in. 2020]. Hydrozele indukowane przy pH 3 i dodatku soli (0,3 M)
wykazywaly najwyzsze wartosci obu parametréw. Poprawa parametrow
mikroreologicznych (SLB 1 El) oraz teksturalnych (twardos¢) w przypadku hydrozeli
indukowanych przy pH 3 wraz z dodatkiem NaCl na poziomie 0,3 M mogta by¢
wynikiem wzmocnienia oddziatywan -elektrostatycznych pomigdzy biopolimerami
[Dahal, Schmit 2018]. Przy pH 3 (ponizej punktu izoelektrycznego biatka) zmniejszyt si¢
tadunek ujemny na tancuchach biatkowych, co z kolei spowodowalo zmniejszenie
odpychania elektrostatycznego i1 zwigkszenie przyciggania migdzy nimi a ujemnie
natadowanymi grupami polisacharydowymi babki ptesznik. Sprzyjalo to tworzeniu
silniejszych oddzialywan migdzy sktadowymi, co z kolei spowodowalo powstanie
bardziej zwartej i stabilnej sieci zelowej. Dodatek NaCl w st¢zeniu 0,3 M zwigkszyt site
jonowa roztworu, co doprowadzilo do ekranowania ladunkéw powierzchniowych
biopolimerow. Ponadto, jony sodu mogty dziata¢ jako mostki jonowe mig¢dzy ujemnie
natadowanymi grupami karboksylowymi babki ptesznik a ujemnymi lub neutralnymi
fragmentami biatka grochu. To dodatkowo moglo wplyna¢ na wzmocnienie sieciowania
migdzy ich tancuchami poprzez tworzenie wigzan jonowych i redukcji odpychania

elektrostatycznego [Wang i in. 2018].

Poniewaz hydrozele sa uktadami lepkosprezystymi, analiza ich wlasciwosci
reologicznych w warunkach dynamicznego $cinania dostarcza informacji na temat ich
natury 1 zachowania pod wptywem niewielkich odksztalcen, ktére sg skorelowane
z stopniem usieciowania i heterogeniczno$cia sieci biopolimerowych [Moelants i in.
2014; Chen i in. 2017a]. W celu przeprowadzenia analizy uzyto reometru oscylacyjnego
Haake Mars 40. Na podstawie wynikOw przemiatania czestotliwoscia (Rysunek 17A, B
1 C) stwierdzono, ze wszystkie uzyskane hydrozele wykazaty wtasciwosci lepkosprezyste
charakterystyczne dla stabych ukladow zelowych, takich jak ketchup, jogurt, budyn
[Kasapis, Bannikova 2017].
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Rysunek 17. Wplyw pH i dodatku NaCl na parametry reologiczne otrzymanych hydrozeli [P3], gdzie a, b,
¢ - wartosci §rednie oznaczone tymi samymi literami nie roéznig si¢ istotnie przy o = 0,05. (A) Modut
zachowawczy G’, (B) modut stratnosci G”, oraz (C) Tangens kata przesunigcia fazowego tan(d) uzyskane
w tescie przemiatania czgstotliwosciag przy amplitudzie odksztatcania 1%; (D) Dtugos$¢ liniowego zakresu
lepkosprezystego (LVR) reprezentowana przez warto$¢ odksztalcenia y (%) uzyskana w tescie
przemiatania odksztalceniem przy czgstotliwosci 1 Hz.

Hydrozele modyfikowane dodatkiem NaCl wykazywaly zwigkszong
wytrzymato$¢ na odksztalcenia w porownaniu do hydrozeli referencyjnych (bez dodatku
NaCl), niezaleznie od wartosci pH. Obserwowana poprawa wtasciwosci mechanicznych
sugerowala utworzenie bardziej usieciowanej struktury zelowej, co moglo wynikaé
z wzmozonych oddziatywan elektrostatycznych pomiedzy biopolimerami w obecnosci
NaCl. Probki indukowane z dodatkiem 0,15 M NaCl wykazaly wzrost wartosci obu
modulow G' (N’*macy = 0,984) 1 G" (M*acy = 0,983). Wzrost ten obserwowano wraz
z obnizeniem pH z 7 do 4,5 (Rysunek 17A iB). Natomiast w przypadku indukcji
hydrozelu z dodatkiem 0,3 M NaCl, zmiana pH z 7 do 3 istotnie zwigkszyta wartosci G’
1 G", osiaggajac maksymalne wartosci przy pH 3. Dodatkowo, przy pH 3, wraz ze
zwigkszeniem stezenia NaCl z 0 do 0,15 M odnotowano $redni wzrost warto$ci modutow

G'1 G" o okoto 95 razy, a w przypadku zwigkszenia stgzenia NaCl z 0 do 0,3 M wzrost
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ten osiggnat nawet 170 razy. Tanger i in. [2022], w swoich badaniach nad wptywem pH
1 sity jonowej na wlasciwosci zelujace biatek grochu, zauwazyli, ze dodatek soli przy pH
3 prowadzit do powstania silniejszej struktury zelu, co byto spowodowane zwigkszeniem

interakcji pomiedzy agregatami.

Tangens kata przesunigcia fazowego tan(d) charakteryzuje stopien
lepkosprezystosci badanego uktadu i jest definiowany jako stosunek G” do G’ (Rysunek
17C). Gdy analizowane uktady wykazuja wlasciwosci elastyczne charakterystyczne dla
ciata stalego, warto$¢ tan(d) jest mniejsza niz 1. Natomiast w przypadku uktadow,
w ktorych dominujg wlasciwosci lepkie typowe dla cieczy, warto$¢ tan(d) rowna si¢ lub
jest wicksza od 1 [Fan iin. 2022]. Na podstawie wynikow analizy statystycznej
stwierdzono, ze pH bylo najistotniejszym czynnikiem wptywajacym (m?*pny = 0,936) na
warto$¢ tan(d) uzyskanych hydrozeli. Zaobserwowano, ze wszystkie warianty hydrozeli
wykazaly warto$¢ tan(d) nizsza niz 1 (w zakresie od 0,24 do 0,29) przy 1 Hz, co
oznaczato, ze otrzymane probki w stanie spoczynku wykazywaly wlasciwosci
lepkosprezyste zblizone do ciat statych, ale mozna je tatwo byto rozsmarowac [Kasapis,

Bannikova 2017].

Dhugos¢ liniowego zakresu lepkosprezystego (LVR), reprezentowana przez
warto$§¢ odksztatcenia y (%), $wiadczyto o stabilnosci strukturalnej analizowanych
uktadow (Rysunek 17D). Zaobserwowano, ze wraz z obnizeniem pH do 4,5 dtugo$¢ LVR
ulegla skréceniu, natomiast po osiggnigciu pH 3 dlugos¢ ta ponownie wzrosta (n?pn) =
0.939). Ten trend zaobserwowano we wszystkich badanych hydrozelach, niezaleznie od
dodatku NaCl. Jednak dodatek soli (przy pH 7 i 3) istotnie zwickszyt warto$¢ vy, co
prawdopodobnie bylo wynikiem powstania bardziej wytrzymalej sieci zelowej [Tanger i

in 2022].

W celu efektywnego podsumowania danych zgromadzonych w badaniu uzyskane
wyniki poddano analizie skladowych glownych (PCA) oraz hierarchicznej analizie
skupien (HCA) (Rysunek 18). Analiz¢ PCA przeprowadzono z wykorzystaniem 12
aktywnych zmiennych. Zidentyfikowano dwie glowne sktadowe (Rysunek 18A):
sktadowa 1 (F1) wyjasniata 55,54% zmiennosci, a sktadowa 2 (F2) — 23,20% zmienno$ci.
Sktadowa 1 byta ujemnie skorelowana z G’ (r = —0,95), G” (r = —0,96), n*| (r = —0,95).
Sktadowa 2 byta dodatnio skorelowana z indeksem niestabilnosci (r = 0,64) oraz ujemnie

skorelowana z y (r = —0,80). W zwiazku z tym, skladowa 1 (F1) zinterpretowano jako
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warunki indukcji sprzyjajace uzyskaniu hydrozeli o wysokiej elastyczno$ci, natomiast
skltadowa 2 (F2) — jako warunki prowadzace do uzyskania hydrozeli o wysokiej

stabilno$ci strukturalne;.

Rysunek 18. Analiza sktadowych gtéwnych PCA (A) oraz hierarchiczna analiza skupien HCA (B)
uzyskanych hydrozeli [P3].

Na podstawie rozmieszczenia hydrozeli w przestrzeni gtownych sktadowych
(Rysunek 18A) oraz wynikoéw analizy odlegtosci interakcji (Rysunek 18B) stwierdzono,
ze najwigksza grupa (zielona) reprezentowata hydrozele o niskich warto$ciach G" 1 G”,
ktoére zostaly indukowane przy pH 7, 4,5 oraz 3 (bez dodatku NaCl), jak rowniez przy pH
7 (z dodatkiem 0,15 1 0,3 M NaCl). Dodatkowo, przy pH 4,5 i 3 (gbrna cz¢$¢ grupy)
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uzyskano hydrozele o nizszej stabilnosci strukturalnej. Druga grupa (niebieska) zawierata
hydrozele uzyskane przy pH 4,5 (z dodatkiem 0,15 i 0,3 M NaCl) oraz przy pH 3 (z
dodatkiem 0,15 M NaCl), ktére charakteryzowaly si¢ wysokimi wartosciami modutow G’
i G", lecz stosunkowo niskg stabilnoscig strukturalng. Jedynie hydrozel pH3S0.3
wykazywal najwicksza odmienno$¢ w pordwnaniu z innymi hydrozelami (najwigksza
odlegtos¢ interakceji, Rysunek 18B). W zwigzku z tym stwierdzono, ze indukcja przy tych
parametrach (pH 3 i z dodatkiem 0,3 M NaCl) prowadzi do uzyskania uktadu

o najbardziej elastycznych wtasciwosciach oraz wysokiej stabilnosci strukturalne;.

Na podstawie wynikow przedstawionych w publikacjach [P2, P3 i P4] potwierdzono
hipoteze H2. Wykazano, ze synergiczne dzialanie bialka grochu i babki plesznik
umozliwia otrzymywanie binarnych hydrozeli o korzystnych wlasciwosciach fizycznych,
w tym przy zmniejszonym stezeniu biopolimeréw potrzebnych do wytworzenia struktury
zelu. Jednoczesnie nalezy podkresli¢, ze modyfikacja wartosci pH i dodatku NaCl
skutkowala powstaniem hydrozeli o zréznicowanych wiasciwosciach fizycznych.
Hydrozele te sklasyfikowano jako stabe zele o podobnych wtasciwosciach do produktow
takich jak ketchup, jogurt czy budyn. Indukcja przy nizszym poziomie pH (szczegdlnie
pH 314,5) i bez dodatku NaCl prowadzita do istotnych zmian barwy ukladu i tworzenia
si¢ stabych, smarownych hydrozeli. Dodanie NaCl (0,15 1 0,3 M) przy tych samych
warto$ciach pH (pH 3 1 4,5) poprawito stabilno$¢ strukturalng i moduty G’ i G” hydrozeli.
Zastosowanie nizszego pH (3 < IP) i wysokiego stezenia NaCl (0,3 M) skutkowato
wzmocnieniem oddzialywan elektrostatycznych migdzy biatkiem grochu i babka
ptesznik. Efektem bylo powstanie hydrozelu o korzystniejszych wtasciwosciach
elastycznych oraz wysokiej stabilnos$ci strukturalnej. Dodatkowo wykazano, ze podczas

indukcji wptyw NaCl na wtasciwosci hydrozeli uzalezniony byt od pH uktadu.
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5.4. Wplyw metody indukcji na whasciwosci fizykochemiczne modelowego ukladu
otrzymanego na bazie hydrozelu z bialka grochu i babki plesznik, zawierajacego
ekstrakt z owocow czarnego bzu

[P4] Hilal, A.*; Florowska, A.; Florowski, T.; Rybak, K.; Domian, E.; Szymanski, M.; Wroniak, M.:
2024. Effects of Sequential Induction Combining Thermal Treatment with Ultrasound or High
Hydrostatic Pressure on the Physicochemical and Mechanical Properties of Pea Protein—Psyllium
Hydrogels as Elderberry Extract Carriers. International Journal of Molecular Sciences, 25(16), 9033.
https://doi.org/10.3390/ijms25169033

Przydatno$¢ technologiczna hydrozeli uzyskanych z bialka grochu i babki ptesznik
w przemysle spozywczym jest $ci§le zalezna od ich wlasciwosci, ktore determinowane
sg miedzy innymi metodg ich indukcji. Hydrozele otrzymane przy pH 3 i st¢zeniu NaCl
wynoszacym 0,3 M moga stanowi¢ obiecujace matryce do stworzenia ukladéw do
dostarczania bioaktywnych zwigzkow stabilnych w niskim pH, takich jak antocyjany.
W poprzednich etapach badan hydrozele byly otrzymywane z zastosowaniem tradycyjne;j
metody indukcji termicznej, ktéra moze prowadzi¢ do degradacji dodanych labilnych
zwigzkow bioaktywnych. Aby unikna¢ tego ograniczenia, zastosowano nowatorskg
sekwencyjng technik¢ otrzymywania hydrozeli, taczaca dwie metody indukcji.
W pierwszym kroku wykorzystano indukcj¢ termiczng (indukcja pierwotna) w celu
zainicjowania agregacji biatek grochu. Po schiodzeniu uktadu, doprowadzono pH do
warto$ci 3 i dodano 0,3 M NaCl, babke ptesznik oraz ekstrakt z owocoOw czarnego bzu
(EFE). Nastepnie uktad poddano kolejnej indukeji (indukcja wtorna), z wykorzystaniem
nietermicznych metod, takich jak: homogenizacja ultradzwigkowa (USH) lub wysokie

ci$nienie hydrostatyczne (HHP).

W celu okreslenia wptywu metody indukcji na wiasciwosci fizykochemiczne
uzyskanych uktadéw modelowych zbadano: stabilnos¢ fizyczng i kinetyke destabilizacji,
parametry mikroreologiczne (SLB 1 EI), parametry tekstury (twardo$¢, adhezja,
smarownos$¢), parametry barwy (L*, a*, b*, C* hi AE), zdolno$¢ wigzania ekstraktu EE,
widma FT-IR, mikrostruktur¢ (SEM), catkowita zawarto$¢ polifenoli TPC, aktywno$¢
przeciwutleniajaca (ABTS, DPPH i RP) oraz stabilno$¢ termiczng (zmiana masy oraz

pochodna ubytku masy w funkcji temperatury) [P4].

Na podstawie przeprowadzonych badan zaobserwowano, ze obie indukcje wtorne

z uzyciem homogenizacji ultradzwigckowej (USH) 1 wysokich ci$nief hydrostatycznych
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(HHP) istotnie wptynetly na wspotczynnik ciecz-ciato state (SLB), kinetyke destabilizacji

oraz twardos¢ (Rysunek 19).
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Rysunek 19. Wplyw metody indukcji na: (A) SLB, (B) kinetyke destabilizacji, oraz (C) twardos¢
uzyskanych hydrozeli [P4], gdzie a, b, ¢ - wartosci $rednie oznaczone tymi samymi literami nie réznig si¢
istotnie przy a = 0,05.

Analizujac kinetyke destabilizacji (Rysunek 19A), stwierdzono, ze uktad kontrolny
(C) wykazywal najwyzsza stabilno$¢. Zastosowanie homogenizacji ultradzwickowe;j
(USH) oraz wysokich ci$nien hydrostatycznych (HHP) spowodowalo obnizenie
stabilno$ci. Wtorne indukcje mogly destabilizujagco wpltywa¢ na termodynamiczng
stabilno$¢ biatek, przyspieszajac proces denaturacji. Biorac pod uwage kluczowa role
aktywnych wypetniaczy, ktorymi sg biatka w natywnej konformacji, w zapewnieniu
stabilno$ci struktury hydrozelu, zastosowanie wtérnej indukcji moglo prowadzi¢ do
catkowitej denaturacji biatek, co w konsekwencji ostabito strukturg uktadu [Khalesi i in.

2020].
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Wydtuzenie czasu trwania indukcji z wuzyciem zar6wno homogenizacji
ultradzwickowej (USH), jak i wysokich ci$nien hydrostatycznych (HHP) zwigkszylo
warto$ci wspodtczynnika SLB (Rysunek 19B). Niemniej jednak, warto$ci te pozostawaty
ponizej 0,5, co oznaczato, ze badane uklady charakteryzowaly si¢ dominujacymi
wlasciwo$ciami ciata stalego. Hydrozele otrzymane z wuzyciem HHP (P10)

charakteryzowaty si¢ najwyzszymi warto§ciami SLB.

Analizujagc wyniki twardosci (Rysunek 19C) stwierdzono natomiast, ze hydrozele
otrzymane poprzez USH charakteryzowaty si¢ nizszymi warto$ciami tego parametru, co
bylo prawdopodobnie spowodowane wystgpowaniem sit kawitacyjnych podczas procesu
agregacji, ktore ostabitly powstale agregaty podczas indukcji termicznej, co z kolei
wplyneto na ostabienie struktury zelowej [Inthavong i in. 2019; Su, Cavaco-Paulo 2021].
Natomiast hydrozele otrzymane z uzyciem HHP wyrdzniaty si¢ najwyzszymi
warto$ciami twardosci — hydrozel P10 byt 2,8 razy twardszy niz U5 i U10. Wysoka
warto$§¢ parametru twardosci wskazywata, ze HHP prawdopodobnie spowodowato
kompresj¢ utworzonej struktury zelowej, jednoczesnie prowadzac do utworzenia
heterogenicznego uktadu. Moglo to prowadzi¢ do zapadania si¢ struktury oraz powstania
obszaréw zapetlionych fazag wodna, co jest potwierdzone przez wysoka wartos¢ SLB

[Luo i in. 2021].

Otrzymane w tym etapie hydrozele z wprowadzonymi do ukladu antocyjanami
z czarnego bzu charakteryzowatly si¢ ciemng, bordowa barwg (L = 3,63; a = 4,72; b =
—0,37) wynikajaca z dodanego ekstraktu. Analizujac wptyw metody indukcji na
charakterystyke badanych hydrozeli, stwierdzono istotne réznice w parametrach barwy
hydrozeli indukowanych wysokg temperaturg i homogenizacja ultradzwigckowa (USH)
przez 5 1 10 minut (U5 1 Ul0) oraz wysoka temperaturag i wysokimi ci$nieniami
hydrostatycznymi (HHP) przez 5 i 10 minut (P5 i P10) (Rysunek 20A i B). Zastosowanie
USN jako indukcji wtdrnej istotnie zwickszyto nasycenie barwy (C*) badanych uktadéw,
natomiast w przypadku HHP nasycenie barwy istotnie obnizylo si¢. W przypadku
odcienia barwy (h) zaobserwowano odwrotng tendencje — USH spowodowala obnizenie
warto$ci tego parametru, podczas gdy HHP istotnie zwigkszyto jego warto$¢. Zmiany
nasycenia i odcienia barwy mogly wynika¢ z wptywu powstatej struktury hydrozelowe;j
na rozmieszczenie ekstraktu wewnatrz matrycy. Zmiana charakteru oddzialywan
pomiegdzy barwnikiem a matryca zelowa moglta prowadzi¢ do zmian w spektralnych

wiasciwos$ciach absorpcji $wiatta [Montes i in. 2005].

69



7 300
@ . (B)
6 g - b C Y
5 b 280 2 a a
6 4 Z 260
3 <
240
2
1 220
’ C Us U10 P5 P10 200
C Uus Ul0 P5 P10
40 ©
35 e
30
— 25
Y <
=
= 15
10 b
0 1
C Us Ul1o P5 P10

Rysunek 20. Wplyw metody indukcji na: (A) nasycenie barwy C*, (B) odcien barwy h, (C) zdolnos¢
wigzania ekstraktu z owocodw czarnego bzu [P4], gdzie a, b, ¢ - wartosci Srednie oznaczone tymi samymi
literami nie r6znig si¢ istotnie przy a = 0,05.

W przypadku wydajno$ci wigzania ekstraktu (EE, Rysunek 20C), odnotowano, ze
indukcja wtorna z uzyciem USH istotnie obnizyta warto$¢ EE (EEus = 3%; EEui0= 9%)
w porownaniu do proby kontrolnej (EEc = 19%). Moglo to by¢ spowodowane zjawiskiem
kawitacji, ktére ograniczyto proces agregacji czasteczek, prowadzac do utworzenia mniej
wytrzymatej sieci polimerowej. W konsekwencji taka struktura nie byla w stanie
efektywnie wigzac czasteczek ekstraktu. Zwickszenie wydajnosci wigzania w przypadku
zastosowania dluzszej, dziesigciominutowej obrobki USH prawdopodobnie byto
spowodowane efektem rozrzedzenia uktadu, co doprowadzilo do réwnomiernego
rozproszenia agregatow Dbiatkowo-polisacharydowych poprawiajac  jednorodnosé
struktury zelu. Lepsza jednorodno$¢ mogla zwigkszy¢ zdolno$¢ wigzania ekstraktu,
zapewniajac bardziej spojng sie¢, co thumaczyto wyzsza wartos¢ EE w pordwnaniu do
krotszego czasu dziatania USH (5 minut) [Cai 1 in. 2022; Yuxuan i in. 2024]. Natomiast
uzycie HHP do indukcji wtornej spowodowato istotny, w pordwnaniu z hydrozelem

kontrolnym C, wzrost wydajnosci wigzania ekstrakt (EEps =20%, EEpi0 = 33%).
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Zastosowanie HHP najprawdopodobniej prowadzito do fizycznej kompresji struktury
zelowej, co pozwolito na zwigkszenie ilosci ekstraktu zamknigtego wewnatrz matrycy.
Podobne tendencje zaobserwowali Mao i in. [2024], badajac wptyw wysokiego ci$nienia
hydrostatycznego na hydrozele otrzymane z biatka sojowego jako no$nikéw ryboflawiny.
Zhang 1 in. [2024] w swoich badaniach nad wptywem HHP na wlasciwosci
alginianowych hydrozeli jako no$nikéw antocyjanéw odnotowali, ze HHP sprzyja
pecznieniu sieci zelowej, co z kolei poprawia zdolno$¢ wigzania ekstraktu wewnatrz

matrycy hydrozelowe;.

Zaobserwowane roznice w wydajnosci wigzania ekstraktu z owocow czarnego
bzu (EE, Rysunek 20C) pomi¢dzy hydrozelami otrzymanymi za pomoca dwoch metod
indukcji wtornej: USH oraz HHP, tlhumaczyly zmiany w nasyceniu (C*) i odcieniu (h)
barwy (Rysunek 20A i B). Indukcja wtérna z zastosowaniem HHP doprowadzita do
kompresji matrycy hydrozelowej, tworzac gesta sie¢ biopolimerowa zdolna do
skutecznego wiazania ekstraktu. Prowadzito to do obnizenia wartosci C* oraz
podwyzszenia warto$ci h poprzez rdwnomierne zamknigcie ekstraktu wewnatrz struktury
zelowej. Natomiast zastosowanie USH doprowadzilo do powstania stabszej struktury
hydrozelu o mniejszej zdolno$ci wigzania ekstraktu, co skutkowato jego obecnoscia na

powierzchni hydrozelu, zwigkszajac wartosci C* 1 obnizajac warto$¢ h.

Na podstawie analizy widm FT-IR (Rysunek 21) stwierdzono, ze indukcja
termiczna potaczona z homogenizacja ultradzwigkowa (U5 i Ul0) i wysokimi
ci$nieniami hydrostatycznymi (P5 i P10) powodowata minimalne zmiany w sktadzie
chemicznym matrycy hydrozelowej. Przebieg widm dla probki kontrolnej i probek

poddanych wtérnej indukcji byt podobny.
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Rysunek 21. Widma FT-IR w zakresie 15003500 cm™! dla uktadu kontrolnego (C), uktadow otrzymanych

za posrednictwem wtornej indukcji USH przez 5 i 10 minut (U5 i U10) oraz uktadéw otrzymanych za
posrednictwem wtornej indukcji HHP przez 5 i 10 minut (PS5 i P10) [P4].

Zaobserwowano wzrost intensywnos$ci pasm w obszarze dtugosci fali 3260 cm™,
odpowiadajacych wibracjom grup O-H lub N-H, oraz w obszarze 1640 cm™,
odpowiadajacych wibracjom amidu 1. Hydrozel U10 charakteryzowal si¢
najintensywniejszymi pasmami w tych obszarach, co moglo §wiadczy¢ o wplywie
wtornej indukcji na zwigkszenie stezenia grup hydroksylowych lub aminowych w wyniku
degradacji lub rozcigcia tancuchéw biopolimerowych [Liu i in. 2020b]. Dodatkowo
zaobserwowano zwickszenie intensywnosci pasma w obszarze 2920 cm’,
odpowiadajacego wibracjom grup C—H alkilowych, co prawdopodobnie $wiadczyto
o tym, ze obie indukcje wtorne trwajace 10 minut (U10 i P10) zwigkszytly dostepnosé
grup alkilowych obecnych w tancuchach bocznych aminokwaséw i tancuchu
polisacharydowym [Asaithambi i in. 2022]. Badania nad wplywem obrobki HHP na
uktad sktadajacy si¢ z biatka sojowego, B-glukanu i kwasu ferulowego wykazaty, ze
obrobka ta wplywa na zwigkszenie liczby wigzan wodorowych oraz interakcji
hydrofobowych. Byto to spowodowane zwigkszeniem ilo$ci struktur B-harmonijkowych
biatka, czego skutkiem byto powstanie bardziej zwartej i uporzadkowanej struktury [Jin

i in. 2020].
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Na podstawie analizy mikrostruktury (Rysunek 22) stwierdzono, ze obie indukcje
wtorne USH 1 HHP wptyngly na mikrostrukturg uzyskanych uktadéw hydrozelowych.

Zauwazono rowniez, ze czas trwania obrobki oddzialywal na otrzymang strukture.

Rysunek 22. Mikrofotografie SEM uktadéw hydrozelowych w powigkszeniu 1000x [P4].
Zaobserwowano, ze mikrostruktura probki U5 charakteryzowata si¢ widocznymi
agregatami o réznych wielkosciach i1 ksztattach. Natomiast diuzsza indukcja USH
doprowadzila do zmniejszenia réznorodnosci w wielkosci 1 rozmieszczeniu agregatow,
co prawdopodobnie bylo wynikiem zwigkszonej kawitacji generowanej przez fale
ultradzwigkowe [Yue i in. 2022]. Z kolei mikrostruktura uktadow uzyskanych w wyniku

indukcji HHP charakteryzowata si¢ bardziej zwartg strukturg w poréwnaniu do probek
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indukowanych ultradzwickami oraz zelu kontrolnego. Sposréod wszystkich
analizowanych probek, uktad P10 charakteryzowal si¢ najbardziej rozwinigta
powierzchnia, z najmniejsza ilo§cig pustych przestrzeni migdzy agregatami, co moglo

ttumaczy¢ najwyzsza zdolnos$¢ wigzania ekstraktu (EE, Rysunek 20C).

Zastosowanie indukcji wtornej HHP wzmocnito proces agregacji, prowadzac do
powstania zwartej 1 spdjnej sieci, ktora byta w stanie fizycznie zamkna¢ faz¢ wodna
zawierajacg ekstrakt. Ponadto zwickszyla si¢ liczba miejsc wigzacych miedzy biatkiem
grochu, babka ptesznik a antocyjanami obecnymi w ekstrakcie [Florowska i in. 2021;
Peyrano i in. 2021]. Z kolei, gestsza i bardziej splatana sie¢ hydrozelowa mogta
zwigkszy¢ retencj¢ fazy wodnej zawierajacej ekstrakt, jednoczesnie minimalizujac jego
dyfuzje poza strukture, czego efektem byta zwigkszona zdolno$¢ wigzania ekstraktu

[Yuaniin. 2018; Yang i in. 2021b; Liu i in. 2022].

Na rysunku 23 przedstawiono wptyw indukcji wtérnych USH (U5 i U10) oraz
HHP (P5 i P10) na zawarto$¢ polifenoli ogétem (TPC) w uktadach (Rysunek 22A) oraz
na ich aktywno$¢ przeciwutleniajaca wobec rodnika ABTS (Rysunek 22B) i DPPH
(Rysunek 22C). W przypadku uktadéw otrzymanych poprzez indukcje wtorng USH
1 HHP trwajaca 5 minut (U5 i P5) nie zaobserwowano istotnych réznic w zawarto$ci
polifenoli w poréwnaniu do prébki kontrolnej (TPCc = 18,4 g kwasu chlorogenowego/
100 g s.s.). Jednak wydtuzenie czasu indukcji do 10 minut przyniosto inne efekty.
W przypadku probki U10 wartos¢ TPC obnizyla si¢, natomiast dla P10 wartos¢ TPC
wzrosta. Dziesieciominutowa indukcja wtorna HHP (P10), w poréwnaniu z uktadem
kontrolnym (C) (EE = 19 %), poprawita retencj¢ polifenoli (TPCpio = 22,7 g kwasu
chlorogenowego/ 100 g s.s.), chronigc je przed degradacja, co koreluje z wysoka
wydajnoscig wigzania ekstraktu (EEpio = 33%, Rysunek 20C). Dzigki indukcji HHP
uzyskano bardziej efektywne wigzanie ekstraktu, co wskazuje na lepsza ochrong
polifenoli przed degradacja. Natomiast, zastosowanie indukcji USH przez 10 minut
doprowadzito do obnizenia wartosci TPC (9,31 g kwasu chlorogenowego/ 100 g s.s.).
Byto to prawdopodobnie spowodowane degradacja polifenoli, ktéra zaszta w wyniku

powstawania stref wysokich temperatur spowodowanych kawitacja [Jordens i in. 2016].
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Rysunek 23. Wpltyw metody indukcji na: (A) zawarto$¢ polifenoli ogoétem TPC, (B) aktywnosc¢
przeciwutleniajgca oznaczona wobec rodnika ABTS oraz (C) aktywno$¢ przeciwutleniajaca oznaczona
wobec rodnika DPPH [P4], gdzie a, b, ¢ - wartosci $rednie oznaczone tymi samymi literami nie réznig si¢
istotnie przy a = 0,05.

Na podstawie uzyskanych wynikow stwierdzono rowniez, ze indukcja USH (5
1 10 minut), w poréwnaniu do uktadu kontrolnego (ABTSc = 4,8 mg TE/ 100 g s.s.),
istotnie obnizyta warto$ci aktywnosci przeciwutleniajacej (ABTSus = 3,6 mg TE/ 100 g
s.s.; ABTSui0 = 3,1 mg TE/ 100 g s.s.) (Rysunek 23B). Z kolei zaobserwowano, ze wraz
z przedtuzeniem obrobki HHP aktywnos¢ przeciwutleniajgca, oznaczona wobec rodnika
ABTS, wzrosta (ABTSpi0 = 5,8 mg TE/ 100 g s.s.). Analizujac aktywnos¢
przeciwutleniajaca oznaczong wobec rodnika DPPH, odnotowano, ze U5 miato lepsza
zdolnos$¢ neutralizacji tego rodnika niz uktad kontrolny C (DPPHc = 6,8 mg TE/ 100 g
s.s.; DPPHys = 8,8 mg TE/ 100 g s.s.) (Rysunek 23C). Mogto to wynikaé ze zwiekszonej
jednorodno$ci matrycy, prowadzacej do rownomiernego rozmieszczenia ekstraktu
w strukturze zelowej. Dodatkowo zaobserwowano, ze wydtuzenie czasu indukcji USH
do 10 minut (U10) obnizylo t¢ aktywnos¢ (DPPHus = 4,3 mg TE/ 100 g s.s.). Bylo to

najprawdopodobniej spowodowane powstaniem stabej struktury zelowej, ktora nie byta
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w stanie skutecznie zamkng¢ ekstraktu, jak rowniez degradacja spowodowana wysokimi
temperaturami 1 utlenianiem wynikajagcym z efektu kawitacji powstajacej przy
zastosowaniu USH [Jordens i in. 2016; Wang i in. 2020a]. Natomiast wydtuzenie czasu
indukcji wysokimi ci$nieniami HHP do 10 minut (P10) spowodowato istotny wzrost
aktywnosci przeciwutleniajacej oznaczonej wobec rodnika DPPH (DPPHpi0 = 1,08 mg
TE/ 100 g s.s.). Moglo to wynika¢ z powstania bardziej zwartej struktury zelu
(Rysunek 22), ktora zamkneta wigkszg ilo$¢ ekstraktu z owocoOw czarnego bzu (EFE),
chronigc go przed degradacja [D’Aniello i in. 2023]. Dodatkowo stwierdzono, ze obrobka
HHP prawdopodobnie spowodowata usunigcie pgcherzykéw powietrza z uktadu, co
mogtlo ograniczy¢ utlenianie zamknigtego w jego strukturze ekstraktu z owocoOw czarnego

bzu [Florowska i in. 2021; Zhang 1 in. 2022b].

W celu efektywnego podsumowania zebranych wynikow przeprowadzono analiz¢
glownych sktadowych (PCA) oraz hierarchiczng analize skupien (HCA) (Rysunek 24).
Analize¢ PCA wykonano przy uzyciu 16 aktywnych zmiennych. Zidentyfikowano dwie
glowne sktadowe (Rysunek 24A): skladowa 1 (F1) wyjasniata 63,01% wariancji,
a sktadowa 2 (F2) wyjasniata 23,68% wariancji. Sktadowa 1 byta dodatnio skorelowana
z nasyceniem barwy C* (r = 0,96) i ujemnie skorelowana z smarownoscig (r = —0,97),
twardoscig (r = —0,95), wydajnoscig wigzania ekstraktu EE (r = —0,91), zawartoscia
polifenoli ogétem TPC (r = —0,88) oraz aktywno$cig przeciwutleniajagca oznaczong
wobec rodnika ABTS (r =—0,98) i DPPH (r = —0,74). Z kolei, sktadowa 2 byta dodatnio
skorelowana z wspoétczynnikiem ciecz-ciato state SLB (SLB, r = 0,91) oraz indeksem
niestabilnos$ci (r = 0,91) 1 ujemnie skorelowana z indeksem elastycznosci EI (r = —0,89)
oraz adhezja (r = —0,86). Biorac pod uwage te zaleznos$ci, pierwsza gldwng sktadowa
zinterpretowano jako miar¢ metody indukcji, ktora wplywalala na zamknigcie ekstraktu
z owocOw czarnego bzu wewnatrz struktury zelowej, a co za tym idzie, na ogdlng
aktywno$¢ przeciwutleniajaca. Druga sktadowa zinterpretowano jako miar¢ metody
indukcji, ktora przyczyniala si¢ do ogolnej stabilnosci fizycznej utworzonej struktury

hydrozelowe;.
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Rysunek 24. Analiza sktadowych gltéwnych PCA (A) oraz hierarchiczna analiza skupien HCA (B)
uzyskanych hydrozeli [P4].

Na podstawie rozmieszczenia probek w przestrzeni gtownych skladowych
(Rysunek 24A) oraz odlegtosci interakcji (Rysunek 24B) stwierdzono, ze indukcja
wtorna z uzyciem homogenizacji ultradzwickowej (U5 1 U10) lub wysokich ci$nien
hydrostatycznych (P5 i P10), prowadzita do powstania uktadéw hydrozelowych o istotnie

réznych wiasciwosciach fizykochemicznych. Uzycie wtornej indukcji ultradzwigkowe;j
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USH spowodowalo powstanie uktadow o niskiej stabilno$ci fizycznej i elastycznosci, co
negatywnie wplyneto na zdolno§¢ wigzania ekstraktu z owocdéw czarnego bzu oraz na
koncowa aktywno$¢ przeciwutleniajaca. Dodatkowo, wydtuzenie czasu indukcji do 10
minut (U10) prawdopodobnie spowodowato dalsza degradacje polifenoli, co ttumaczyto

najwickszg odleglo$¢ interakcji (Rysunek 24B).

Zastosowanie wtornej indukcji wysokocisnieniowej HHP doprowadzito do
powstania uktadéw o zwartej strukturze zelowej, czego efektem byta wysoka zdolnos¢
wigzania ekstraktu wewnatrz uktadu. Uktady modelowe na bazie hydrozelu z biatka
grochu i babki ptesznik, zawierajace ekstrakt z owocdéw czarnego bzu otrzymane poprzez
wtorng indukcj¢ HHP wykazaly wysoka aktywno$¢ przeciwutleniajaca, przy czym
dziesieciominutowa indukcja HHP pozwolita osiagna¢ najwyzszag zawarto$¢ polifenoli

ogotem w strukturze oraz najwyzsza aktywno$¢ przeciwutleniajaca.

Na podstawie wyniki badan przedstawionych w publikacjach [P3 i P4]
potwierdzono hipotezy H3 i H4. Wykazano, ze istnieje mozliwos$¢ opracowania uktadu
modelowego o wlasciwosciach prozdrowotnych na bazie binarnego hydrozelu z biatka
grochu i babki plesznik, w ktorym hydrozel ten pehitby funkcje zaréwno skladnika
strukturotworczego jak inos$nika substancji bioaktywnych. Ponadto wykazano, ze
metody i parametry indukcji Zelowania istotnie wptynely na ksztaltowanie wtasciwosci
fizykochemicznych otrzymanych ukladéw hydrozelowych. Jednocze$nie nalezy
podkresli¢, ze sekwencyjna technika polegajaca na zastosowaniu indukcji termiczne;j
1 wysokich ci$nien hydrostatycznych przy odpowiednio dobranych warunkach (pH = 3
i dodatek NaCl na poziomie 0,3 M) do tworzenia zaréwno sktadnika strukturotworczego

jak i no$nika substancji bioaktywnych.
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6.

Podsumowanie i wnioski

: Z realizowane w ramach pracy doktorskiej badania pozwolity na zweryfikowanie

zatozonych hipotez badawczych oraz ich potwierdzenie, jednocze$nie

wykazano zasadno$¢ podjetej tematyki badan nad wiasciwosciami fizykochemicznymi

binarnego hydrozelu otrzymanego z biatka grochu i babki ptesznik.

Na podstawie uzyskanych wynikéw sformutowano nastepujace stwierdzenia i wnioski:

1.

Badania nad spozywczymi hydrozelami biatkowo-polisacharydowymi maja
charakter interdyscyplinarny 1 koncentruja si¢ na ich potencjalnych
zastosowaniach jako no$nikow lekow lub bioaktywnych zwigzkéw,
umozliwiajacych ich kontrolowane dostarczanie i uwalnianie, a takze jako
samoregenerujacych si¢ powlok do produkcji opakowan w przemysle

Spozywczym.

. Pomimo zwigkszajacego si¢ zainteresowania potencjalnymi zastosowaniami

hydrozeli biatkowo-polisacharydowych w sektorze spozywczym, badania w tym
obszarze pozostaja wciaz ograniczone, co wskazuje na potrzebe dalszego rozwoju

i eksploracji tego interdyscyplinarnego tematu.

. Fizyczne sieciowanie biatka grochu i babki plesznik umozliwia uzyskanie

binarnego hydrozelu, ktory wykazuje korzystne wtasciwosci fizykochemiczne.
Dodatkowo wystepowanie interakcji miedzyczasteczkowych pozwala na

zmniejszenie ilosci biopolimeréw potrzebnych do formowania struktury zelowe;.

. Ksztattowanie wlasciwosci fizykochemicznych otrzymywanych binarnych

hydrozeli na bazie biatka grochu i babki ptesznik jest $cisle zalezne od dobranych
warunkow 1 metody indukcji zelowania.

Efekt dodatku NaCl podczas indukcji hydrozelu z biatka grochu i babki ptesznik
jest istotnie zalezny od pH ukladu. Ponadto wykazano, ze indukcja hydrozelu
binarnego w pH 3 z dodatkiem 0,3 M NaCl pozwala na uzyskanie ukfadu
petniacego funkcje strukturotworcza oraz nos$nika zwigzkow bioaktywnych
stabilnych w niskim pH, takich jak antocyjany.

Wykazano, ze sekwencyjna metoda indukcji, obejmujaca wstepna indukcje
termiczng, a nastgpnie homogenizacj¢ ultradzwigkowa (USH), nie znalazta

zastosowania do wytwarzania uktadu modelowego na bazie hydrozelu z biatka

79



grochu i babki ptesznik, jako nos$nika bogatego w antocyjany ekstraktu z owocoéw
czarnego bzu.

7. Wykazano, ze sekwencyjna metoda indukcji, obejmujaca wstepng indukcje
termiczng, a nastepnie zastosowanie wysokich cisnien hydrostatycznych (HHP),
stanowi obiecujaca technik¢ wytwarzania uktadu modelowego na bazie hydrozelu
z biatka grochu i babki plesznik, jako no$nika antocyjandéw z ekstraktu z owocoéw

czarnego bzu.

Wyniki badan zaprezentowane w tej pracy maja charakter nie tylko poznawczy, ale
1 wdrozeniowy. Stworzono podstawy do opracowania nowego uktadu hydrozelowego na
bazie biatka grochu i1 babki plesznik, ktoéry moglby pemi¢ funkcje sktadnika
strukturotworczego oraz nosnika substancji  bioaktywnej np. w  deserze
weganskim. Nalezy jednak zaznaczy¢, ze zasadne jest kontynuowanie prowadzonych
badan, a w szczeg6lnosci rozszerzenie ich o optymalizacje parametréw procesu indukcji
w celu podniesienia wydajnosci wigzania ekstraktu z owocdw czarnego bzu oraz poprawy
stabilnos$ci fizycznej, ale takze analiza skuteczno$ci wigzania ekstraktu podczas testow
przechowalniczych w  warunkach  chlodniczych oraz analiza wlasciwosci
przeciwutleniajacych przed i po trawieniu in-vitro wraz z okre§leniem biodostepnosci

antocyjanow.
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Food’s Impact on Our Wellbeing, 1-15.10.2022 (Anna Florowska,
Tomasz Florowski, Patrycja Gozdzik, Adonis Hilal)
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Anny Florowskiej

105



9. Zalaczniki (publikacje stanowiace prace¢ doktorska i oSwiadczenia wspolautorow)

106



gels

Review

Binary Hydrogels: Induction Methods and Recent Application
Progress as Food Matrices for Bioactive Compounds
Delivery—A Bibliometric Review

Adonis Hilal *©, Anna Florowska

check for
updates

Citation: Hilal, A.; Florowska, A.;
Wroniak, M. Binary Hydrogels:
Induction Methods and Recent
Application Progress as Food
Matrices for Bioactive Compounds
Delivery—A Bibliometric Review.
Gels 2023, 9, 68. https://doi.org/
10.3390/ gels9010068

Academic Editor: Maria

Valentina Dinu

Received: 14 December 2022
Revised: 11 January 2023
Accepted: 12 January 2023
Published: 14 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

and Malgorzata Wroniak

Department of Food Technology and Assessment, Institute of Food Science, Warsaw University of Life Sciences,
02-787 Warsaw, Poland
* Correspondence: adonis_hilal@sggw.edu.pl

Abstract: Food hydrogels are biopolymeric materials made from food-grade biopolymers with gelling
properties (proteins and polysaccharides) and a 3D network capable of incorporating large amounts
of water. They have sparked considerable interest because of their potential and broad application
range in the biomedical and pharmaceutical sectors. However, hydrogel research in the field of food
science is still limited. This knowledge gap provides numerous opportunities for implementing their
unique properties, such as high water-holding capacity, moderated texture, compatibility with other
substances, cell biocompatibility, biodegradability, and high resemblance to living tissues, for the
development of novel, functional food matrices. For that reason, this article includes a bibliometric
analysis characterizing research trends in food protein—polysaccharide hydrogels (over the last ten
years). Additionally, it characterizes the most recent developments in hydrogel induction methods
and the most recent application progress of hydrogels as food matrices as carriers for the targeted
delivery of bioactive compounds. Finally, this article provides a future perspective on the need to
evaluate the feasibility of using plant-based proteins and polysaccharides to develop food matrices
that protect nutrients, including bioactive substances, throughout processing, storage, and digestion
until they reach the specific targeted area of the digestive system.

Keywords: proteins; polysaccharides; hydrogels; functional properties; delivery systems; bioactive
ingredients; plant-based food; food development

1. Introduction

Hydrogels are viscoelastic aqueous matrices composed of crosslinked polymer chains
forming a three-dimensional hydrophilic network. This three-dimensional system contains
molecules, fibers, or particles, with water or an aqueous phase serving as the dispersion
medium [1]. The hydrophilic character of hydrogels is caused by some hydrophilic residues
(such as amino, carboxyl, and hydroxyl groups) of the polymer(s), along with the nature
and density of the formed network connections. Such networks can hold large amounts of
water (even 99% w/w) in their structure while maintaining solid-like properties [2]. The
type (physical or chemical) and density (number of crosslinks) of network connections
formed by these polymers help to maintain the final gel network. As a result, the structure,
viscoelasticity, and water-holding capacity of hydrogels are highly dependent on the
polymer source (natural or synthetic), method of preparation (induction method), ionic
charge, and the size of the network [3].

Hydrogel materials are widely used, with significant applications in medical, cosmet-
ics, textiles, agriculture, and recently in the food sector as well. Because of their broad range
of applicational potential, researchers have been studying hydrogels for years. The biomed-
ical and pharmaceutical industries have primarily implemented hydrogels as delivery
systems [4,5], scaffolds for cell cultivation [6], and tissue engineering [7]. However, when it
comes to the food industry, the implementation of hydrogels is constrained by restrictions
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on the use of certain ingredients that need to be food-grade, generally recognized as safe
(GRAS) by the Food and Drug Administration (FDA) in the USA and included in the EU
list of permitted food additives laid down in Regulation EC 1333/2008. According to
their origin, food-grade biopolymers are divided into proteins and polysaccharides. These
biopolymers have a great potential to address today’s consumer health and environmental
sustainability concerns since they are renewable, affordable, biocompatible, biodegradable,
and edible, as well as having a wide range of functionalities and gelation routes [8]. Proteins
and polysaccharides are primary functional components in developing food colloidal sys-
tems since they can create and modify food matrix structures, textures, sensory properties,
and shelf life.

Protein-based hydrogels are formed when the protein molecules unfold, revealing
hydrophilic and thiol groups [9]. This unfolding of the structure (denaturation) process
can be initiated by heating, pH, or salt modulation. The denaturation allows the chains to
interact via covalent interactions (by hydrophobic or electrostatic interactions, hydrogen
bond formation, and less frequently, disulfide bond formation). The covalent interaction
between the polymer chains leads to their aggregation, forming a three-dimensional gel
structure [10]. Among plant-based globular proteins, such as soy [11,12], pea [10,13],
wheat [14,15], and zein [16,17] are reported in the literature to have an excellent gelling
ability, similar to their animal-based proteins counterparts (whey and egg) [18,19]. The
formation of polysaccharide hydrogels is less complicated than that of globular proteins.
Polysaccharide hydrogel formation can be induced through various methods, among
others heat and cooling, pH and salt modulation, the addition of sucrose, and freeze-
thaw cycles [20]. Among the widely used in the food industry polysaccharides that have
gelling abilities are carrageenan [21,22], chitosan [23,24], alginate [25,26], inulin [27,28],
starch [29,30], cellulose [31,32], gum arabic [33,34], gellan gum [35,36], etc.

Binary hydrogels composed of proteins and polysaccharides were developed to avoid
some of the limitations such as poor water holding capacity and weak gel strength, physical
instability, etc. imposed by hydrogels prepared with a single biopolymer [37]. A different
combination of proteins and polysaccharides can be used to create such binary hydro-
gels: protein—protein, polysaccharide—polysaccharide, and protein—polysaccharide [38].
Proteins and polysaccharides can effectively form binary hydrogels due to their ability
to interact with each other via non-covalent and covalent interactions [39]. Furthermore,
when the concentration of one biopolymer is insufficient to form a stable hydrogel, adding
another biopolymer as a filler component can improve the physicochemical properties of
the system, allowing the formation of a network structure [40,41]. A wide range of protein—
polysaccharide binary hydrogels with various microstructures and physicochemical proper-
ties can be obtained based on the interaction between those two biopolymers, the individual
properties of each used component, and the applied induction conditions [42]. An example
would be a binary hydrogel composed of a whey protein/starch mixture, distinguished
by new and intriguing properties [43]. It was discovered that the synergistic interactions
between casein and carrageenan also improved hydrogel’s rheological and microstructural
properties [44]. Zernov et al. [45] reported that mixing chitosan and collagen makes it
possible to produce a hydrogel that can act as an edible microcarrier for cultured meat.
Furthermore, soy protein—a model plant-based protein mixed with polysaccharides—can
form binary hydrogel and gain new properties as a food ingredient [46,47]. Combina-
tions of soy protein gels and polysaccharides tested by other researchers are as follows:
soy protein—sodium alginate hydrogel [48], soy protein—carrageenan hydrogel [49], soy
protein-inulin hydrogel [50], soy protein—corn fiber gum hydrogel [51]. Other plant-based
proteins and polysaccharides are also being studied regarding their ability to form binary
hydrogels. Among them, the most popular in the literature are pea protein-sodium algi-
nate hydrogel [52], pea protein—soluble soybean polysaccharide hydrogel [53], and zein
protein—pectin hydrogel [54].

Since studies on the topic of food hydrogels are still minimal in comparison to biomed-
ical or pharmaceutical hydrogels, there are immense opportunities to contribute to the
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development of the food industry through a cross-integration between areas with advanced
knowledge. Regarding model behavior, food biopolymer hydrogels might be more complex
than synthetic hydrogels [37]. Despite this, a proper hydrogel design based on a thorough
understanding of the mechanisms in food matrices can improve the final food matrix’s
quality, nutrition, and nutrient bioavailability [41,55]. Therefore, using a bibliometric analy-
sis as a research performance investigation tool for detailed databases can reveal trends and
patterns in scientific research areas worldwide. This statistical tool has raised researchers’
considerable interest in providing an in-depth view of the advancements in binary hydro-
gels’ food processing and applications [41,56,57]. The purpose of conducting a bibliometric
analysis is not to discuss the findings of the identified papers but to characterize research
trends in a chosen field of knowledge [58,59]. The significance of this manuscript is to
provide a mixed review that combines bibliometric analysis and a literature review of the
latest developments in hydrogel induction methods and the present research findings on
the topic of protein—polysaccharide hydrogels as a food matrix.

2. Methodological Procedures

The article presents a literature review emphasizing protein—polysaccharide hydrogel
induction methods and the application progress of protein-polysaccharide hydrogels as
food matrices to supplement the information provided by the bibliometric analysis.

In this study, a mixed methodology was carried out, including a bibliometric analysis
of papers obtained from the Scopus database (https://www.scopus.com/search/form.uri?
display=advanced, accessed on 1 December 2022) and a literature review emphasizing
the induction methods and the application progress of protein—polysaccharide hydrogels
as food matrices. A survey was carried out in the Scopus database (in October 2022) to
access the papers used to perform the bibliometric analysis. The methodological proce-
dure adopted for the bibliometric analysis was divided into two general phases, the data
collection phase, and the data mapping/visualization phase.

The entered query string included the terms “protein polysaccharide food hydrogels”,
“food biopolymer hydrogel”, and “food hydrogel” as search words in the publication’s
titles and abstracts. The publication timeframe was set from 2012 to 2022, and the types
of documents were considered: articles and reviews. Some words were excluded (e.g.,
aerogels, oleogels, male, female), as well as some research areas (e.g., economics and finance,
computer science, business management and accounting, mathematics, social sciences,
energy, planetary sciences, neuroscience, nursing, and health professions) to refine the
study. A result of 297 documents was obtained, of which 239 were articles and 58 were
reviews, all in the final publication stage.

The data mapping/visualization phase was accomplished using a state-of-art scien-
tometric mapping tool provided by VOSviewer software (version 1.6.18, CWTS, Leiden,
The Netherlands). The data, including all the details regarding the 297 documents found
by the search engine in the Scopus database, were exported, and a performance analysis
was carried out to discover the general patterns of research on protein—polysaccharide
hydrogels. A cluster analysis was carried out based on the keywords co-occurrence and the
bibliographic coupling of in-country collaborations [60-64].

3. Bibliometric Analysis

A total of 297 documents were analyzed, of which 80.5% were articles and 19.5%
were review papers. Figure 1 shows the evaluation of the scientific publication on protein-
polysaccharide food hydrogels registered in the Scopus database in 2012-2022. Figure 1A
shows the number of publications, and Figure 1B represents the main subject area of
the publications.
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Figure 1. Evaluation of the scientific publications. (A) The number of publications registered on the
topic of protein—polysaccharide food hydrogels over the last ten years; (B) the main subject area in
which the publications registered on the topic of protein—polysaccharide food hydrogels over the last
ten years (research carried out in the Scopus database in October 2022).

By analyzing the data presented in Figure 1A, a slow but systematic growth of the
number of publications, it in years 20142019, can be observed. Currently, since 2020, there
has been a dynamic increase in the number of published articles on protein—polysaccharide
food hydrogels. In 2020, the number of publications on this topic reached 63, and in
2022—73. The growth in the number of published documents reflects the awareness of the
potential uses of hydrogels in the food sector. This growth could be caused by the food
industry’s growing concern about providing enough nutritious food for everyone while
protecting natural resources. This growing concern has resulted in the faster development
of plant-based foods and hybrid food products (from animal and plant sources), which have
emerged as a new growing trend that can help the sustainability challenge [65]. The growing
interest in the development of plant-based foods (including hybrid foods) has increased the
number of studies on food hydrogels, which have the potential to improve the appearance,
texture, flavor, mouthfeel, and functionality of these new products [20,37,66-68].

The scientific papers that addressed the topic of protein—polysaccharide food hydrogels
were published mainly in four subject areas (Figure 1B): chemistry (31% of published
documents), agriculture and biological sciences (19%, which include food science), materials
science (19%), and chemical engineering area (14%). The other areas in which the analyzed
scientific documents were published were physics and astronomy (7.7%); biochemistry,
genetics, and molecular biology (5.9%); pharmacology, toxicology, and pharmaceutics
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(1.6%); immunology and microbiology (1.5%); medicine (0.5%). These research areas prove
the interdisciplinary aspect of protein—polysaccharide food hydrogels [1,8].
Citation is one of the most critical indicators of a publication’s relevance [69]. Table 1

provides the most cited publications during the ten years. Moreover, to determine the

current trends in scientific research on the topic of protein—polysaccharide food hydrogels, the
keywords’ co-occurrence in the studied documents was performed. It can be observed that the
most recent publications are related to the topic of polysaccharide hydrogels and hydrogels

properties, such as self-healing, self-assembly, and mechanical properties (Figure 2).

Table 1. The 10 most cited original research papers on the topic of binary hydrogels from 2012 to 2022.

Sr. No. Material Induction Method Key Findings Applications Ref.
The complexation between the polymers
1 Xanthan gum/ H (4.4) resulted in a functional hydrogel, in which the Encapsulation of [70]
B-lactoglobulin P ’ structure strength mainly depended on bioactive molecules
xanthan gum.
Whey protein/ The study prov1dgd information on the release
. . mechanism of the obtained . .
5 pectin Whey proteln/ Heat (90 °C) emulsion-filled hvdrogels Bioactive compounds [71]
alginate Whey . . yeroges. delivery matrices
- Whey protein/pectin hydrogel had the highest
protein/xanthan
release exponent.
In comparison with pure gelatin the Food and
3 Gelatin/glucan Heat (45-120 °C) gelatin/glucan hydrogel exhibited improved . [72]
. . pharmaceutical
mechanical properties.
. The obtained hydrogel was formed mainly by
Konjac h - .
o ydrogen bonding. Thermosensitive
4 glucomannan/gum Heat (60 °C) o A . [73]
tragacanth The hydrogel exhibited a significant delivery system
thermosensitive behavior between 35-45 °C.
A synergistic effect of tara gum of the gelatin
gel structure was observed. Food theolo
5 Gelatin/tara eum pH (3.5-11.0) andion  The hydrogel formation was not affected by modulation i}; [74]
ca ara gu (salt: 0-300 mmol/L)  the pH. The addition of salt (50 mmol/L) had odulation &
o delivery system
the most significant on the
mechanical attributes.
The hydrogels obtained using enzymatic
crosslinking exhibited significant integrity
. . Enzymatic under pH ranging from 6 to 8. Delivery matrices for
6 Caseinate/pectin (transglutaminase) Both enzymatically crosslinked and not lipophilic bioactives 1751
crosslinked network displayed a high stability
to heating and low pH.
A new process of gelation was proposed,
which is based on dripping the
o gellan-anthocyanin dispersion into the cold Encapsulation of
7 Gellan gum/ collagen Heat (90°C) (10 °C) collagen dispersion. bioactive molecules 7l
The obtained network exhibited high
anthocyanin retention (>84%).
The retention of insulin was >80%. The
3 Starch/alginate Ton (CaCl,) obtallne?l hydrogel exhlblte.d promising Insulin oral delivery [77]
properties in terms of safe delivery of insulin system
via oral pathway.
The hydrogel with the addition of 0.6%
k-carrageenan displayed the most dense and Carriers f
Soy protein/ o uniform structure. Arriers tor
9 Heat (80 °C) L water-soluble [78]
K-carrageenan Additionally, k-carrageenan protected the soy bioactive compounds
protein and the embedded flax lignans from P
erosion caused by digestive enzymes.
The addition of alginate or chitosan had no Functional ineredient
Alginate/inulin significant impact on the gelling for developiig new
10 Chitosan /inulin Heat (80-90 °C) ability of inulin. health-promoting [29]

Chitosan (0.5 g/100 g) addition improved the
stability of the obtained hydrogels.

food products
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Figure 2. Visualization of the keywords network based on their co-occurrence. The frame size
represents the frequency of the keyword’s co-occurrence. The color scale represents the average
number of document publications per year.

Most of the studies concerned the application of hydrogels in food packaging and drug
delivery. Auriemma et al. [79] stated that polysaccharide hydrogels have a promising poten-
tial in developing drug delivery systems aimed at controlling and targeting the delivery of
many drugs. Despite their potential, many breakthroughs in clinical studies of the release
mechanisms are needed to use these hydrogels as drug carriers while also focusing on the
SbD (safe-by-design) approach. The standardization of the analysis regarding the release
mechanisms of hydrogel delivery systems is a crucial topic in the meaningful, intelligent
delivery systems design [80,81]. Protein—polysaccharide food hydrogels have received
significant attention because of the growing need to replace plastic packaging with new,
safe, and biodegradable materials. Additionally, researchers are trying to implement the
knowledge from disciplines, such as the pharmaceutical one, to develop hydrogel-based
packaging materials with the ability to release bioactive compounds that could prevent
the growth of harmful microorganisms while protecting the food product from moisture
and nutrient loss [82,83]. The study of co-occurring keywords helped isolate two main
interlinked clusters. The first and most significant cluster included observations of hydro-
gels from the perspective of self-assembly, swelling, and rheological properties, with the
word hydrogel the most highlighted. The second cluster focused on encapsulation from
the perspective of biopolymers, hydrogel particles, emulsions, and delivery systems. These
two clusters showcase the transition from studies concerning the model properties of such
hydrogels (cluster 2, before 2018) to the application of these hydrogels in tissue engineering,
drug release and delivery, and the current application of self-assembly and self-healing
hydrogels in food packaging (cluster 1, after 2019).

4. Hydrogel’s Induction Methods

Two factors need to be met to form a food hydrogel. The initial one is that the used
biopolymer has hydrophilic groups, whereas the second one is the presence of crosslinking
strength between the particles and molecules to initiate the aggregation process and the
final formation of the network [1]. Figure 3 illustrates the main mechanisms of polysaccha-
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rides and proteins hydrogel formation. Based on the crosslinking mechanism of gelling,
hydrogels can be divided into physically-, chemically-, enzymatically-, or multi-crosslinked.
Physically crosslinked hydrogels are systems in which noncovalent interactions between
the polymers are the precursor interactions that lead to the development of the struc-
tural network. Such physical mechanisms include electrostatic interactions [84], hydrogen
bonds [85], crystallization [86], metal-ligand coordination [87], stereocomplex crystalliza-
tion [88], hydrophobic interactions [89], conformation transformation [90], host-guest inter-
action [91], molecular specific binding [92], and 7-7 stacking [93]. Chemically crosslinked
hydrogels are also known as “true gels”. They are obtained through the formation of
covalent bonds between two polymers (Figure 3C). These kinds of junctions are usually
non-reversible, permanent, and highly stable. Chemically crosslinked hydrogels can be ob-
tained by free radical polymerization (pathway via monomers) [94] or by using crosslinkers,
high-energy radiation, and the chemical reaction-pathway via polymers [95,96]. Enzymat-
ically crosslinked hydrogels are obtained using enzymes such as trans-glutaminase [97],
tyrosinase [98], laccase [99], horseradish peroxidase [100], etc. Notably, many hydrogels are
obtained through multi-crosslinking mechanisms, using at least two described mechanisms
depending on their structural complexity [101-103].

Figure 3. Illustration of the main mechanisms of formation of polysaccharides (A-D) and glob-
ular proteins hydrogel (E-G). (A) temperature-induced gelation of coil structure polysaccharides
(e.g., k-carrageenan), (B) ion-induced egg-box gelation of alginate, (C) covalent crosslinking-induced
gelation (e.g., epichlorohydrin for cellulose hydrogel induction, glutaraldehyde for chitosan hydrogel
induction), (D) pH-induced gelation (e.g., induction of pectin hydrogels), (E,G) temperature- and pH-
induced globular protein gelation, (F) temperature- and ion-induced globular protein gelation [8,79,104].

Through the years, many food hydrogel induction methods have been developed
and applied in the food sectors [8,39,105]. The most conventional, well-studied methods
of inducing proteins and polysaccharides gelation are pH, temperature, ion modulation
(physical crosslinking methods), and enzymatic crosslinking. The recent development in the
field of hydrogels brings new, unconventional induction methods, such as high-pressure
and pulsed electric field [106,107]. The most crucial induction methods are discussed
further below.
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4.1. pH Induction

The pH induction is a cost-effective, simple, safe, and widely used food hydrogel
induction method. By modulating the pH of the protein and/or polysaccharide dispersion,
it is possible to affect the solubility, molecular conformation, and charge, as well as the
zeta potential of the used biopolymers, altering the attractive and repulsive forces between
particles, allowing the formation of intermolecular and intramolecular interactions that
lead to the formation of the gel structure. Moreover, the conformational changes in the
structure of proteins may occur [108,109]. Hydrogels obtained by pH induction can be
utilized, among others, in the encapsulation of bioactive compounds. Zhan et al. [110]
reported that it is possible to encapsulate curcumin in a zein-whey binary system using
the pH-induced method. In other report, the pH-induced method was used to obtain an
economical and environmentally friendly chitosan colloidal gel system with the potential
for food or pharmaceutical formulations [111].

4.2. Heat Induction

This induction method is a “green” and environment-friendly method widely applied
in food hydrogels. In the case of protein (globular proteins) hydrogels, the heat induction
method involves two stages: protein unfolding (denaturation) or dissociate, and then the
interaction and aggregation of the unfolded molecules caused by the interaction between
their functional groups, allowing for the for the preparation of higher molecular weight
complexes [112]. Lui et al. [113] reported in their study that they obtained a pectin-whey
protein hydrogel with high structural strength and storage modulus by heat induction.
Furthermore, Fu et al. [114] studied the heated-induced gelation of soy protein isolate at the
subunit level. Depending on the polysaccharide structure and their source, a gel structure
via heat induction can be produced, and examples may be cellulose (and its derivates) [115],
curdlan [116], glucomannan [117], starch [118].

4.3. Ions Induction

The ions induction method, in some cases also known as cold induction (esp. in
case of pre-denatured protein gel induction), is the addition of a salt ion (e.g., Na*, K,
Fe®*) to induce the formation of gel structure, which is also a very widely used method.
The gelation process of the protein and polysaccharides can occur when the electrostatic
repulsive interaction between the polymers is decreased or removed [119,120]. Recently,
Zhou et al. [121] have reported that adding Na* to a low-methoxyl pectin and soy protein
dispersion affected the texture and viscoelastic properties of the cold-induced hydrogel.
Additionally, they reported that only the addition of a low concentration of Na* positively
affected the studied properties. On the other hand, k-carrageenan gelation can be induced
by adding K* ions, as was studied by Chen et al. [122]. Additionally, it was demonstrated
that it is possible to produce a composite hydrogel using chitosan and oxidized tannic acid
by adding Fe®* [123].

4.4. Enzymatic Induction

By adding enzymes to biopolymers, it is possible to induce the formation of a hydrogel
through a biochemical path in which the enzymes play the leading role in constructing the
gel structure. Enzyme-induced gelation is based on the insertion of covalent crosslinks. The
use of transglutaminase, which can induce protein gelation by promoting intramolecular
and intermolecular crosslinking of the peptide chains (Figure 4), is one example of such an
enzymatic induction [124].
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Figure 4. Schematic representation of protein crosslinking mechanism induced by transglutami-
nase [125,126].

The characteristic of transglutaminase-induced hydrogel crosslinking is related to the
composition and conformation of the protein [127]. Transglutaminase has been effectively
used in the induction of different types of proteins, such as soy protein [128], Bambara
protein [129], as well as in the induction of binary-protein hydrogels composed of gelatin
and carrageenan [130]. The other example can be protease, e.g., produced by Bacillus
licheniformis, that can be used to induce the hydrolyzes «-Lactalbumin, which can then
be used for the preparation of an amphiphilic peptide hydrogel used among others in the
encapsulation of curcumin [131].

4.5. Freeze-Thaw Induction

This method involves freeze-thaw cycles, leading to phase separation and crystal-
lization that affect the polysaccharide chain, allowing for the interaction between the
chains by microcrystalline junction zones. This method is based on a repeated freezing
process, storing in subzero temperatures, and thawing the dispersion in high tempera-
tures [132]. Figure 5 represents the freeze-thaw induction method of cellulose nanocrystals.
Xu et al. [133] studied p-glucan freeze-thaw gels as the carrier for the encapsulation of
curcumin. They reported that these gels have great potential in developing natural drug de-
livery carriers. This induction method proved to be effective when it comes to thermolabile
bioactive substances.

Figure 5. Schematic representation of freeze-thaw induction effect on cellulose nanocrystals hydrogel
network formation [134,135].

The freeze-thaw induction method proved very effective in regulating hydrogel’s
textural properties while not negatively affecting its stability, even when two polymers
were used in structure formation. This induction method was also demonstrated in re-
search conducted by Shang et al. [136], where the effect of starch addition and freeze-thaw
conditions on the water retention and texture properties of konjac glucomannan hydrogels
was studied.
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4.6. High Hydrostatic Pressure Induction

High hydrostatic pressure (HHP) induction is a novel method that has been exten-
sively studied in terms of its ability to modify the physical properties of the protein and
polysaccharide hydrogels. HHP provides the structural modification, aggregation, fragmen-
tation that leads to gelatin production [137]. HHP can also transform protein structures by
destroying the hydrophobic and electrostatic interactions, which influences denaturation,
aggregation, and gelation. This induction technique can be used by itself or in combination
with other induction methods (Figure 6), such as temperature induction [138].

Figure 6. Schematic representation of HHP- and heat-induction effect on myosin hydrogel microstruc-
ture [139,140].

Luo et al. [141] have studied the effect of HHP on the gelation behavior and microstruc-
ture of quinoa protein isolate dispersions. They found that using HHP induction allowed
them to obtain hydrogels similar to the ones induced using heat treatment. Moreover, when
using HHP, it is possible to obtain hydrogels at lower induction temperatures, which has
excellent potential in incorporating thermolabile food compounds and nutraceuticals into
the quinoa protein gel matrix. In a study conducted by Florowska et al. [28] regarding the
effects of pressure level and time treatment of HHP on inulin gelation and properties of
obtained hydrogels, the use of HHP pressure (higher than 300 MPa) was reported. The
obtained hydrogels had higher stability and a more compressed and changed structure,
which resulted in higher yield stress, lower spreadability, and more rigid and adhesive
hydrogels. On the other hand, Liu et al. [142] stated that the induction of starch hydrogels
using high pressure resulted in starch gels with different functional properties compared to
those obtained by heat induction. The authors also reported that such a starch induction
method might be of interest for food processing.

4.7. Pulsed Electric Field Induction

Pulsed electric field (PEF) is a new physical method used to improve processes such as
extraction, fermentation, dehydration, decontamination, etc. [143,144]. Figure 7 represents
the effect of PEF on globular proteins. In addition, according to Giteru et al. [145], PEF
treatment has the potential to be used to alter the functional properties of proteins and
polysaccharides by inducing structural or conformational changes [146,147].
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Figure 7. Schematic representation of PEF induction effect on globular protein [148,149].

The use of a moderate pulsed electric field caused the structural unfolding of the
myofibrillar protein of the porcine muscle, which resulted in the formation of a uniform
and compact gel structure [150]. PEF treatment can also change myofibrillar protein
hydrogels” water distribution and mobility [151]. Moreover, the study conducted by
Zhu et al. [152] on the use of the distributed electric field to induce the orientation of
nanosheets resulted in the formation of complex anisotropic structures. These findings
can be applied in the formation of hydrogels with biomimetic functionalities. PEF can
be coupled with other induction techniques to design more complex hydrogels with
specific functions [153].

5. Application Progress of Hydrogels as Food Matrices

Hydrogels present a wide range of properties (including high water content, flexibility,
softness, and compatibility), making their application highly tunable for different food
systems. Protein—polysaccharide composites have been so far successfully used only in
the food packaging industry as they possess an oil barrier, water solubility, and tasteless-
ness [154]. The commercially used edible films are produced mostly from cellulose and
whey protein biopolymers [155], or alginate and collagen [156].

However, one of the critical characteristics of hydrogels is their similarity to living
tissues, which can open new avenues for their use in food, particularly in the production
of meat analogs [3]. Hydrogels can be used as base structures (matrices) when designing
new food products since they can play a crucial role in achieving structure stability, sensory
attributes, and nutritional aspects, such as being carriers for a wide range of nutrients
and nutraceuticals [157].

Hydrogels have also been used successfully as fat mimetics in different food systems.
Paglarini et al. [158] in their research demonstrated the potential of soy protein emulsion-
filled hydrogel as a fat mimetic in frankfurter sausages. They reported that the sausages
prepared using this emulsion-filled hydrogel exhibited the same hardness as traditional
frankfurters. Moreover, Dominguez et al. [159] reported that the correctly chosen hydrogel
formulation does not modify the sensory characteristics of meat products and allows for
the reduction of both total fat and saturated fatty acids. Furthermore, the latest studies on
hybrid gel prepared using canola oil/candelilla wax oleogel and gelatinized corn starch
hydrogel also demonstrated the potential of hybrid hydrogels to be used as an alternative
to commercial shortening to produce cookies with low-saturated fat content [160].

Recent research advances have recognized the utilization of bio-based biodegradable
materials for food packaging to address the growing problem of the widespread use
and misuse of petroleum-based polymeric materials [161]. Hydrogels prepared using
biopolymers have great potential in manufacturing traditional, active, and intelligent food
packaging. Hence, by embedding antimicrobial compounds (e.g., silver nanoparticles) into
a hydrogel matrix, such a hydrogel can find use in the manufacturing of active packaging,
which can reduce or inhibit the growth of harmful microorganisms [162]. Hydrogels can
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also be used to develop biosensors for intelligent food packaging, conveying information
about a product’s freshness or the presence of contaminants [163-165].

The most recent trend in using hydrogels is the development of matrices that can
replace animal-based food products in terms of texture and nutritional aspects. The food
sector is increasingly becoming more concerned with providing enough nutritious food for
everyone while protecting natural resources. That is why plant-based foods and hybrid
food products (from animal and plant sources) are a new growing trend that can help
with this sustainability challenge [65]. While developing new healthier foods using plant-
based ingredients, the goal is to achieve the desired appearance, texture, flavor, mouthfeel,
and functionality using healthy and sustainable plant-derived ingredients, such as lipids,
proteins, and carbohydrates [65,166]. Additionally, plant-based products are often deficient
in essential nutrients, such as vitamins (Byy, D, etc.) and minerals (iron, zing, etc.). As
a result, there is a growing interest in fortifying such food systems with these nutrients.
This fortification can be taken a step further by adding nutraceuticals such as carotenoids,
curcuminoids, and polyphenols to improve the healthiness of these plant-based food
systems. It is critical to comprehend how these ingredients can be integrated to form
complex matrices resembling those found in animal-derived foods, as well as how the
properties of these matrices affect the physicochemical and organoleptic properties of
the final product [167]. Therefore, in this paper, the advancements in using hydrogels as
bioactive substances carrying food matrices will be further discussed.

5.1. Encapsulation and Delivery Systems of Bioactive Compounds

Hydrogels are increasingly used as encapsulating and delivery agents because of their
high encapsulation efficiency, biocompatibility, low cost, and environmentally friendly
properties. These properties can be achieved due to their porous nature caused by the three-
dimensional structures in which crosslinked polymers form large interstitial spaces that are
densely packed with water. These interstitial spaces can also incorporate various nutrients
and bioactive compounds [3]. That is why these spaces can be utilized to overcome some
challenges related to adding health-beneficial substances to food products; for example, low
thermal and chemical stability, poor solubility, and undesirable flavor organoleptic profile.
Encapsulating the bioactive substances in hydrogels makes it possible to protect them from
external environmental factors during production, storage, and even after consumption.
Such factors include oxygen, heat, light, pH, enzymes, etc. [168-170].

Moreover, by mixing proteins and polysaccharides, it is possible to obtain improved
structural and functional properties, which can be explained by the formation of protein—
polysaccharide complexes via covalent and noncovalent interactions. These binary protein—
polysaccharide hydrogels can be used as a matrix for embedding hydrophilic and hy-
drophobic compounds [171]. Hydrophobic compounds can be embedded into a hydrogel
by first preparing an emulsion containing these bioactive substances and then introducing
the biopolymers to the emulsion, resulting in an emulsion-filled hydrogel [172]. Both
hydrophilic and hydrophobic compounds can either form the gel network, contributing to
the strength and stability of the final hydrogel—such compounds are called active fillers
(Figure 8C,D). However, the embedded compound might not interact or can interact mini-
mally with the gel network—such compounds are called inactive fillers (Figure 8A,B).

Protein and polysaccharide hydrogels can be used as delivery systems for polyphenols,
a group of compounds (over 8000 phenolic compounds) with a range of physiological
functions, including antioxidant, anti-inflammatory, anti-virus, antibacterial, and immunity
enhancement. These functional properties are mainly related to the phenolic groups and the
conjugated double bonds [173]. Polyphenols are widely used in the food industry, but their
bioavailability still imposes challenges because of their poor solubility and stability [174].
That is why many researchers are involved in designing a food-grade hydrogel carrier that
can protect those compounds from oxygen, heat, light, and pH degradation. The latest
finding regarding the use of hydrogels as delivery systems for phenolic compounds and
vitamins are mentioned below.
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Figure 8. Schematic representation of the way in which bioactive substances can be embedded into a
hydrogel matrix. (A) The hydrophilic bioactive substance is an inactive filler; (B) the hydrophobic
bioactive substance is encapsulated in oil droplets and the oil droplets are inactive fillers. (C) the
hydrophobic bioactive substance is encapsulated in oil droplets and the oil droplets are active fillers;
(D) the hydrophilic bioactive substance is an active filler; Based on Farjami et al. [172], Liu et al. [41]
and Li et al. [1].

Curcumin, a phenolic compound extracted from turmeric (Curcuma longa Linn.), has
been well known for its health-promoting properties (antimicrobial, anti-inflammatory,
antirheumatic, immunomodulatory, anti-carcinogenic). However, it exhibits poor water sol-
ubility and low bioavailability after ingestion [175]. Recently, proteins and polysaccharides-
based hydrogels were developed to improve curcumin’s stability and bioavailability.
George et al. [176], in their research on cellulose-chitosan-zinc oxide composite hydrogels
for the encapsulation of curcumin, reported that the loading efficiency reached 89.68%. In
addition, the obtained hydrogel exhibited an antimicrobial effect on Trichophyton rubrum
and Staphylococcus aureus and a controlled release at pH 7.4. In another study, curcumin
was embedded in a chitosan/lotus root pectin hydrogel with an efficiency of 90.3% and
improved solubility and stability [173]. Moreover, a nanoparticles-in-microparticles hydrogel
system was fabricated by electrospray technology for curcumin colon-targeting oral deliv-
ery, which enabled curcumin release and entry to the macrophages [177]. Kour et al. [178]
studied the effect of nanoemulsion-loaded hybrid biopolymeric hydrogel beads on the
release kinetics, antioxidant potential, and antibacterial activity of encapsulated curcumin.
They found that the high structural stability of the obtained carriers and their effective
delivery of curcumin can provide a novel and tailored formulation out of polymers for oral
drug delivery.

Epigallocatechin gallate (EGGG) is a catechin phenolic active compound with several
health-beneficial properties, such as antioxidant, anti-tumor, antiviral, antibacterial, and
cardio cerebral vessel protective. The polyhydroxy structure of catechins makes them
unstable in neutral and alkaline pH. Additionally, they can be glucosylated or methylated
by gastrointestinal tract enzymes, making them highly unstable and biologically unavail-
able [179]. To improve the stability and release of EGGG, Wang et al. [180] prepared a
composite protein—polysaccharide hydrogel using carboxymethyl konjac glucomannan
and gelatin. Authors reported that obtained hydrogels had better pH-sensitive proper-
ties, which enhanced the encapsulation and the bioavailability of EGGG. Furthermore,
Yu et al. [181] reported that EGGG added to collagen hydrogels acted as an active filler
by narrowing the pore size and strengthening the collagen fiber network. This effect
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was due to the formation of covalent bonds between lysine and EGCG. What is more,
the incorporation of nanofiber particles coated with epigallocatechin-gallate (EGCG) into
gelatin methacryloyl hydrogel reduced the free-radical-derived cellular damage when
using 3D tissue fabrication (ex vivo) [182]. Wu et al. [183] demonstrated that using konjac
galactomannan with the addition of oxidized hyaluronic acid enhances the stability and
control release of EGGG. Other studies also reported the positive effect of EGGG on the
structural remodeling of soy protein-derived amyloid fibrils hydrogel [184].

Resveratrol is another poorly water-soluble polyphenolic compound that exhibits
various physiological properties (e.g., oxidative stress, anti-inflammatory, anti-obesity,
anti-cancer, etc.) [185]. Additionally, to its poor water solubility, resveratrol is characterized
by a fast metabolism in the gastrointestinal environment, which affects bioavailability.
Fan et al. [186] prepared pea protein particles with calcium-induced cross-linking in which
they encapsulated resveratrol. This encapsulation led to enhancing the physicochemical
stability of the compounds, as well as led to a better antioxidant ability. Other studies on
the improvement of resveratrol stability included the preparation of a resveratrol-loaded
nanostructured lipid carrier hydrogel that significantly enhanced anti-UV irradiation and
anti-oxidative activity in vitro and in vivo [187]. Currently, Pickering emulsion presents a
high potential in the encapsulation of resveratrol. Based on Wu et al.’s [188] reports, it is
possible to conclude that Pickering emulsion prepared using sodium alginate and pectin
has a promising potential in developing low-calorie food products while contributing to
the delivery of resveratrol to the gastrointestinal tract.

Anthocyanins are water-soluble flavonoids with high antioxidant activity. Their
use in the food industry is limited due to their rapid degradation triggered by the pH
value. They also have a low bioavailability and recovery rate after ingestion because
of their low resistance to environmental changes [189]. Additionally, Jin et al. [190], in
their study, prepared a konjac glucomannan and xanthan gum hydrogel in which they
embedded anthocyanins. They reported that this synergistic hydrogel enhanced the thermal
stability of anthocyanins at various pH values (3.0, 6.0, and 9.0). Corkovi¢ et al. [191] also
reported that the use of carboxymethylcellulose hydrogel as polyphenol carriers, specifically
anthocyanins, helped preserve their antioxidant capacity. These findings showcased that
proper formulation of food hydrogel, including the proper selection of biopolymers, can
significantly maximize the retention of anthocyanins. In the current study conducted by
Liu et al. [192], it was reported that the efficiency of anthocyanin encapsulation in gelatin/
gellan hydrogel was high because of the high density of the formed structure. Moreover, the
gelatin/gellan hydrogel protected the embedded anthocyanins during digestion, increasing
its bioavailability in the small intestine. However, the proper selection of hydrogel building
components is critical because anthocyanins may be degraded rather than protected, as
observed in the studies of Kopjar et al. [193], in which the fortification of anthocyanins-
loaded pectin hydrogel with apple fibers caused a substantial degradation in the retention of
the anthocyanins. Furthermore, hydrogel loaded with anthocyanins can also be utilized as a
colorimetric pH indicator to monitor, for example, the freshness of food products [166,194,195].

Quercetin, a flavonoid with beneficial properties, such as exhibited antioxidant, anti-
inflammatory, anticancer, and cardioprotective, also exhibits low solubility and physico-
chemical instability, making it hard to be absorbed and utilized by the human body [196].
Several hydrogel systems have been recently prepared to protect this compound from
the environment and raise its bioavailability. Quercetin-loaded pH-sensitive gellan gum
hydrogels were induced using an ionotropic gelation method, and it was found that the
obtained hydrogel beads had a pH-responsive release behavior. This release behavior
improved the intestinal stability of this bioactive substance [35]. Moreover, Liu et al. [197]
developed a lotus root amylopectin-coated whey protein hydrogel to protect quercetin.
They reported that the obtained hydrogel enhanced the stability of quercetin while improv-
ing its bioavailability (in mice). In another study, linseed oil and quercetin were co-loaded
to liposome-chitosan hydrogel beads. Based on the obtained results, the authors found that
the chemical stability of quercetin could be improved by loading liposomes into hydrogel
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beads [198]. Moreover, Hu et al. [199] studied the co-encapsulation of epigallocatechin and
quercetin in double-emulsion hydrogel beads and reported that obtained hydrogel beads
inhibited oil digestion while increasing quercetin bioavailability.

Hydrogels obtained using food-grade biopolymers (proteins and polysaccharides)
have been utilized for vitamin protection and delivery. The complexation of vitamin A
and milk protein has been proven to increase the water-solubility and the light and heat
stability of this vitamin [200]. Moreover, Rana et al. [201] also reported that vitamin A-
loaded caseinate complexes improved vitamin A bioavailability. Similarly, Kaur et al. [202]
highlighted the potential of chitosan and gelatin-based hydrogel to deliver vitamin B;.
A chemically crosslinked cellulose-hemicellulose-based vitamin Bj,-loaded hydrogel was
also reported to be effective in releasing this vitamin when the in vitro release is performed
in successive buffers (from pH 1.2 to 7.4) [203]. Furthermore, 3-cyclodextrin-soy soluble
polysaccharide-based hydrogel was used to encapsulate and deliver vitamin E, show-
casing the tunability of the swelling release properties of this vitamin both in-vitro and
in-vivo [204]. Moreover, Martinez et al. [205] reported that the incorporation of vitamin E
into a bigel (a combination of a hydrogel and an organogel) increased the diameter of the
inner phase and the strength of the obtained structure. Mir et al. [200], in their research
on glycerol-crosslinked guar gum monoaldehyde-based superabsorbent hydrogels for
vitamin B¢, concluded that the release of vitamin Bg depended on the pH of the medium
(at pH 7, the concentration of the released vitamin was 79.2%).

5.2. Bioactive Substances Targeted Transport and Controlled Release

Because of the ability of hydrogels to hold large amounts of water or biological fluids,
they can be used as carriers for bioactive substances, which can be embedded in the 3D
hydrogel’s structure. Hydrogels have significant potential in developing targeted release
systems, which can release the embedded substances into the digestive tract. When choos-
ing biopolymers such as building blocks, what needs to be taken into consideration is
their digestibility [207-209]. Proteins are known to be very efficiently digestible because
of multiple peptidases in the digestive system. Additionally, denatured proteins in hy-
drogels obtained using heat induction are even more digestible [210]. On the other hand,
polysaccharides have diverse digestion pathways, which depend on their type. For ex-
ample, starch digestibility varies from rapidly digestible to indigestible. Some starches
can be rapidly hydrolyzed by amylase in the mouth or the small intestine [211]. However,
some polysaccharides, such as inulin, pectin, alginate, etc., can only be fermented by the
microbiota in the colon [212,213].

Binary protein—polysaccharide hydrogels that deliver bioactive compounds to specific
areas of the digestive tract can be developed based on the properties of the biopolymers
used as hydrogel building blocks. These hydrogels can be designed to deliver the bioactive
substance in the right place and time under the influence of factors such as pH, temper-
ature, enzyme, or microbiota. These factors affect the hydrogel’s 3D structure, leading
to its swelling or shrinkage and the release of the compound [214,215]. Based on the
physiological conditions in different parts of the human digestive tract, it is possible to
design a suitable hydrogel to deliver the bioactive compound to the targeted delivery site.
The embedded bioactive substances can be released (Figure 9A) via swelling (change in
volume), disintegration (dissociation of electrostatic coacervates), change in the molecular
interactions (e.g., change in the electrostatic interaction between the bioactive compound
and the polymeric building blocks), erosion (fermentation by the microbiota, digestion
by enzymes) of the hydrogel’s carriers [216]. For the hydrogels to deliver the embedded
compound to the oral cavity, stomach, or small intestine, they should be pH- and enzyme-
sensitive (Figure 9B). When the targeted site is the colon, the used hydrogel should be
pH-sensitive and fermentable by the microbiota [208].
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Figure 9. Food hydrogel and the digestive system interaction. (A) Potential pathways for targeted
compound release from hydrogels: (a) swelling; (b) disintegration; (c) molecular interaction; (d) rrosion.
(B) Schematic representations of physiological conditions (pH, enzyme, and retention time) of the
gastrointestinal tract [207,216,217].

Certain hydrogels can respond to chemical changes in the pH and ionic composition in
the environment surrounding them. This response leads to changes in the structure of the poly-
mer network. Such hydrogels are called pH- and ion-responsive [218]. Xie et al. [219] reported
that they synthesized a hydrogel using Chinese quince seed gum, which has promis-
ing potential for the oral delivery of drugs. Furthermore, Sariyer et al. [220] developed
pH-responsive alginate and k-carrageenan hydrogels for the targeted release of bovine
serum albumin. The targeted delivery of albumin to the intestines was achieved through
diffusion and polymer structure relaxation. Temperature-responsive hydrogels are another
type of carrier that respond to the changes in the temperature of the environment they are
in by swelling or shrinking, which allows for the bioactive compounds to be released from
the gel structure [221]. Temperature-responsive hydrogels might not be used to deliver
bioactive substances to the stomach, small intestine, and colon but instead for oral (buccal)
delivery. The such hydrogel can be developed to release the embedded substance at a
temperature of 37 °C. Baus et al. [222] assessed in-vitro methods for the characterization
of mucoadhesive hydrogels prepared using biopolymers, such as hydroxyethyl cellulose,
carboxymethyl cellulose, xanthan gum, hyaluronic acid, and sodium alginate. They found
out that xanthan gum had the highest resistance to the removal by artificial saliva. They
also reported that based on the residence time of hydrogels, it is possible to develop a
formulation with the best mucoadhesive properties for the delivery of bioactive compounds
to the buccal area. Another type of hydrogel undergoes changes in its structure because of
the activity of a specific enzyme. These hydrogels are enzyme-responsive and can be used
to deliver a compound to a specific region of the digestive tract—where the concentration
of enzymes, such as proteases or amylases, are the highest. The microbiota can also release
the embedded compounds since it also produces enzymes that are not produced by the
human gastrointestinal tract and can hydrolyze specific bonds of the biopolymers present
in the 3D structure of the hydrogel. Wang et al. [223] developed an intestine enzyme-
responsive polysaccharide-based hydrogel using carboxymethyl chitosan embedded with
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an antitumor-selective kinase inhibitor. They reported that the obtained hydrogel was able
to enhance the therapeutic efficiency.

Because of the wide range of possibilities in developing protein—polysaccharide hydro-
gels, it is possible to design hydrogels that can be responsive to multiple stimuli depending
on the targeted delivery area. Zhao and Li [224] obtained pH- and temperature-responsive
hydrogels using Tremella polysaccharides, carboxymethyl cellulose, and nonionic surfac-
tants as the main hydrogel building blocks. Whereas Liao and Huang [225] obtained a
pH- and magnetic-responsive hydrogel using carboxymethyl chitin, for which the swelling
structure degree can be regulated depending on the concentration levels of Fe3O4, the
release mechanism is triggered by pH modulation.

6. Concluding Remarks and Future Perspectives

Protein—polysaccharide hydrogels have great potential for overcoming the limitations
of hydrogels prepared with a single biopolymer, such as poor water-holding capacity and
gel strength, as well as physical instability. In this review, we conducted a bibliometric
analysis to characterize research trends in food protein—polysaccharide hydrogels (over
the last ten years). We also discussed the latest development in conventional methods
of inducing proteins and polysaccharides gelation (pH, temperature, ions modulation,
and enzymatic crosslinking) and the new, unconventional induction methods, such as
high-pressure and pulsed electric field treatment. Additionally, the newest developments
regarding the application of hydrogels as food matrices, specifically as carriers for the
targeted delivery of bioactive compounds, were discussed.

The studies regarding protein—polysaccharide hydrogels in food science are still mini-
mal. This knowledge gap allows for new findings to be implemented in developing novel
hydrogels for food applications. This hydrogel development can be achieved through a
cross-integrated multidisciplinary approach between the food industry and other industry
areas with advanced hydrogel knowledge (pharmaceutical, biomedical).

Protein—polysaccharide hydrogels have a promising potential in food applications
by improving the stability and increasing the nutritious value of food systems while
building a structural matrix that can be utilized as non-invasive bioactive compounds-
targeted delivery systems. These highly tunable hydrogel properties can allow for the
development of new, health-promoting plant-based or hybrid food systems that provide
consumers with all the necessary nutrients based on their physiological needs. Therefore,
there is considerable room for further research in a wide range of food hydrogel applica-
tions. There is a particular need to assess the possibility of using building blocks, such
as plant-based proteins and polysaccharides, to develop a food hydrogel matrix that will
protect the bioactive compound during processing, storage, and digestion, while increas-
ing the bioavailability of these bioactive substances in the specific targeted area of the
digestive system.
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Abstract: The aim of this study was to conduct a comparative assessment of the structural and biome-
chanical properties of eight selected food-grade biopolymers (pea protein, wheat protein, gellan gum,
konjac gum, inulin, maltodextrin, psyllium, and tara gum) as potential hydrogel building blocks.
The prepared samples were investigated in terms of the volumetric gelling index, microrheological
parameters, physical stability, and color parameters. Pea protein, gellan gum, konjac gum, and
psyllium samples had high VGI values (100%), low solid-liquid balance (SLB < 0.5), and high macro-
scopic viscosity index (MVI) values (53.50, 59.98, 81.58, and 45.62 nm~2, respectively) in comparison
with the samples prepared using wheat protein, maltodextrin, and tara gum (SLB > 0.5, MVI: 13.58,
0.04, and 0.25 nm~2, respectively). Inulin had the highest elasticity index value (31.05 nm~2) and
MVI value (590.17 nm~2). The instability index was the lowest in the case of pea protein, gellan
gum, konjac gum, and inulin (below 0.02). The color parameters and whiteness index (WI) of each
biopolymer differed significantly from one another. Based on the obtained results, pea protein, gellan
gum, konjac gum, and psyllium hydrogels had similar structural and biomechanical properties, while
inulin hydrogel had the most diverse properties. Wheat protein, maltodextrin, and tara gum did not
form a gel structure.

Keywords: protein; polysaccharide; mechanical properties; microrheology; physical stability; gel matrix

1. Introduction

Hydrogels are a three-dimensional network of hydrophilic polymers with viscoelas-
tic properties. Creating a matrix with high-water content is possible due to the forma-
tion of structural networks [1]. Hydrogels have aroused a wide range of interest due
to their promising applications as tissue engineering materials [2,3], controlled-release
drug delivery carriers [4,5], biomedicine materials [6,7], soft robotic components [8,9],
and biosensors [10,11], etc. However, in recent years, the need to address issues such as
resource renewability, sustainability, and affordability has been recognized. Furthermore,
some applications, particularly in the biomedical [12], food [13], pharmaceutical [14], and
cosmetic [15] sectors, require non-synthetic building blocks (polymers).

Naturally sourced hydrogel building blocks (biopolymers) have great potential in
achieving the above-mentioned goals, while being biocompatible, biodegradable, and
edible. These biopolymers are proteins and polysaccharides with different biomechanical
and functional properties [16]. Natural biopolymers are typically obtained from natural
resources such as animals (e.g., gelatin [17], whey protein [18], chitosan [19]), plants (e.g.,
soy protein [20], pea proteins [21], inulin [22], cellulose [23]), microorganisms (e.g., gellan
gum [24], curdlan [25]), and algae (e.g., carrageenan [26], agarose [27]) via bioprocessing
and chemical modification. Furthermore, because of the high reactivity of their functional
groups, these biopolymers can be modified to meet the demands of various specific func-
tions (mechanical properties, solubility, gel structure, etc.) [28]. Although it is a recent trend,
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plant-based biopolymers are increasingly gaining more interest due to their functional prop-
erties and sustainability. Plant polysaccharide-based biopolymers (e.g., gellan gum, konjac
gum, inulin, maltodextrin, tara gum, cellulose, starch, pectin) and plant protein-based
biopolymers (e.g., soy, pea, zein) are promising hydrogel building blocks [12].

Protein and polysaccharide hydrogels are generally induced by physical (heating,
cooling, shear forces, etc.) and chemical (pH modulation, salt addition, etc.) induction
techniques, or by a mixed technique to achieve the desired properties [13]. They are mostly
formed by physical crosslinking (electrostatic, hydrogen bonding, hydrophobic, or Van
der Waals interactions, or their combination). Chemical crosslinking can also occur in the
case of the formation of disulfide bonds, the use of enzymes (e.g., glutaminase), or the
use of the Millard reaction to induce the cross-linkage of the polymeric chain [1]. When
food-grade (safe for human consumption) biopolymers are combined, their gelation and
physicochemical properties change. Moreover, combining proteins and polysaccharides
can result in a wide variety of structures [29,30]. Such binary food-grade hydrogels can be
made by a simple physical complexation, meaning that they can be tuned with variables
such as mixing ratio, pH, and ion strength [31].

Biopolymer hydrogels have a wide range of potential applications in different sectors.
They can be used in tissue engineering to mimic the extracellular matrix (ECM), providing
a non-immunogenic biocompatible scaffold [32]. Pre-gel hydrogels are injected, and when
applied, they form the appropriate structure that conforms to the shape of the tissue defect.
They are considered ideal matrices in the repair of articular cartilage due to the large amount
of bound water [33]. Many studies have shown that hydrogels prepared using natural poly-
mers act as an accelerating anti-inflammatory agent in wound healing [34,35]. Hydrogels
are highly permeable to various drugs. They are used to release the drug molecule via
physical or chemical changes in their structure [36]. For example, these systems are being
used as a novel treatment for skin cancer. They are used for transdermal drug delivery,
which improves the transport of antitumor agents. However, this treatment system is
only applicable to the treatment of skin cancer, as cancerous lesions in other tissues are
not readily available to hydrogels. Nevertheless, researchers are attempting to develop
hydrogel drug carriers to deliver anti-cancer agents in the treatment of colon, breast, and
ovarian cancer [37]. Moreover, natural biopolymer-based hydrogels are being tested for
their ability to be used in the production of nontoxic, renewable, wearable, and stretchable
biosensors. These hydrogel-based biosensors have a promising potential for detecting
physiological parameters, such as body motions and temperature, physical, respiratory
rate, humidity, heart rate, and environmental conditions variability. Therefore, they can
play crucial roles in everyday human health care [28,38,39]. Because of their ability to
deliver and maintain an appropriate therapeutic dose, hydrogels are also widely used in
ophthalmic drugs. The high water content and active ingredients of hydrogels increase the
effectiveness of treatment, allowing the drug to remain on the surface of the eyeball for up
to seven times longer than drugs that do not use hydrogels [40]. Additionally, biopolymeric
hydrogels can mimic fat and sugar in various foods. By incorporating the hydrogel into
a fat-free (light) product it is possible to maintain the desired creaminess and mouthfeel.
This can be achieved by the increasing of mouth surface lubrication, which gives a similar
effect to fat [41]. Biopolymeric hydrogels can also be used to control the release of sugars
to compensate for the loss of flavor intensity caused by the reduction of sugar and salt
in gelled foods [42,43]. Furthermore, the digestion of the denatured proteins used in gel
formation is very efficient due to the abundance of peptidases present in the gastrointestinal
tract. On the other hand, the digestion of polysaccharides varies extremely. Some types
of starch are rapidly hydrolyzed by amylase in the mouth and small intestine, while most
other polysaccharides, collectively known as dietary fibers, are not digested but can be
fermented by the prebiotic bacteria (e.g., inulin, pectin, psyllium) [44,45]. This can allow the
use of biopolymer hydrogels to prolong the satiety effect of foods, and more importantly
to enhance the gastrointestinal stability of bioactive compounds they can be carrying [46].
Some applications of biopolymeric hydrogels are highly interdisciplinary (drug delivery
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system, matrix for tissue culture, etc.). For example, proteins and polysaccharides can be
used to produce hydrogels that can deliver bioactive substances, including drugs (pharma-
ceuticals) to a specific section of the gastrointestinal tract, while protecting the bioactive
compound from harsh digestive conditions [47]. These functional bioactive compounds
delivery systems can be incorporated into food systems to deliver nutraceuticals. They
can also act as therapeutical and smart platforms for carrying pharmaceuticals in many
branches of medicine (cardiology, oncology, immunology, and pain management) [2]. Food-
grade biopolymers used in the production of hydrogels are safe when used as implantable
materials or in cell culture, which is also required in the production of non-mammalian
edible scaffolds for in-vitro meat production, which is gaining popularity [48]. Biopoly-
meric hydrogels are also well known for their biodegradability (related to the possibility of
metabolizing into products harmless to humans and the environment) [49].

To summarize, it can be stated that food-grade biopolymers (protein and polysaccha-
rides) have a great potential in the biomedical, food, pharmaceutical, and cosmetic sectors
due to their renewability, sustainability, affordability, biocompatibility, biodegradability,
and edibility. Nonetheless, due to the lack of publications on this topic, preliminary compar-
ative studies of the gelling ability of different biopolymers and their potential as hydrogel
building blocks are needed. For this purpose, eight food-grade biopolymers were selected
to evaluate their gelling ability and potential as hydrogel building blocks.

2. Materials and Methods
2.1. Material

Pea protein (PP, NUTRALYS® F85F, protein content 88%, ash 10%), wheat protein (WP,
NUTRALYS® W, protein content 85%, ash 10%), and maltodextrin (MD, GLUCIDEX® 1,
dextrose equivalent (DE) 5, ash 0.5%) were obtained from Roquette Freres, (Lestrem, France).
Gellan gum (GG, high acyl Type 900, particle size: min. 95% mesh through 80 mesh), konjac
gum (KG, Type CKHY 1240, particle size: min. 90% through 100-120 mesh), Psyllium Husk
Powder (PS, type 10351, purity: 95%, particle size: 60 mesh), and tara gum (TG, Type
5000, particle size: min. 80% through 100 mesh) were obtained from C.E. Roeper GmbH,
(Hamburg, Germany). Inulin (INU, Type Orafti® HPX, average degree of polymerization
DP > 23) was purchased from BENEO GmbH (Mannhei, Germany).

2.2. Samples Preparation

The optimal gelling concentration described in the available literature was considered
in determining the concentration level for each biopolymer. Pea protein (PP), wheat protein
(WP), inulin (INU), and maltodextrin (MD)—concentration 20 g/100 g. Konjac gum (KG)
and psyllium (PS)—concentration 1.5 g/ 100 g. Gellan gum (GG) and tara gum (TG)—
concentration 0.4 g/100 g. The preparation of the samples involved dispersing the chosen
biopolymers in distilled water (80 °C) using a homogenizer (20,000 rpm for 1 min). Then
the solutions were stored (in 20 mL glass vials) for 24 h at a temperature of 8 °C to let them
develop a gel-like structure.

2.3. Methods
2.3.1. Volumetric Gelling Index (VGI) and Sample Appearance after Inversion

The VGI was used to assess the degree of hydrogel formation. It is a parameter that
expresses the ability of a dispersion to form a gel structure. When the gel structure is not
formed, VGI equals zero, and when the sample is completely gelled, VGI equals 100%. VGI
is calculated based on the following equation [19]:

Vg
VGI =— x 100
Vi ©

where Vg—volume of the formulated gel, Vr—total volume of the sample. The reported
values represent the averages of three replicates. Furthermore, the samples were evaluated
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in terms of their appearance after the vials were inverted. It is a visual test to determine
whether a sample has formed a gel structure or is still a sol [50].

2.3.2. Microrheological Properties

The Rheolaser Master device (Formulaction, L'Union, France) was used to investigate
the microrheological properties of the samples. The device operates based on dynamic
MS-DWS (Multi Speckle Diffusing Wave Spectroscopy) technique in the near-infrared
(wavelength of 650 nm). The detector captures the interfering backscattered waves, and
the measurement results were recorded using the Rheotest software [51]. Based on the
obtained raw data, the following microrheological parameters were determined: Mean
Square Displacement (MSD) curves, elasticity index (EI) [nm 2], solid-liquid balance (SLB)
[nm?], and macroscopic viscosity index (MVI) [nm~2]. The MSD value is the mean of
several scattering trajectories of the particle movement as a function of time in the analyzed
sample. El is directly proportional to the elastic modulus (G’) and is calculated as the
reciprocal of the MSD value at the plateau. SLB corresponds to the dimensionless ratio of
modulus of elasticity and modulus of viscosity loss G'/G”. MVl is the equivalent of the
apparent viscosity at zero shear and is calculated as the reciprocal of the MSD slop [52].
The reported values represent the averages of three replicates.

2.3.3. Physical Stability

The physical stability of the obtained gels was assessed using LUMiSizer 6120-75
(L.UM. GmbH, Berlin, Germany). This physical stability assessment technic involves
subjecting the samples to centrifugal force while illuminating the entire sample cell with
near-infrared (NIR) light. The sensor simultaneously measures the intensity of transmit-
ted light as a function of time and position over the entire sample length, and the data
is converted and recorded using the provided software (SepView 6.0; LUM, Berlin, Ger-
many). For this analysis, the following parameters were used: dispersion volume 1.8 mL;
wavelength 870 nm; light factor 1; 1500 rpm; experiment period 15 h 10 min; interval
time 210 s; temperature 20 °C. Based on the recorded data, the destabilization behavior
(fingerprint) was obtained, and the instability index was computed [53,54]. The reported
values represent the averages of three replicates.

2.3.4. Color Parameters

The color parameters were measured using a CR-5 stationary colorimeter (Konica
Minolta, Tokyo, Japan) in the CIE system (L*, a*, b*) with a D65 illuminant. Before each
use the device was calibrated, and to exclude the mirror image of the measurement vessel
(diameter 5 cm, height 2 cm) in which the sample was placed, the specular component
excluded method was used. The measurements were taken five times for each of the three
replicates (at a temperature of 20 & 1 °C). The brightness of the studied sample is indicated
by the L* color parameter that ranges from 0 to 100 (higher values means brighter samples).
The a* parameter represents the share of green (negative value) and red (positive value)
color. The b* color parameter values represent the share of blue (negative value) or yellow
(positive value) color in the samples [55]. The reported values represent the averages of
three replicates. Additionally, to determine the whiteness of the obtained samples, the
whiteness index (WI) of each dispersion was calculated as follows [56]:

WI =100 — \/ (100 —L*)*+a*24+b*?

where: L¥, a*, and b" refer to the color parameters of each analyzed sample. To determine
the color differences between all the samples, the total color difference parameter AE was
calculated as follows [55]:

2 2 2
AE —\/( g~ Lo) + (af —akh) +(bgy — :2)
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where: Lg;; ay; bg; and L,; ad,; bé, refer to the color parameters of the compared samples.
The color difference between the samples can be estimated as not noticeable for the observer,
when 0 < AE < 1; only experienced observers can notice the difference, when 1 < AE < 2;
unexperienced observers can notice the difference, when 2 < AE < 3.5; clear color difference
is noticed, when 3.5 < AE < 5; an observer notices two different colors, when 5 < AE.

2.3.5. Statistical Analysis

One-way ANOVA analysis of variance was used to determine the significance of
differences between the average values of microrheological parameters (EI, SLB, MVI),
the instability index, and the color parameters (L*, a* b*), and the whiteness index (WI).
Tukey’s test at significant level = 0.05 was used to confirm the significant differences
between the biopolymers. Additionally, the results were assessed using the principal
component analysis (PCA) and hierarchal cluster analysis (HCA). All the analyses were
performed using Statistical3.3 (TIBICO Software Inc., Tulsa, OK, USA).

3. Results
3.1. Volumetric Gelling Index (VGI) and Sample Appearance after Inversion

To determine the ability to form a gel structure by the tested biopolymers the volu-
metric gelling index (VGI) was determined. The mean values of VGI and the images of
the analyzed biopolymers are presented in Figure 1. Based on the visual evaluation, as
well as VGI of the obtained samples, it was found that pea protein (PP), gellan gum (GG),
konjac gum (KG), inulin (INU), and psyllium (PS) formed a gel-like structure (VGI = 100%).
Maltodextrin (MD) and tara gum (TG) were fluid (VGI = 0%). In the case of wheat protein
(WP), it was observed that the structure was not homogenous, and some of the aqueous
phases got separated (it resembled an insoluble complex that has precipitated, VGI = 90%).
It was also observed that GG, KG, and PS were slightly transparent compared to the
other samples.

100 | B
90 m
80
70
60
50
40
30
20
10

0

VGI [%]

a a

(a) (b)

Figure 1. Volumetric gelling index (a) of the samples obtained using the analyzed biopolymers, and
the appearance of the samples in the vials observed immediately after inversion (b), where: (A) pea
protein—PP; (B) wheat protein—WP; (C) gellan gum—GG; (D) konjac gum—KG; (E) inulin—INU;
(F) maltodextrin—MD; (G) psyllium—PS; (H) tara gum—TG. According to Turkey’s test, the values
followed by the same letter (a—c) do not differ significantly (p > 0.05).

3.2. Microrheological Properties

The microrheological properties were determined using the MD-DWS method, which
allows for the measurement to be carried out in a non-invasive way (no mechanical /external
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stress). The rectilinearity of the MSD profiles indicates that the analyzed sample is fluid,
exhibiting Newtonian fluid behavior. The non-rectilinear curve path occurs at the transition
from fluid to sol. When the examined samples change from sol to gel the MSD profiles
achieve a plateau. This means that the particles are not able to move freely due to the
formation of a network interaction.

The mean square displacement MSD of each analyzed biopolymer as a function of
decorrelation time is presented in Figure 2. Based on the presented MSD profiles, it was
observed that in the case of MD and TG the MSD profiles were the most rectilinear, meaning
that the particles were freely moving in the continuous phase (fluid /liquid samples). On
the other hand, in the case of GG and PS samples, the MDS profiles path was less rectilinear,
which means that they were in a sol state (or they were exhibiting properties of a soft gel
structure). KG, PP, WP, and INU had non-rectilinear MSD curves that were moving closer
to the baseline (INU MSD profile was the closest to the baseline). Additionally, the profiles
began to plateau, meaning that the freely moving particles got entrapped in a network
structure (cage) that was formed by the viscoelastic system.

Figure 2. Selected mean square displacement MSD of the analyzed biopolymers, as a function of
decorrelation time.

The mean values of the microrheology parameters: solid-liquid balance (SLB), elas-
ticity index (EI), and macroscopic viscosity index (MVI) are presented in Table 1. SLB is
directly proportional to the viscoelastic properties of the samples and indicates changes in
the ratio from liquid-like to solid-like behavior. The samples with the significantly highest
SLB value were maltodextrin (MD) and tara gum (TG), which means that they exhibited a
more liquid-like behavior—no gel structure (SLB > 0.5). On the contrary, PP, GG, KG, INU,
and PS exhibited more solid-like behavior (SLB < 0.5), which can be due to the formation of
a gel structure in these samples. In the case of the WP sample, SLB was 0.57 nm~2, which
means that the sol was close to getting to the gelling point where SLB = 0.5. The elasticity
index (EI) is directly proportional to the storage modulus G” and provides information
about the sample’s elasticity, which is due to the solid-like characteristic. Based on the
obtained EI values, only INU differed significantly from the rest of the biopolymers, with
the highest EI value (31.05 X 1072 nm~2). Although the SLB values of PP, GG, KG, and PS
showed that they exhibited more solid-like behavior, they had low EI values (comparable
to the EI values of MD and TG), which can suggest that their gel structure was softer (less
elastic). The MVI value of the inulin (INU) samples reached the highest value, which
correlates with the elasticity index (EI). PP, GG, KG, and PS had significantly higher MVI
values than those of WP, MD, and TG, which proves that although they all had comparable
El values, the WP, MD, and TG did not form a gel structure.
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Table 1. Comparison of the microrheological parameters of the analyzed biopolymers.
Samples Microrheology Parameters
SLB [nm—2] EI x 102 [nm—2] MVI x 104 [nm—2]

PP 0.43 3 £ 0.01 2307 +£0.25 5350 +0.76
WP 0.57° +0.03 0.552 £ 0.05 13.58 2 +2.85
GG 0.392 £ 0.02 0.192 £0.02 59.98 P +2.20
KG 0.342 +0.13 3702 £1.25 81.58° +3.75
INU 0.322 +0.01 31.05° +3.54 590.17 € £ 20.14
MD 0.93¢+0.01 0.112 +0.01 0.042 £ 0.00

PS 0.392 +0.04 0.222 +£0.05 45.62° +521
TG 0.94¢+0.01 0.08 2 +0.01 0.252 £0.01

All values are mean with standard deviation (1 = 3). According to Turkey’s test, the values followed by the same
letter (a—c) do not differ significantly (p > 0.05).

3.3. Physical Stability

Physical stability is an important parameter in characterizing the ability of biopolymers
to form a hydrogel. To assess the physical stability of the analyzed biopolymers, the
instability index was calculated. This parameter ranges from 0 for a stable sample to 1 for
an unstable sample. The mean values of the instability index for each biopolymer are
presented in Figure 3.

Figure 3. Instability index of the analyzed biopolymers. According to Turkey’s test, the values
followed by the same letter (a—e) do not differ significantly (p > 0.05).

Pea protein (PP), gellan gum (GG), konjac gum (KG), and inulin (INU) samples had
the lowest value of the instability index (below 0.02). The instability index of PS was
significantly higher than PP, GG, KG, and INU, but still relatively low (0.06). Higher
instability indexes were recorded for TG (0.44), WP (0.54), and the most physically unstable
were the samples prepared using MD (0.77).

The “fingerprints” or transmission profiles indicate changes in the particle concentra-
tion within the analyzed samples using the STEP technology (space-time resolved extinction
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profiles). In the case of each biopolymer, the evolution of the transmission profiles provides
the necessary information on the kinetics of concentration changes caused by phase sep-
aration. Additionally, based on the transmission level through the analyzed samples, it
is possible to observe the transparency of some systems. The “fingerprints” transmission
profiles for each biopolymer are presented in Figure 4. The destabilization was regarded as
the structural compression of the sample and the formation of a water layer on the surface.

PP
WP

GG
KG

INU
MD

PS
TG

Figure 4. Evolution of transmission profiles (“fingerprints”) of the analyzed biopolymers. The red
lines represent the extinction profiles of the sample at the beginning of the analysis and the green
lines at the end of the analysis (STEP technology-space and time resolved extinction profiles).
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A structural compression was observed in the case of WP, MD, and TG. However, the
destabilization of the system was the fastest for maltodextrin (MD) and wheat protein (WP).
Based on the transmission profiles, the most stable samples were PP, GG, KG, INU, and
PS. Gellan gum (GG), konjac gum (KG), and psyllium (PS) samples had high transparency,
which was indicated by the high transmission of the near-infrared (NIR) light through the
cell. The light transmission was around 40% for GG, 70% for KG, and 50% for PS. Although
the KG and PS samples were stable, a movement in the particles’ concentration (including
the air that might have become entrapped in the structure during the preparation process)
could have caused the fluctuations observed in the fingerprints.

3.4. Color Parameters

The mean values of the color parameters (L*¥, a*, and b*) and the whiteness index for
each biopolymer are presented in Table 2. Each biopolymer has a characteristic color which
is visible in Figure 1 and can be proved by the values of the color parameters that were
significantly different for each biopolymer. The highest value of L* parameter was recorded
for INU and MD. While the highest a* value was recorded for PP and the highest b* value
was in the case of PP and WP. These color parameters affected the whiteness index, which
ranged from 15.35 to 91.92. It is worth mentioning that the PS and TG samples had the
highest whiteness index due to being the most transparent.

Table 2. The color parameters (L*, a*, and b*) and the whiteness index of the analyzed biopolymers.

Color Parameters

Samples > - o WI
PP 72.45f 4+ 0.02 3.44 8 +0.00 20.318 4 0.00 15.352 4+ 0.02
WP 68.63 € + 0.04 1.30 f £ 0.03 20.758 + 0.07 22,68 +0.01
GG 42534 4+ 0.02 —1.272 +0.00 —2.482 +£0.09 24.61°¢ +0.02
KG 22.69bP 4+ 1.32 —0.194 4+ 0.08 —0.58 ¢ +0.37 42469 £1.32
INU 92.06 " +0.18 —0.77b £0.02 1.23¢ +£0.15 62.37¢ £ 0.15
MD 90.41 8 + 0.25 —0.44 € £0.02 0.734 £0.10 65.60 f +0.25
PS 2478 £ 0.21 0.13¢ +0.08 5.00f+0.16 90.37 8 + 0.20
TG 15372 + 0.44 —0.194 4+ 0.03 —2.00° +0.10 91.92 " +0.44

All values are mean with standard deviation (1 = 3). According to Turkey’s test, the values followed by the same
letter (a-h) do not differ significantly (p > 0.05).

To comprehensively determine the difference between the studied biopolymers, the
total color difference parameter (AE) was calculated (Table 3). It was found that in most of
the cases, AE values determined between different biopolymers were higher than 5, which
means that the observer notices two different colors. Nonetheless, only an experienced
observer could notice the difference (1 < AE < 2) between INU and MD. Additionally, there
is a noticeable difference in the color between PP and WP.

3.5. Principal Component Analysis (PCA) and Hierarchal Cluster Analysis (HCA)

The PCA and HCA of the obtained result are presented in Figure 5. The principal
component analysis (PCA) indicates the relation between the investigated parameters. Two
major factors were identified: factor 1 describing 68.85% and factor 27.99% of the variance
(96.84% in total). As shown in Figure 5 (PCA and HCA), the analyzed biopolymers differed
significantly and could be divided into three groups. The first includes WP, MD, and TG.
The second group includes PP, GG, KG, and PS. Inulin (INU) was the only biopolymer that
had the largest difference in terms of both factors. However, based on HCA, INU was most
similar to PP, GG, KG, and PS. PP, GG, KG, INU, and PS differed the most from WP, MD,
and TG, which is also shown by HCA (the biggest distance).
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Table 3. The color difference parameter (AE) between the analyzed biopolymers (values are mean;
n=23).

Samples PP WP GG KG INU MD PS TG
TG 61.38 57.93 27.18 7.45 76.75 75.08 11.72 -
PS 50.17 46.60 19.31 5.96 67.38 65.765 -

MD 26.84 29.63 47.98 67.73 1.75 -
INU 27.68 30.56 49.66 69.39 -
KG 54.08 50.67 19.96 -
GG 37.89 35.03 -
WP 4.40 -
PP -

Depending on the AE values the color difference between the samples can be estimated as not noticeable for the
observer (0 < AE < 1), only experienced observer can notice the difference (1 < AE < 2), unexperienced observer
also notices the difference (2 < AE < 3.5), clear difference in color is noticed (3.5 < AE < 5) and observer notices
two different colors (5 < AE).

@)

PP
GG
PS

KG

INU

WP

MD

TG

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Interaction distance
(b)

Figure 5. Principal component analysis PCA (a) and hierarchal cluster analysis HCA (b) of the
analyzed biopolymers.
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4. Discussion

In the present study, eight biopolymers were analyzed in terms of their volumetric
gelling index, microrheological properties, physical stability, and color parameters. Based
on the volumetric gelling index (Figure 1), PP, GG, KG, INU, and PS formed a gel struc-
ture. This observation was confirmed by the microrheological properties of the analyzed
samples. PP, GG, KG, INU, and PS exhibited a more solid-like behavior in comparison to
WP, MD, and TG (Table 1). The mean square displacement profile of INU (MSD, Figure 2)
was non-rectilinear and the closest to the baseline, indicating that it had the most vis-
coelastic properties. This observation was confirmed by INU having the highest elasticity
index and macroscopic viscosity index value, which were caused by the formation of a
gel structure (network). When using physical (mechanical and thermal) induction tech-
niques, inulin can form a hydrogel with a sponge-like structure. The formation of inulin
hydrogel is based on particles attraction caused by Van der Waals forces [57]. Furthermore,
Beccard et al., (2019) [58] in their studies stated that inulin gelation is based on a crystalliza-
tion process, which explains why (in terms of PCA and HCA, Figure 5) inulin hydrogels
differed significantly from the other biopolymers. On the other hand, PP, GG, KG, and PS
had significantly comparable microscopic viscosity index values, which means that the
particles movement was similar in each sample. In the case of pea protein (PP), the gel
structure depends on the ratio of soluble and non-soluble protein molecules that might
disturb the gel structure due to the difference in the degree of cross-linking. The high
elasticity of the pea protein hydrogel might suggest that a high number of soluble aggre-
gates formed a network, leading to a highly dense structure [59]. Based on the induction
technique (heat-set gelation, while pH > 6 or <4), it is possible to obtain a fibrillar (linear)
aggregates network with high elasticity [60]. Similarly, gellan gum (GG) [61], konjac gum
(KG) [62], and psyllium [63] exhibit a similar ability to form a fibrillar gel network with
junction zones (stabilized by hydrogen bonds, electrostatic forces, hydrophobic interactions,
Van der Waals attractions, and molecular entanglement). This might explain the similarities
in terms of the analyzed parameters between PP, GG, KG, and PS (Figure 5). Moreover,
in the case of the solid-liquid balance (SLB), PP, GG, KG, INU, and PS had the lowest
values (SLB < 0.5), which confirms the formation of a gel structure (G’ > G”)—the samples
exhibited typical solid-like (elastic) behavior [64]. On the other hand, WP, MD, and TG
did not form a gel structure, which was observed based on the MSD profiles (Figure 2).
Although WP had a non-rectilinear profile, the results shown in Table 1 confirmed the
dominance of liquid-like behavior over the solid one. However, in the studies conducted
by Wang et al., (2017) [65] concerning the changes in chemical interactions and protein
conformation during heat-induced wheat gluten gel formation, the authors stated that the
heat treatment (above 60 °C) of a wheat protein dispersion resulted in the formation of
a wheat protein gel structure. The formation of wheat protein hydrogel is related to the
presence of glutenin, which after hydration is responsible for the strength and elasticity of
the gel structure. However, in the case of a less flexible (brittle) gel structure, wheat protein
might contain more gliadin [66]. Based on Kanyuck et al., a (2019) study [67] concerning
the influence of temperature on network formation of low DE maltodextrin gels, it can
be stated that high induction temperature may weaken the gel structure of maltodextrin.
The temperature could be the reason for the lack of the gel structure in the analyzed mal-
todextrin samples. The tara gum aqueous dispersion exhibited a predominantly viscous
behavior. This is in accordance with the study by Huamani-Meléndez et al., (2021) [68] in
which they stated that tara gum has thickening abilities comparable to guar and locus gum.

The physical stability results (instability index and fingerprints, Figures 3 and 4)
suggest that the gel structure formed by PP, GG, KG, and INU significantly affected the
stability of the samples (instability index < 0.02). PS was also stable (0.06), but this instability
index value was significantly higher in comparison with PP, GG, KG, and INU. This might
be due to psyllium containing husk particles (visible in Figure 1) which have sedimented
during the test. The high physical stability of PP, GG, KG, INU, and PS might be due to the
formation of a network that acted as a stabilizing structure when the samples were subjected
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to the centrifugal force during the test. Florowska et al., (2022) [19] in their studies on inulin
hydrogels with the addition of sodium alginate and chitosan, also reported the high physical
stability of inulin hydrogels. Furthermore, the hydrogel’s water-holding capacity is related
to its physical stability [69]. This relation was stated in Qayum et al., (2021) [70] a study in
which they observed that the uniform and compact structure formed by lactalbumin affects
the centrifugal (physical stability) and water-holding capacity of the obtained gels. High
physical stability is critical in biomedical applications, particularly in tissue engineering,
when designing a scaffold using a solid free fabrication technology to ensure the preparation
of a 3D matrix in the desired morphology, capable of supporting tissue growth [71,72].
However, in the case of WP, MD, and TG, the samples were highly unstable due to the
absence of a gel structure. According to Feng et al., (2021) [73], the low stability of polymeric
network structure might be caused by the weak interactions (or lack of interaction) between
the water and the polymer, which leads to a low resistance during deformation. The
hydrogel structure might be destabilized by acceleration forces or vibrations during storage.
Therefore, Zhang et al., (2022) [27] in their study on thixotropic composite hydrogels based
on agarose and inorganic hybrid gellants, indicated the importance of increasing the ratio
of the residual gel mass by adding more agarose, to achieve improved physical stability of
the analyzed hydrogel. The research conducted by Florowska et al., (2020) [54] covering
the addition of selected plant-derived proteins as modifiers of inulin hydrogels properties,
also confirms that the addition of a gelling biopolymer (in this case protein) resulted in
a more compact hydrogel structure and higher physical stability in comparison to the
control sample.

The color of hydrogels is one of the main characteristics determining the quality of the
products in which they are used, and it has a decisive influence on consumer acceptance
or rejection in the case of food and cosmetic products [74]. Due to the different origins
of the analyzed biopolymers, their color parameter (Tables 2 and 3) differs significantly,
which was also confirmed by the images of the obtained samples in Figure 1. In the case
of all the analyzed biopolymers, the observer will notice two different colors (AE > 5).
However, in the case of pea protein (PP) and wheat protein (WP) the observer can notice a
clear difference in color 3.5 < AE < 5, while in the case of inulin (INU) and maltodextrin
(MD), only an experienced observer can notice the difference between their colors. It can
be also observed that GG, KG, and PS are more transparent than the other biopolymers
(although PS has a higher a* and b* parameter—more yellow tones). The color parameters
of inulin hydrogels are in accordance with the available literature [19,54]. Novel edible
composite films made of whey protein isolate and zein also showed similar values of
the color parameters to those of the pea protein (PP) and wheat protein (WP) samples.
However, in the case of gellan gum, based on Li et al., (2019) [75] a study concerning the
effect of gellan gum on the functional properties of low-fat chicken meat batters, it was
observed that the L* value was correlated to the gellan gum structure. The increase in the
water content of the meat batters caused the disruption of the gel structure, resulting in
a lower lightness. Therefore, when designing a new product, the color parameters of the
hydrogel are crucial, as they can influence the overall reception of the final product.

5. Conclusions

Based on the achieved results, and in the investigated gelling conditions, pea protein,
gellan gum, konjac gum, psyllium, and inulin had the most promising gelling ability—
they were able to produce highly elastic and physically stable hydrogels. Moreover, pea
protein, gellan gum, konjac gum, and psyllium hydrogels had similar structural and
biomechanical properties, while inulin hydrogel had the most diverse properties. Wheat
protein, maltodextrin, and tara gum were similar in terms of the analyzed properties and
did not form a gel structure. Since the combination of two biopolymers might result in
hydrogels characterized by a broader range of structural and biomechanical properties,
and enhanced interdisciplinary, and biomedical application potential, additional studies
are currently being conducted.
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Abstract: Food hydrogels, used as delivery systems for bioactive compounds, can be formulated
with various food-grade biopolymers. Their industrial utility is largely determined by their physico-
chemical properties. However, comprehensive data on the properties of pea protein—psyllium binary
hydrogels under different pH and ionic strength conditions are limited. The aim of this research
was to evaluate the impact of pH (adjusted to 7, 4.5, and 3) and ionic strength (modified by NaCl
addition to 0.15 and 0.3 M) on the physical stability, color, texture, microrheological, and viscoelastic
properties of these hydrogels. Color differences were most noticeable at lower pH levels. Inducing
hydrogels at pH 7 (with or without NaCl) and pH 4.5 and 3 (without NaCl) resulted in complete
gel structures with low stability, low elastic and storage moduli, and low complex viscosity, making
them easily spreadable. Lower pH inductions (4.5 and 3) in the absence of NaCl resulted in hydrogels
with shorter linear viscoelastic regions. Hydrogels induced at pH 4.5 and 3 with NaCl had high
structural stability, high G” and G” moduli, complex viscosity, and high spreadability. Among the
tested induction conditions, pH 3 with 0.3 M NaCl allowed for obtaining a hydrogel with the highest
elastic and storage moduli values. Adjusting pH and ionic strength during hydrogel induction allows
for modifying and tailoring their properties for specific industrial applications.

Keywords: textural properties; microrheology; physical stability; delivery system; gel induction;
protein gels; food systems

1. Introduction

Currently, consumers are looking for products that provide health benefits beyond
essential nutrition. Developing functional foods (including plant-based alternatives) has
become a growing area of interest in the food industry. Developing functional hydrogels
is crucial for enhancing food quality and nutritional value [1]. Hydrogels made from
biopolymers like pea protein and psyllium husk have significant potential to improve the
mechanical properties of food products while also serving as delivery systems for bioactive
compounds [2-4]. The properties of these hydrogels are influenced by pH and ionic
strength, and understanding their combined effects on pea protein—psyllium hydrogels
is essential for creating food products with targeted textural and functional attributes
while adhering to specific pH and salt content (ionic strength) requirements for various
product categories [5-7]. This approach can allow for the fine-tuning of the gelation process,
structural integrity, and bioactive compound entrapment and delivery, aligning with the
growing demand for functional foods that offer enhanced texture, stability, and health
benefits [8].

Such binary protein—polysaccharide food hydrogels result from combining two dif-
ferent biopolymers, offering advantages through precise control of polymer ratios [9].
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Moreover, their properties can be customized for specific needs using, among others, in-
duction methods [7]. They can be induced using both conventional and unconventional
methods, or a combination of both. Conventional induction methods include heat treat-
ment, pH and ion modulation, freeze—thaw cycles, and enzymatic crosslinkers [8,10]. On
the other hand, unconventional induction methods include high hydrostatic pressure
(HHP) [11,12] and pulsed electric field (PEF) [13]. Depending on the biopolymers and the
hydrogel induction method, binary hydrogels can be formed via various mechanisms, such
as ionic cross-linking, covalent cross-linking, or physical interactions [1,14].

During induction, pH affects the charge on biopolymer molecules, which in turn
determines the degree of electrostatic interaction. Near the protein’s isoelectric point,
the net charge is minimized, promoting aggregation and gel formation [15,16]. Ionic
strength modulates electrostatic shielding, enhancing molecular interactions and promoting
a more compact, cross-linked network [17]. Shifting pH away from the isoelectric point
increases pea protein solubility, while optimal ionic strength can precipitate it, facilitating
gelation [18]. Psyllium, rich in arabinoxylan, forms weak gels when used alone [19].
However, when combined with pea protein under controlled pH and ionic strength, it can
enhance the gel network’s stability and water-holding capacity [20,21].

Pea protein derived from Pisum sativum L. has attracted the food industry’s interest due
to its high nutritional value, good functional properties, hypoallergenic properties, and lack
of concerns related to genetic modification. The proteins present in peas are salt-extractable
globular storage proteins (65-80%) [22,23]. When hydrated and subjected to specific
conditions (high temperature, pH above or below the isoelectric point, and increased ionic
strength), these globular proteins can aggregate and form a uniform and highly crosslinked
gel network [16,24]. This capability enables their application as a texturizing agent and a
delivery system for bioactive ingredients. Additionally, it was proven that globular proteins,
when unfolded, can bind to phenolic compounds (mainly via hydrophobic interactions
and hydrogen bonds), resulting in a conjugate with higher thermal stability, antioxidant
activities, and better-gelling properties [25-27]. On the other hand, psyllium seed husk,
derived from the Plantago ovata plant, serves as a rich source of natural dietary fiber,
primarily composed of arabinoxylan. Notably, the digestibility of arabinoxylan in humans
is restricted [28,29]. Due to its hydrophilicity, psyllium mucilage has been reported to have
potential use as a water-binding and moisture-retaining agent. Additionally, psyllium has
been associated with beneficial effects related to satiety, cholesterol reduction, and prebiotic
properties [30]. Psyllium mucilage was proven to have a weak gel-like property. When
present in the small intestine, it can raise chyme viscosity, effectively slowing down the
breakdown and absorption of nutrients [19].

Modulating the pH value and the ionic strength enables precise control over hydrogel
texture and firmness, making them suitable for food products like plant-based meats [31-33]
and dairy alternatives [34]. Additionally, pH and ionic strength are crucial for the entrap-
ment and controlled release of bioactive compounds in functional foods, ensuring the
hydrogel’s integrity and the desired release rate of bioactives [35,36]. Bioactive compounds
such as vitamins, minerals, antioxidants, and probiotics have been encapsulated within
hydrogels, which improve the stability of these compounds and control release routes in
the digestive system [37]. In addition, hydrogels can protect bioactive compounds from
denaturation or degradation during processing (such as high temperature and exposure
to light). Bioactive compounds sensitive to various factors (e.g., anthocyanins, 3-carotene,
quercetin, and curcumin) that can cause their degradation should be protected by incorpo-
rating them into a hydrogel carrier. This requires adjusting the induction method, which
includes modulating pH and ionic strength, to design carriers tailored to specific bioactive
substances [37,38]. Furthermore, the pH and ionic strength of the final food product can
also critically affect the properties of the hydrogel structure, which can consequently affect
the bioactive functionalities of the embedded substances.

Combining pea protein and psyllium shows great synergistic potential in producing
a binary hydrogel with structural, textural, and nutritional advantages. Pea protein can
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contribute to the hydrogel’s structural integrity due to its inherent gelling and thickening
properties. Psyllium can enhance the water-binding properties of the matrix, contributing to
the overall stability of the hydrogel [8,39]. Despite that, there is limited information on pea
protein—psyllium-based binary hydrogels, especially in the context of their properties under
different pH and ionic strength conditions. This research aims to evaluate the induction
conditions, such as the influence of pH and ionic strength on the physical stability and
mechanical properties of binary pea protein—psyllium hydrogel for delivering bioactive
compounds.

2. Results and Discussion

The volumetric gelling index (VGI) was calculated to determine the effect of pH and
NaCl concentration modulation on the formation of a gel structure. Figure 1 depicts the
VGI values and the appearance of the analyzed hydrogels.

Figure 1. The volumetric gelling index (VGI) of the analyzed hydrogels and the appearance of the
hydrogels in the vials. The columns differentiated by color differ significantly (p < 0.05).

Based on VGI values, it can be observed that the sample induced at pH 7 without the
addition of NaCl entirely formed a gel structure. At low pH and without the addition of
NaCl, only the hydrogel obtained at pH 4.5 did not form a complete gel structure. However,
the increase in ionic strength at pH 7 only affected the gel structure when the addition of
NaCl was equal to 0.15 M, while the addition of 0.3 M NaCl did not affect the value of
VGI (100%). Moreover, increasing the ionic strength at lower pH values decreased this
value to ~65% significantly. This effect might be due to the higher rate of interactions
between the proteins, which is caused by the change in the ionic strength of the polymeric
chains. Consequently, these interactions affected the formed structure by expelling a certain
amount of water in the syneresis process [5].

For the hydrogels obtained without the addition of NaCl, the decrease in the pH value
from 7 to 4.5 affected L* by significantly increasing its value to 75.40 (Table 1). However, a
further reduction in the pH to 3 decreased the value of L*. The same trend was observed in
the case of the hydrogel obtained with the addition of NaCl (0.15 M). On the other hand,
0.3 M NaCl did not affect the value of L* at any pH. Based on the 12 coefficient, it can be
concluded that both pH values and NaCl addition had a strong effect on L* variance. The
values of a* increased significantly when the pH decreased from 7 to 3 for both hydrogels
without and with the addition of NaCl (0.15 M). Furthermore, the b* values increased
when decreasing the pH from 7 to 4.5 for hydrogels induced at high ionic forces (0.15 and
0.3 M Na(l), and then the b* values dropped when reaching pH 3 for all the hydrogels.
In the case of the b* parameter, NaCl addition had the most potent effect on the variance
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(n2 = 0.958). These interdependencies were also observed in the case of the whiteness index
(WI) and the yellowness index (YI), where the NaCl concentration had the highest effect on
these color parameters at each tested pH. The decrease in the whiteness and increase in the
yellowness of the analyzed hydrogels can be due to changes in the protein conformation
and the interactions between protein molecules, which, in turn, affect their solubility. This
was also observed by O’Flynn et al. [40] in their studies on the solubility of a commercial
soy protein isolate at pH values of 2.0, 6.9, and 9.0. Thus, it can be stated that at a pH lower
than the isoelectric point, the solubility of proteins can be decreased, which might affect
the color parameters of the analyzed sample [41,42].

Table 1. Color parameters of the analyzed hydrogels (1 = 3).

Color Parameters

Samples
L* a* b* WI YI
pH350.0 73.85 ¢ + 0.07 4504 4+ 0.07 17.122 + 0.05 68.42 4 4+ 0.04 33.122 + 0.06
pH350.15 67.702 £+ 0.11 5.60 ¢ + 0.03 21.40 € + 0.02 60.86 2 + 0.08 45.15 ¢ + 0.04
pH3S0.3 68.07P +0.12 5.28 d¢ 4 0.05 2228 4 .24 60.71 3 + 0.23 46.76 <4 + 0.57
pH4.550.0 7540 f + 0.06 3.413b +0.07 19.37P +0.15 68.51 9 + 0.06 36.70 % + 0.25
pH4.550.15 69.11¢ £ 0.13 5.354¢ +0.04 22.41°4 4+ 0.05 61.47° +0.13 46.32°4 +0.18
pH4.550.3 68.12P +0.03 5.16 9¢ 4+ 0.01 22.804 4+ 0.02 60.47 @ + 0.01 47.824 +0.02
pH750.0 72.02 4 4+ 0.02 2493 +0.03 19.19P +0.04 65.98 € + 0.03 38,06 + 0.08
pH750.15 68.03P +0.08 3.443b £+ 0.04 21.50 € + 0.05 61.323P + 0.09 45.16 ¢ £+ 0.15
pH7S0.3 68.04b +0.24 3.86 ¢ 4+ 1.06 21.664 +1.22 61.18 2 + (.88 45.49¢<d + 261
Statistic ANOVA, n2 [-]

pH 0.979 0.881 0.696 0.548 0.542

NaCl 0.999 0.820 0.958 0.994 0.977

pH-NaCl 0.977 ns 0.653 0.871 0.692

a, b, c...—mean values in columns differentiated by letters differ significantly (p < 0.05). n2—coefficient indicating

the extent of the effect of factors, pH, NaCl concentration, and pH-NaCl. ns—nonsignificant. WI—whiteness
index; YI—yellowness index.

The color difference parameter (AE) was calculated to comprehensively determine the
effect of pH and NaCl concentration modulation on the obtained hydrogels (Table 2). In
most samples, it was found that the difference between the obtained hydrogels higher than
5, meaning that the observer could notice two different colors [43]. Reducing the pH from 7
to 3 had a more significant effect on AE values in hydrogels obtained without the addition
of NaCl (AE in the range of 3-3.5) compared to those obtained with the addition of NaCl,
0.15 M (AE ~ 2) and up to 0.3 M (AE in the range 0.5-15). However, when analyzing the
effect of increasing the ionic strength in hydrogels obtained at the same pH, it was observed
that a more significant change in the values of AE occurred at low pH, 3 and 4.5 (AE in the
range of 7-8) compared to pH 7 (AE ~ 5).

The instability index was computed to assess the physical stability of the obtained
hydrogels. This index ranges from 0 for stable to 1 for unstable samples. Table 3 shows
the mean values of the instability index for each tested hydrogel. Both pH and salt con-
centration modulation significantly affect the physical stability of the analyzed hydrogels.
Lowering the pH value from 7 to 4.5 (without modulating the ionic strength) increased the
instability index value, indicating that the stability of the hydrogel decreased. However,
when the pH reached 3, the instability index value significantly dropped. The increase in
the ionic strength caused the value of the instability index to rise for the hydrogel induced
at pH 7 while causing a drop in the index values for the hydrogel at pH 4.5. A similar trend
was observed in the case of lowering the pH from 7 to 3 with the addition of 0.15 M NaCl.
Nonetheless, a reversed effect was observed when the pH was decreased from 7 to 4.5 for
hydrogels with the addition of 0.3 M NaCl, where both hydrogels at pH 4.5 and 3 had
significantly higher stability. This effect could be due to forming a more robust gel structure
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caused by this ion modulation, which affected the interaction between the biopolymers by
reducing the repulsion between them. Lei et al. [44] made a similar observation, in the case
of walnut protein—k—carrageenan composite gels, where the addition of Na* significantly
improved the bond strength between the biopolymers, resulting in a much denser and
more uniform gel structure with improved water-holding capacity. In a study concerning
the effect of adding NaCl on the thermal aggregation and gelation of soy protein isolate,
Chen et al. [45] concluded that increasing the ionic strength, in many aspects, is similar
to decreasing the pH value of the system. Moreover, the addition of NaCl affected the
size and density of the elementary protein aggregates, leading to a more heterogeneous
microstructure, which can decrease the water-holding capacity of such hydrogels.

Table 2. The color difference parameter (AE) between the analyzed hydrogels.

Samples pH3S0.0 pH3S0.15 pH3S0.3 pH4.550.0 pH4.5S0.15 pH4.550.3 pH7S0.0 pH7S0.15 pH7S0.3
pH750.3 7.40 1.79 1.55 7.72 1.98 1.73 4.88 0.45 -
pH7S0.15 7.37 2.18 1.99 7.68 2.37 2.15 4.71 -
pH7S0.0 342 5.76 5.74 3.51 5.20 5.95 -
pH4.550.3 8.10 1.53 0.54 8.24 1.09 -
pH4.550.15 7.15 1.75 1.05 7.25 -
pH4.550.0 294 8.26 8.11 -
pH3S0.3 7.79 1.01 -
pH3S0.15 7.57 -
pH3S0.0 -
The values presented in that table are mean (1 = 3). Depending on the AE values the color difference between the
analyzed hydrogels can be estimated as not noticeable for the observer (0 < AE < 1), only an experienced observer
can notice the color difference between the hydrogels (1 < AE < 2), an inexperienced observer can also notice the
color difference (2 < AE < 3.5), clear color difference noticed (3.5 < AE < 5), and the observer can notice different
colors (5 < AE).
Table 3. Instability index, textural properties, and microrheological properties of the analyzed
hydrogels (1 = 3).
Instabilit Textural Properties Microrheological Properties
ility 13 -3
Samples Index Strength (N) Adhesion * (N) Spreadability SLB EI x 1702
[N-s] (nm~—2)
pH3S0.0 0.459 +0.02 0.11° 4+ 0.01 0.044 +0.01 133+ 13 0.54" 4+ 0.04 6.1° 4+ 0.1
pH350.15 0.49 € +0.01 0.15 ¢ £ 0.00 0.02° +0.00 262 +0.8 0.53" 4+ 0.04 790 +0.6
pH3S0.3 0.35° +0.02 0.24 ¢ +0.02 0.04 4 4 0.00 243¢+18 0.352 £ 0.01 1704 +13
pH4.550.0 0.55f +0.01 0.07 2 +0.00 0.012 4 0.00 13.3¢+0.7 0.45 20 4+ 0.04 9.8°+ 1.7
pH4.550.15 0454 +0.01 0.15¢ + 0.00 0.03 b¢ +0.00 286F+21 0.73¢ £ 0.04 242 +05
pH4.550.3 0.33% +0.00 0.14 ¢ £ 0.00 0.04 4 4 0.00 1914+18 0.54® +0.01 732409
pH7S0.0 0.202 + 0.00 0.08 @ + 0.00 0.05€ + 0.00 8.0+ 0.6 050 +0.04 1.324+0.1
pH750.15 0.48°€ £ 0.01 0.18 4 4 0.00 0.06 € £+ 0.00 352+02 0.49° +0.06 152402
pH7S0.3 0.40 € 4+ 0.01 0.15¢ + 0.01 0.044 4 0.00 573 402 0.362 £+ 0.03 3.6 +£0.7
Statistic ANOVA, n2 [-]
pH 0.952 0.912 0.942 0.980 0.771 0.959
NaCl 0.970 0.974 ns 0.909 0.838 0.912
pH-NaCl 0.989 0.930 0.906 0.933 0.804 0.927
a, b, c...—mean values in columns differentiated by letters differ significantly (p < 0.05). * Absolute value

| Adhesion | . n2—coefficient indicating the extent of the effect of factors, pH, NaCl concentration and pH-NaCl.
ns—nonsignificant. SLB—solid-liquid balance index; EI—elasticity index.

When the texture measurement data were analyzed (Table 3), it was found that only
the transition from pH 4.5 to 3 increased the strength value (the force needed to immerse the
texture analyzer probe into the hydrogel structure) of the analyzed hydrogels. The strength
values significantly decreased when changing the pH from 7 to 4.5 for the hydrogels not
containing NaCl. Moreover, by increasing the NaCl content, the strength of the hydrogels
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induced at pH 3 proportionally increased, while in the case of pH 7 and 4.5, the strength
value only increased when 0.15 M NaCl was added. Further NaCl addition (0.3 M) caused a
significant drop in strength for the hydrogels induced at pH 7. Both pH and NaCl addition
strongly affected the strength variance (n2 = 0.930). The increase in strength could be due
to the strengthening of electrostatic forces, hydrophobic interactions, hydrogen bonds, and
disulfide bonds between the biopolymer chains, resulting in a more rigid microstructure.
In the case of adhesion, which shows the force needed to separate the analyzer probe from
the hydrogel, NaCl addition had a nonsignificant effect compared to pH on the variance of
this parameter. A downward trend in the adhesion values was observed when decreasing
the pH from 7 to 4.5 (hydrogels induced without NaCl) and from 7 to 3 (hydrogels with the
addition of 0.15 M NaCl). However, the decrease in pH for the hydrogels induced with
the addition of 0.3 M salt did not affect the adhesion values. The lowest adhesion value
was recorded in the case of the hydrogel induced at a pH of 4.5 and without NaCl addition.
This effect might be due to the low attractive and repulsive forces (no net charge) observed
by Schuldt et al. [46] in their studies on NaCl and acid-induced soy protein hydrogels.

In the case of spreadability, when decreasing the pH from 7 to 4.5 (for all the hydrogels
with and without NaCl addition), an increase in the value of spreadability was noticed,
meaning that these hydrogels needed higher job input to be spread evenly between two
surfaces. Moreover, a further decrease in pH (from 4.5 to 3) in the case of hydrogels obtained
with salt (0.15 M) caused a drop in the value of spreadability. On the other hand, a rise in
the analyzed value was noticed in the case of hydrogels obtained with the addition of 0.3 M
NaCl. The high spreadability value of the hydrogels obtained at pH 3 and 4.5 with the
addition of NaCl could be attributed to the formation of protein aggregates and interactions
between them. However, the hydrogels obtained at pH 7 displayed inferior spreadability
and high adhesion values due to the higher unbound water [47,48].

By analyzing the solid-liquid balance index (SLB) and elasticity index (EI) values
(Table 3), it was noticed that both pH and ionic strength significantly affect the microrhe-
ological properties of the obtained hydrogels. NaCl had a more substantial effect on
the variance of SLB (N2 = 0.838) while pH had a stronger effect on the variance of EI
(M2 = 0.959). Nonetheless, both parameters affected the elasticity index of the obtained
hydrogels. The decrease in the pH value from 7 to 4.5 shifted the properties of the hydrogel
(induced without the addition of NaCl) to more solid-like (SLB < 0.5). However, a further
decrease in the pH value to 3 caused the hydrogel to exhibit more viscous (liquid-like)
properties (SLB > 0.5). Furthermore, the addition of salt changed this trend, causing the
SLB index of hydrogels at pH 4.5 to reach higher values, with the hydrogel at pH 4.5 and
the addition of 0.15 M NaCl reaching the highest value. NaCl (0.3 M) at pH 7 and 3 caused
the hydrogels to exhibit highly solid-like properties. In the case of the EI, it was observed
that only the hydrogel induced with the addition of salt exhibited higher elasticity when
the pH value decreased [46,49]. Based on the analysis of the average trajectory of numerous
particles in the obtained hydrogels, the Mean Square Displacement (MSD) was obtained as
a function of decorrelation time (Figure 2). The analyzed samples had mostly viscoelastic
properties, exhibiting the properties of soft gels (weak gels). The non-rectilinear MSD
curve moving close to the baseline indicates that more particles were immobilized (caged)
by the obtained gel network. The hydrogel induced at pH 3 and 0.3 M NaCl exhibited
predominantly viscoelastic properties. On the contrary, the hydrogel induced at pH 7 and 4
(with 0.15 M NaCl) presented the least viscoelastic properties—their MSD curves leaned
towards becoming more rectilinear, presenting more viscous characteristics.
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Figure 2. Mean Square Displacement (MSD) as a function of decorrelation time for the obtained
hydrogels. The values presented in the figure are mean values (1 = 3).

The transmission profiles obtained through STEP technology (space-time resolved
extinction profiles) serve as ‘fingerprints’, indicating variations in particle concentration
within the analyzed samples (Figure 3). For each obtained hydrogel, the changes in trans-
mission profiles offer crucial insights into the kinetics of particle concentration fluctuations
caused by the centrifugal forces leading to phase separation. After subjecting the hydro-
gel samples to centrifugal force, structural compression was observed. This compression
is depicted by a decrease in light transmission in the right corner of each graph. The
destabilization front moved downward in the sample, meaning that the highest particle
concentration was at the bottom of the sample. At the same time, a transparent water
phase remained in the upper parts [50,51]. Based on the transmission profiles, it is possible
to conclude that the slowest destabilization changes occurred in the hydrogel induced
at pH 7 (without the addition of salt). The structural compression was more significant
when the pH was decreased from 7 to 4.5 (for all the hydrogels). However, the quickest
compression occurred in the hydrogel induced at pH 4.5 without NaCl. Moreover, the
hydrogels obtained with the addition of 0.3 M NaCl (at each of the pH values) were less
affected by the centrifugal force applied during the analysis than the other hydrogels.

Because hydrogels are viscoelastic systems, analyzing their rheological character un-
der dynamic shear conditions provides information on their nature and behavior under
slight deformations. The parameters determining a system’s rheological character are its
primary structure, external factors, and observation time. As a result, dynamic (oscillatory)
rheology tests are used to understand this characteristic, which is correlated with the
degree of cross-linking and heterogeneity of the biopolymeric network [52,53]. Figure 4
showcases the evolution of mechanical spectra G’, G”, In*|, and tan() as a function of
frequency (f). These values are displayed on a logarithmic-logarithmic graph, showcasing
three decades of oscillation frequency, ranging from f = 0.1 to 100 Hz. These mechanical
profiles were acquired within the linear viscoelastic range (1% deformation), preserving
the original structure of the samples. Frequency sweep is a valuable tool for evaluating a
sample’s viscoelastic attributes across varying timescales. Moreover, it facilitates the deter-
mination of critical parameters such as the storage (elastic) modulus (G’) and the viscous
(loss) modulus (G”). The storage modulus (G’) gauges a material’s elastic behavior by
quantifying the energy stored during shear. In contrast, the viscous modulus (G”) assesses
its viscous response by measuring heat dissipation. The resulting storage and loss moduli
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offer valuable insights into how a material will perform in various applications, helping
industries design products with specific mechanical properties and desired performance
under different stress conditions [54,55]. Based on the presented spectra (Figure 4a,c,d), it
can be observed that all the obtained hydrogels present viscoelastic characteristics specific
for a weak gel system (such as ketchup, yogurt, custard) [56] since G” remains above G”
over the experimental frequency range, the separation of the G’ and G” curves is less than
one decade, and tan(5) reaches values higher than 0.2. Moreover, it can be concluded
that hydrogels formed with the addition of NaCl, compared to those without NaCl, show
greater gel strength or cross-linking density regardless of pH because both moduli assume
higher values and are almost independent of frequency (Figure 4c,e). In weaker gels
formed without NaCl, the mechanical spectra show some dependence on the oscillation
frequency, and the range of the elastic plateau occurs at lower oscillation frequencies, up
to frequencies where tan(d) begins increasing (Figure 4a,b). Furthermore, the complex
viscosity In*| (Figure 4b,d,f) decreased with increasing frequency in the frequency range
of the elastic plateau, indicating that the investigated hydrogels exhibit shear-thinning
behavior. The available studies have also reported similar rheological characteristics of
such binary protein—polysaccharide hydrogels [57,58]. Moreover, Zhang et al. [59], in their
studies on the rheology and microstructural properties of gelatin-tara gum hydrogels,
stated that salt addition affects the gel network structure by screening interactions, leading
to a notable decrease in rheological properties. The most pronounced effect occurs at NaCl
concentration ~50 mmol/L, due to the salting-in effect. However, they observed that higher
salt concentrations significantly increase gel strength and prevent phase separation at low
pH.

Figure 3. Evolution of transmission profile “fingerprints” of the obtained hydrogels. The red lines
indicate light extinction at the starting point, and the green lines represent light extinction at the end
of the analysis.
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Figure 4. Mechanical spectra of the obtained hydrogels are presented graphically as functional
relationships G/, G”, In*1, and tan(8) = f(Hz). (a,b) without NaCl, (c,d) with 0.15 M NaCl, (e f) with
0.3 M NaCl (n = 3). G'—storage (elastic) modulus; G”"—viscous (loss) modulus; In*|—complex
viscosity; tan(d)—degree of viscoelasticity.

The hydrogels’ LVR (linear viscoelastic region) occurs at low shear stress when the
moduli are independent of increasing stress (the system’s response is independent of
the deformation magnitude, and the structure is maintained intact). Because structural
properties correlate well with elasticity, the length and value of the LVR of the elastic
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modulus (G) can be used to assess sample structure stability [60,61]. The values of LVR
determined in this study are presented in Table 4. Decreasing the pH affected the G’ value
significantly only in the case of hydrogels induced with NaCl (2 = 0.940). This tendency
was not observed in the case of the samples induced at a pH value of 7. Additionally, the
length of LVR represented by v (%) indicates the structural stability of the analyzed systems.
It was observed that when decreasing the pH from 7 to 4.5, the length of LVR was reduced,
and after reaching pH 3, this length increased again. This trend was observed in all the
obtained hydrogels, regardless of the NaCl addition. However, salt addition significantly
increased the y value, which might be due to the formation of a more robust gel network.
Nonetheless, in the case of the samples induced at pH 4.5, only the addition of the highest
NaCl concentration (0.3 M) affected the system’s stability, which is also in correlation with
what was observed in the case of the instability index (Table 4, Figures 1 and 2).

Table 4. Rheological parameters of the obtained hydrogels under oscillatory testing at 20 °C, which
includes LVR (linear viscoelastic region) values obtained in the amplitude sweep test at 1 Hz; elastic
(G’) and viscous (G”) moduli, tan(d), and complex viscosity n* values at 1 Hz obtained in the frequency
sweep test at a strain of 1% (1 = 3).

LVR Frequency Sweep. Values at 1 Hz
Samples G’ Plateau v [%] G’ (kPa) G” (kPa) tan(s) (-) In*I (Pa-s)
[kPa]
pH350.0 0.372 £ 0.05 2.182b +0.17 0.142 £ 0.03 0.042 4+ 0.01 0.26 *f + 0.01 232 44
pH3S0.15 157 + 1.6 2.70b¢ +0.26 12.7¢£1.0 3.65° £ 0.26 0.29 f 4+ 0.00 2100 © + 160
pH3S0.3 3689 +£68 313 +0.37 2499 +£10 6.97 9 +0.29 0.28 ¢de + 0,00 4110 4 + 160
pH4.550.0 0.802 £ 0.02 1.392 + 0.04 0.172 £ 0.03 0.052 £ 0.01 0.27 < + 0.00 292 £ 0
pH4.550.15 107 +26 1.682 + 0.33 13.4°+1.7 3.79€ £ 0.50 0.28 e 4 0.00 2210 © + 280
pH4.550.3 235°+1.6 2.56 b 4 0.05 1012 +09 2.76° +0.23 0.27 %4 + 0.00 1660 © 4 140
pH750.0 0.142 £ 0.04 3.719¢ £ 0.59 0.122 £ 0.05 0.032 £ 0.01 0.252b +0.00 19241
pH7S0.15 122402 4.06 ¢ 4+ 0.34 1422 £0.18 0.352 +0.04 0.252b +0.00 2332 £ 29
pH750.3 142403 4.82F40.04 1.282 4 0.32 0.312 +0.09 0.242 +0.01 2102 + 54
Statistic ANOVA, n2 [-]
pH 0.917 0.939 0.982 0.982 0.936 0.982
NaCl 0.940 0.768 0.984 0.983 0.712 0.984
pH-NaCl 0.891 ns 0.978 0.978 0.718 0.978
a, b, c...—mean values in columns differentiated by letters differ significantly (p < 0.05). n2—coefficient indicating

the extent of the effect of factors, pH, NaCl concentration and pH-NaCl. ns—nonsignificant. G’ Plateau—elastic
modulus at the plateau; y—length of LVR; G’'—storage (elastic) modulus; G”"—viscous (loss) modulus; tan(8)—
degree of viscoelasticity; In* | —complex viscosity.

Based on the values of G, G”, In*|, and tan(d) at 1 Hz (Table 4), it can be concluded
that both pH and NaCl concentration have a significant effect on the variance of the
parameters. The effect of decreasing the pH for the samples induced without salt on
the values of G” and G” was nonsignificant. However, when the samples were induced
with 0.15 M NaCl, both moduli values were increased when the pH dropped from 7 to
4.5. In the case of hydrogel induction with the addition of 0.3 M NaCl, the change from
pH 7 to 3 significantly increased the values of G’ and G” (reaching the highest values at
pH 3). Additionally, at pH 3, the increase in the NaCl addition from 0 to 0.15 M caused
the moduli to increase by 95 times on average, while the increase from 0 to 0.3 M caused
the moduli to increase by 170 times. Zhu et al. [16] studied strong and elastic pea protein
hydrogels formed using the pH-shifting method. They found that this method altered the
protein chain structure, creating more active sites that enhanced intermolecular interactions.
Moreover, studies on the impact of citric acid concentration and pH on the mechanism and
rheological properties of whey protein hydrogels concluded that the induction of protein
hydrogel at a low pH value affected the formation of the gel network, resulting in a more
rigid hydrogel [62]. Furthermore, Tanger et al. [5], in their study on the effect of pH and



Gels 2024, 10, 401

11 0f 18

ionic strength on the thermal gelation behavior of pea protein, noticed that the addition of
salt at pH 3 led to the development of a stiffer gel structure caused by a high entanglement
of the protein. The degree of viscoelasticity, tan(d), is defined as the ratio of G”/G’. When
the analyzed systems exhibit solid-like (elastic) properties, tan(0) is lower than 1. However,
for systems with more liquid-like (viscous) properties, tan(d) is higher than 1 [63]. In the
case of the obtained hydrogels, all the variants had a tan(6) value lower than 1 at at 1 Hz,
ranging from 0.24 to 0.29, meaning that the formed hydrogels left at rest have properties
similar to a solid but can be easily spread, such as yogurts, ketchup, and jams.

The obtained results were subjected to a principal component analysis (PCA) and a
hierarchical cluster analysis (HCA). These two statistical methods were chosen to effec-
tively summarize the data gathered in this study. The PCA was conducted with 12 active
variables. Two principal components were identified (Figure 5a,b): Component 1 (F1)
explained 55.54% of the variance, and Component 2 (F2) explained 23.20% of the variance.
Combined, these two components account for a total of 78.74% of the variance in the results.
Component 1 is strongly positively correlated with VGI (r = 0.90). On the other hand,
a negative contribution of this factor was found for G’ (r = —0.95), G” (r = —0.96), In*|
(r = —0.95), and spreadability (r = —0.90). Component 2 is positively correlated with the
instability index (r = 0.64) and negatively correlated with v (r = -0.80) and adhesion (r
= —0.70). Considering the above interdependencies, the first principal component can
be interpreted as a measure of the conditions under which the hydrogel can form a gel
structure with high elastic properties. In contrast, the second component can be interpreted
as a measure of the conditions under which the hydrogel can form a structurally stable
system. Based on the hydrogels” distribution across the space of the principal components
(Figure 5a) and the interaction distances shown in HCA (Figure 5c¢), it can be concluded
that the first and the most prominent cluster on the right from the center (green cluster)
represents the hydrogels with the highest volumetric gelling index values but low G” and
G” values (less elastic). These hydrogels were induced at pH 7, 4.5, and 3 (without NaCl
addition) and pH 7 (with 0.15 and 0.3 M NaCl). Additionally, at pH 4.5 and 3 (the upper
part of the green cluster), it was possible to obtain hydrogels with lower structural stability.
The next cluster is the one in the upper left from the center (blue cluster), showcasing
that the induction at pH 4.5 (0.15 and 0.3 M NaCl) and pH 3 (with 0.15 M NaCl) results
in hydrogels with high G” and G” moduli but low structural stability and VGI. However,
only the sample induced at pH 3 and 0.3 M NaCl (pH350.3) showed the most significant
difference from the other hydrogels (highest interaction distance, Figure 5c). The hydrogel
exhibited the most elastic properties at pH 3 and 0.3 M NaCl and had high structural
stability. Nonetheless, it still exhibited a low VGI value, which might have been caused by
the high interactions between the biopolymers leading to the loss of a certain amount of
water.
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Figure 5. Principal component analysis PCA: (a) score plot, F1 versus F2 of all samples. (b) Score plot,
F1 versus F2 of data from determinations used as variables. and hierarchical cluster analysis HCA
(c) of the obtained hydrogels.

3. Conclusions

To summarize, altering pH and ionic strength resulted in pea protein—psyllium hy-
drogels with varied properties, all characterized as weak gels. Lower pH levels (notably
pH 3 and 4.5) led to significant color changes and produced weak, easily spreadable gels
without NaCl. Adding NaCl (0.15 and 0.3 M) at these pH levels improved the hydrogels’
structural stability and moduli, with the hydrogel at pH 3 with 0.3 M NaCl showing the
highest elasticity and stability. This study demonstrates a critical relationship between pH
and ionic strength, where NaCl’s impact during hydrogel induction highly depends on the
pH. The industrial utility of these hydrogels is determined by their inherent properties,
which dictate their specific applications. Hydrogels produced under low pH and high
ionic strength conditions are promising delivery systems for low-pH-stable bioactive com-
pounds, including anthocyanins. Further research is essential to validate their potential as
food texture enhancers and effective delivery systems.
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4. Materials and Methods
4.1. Materials

Pea protein (NUTRALYS® F85F, protein content 88%, ash 10%) was obtained from
Roquette Freres (Lestrem, France). Psyllium husk powder (PS, type 10351, purity 95%,
particle size 60 mesh-250 um) was obtained from C.E. Roeper GmbH (Hamburg, Germany).
Citric acid (purity > 99.5%) and sodium citrate (purity 95%) were purchased from the local
food ingredient supplier Agnex (Biatystok, Poland).

4.2. Hydrogel Induction

The investigated hydrogels’ induction involved pea protein hydration (12.5 g of
protein/100 g) in distilled water while stirring for 60 min, using a heating magnetic stirrer
(300 RPM). The obtained protein dispersion was heated to 80 °C for 30 min. After cooling
the dispersion to 20 °C, psyllium husk was added (concentration of 0.5 g/100 g), and the
dispersion was stirred for 10 min (300 RPM). The pH of the dispersions (from 7 to 4.5 and 3)
was adjusted using 1 M citric acid and 1 M sodium citrate solutions. The ionic strength of
the dispersion was modified by adding NaCl (to 0.15, 0.3 M) (Table 5). Then, the obtained
dispersions were stored for 24 h at 4 & 1 °C to develop a gel structure.

Table 5. Explanation of hydrogel sample coding.

Samples Code pH NaCl Addition (M)
pH350.0 3 0.0
pH350.15 3 0.15
pH3S0.3 3 0.3
pH4.550.0 45 0.0

pH4.550.15 45 0.15
pH4.550.3 45 0.3
pH750.0 7 0.0
pH750.15 7 0.15
pH750.3 7 0.3
4.3. Methods

4.3.1. Volumetric Gelling Index (VGI)

The VGI was used to determine the degree of hydrogel formation. It is a parameter
that expresses a dispersion’s ability to form a gel structure. The VGI equals zero when
no gel structure is formed and 100% when the sample is completely gelled. The VGI is
calculated using the equation below [50].

Vg
[=—1 1
VG Vr 00, (1)
where Vg—volume of the formulated gel and Vr—total volume of the sample. The reported
values represent the averages of three replicates.

4.3.2. Color Parameters

A Minolta CR-5 colorimeter (Minolta, Japan; light source D65; measuring head hole: 8
mm) was used to measure the color components in the CIE L* a* b* system at the surface of
the obtained hydrogels. The total color difference (AE), whiteness (WI), and yellowness
index (YI) indexes were calculated using the obtained L*, a*, and b* parameters. AE was
computed to determine the color differences between the obtained hydrogels. The total
color difference AE was calculated based on the following equation [43]:

2

* \2 2
AE = \/(Ls*l —LyH)" + (af —akh)" + (by —bgy)7, 2)
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where L*gy; a*sy; b*s; and L*gp; a*sp; b*sp refer to the color parameters of the compared
hydrogels. The whiteness (WI) and yellowness (YI) index were calculated using the
following equations [64]:

WI = 100 — \/(100 —L#)? +a*2 +b*?, (©)

*

YI = 142.86-%, (4)

where L*, a*, and b* refer to the color parameters of each analyzed hydrogel. The reported
values represent the averages of three replicates.

4.3.3. Physical Stability and Destabilization Behavior

LUMiSizer 6120-75 (L.U.M. GmbH, Berlin, Germany) was used to assess the physical
stability and destabilization kinetics of the obtained hydrogels. This assessment method
involved centrifuging the hydrogels while illuminating the entire sample cell with near-
infrared (NIR) light—STEP technology (Space and Time Extinction Profiles). The sensor
measures the intensity of transmitted light as a function of time and position over the
entire sample length, and the data are converted and recorded using the provided software
(SepView 6.0; LUM, Berlin, Germany) [65]. Before running this analysis, the following
parameters were established: dispersion volume 1.8 mL, wavelength 870 nm, light factor
1, 1500 rpm, experiment period 15 h 10 min, interval time 210 s, and temperature 20 °C.
The destabilization behavior (fingerprint) was obtained from the recorded data, and the
instability index was calculated. The values reported are the averages of three replicates.

4.3.4. Textural Properties

The texture analysis was performed using a texture analyzer (TA.XT Plus, Stable Micro
Mixtures, Surrey, UK) with a 5 kg load cell. The texture analyzer was equipped with a
0.5 cm diameter cylindrical flat probe (P/0.5R) to measure the strength (N) and adhesion
(N) of the hydrogels. The sample penetration depth was set at 8§ mm, the measurement
speed was 1.0 mm/s, and the temperature was 20 °C. To measure the spreadability (N-s)
of the obtained hydrogels, the texture analyzer was equipped with a TTC Spreadability
Rig. The measurement speed was set at 3.0 mm/s. The gathered data were processed with
the Exponent version 6.1.4.0 (Stable Micro Mixtures, Surrey, UK) equipment software. The
values reported are the averages of three replicates.

4.3.5. Microrheological Properties

The microrheological properties of the hydrogels were investigated using a Rheolaser
Master device (Formulaction, L'Union, France). The device operates in the near-infrared
region (wavelength of 650 nm) using the dynamic MS-DWS (Multi Speckle Diffusing
Wave Spectroscopy) technique. The interfering backscattered waves are captured by the
detector, and the measurement results are recorded using Rheotest software 1.4.0.11. The
following microrheological parameters were determined using the raw data obtained: mean
square displacement (MSD) curves, elasticity index (EI) (nm~2), and solid-liquid balance
(SLB). MSD represents the mean of several scattering trajectories of particle movement
as a function of the time of the analyzed hydrogel. SLB is the ratio (G’/G”) of the elastic
modulus to the viscous modulus. The reciprocal of the MSD value at the plateau is used to
calculate EI, which is directly proportional to the elastic modulus (G’) [50,66]. The values
that are reported are the averages of three replicates.

4.3.6. Rheological Properties

A Haake Mars 40 rheometer (Thermo Scientific, Karlsruhe, Germany) was used to
measure the rheological properties of the obtained hydrogels. A plate (35 mm in diameter,
1 mm gap) with serrated platens was used, and their temperature was kept at 20 °C. Two
different small-amplitude oscillatory shear tests were performed (20 °C): strain sweep and
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frequency sweep. The strain amplitude test was performed at a constant frequency of
1 Hz with a strain ranging from 0.1 to 100% to identify each hydrogel’s linear viscoelastic
region (LVR). The frequency sweep test was then performed with a frequency range of
0.1-10 Hz and a constant strain of 1%. The frequency sweep test was used to determine the
parameters describing the viscoelastic behavior of the samples, which included the elastic
modulus (G’), viscous modulus (G”), complex viscosity (In*|), and loss angle tan(0) as the
ratio of G” to G’. The values reported are the averages of three replicates.

4.3.7. Statistical Analysis

The data acquired from the experiments were analyzed using Statistica 13.1 (StatSoft,
Krakow, Poland). The effects of pH and NaCl concentration modulation on the experiment’s
observed results were determined using analysis of variance (ANOVA). Tukey’s test was
used to determine the significance of the differences at o« = 0.05. The results were also
evaluated using principal component analysis (PCA) and hierarchical cluster analysis
(HCA).
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Abstract: Entrapping bioactive ingredients like elderberry extract in hydrogels improves their
stability and functionality in food matrices. This study assessed the effect of sequential thermal
treatment with ultrasound (US) or high hydrostatic pressure (HHP) and treatment duration on pea
protein—psyllium hydrogels as elderberry extract carriers. Measurements included color parameters,
extract entrapment efficiency, physical stability, textural properties, microrheology, FI-IR, thermal
degradation (TGA), SEM images, total polyphenols content, antioxidant activity, and reducing power.
The control hydrogel was obtained using only thermal induction. Both treatments impacted physical
stability by affecting biopolymer aggregate structures. Thermal and US combined induction resulted
in hydrogels with noticeable color changes and reduced entrapment efficiency. Conversely, thermal
and HHP-combined induction, especially with extended secondary treatment (10 min), enhanced
hydrogel strength, uniformity, and extract entrapment efficiency (EE = 33% for P10). FI-IR and TGA
indicated no chemical structural alterations post-treatment. Sequential thermal and HHP induction
preserved polyphenol content, antioxidant activity (ABTS = 5.8 mg TE/g d.m.; DPPH = 11.1 mg
TE/g d.m.), and reducing power (RP = 1.08 mg TE/g d.m.) due to the dense hydrogel structure
effectively enclosing the elderberry extract. Sequential thermal and HHP induction was more effective
in developing pea protein—psyllium hydrogels for elderberry extract entrapment.

Keywords: binary hydrogel; protein-polysaccharide interactions; delivery system; microstructure;
textural properties; antioxidant properties; anthocyanins

1. Introduction

In recent years, the growing consumer focus on health and wellness has significantly
boosted the demand for functional foods, which are designed to provide additional health
benefits beyond basic nutrition. These foods often incorporate bioactive ingredients such as
essential oils, vitamins, prebiotics, and probiotics [1,2]. Lately, there has been an increasing
trend in developing pro-healthy foods (functional foods) through the addition of natural ex-
tracts containing antioxidants. Among these, anthocyanins, including cyanidin-3-glucoside,
cyanidin-3-sambubioside, and peonidin-3-glucoside, predominantly found in elderberry
(Sambucus nigra L.), are recognized for their antioxidant properties [3,4]. Despite these
advantages, anthocyanins are highly prone to degradation during food processing and
storage, resulting in decreased bioavailability and effectiveness. Consequently, there is
a critical need for effective strategies to stabilize and deliver these compounds in food
systems [5-7].
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Hydrogels, three-dimensional networks of cross-linked polymers, offer an innovative
approach for the entrapment and protection of anthocyanins. Their unique characteristics,
including softness, elasticity, and high water retention capacity, render them ideal matri-
ces for enhancing the stability and delivery of sensitive ingredients [8-10]. Integrating
hydrogels into food formulations can enable precise control over texture and mouthfeel,
aligning sensory attributes with consumer preferences, while also serving as carriers for
anthocyanins [10-13]. Selecting appropriate components for the hydrogel is crucial to
achieving these desired functional and mechanical properties [14].

Combining two biopolymers can yield hydrogels with more customizable properties.
Prior research indicates that pea protein and psyllium can serve as effective building blocks
for a binary hydrogel matrix [14,15]. Pea protein’s gelation properties facilitate the forma-
tion of robust networks, which provide the hydrogel with necessary structural integrity [16].
This characteristic imparts mechanical strength and stability, critical for the hydrogel’s role
as a carrier of anthocyanins. Studies have demonstrated that protein complexation, via di-
rect binding and co-assembly, is an efficient method to enhance anthocyanin stability [17,18].
Psyllium, rich in the polysaccharide arabinoxylan, possesses notable water-binding capac-
ity and gel-forming abilities, alongside its prebiotic benefits [19,20]. The incorporation of
psyllium into pea protein-based hydrogels significantly enhances the hydrogel’s viscosity
and stability, thereby augmenting its efficacy as a structural matrix and delivery system
for anthocyanin entrapment [21-23]. While protein—psyllium hydrogels exhibit significant
advantages, such as edibility, biocompatibility, improved functional properties, and notable
nutritional benefits (including psyllium’s prebiotic properties), there are also notable chal-
lenges that need to be addressed. These include potential complexities in gelation control
and sensory attributes that may affect consumer acceptance. These challenges require
precise control through the formulation and processing conditions to achieve the desired
gel properties [24,25].

Hydrogel induction refers to the processes employed to initiate and control the for-
mation and structuring of hydrogels. Conventional methods for inducing gelation in pea
protein—psyllium hydrogels typically rely on thermal induction, wherein heating is used
to trigger the gelation [16,26]. However, this approach can destabilize sensitive bioactive
compounds such as anthocyanins [5]. To overcome this limitation, a novel combined ap-
proach can be adopted. Initially, thermal induction is employed to induce protein gelation
by heating the pea protein to its gelation temperature, thereby unfolding and forming an
initial network. After cooling, psyllium and elderberry extract are incorporated, and the
network formation is further refined by the assistance of high hydrostatic pressure (HHP)
or ultrasound (US). These additional treatments enhance the structuring of the hydrogel
network, improving its functional properties and stability, which enhances the entrapment
of anthocyanins in the matrix [24,27]. The use of HHP (100 to 600 MPa) as an additional
step in the induction enhances the network by promoting protein interactions through
their further unfolding and aggregation [28,29]. Additionally, the physical compression
caused by high pressure on the forming structure can influence the further entrapment
of anthocyanins, leading to a dense and cohesive hydrogel. Meanwhile, US treatment
improves the dispersion of biopolymers, resulting in a more homogeneous and organized
hydrogel, which can also influence the anthocyanins entrapment efficiency [30]. Ultrasound
treatment (30-100% amplitude) can be deployed in the restructuring of pea protein, which
can affect its hydration properties, leading to a higher structural strength when compared
to traditionally induced hydrogel [31]. This combined method aims to leverage the initial
thermal gelation with the advanced structuring capabilities of HHP and US to develop new
and highly customizable hydrogels. This combined method aims to leverage the initial
thermal gelation with the advanced structuring capabilities of HHP and US to develop pea
protein—psyllium hydrogel for anthocyanins entrapment.

Despite extensive studies exploring various protein—polysaccharide combinations
for hydrogel formation, such as those involving animal-based proteins like whey and
casein [32] and plant-based proteins like soy and pea [18,33], there is a notable gap in
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research concerning the specific synergy between pea protein and psyllium, particularly for
anthocyanin-rich elderberry extract entrapment. Additionally, the potential of combining
traditional thermal induction with advanced non-thermal methods like HHP and US
remains underexplored, specifically in the context of influencing the physicochemical and
mechanical properties of the matrices, as well as the entrapment efficiency of the elderberry
extract. These gaps underline the necessity of investigating the unique combination of
pea protein and psyllium, as well as the innovative application of sequential thermal
and non-thermal induction techniques. This study hypothesizes that combining thermal
induction with high hydrostatic pressure (HHP) or ultrasound (US) treatments will enhance
the structuring of pea protein—psyllium hydrogels, thereby improving their functional
properties, stability, and entrapment efficiency of the elderberry extract. The aim was
to investigate these combined methods’ effects on the physicochemical and mechanical
properties of the hydrogels, ultimately developing structures with improved integrity,
stability, and enhanced antioxidant activity. By addressing these research gaps, this study
contributes to the enhancement of functional foods and the development of innovative
hydrogel-based delivery systems.

2. Results and Discussion

The analysis of color parameters (Table 1) reveals distinct effects of 5 and 10 min
of ultrasound (U5 and U10, respectively) and high hydrostatic pressure (P5 and P10, re-
spectively) treatments on the optical properties of hydrogels. The lightness (L*) remained
consistent across all treatments compared to the control hydrogel (C), indicating no signif-
icant impact on brightness. However, ultrasound treatments (U5 and U10) significantly
increased the a* values, indicating a shift towards the red spectrum, while high-pressure
treatments (P5 and P10) significantly reduced a* values. For the b* values, ultrasound
treatments resulted in a significant increase, whereas high-pressure treatments decreased
this value. The chroma (C*) values were significantly increased by ultrasound treatments
(U5 and U10), suggesting more saturated colors compared to the control hydrogel (C). Con-
versely, high-pressure treatments (P5 and P10) significantly decreased chroma compared to
the control. The hue angle (h) showed a significant decrease in ultrasound-treated samples
(U5 and U10), indicating a perceptible shift in hue towards the red spectrum. In contrast,
high-pressure treatments (P5 and P10) caused a significant increase in hue angle compared
to the control, indicating a shift towards the blue-green spectrum. These differences in
a*, b*, chroma (C*), and hue (h) could be attributed to the formed structure and whether
the extract is effectively distributed within it. When the extract became entrapped within
a hydrogel structure, the environment surrounding the pigments changed, which might
have impacted the hydrogels’ optical properties, reducing their ability to interact with light
as freely as they would in a solvent [34]. To comprehensively determine the impact of the
treatment type and duration on the color of the obtained hydrogels (U5, U10, P5, and P10)
in comparison to the control hydrogel (C), the total color difference (AE) was determined
(Table 1). Analyzing the obtained results, it was found that AE for U5 and U10 differed
the most from the control sample. However, this color difference was only noticeable for
experienced observers (1 < AE < 2). On the other hand, in the case of P5 and P10, the color
difference was not noticeable for any observer (0 < AE< 1).
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Table 1. Effects of sequential thermal and non-thermal induction on the color parameters (L*, a*, b*,
C*, h, and AE) and extract entrapment efficiency (EE) of the obtained hydrogels.

Color Parameters

Samples EE [%]
L* a* b* C* h[°] AE

C 3632+017 472 +0.09 —0.37° £+ 0.06 475 +01 274b +1 - 19¢+0

U5 36924003 5754 0.08 —0.10¢ £ 0.06 5.8¢40.1 2712 40 1.1+0.1 3240

U10 36634003 589¢40.04 —0.07°¢ £ 0.03 59¢40.0 2712 4£0 1.2+ 0.0 9b 11

P5 3402 +0.01 4183 +0.05 —0.743 +0.04 4334 0.0 280¢ + 0 0.7+ 0.0 209 +0

P10 3443 +014 41924 0.09 —0.812+0.05 433 40.1 281¢+1 0.7 +0.1 33¢+0

The average (n = 3) values in columns with different letter symbols differ significantly (p < 0.05). The color
difference between U5, U10, P5, and P10 in comparison to C was estimated using AE values: if 0 < AE < 1, the
color is determined as not noticeable for the observer; 1 < AE < 2, only experienced observers can notice the
difference in colors; 2 < AE < 3.5, unexperienced observers also notice the difference in colors; 3.5 < AE < 5, clear
color difference in colors is noticed; 5 < AE, observer notices two different colors. Samples description: C—Control
hydrogel induced via thermal induction; U5 and U10—Thermal induction followed by ultrasound treatment for
5 and 10 min, respectively; P5 and P10—Thermal induction followed by high hydrostatic pressure treatment for
5 and 10 min, respectively.

The analysis of extract entrapment efficiency (EE) reveals significant differences in the
efficacy of ultrasound (U5 and U10) and high hydrostatic pressure (P5 and P10) treatments
in entrapping extracts within the hydrogel matrix. Based on the results (Table 1), it was
observed that ultrasound treatments (U5 and U10) significantly decreased the EE compared
to the control, with U5 showing the lowest entrapment efficiency at 3% and U10 slightly
higher at 9%. This could be due to the formation of a weaker gel structure, which was
not able to entrap the extract. Subjecting biopolymers to the effect of ultrasound (US)
treatment during induction leads to a cavitation process, which might slow down the
formation of large aggregates. However, higher ultrasound treatment power or longer
treatment duration has been proven to positively affect the technological and physical
properties of biopolymers. The prolonged exposure to ultrasound (10 min) can lead to more
uniformly dispersed aggregates (due to thinning effect), which improves the homogeneity
of the gel structure [35,36]. This improved homogeneity can enhance the entrapment of
anthocyanins by providing a more consistent network, which might explain the higher
EE value compared to the shorter treatment duration (5 min). In contrast, high-pressure
treatments (P5 and P10) significantly increased the EE compared to the control, with P5
achieving 20% and P10 reaching the highest entrapment efficiency at 33%. The increased EE
observed in high-pressure-treated samples suggests that the application of high hydrostatic
pressure enhances the structural integrity of the hydrogel matrix, facilitating the entrapment
of anthocyanins. Similar tendencies were observed in the research of Mao et al. [37] focusing
on the effect of HHP on riboflavin-loaded soy protein isolate cold gel. This increase in
the entrapment efficiency of the extract can be attributed to the sequential thermal and
high hydrostatic pressure (HHP) induction. This process enhanced the swelling of the gel
network, thereby improving the retention of the extract within the hydrogel matrix [38].

The observed differences in the entrapment efficiency (EE) of elderberry extract be-
tween ultrasound-induced and high-pressure-induced hydrogels explain the variations
in a*, b*, chroma (C*), and hue (h) values (Table 1). High-pressure treatments compressed
the hydrogel matrix, creating a dense network that effectively entrapped the extract. This
resulted in reduced a*, b*, and C* values, with the extract distributed and entrapped within
the structure, shifting the hue (h) towards the blue-green spectrum. Conversely, ultrasound
treatments produced a weaker hydrogel structure, leading to low extract entrapment, in-
creasing a*, b*, and C* values. The extract was more concentrated near the surface, shifting
the hue (h) towards the red spectrum.

STEP technology, which stands for space-time-resolved extinction profiles, provides
distinct transmission profiles that act as unique “fingerprints” (Figure 1A-E), reflecting fluc-
tuations in particle concentration within analyzed samples [39]. These profiles are crucial
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for assessing the kinetics of particle concentration changes induced by centrifugal forces,
resulting in phase separation within the samples. By studying these transmission profiles,
observable structural compression occurred, evident in decreased light transmission in the
right quadrant of each graph. The propagation of destabilization within the samples moved
downward, indicating maximal particle concentration towards the base of the sample,
while a less particle-concentrated liquid phase was observed in the upper regions. Based
on the destabilization kinetics (Figure 1F), it can be concluded that destabilization in U5, as
well as P5 and P10, occurred the quickest, followed by U10. Conversely, the control sample
(C) exhibited the slowest destabilization changes. Subjecting the samples to ultrasound
(US) and high hydrostatic pressure (HHP) treatment might disrupt weaker interactions
that could have formed between the biopolymers, leading to a less physically stable struc-
ture. Additionally, these treatments might affect protein stability from a thermodynamic
perspective, decreasing the kinetic stability and increasing the unfolding rate. Folded
proteins can act as active fillers in a hydrogel structure; thus, the complete unfolding of
all proteins might decrease mechanical rigidity, thereby affecting network formation and
relaxation [24,40].

Figure 1. Effects of sequential thermal and non-thermal induction on the transmission profiles
“fingerprints” (A-E) and the destabilization kinetics (F) of the obtained hydrogels (1 = 3). Samples
description: (A) control hydrogel C induced via thermal induction; (B,C) thermal induction followed
by ultrasound treatment for 5 and 10 min, U5 and U10, respectively; (D,E) thermal induction followed
by high hydrostatic pressure treatment for 5 and 10 min, P5 and P10, respectively. For (A-E), the red
lines represent light extinction at the starting point, and the green lines represent light extinction at
the end of the analysis.
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The physical stability of the obtained hydrogels was assessed using the instability
index, which ranges from 0 (indicating stability) to 1 (indicating instability). Table 2
presents the average instability index values for each sample. The control hydrogel (C)
exhibited the highest physical stability. Both ultrasound (US) and high hydrostatic pressure
(HHP) treatments, along with increased treatment durations, led to a decrease in physical
stability. This reduction in stability is likely attributed to the impact of these treatments
on the size and density of pea protein—psyllium aggregates, which may have resulted
in a more heterogeneous microstructure and a diminished water-holding capacity in the
hydrogels [39,41].

Table 2. Effects of sequential thermal and non-thermal induction on the instability index (physical
stability) and textural and microrheological parameters of the obtained hydrogels.

Textural Parameters

Instabilit Microrheological Parameters
Samples y
Index Strength [N] Adhesion [N]  Spreadability [N-s] EI [nm—2] SLB [-]

C 0.352 £ 0.03 0.17° £ 0.00 0.08 4 4 0.00 3273 +0.76 0.057¢+0.005  0.012+0.00
U5 0.41° +0.00 0.07 2 £0.00 0.012 +0.00 0.332 £0.02 0.030 ® + 0.002 0.23° +0.01
U10 0.46 € £+ 0.00 0.07 2 £ 0.00 0.012 +0.00 0.192 £ 0.00 0.017 @ + 0.003 0.28 € +0.01
P5 0.43 b +0.01 0.19 € £ 0.00 0.04 € £ 0.00 4.71° +£091 0.016 @ + 0.003 0.334 4+ 0.01
P10 0.45¢+£0.01 0.20 9 +0.00 0.03° 4 0.00 8.79¢£0.22 0.026 2 + 0.001 0.35¢ £ 0.01

The average (n = 3) values in columns with different letter symbols differ significantly (p < 0.05). Samples
description: C—Control hydrogel induced via thermal induction; U5 and U10—Thermal induction followed by
ultrasound treatment for 5 and 10 min, respectively; P5 and P10—Thermal induction followed by high hydrostatic
pressure treatment for 5 and 10 min, respectively.

The data presented in Table 2 reveal significant impacts of ultrasound and high-
pressure treatments on the textural and microrheological parameters of hydrogels. Ul-
trasound treatments generally decreased strength, adhesion, spreadability, and elasticity
while increasing the solid-liquid balance, suggesting a disruption of the hydrogel network.
This effect is attributed to cavitation forces that disrupt protein—polysaccharide aggregates,
leading to a drop in the structural elasticity (EI). Both the application of US and its duration
influenced the viscoelastic properties of the samples, with elastic properties still being
predominant (SLB < 0.5). This aligns with the available literature, suggesting the increase
in liquid phase movement between the structures caused by the formation of a weak net-
work [42,43]. Conversely, high-pressure treatments increased strength and spreadability
while also increasing the solid-liquid balance (SLB). P10 exhibited the highest values of
textural properties and SLB (which was still below 0.5), indicating a gel structure formation
capable of entrapping the extract-rich liquid phase (EE = 33%). Similar observations were
made by Luo et al. [28] in their investigation of HHP’s impact on quinoa protein gelation,
suggesting that HHP induces the formation of a heterogeneous structure with large protein
aggregates. The heterogeneity in the formed gel structure for P5 and P10 might have played
a crucial role in contributing to structural collapse.

The physicochemical and mechanical properties of the obtained matrices, including
mechanical characteristics, structural morphology, and entrapment efficiency, are influ-
enced by intermolecular forces among the building blocks. Fourier transform infrared
spectroscopy (FT-IR) was employed to analyze these interactions by identifying molec-
ular vibrations and stretching patterns of specific molecular groups within the samples
(Figure 2). FT-IR analysis was conducted individually for each building block—elderberry
fruit extract (EFE), pea protein (PP), and psyllium (PS). Subsequently, the analysis was
conducted collectively for all prepared hydrogels (H, C, U5, U10, P5, P10), where H was
a pea protein—psyllium hydrogel without elderberry fruit extract. The obtained FT-IR
spectra revealed four main regions: the “single bond region” (2500-4000 cm 1), the “triple
bond region” (2000-2500 cm™1), the “double bond region” (1500-2000 cm™1), and the
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“fingerprint region” (1500-600 cm 1), which are unique to specific molecules. All analyzed
samples exhibited distinct peaks, affirming their organic origin [44].

Figure 2. FT-IR spectra for the building blocks (EFE, PP, and PS) and the obtained hydrogels (H, C,
U5, U10, P5, and P10). Samples description: EFE—Elderberry fruit extract; PS—Psyllium; PP—Pea
protein; H—Pea protein—psyllium hydrogel without elderberry fruit extract; C—Control hydrogel
induced via thermal induction; U5 and U10—Thermal induction followed by ultrasound treatment
for 5 and 10 min, respectively; P5 and P10—Thermal induction followed by high hydrostatic pressure
treatment for 5 and 10 min, respectively.

The FT-IR spectra analysis of the elderberry fruit dry extract (EFE) revealed six major
peaks. Given that the extract contains 25% anthocyanins, the overlapping of characteristic
peaks of anthocyanins and other compounds (such as phenolic compounds) was considered.
The peak observed in the region between 1600 and 1650 cm ™! represents the stretching
vibrations within the aromatic rings present in the anthocyanidin core [45]. The peaks in the
region of 1000-1250 cm ! represent C-O stretching in aromatic rings and C-O-C glycosidic
linkages, indicating that sugars (such as sambubiose) are attached to the anthocyanidin
core. The broad band in the region 3300~3500 cm ! indicates the presence of hydroxyl
groups (O-H) [46].

Psyllium husk (PS) polysaccharide is composed of 3-1,4-linked D-xylose units (xylan)
and arabinoxylan (a 3-1,4-linked D-xylose backbone with «-1,3-linked L-arabinose side
chains). Based on the FT-IR spectra (Figure 2) and previous research by Waleed et al. [47],
the following characteristic peaks can be observed: the polysaccharide backbone region
(1000-1250 cm 1), which encompasses various stretching vibrations such as C-O-C stretch-
ing between sugar units in the xylan and arabinoxylan backbone, and C-O stretching
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arising from the hydroxyl groups. The small peak at approximately 1630 cm ™! is associated
with the C=0O stretching vibration of acetyl groups present in some xylan and arabinoxylan
molecules. The intensity of this peak correlates with the degree of acetylation, indicating
that the psyllium used had a low degree of acetylation. This low acetyl group content leads
to a higher affinity for water and increased final viscosity. The peak around 3300-3500 cm !
suggests the presence of O-H stretching of hydroxyl groups on the sugar ring and may also
indicate the presence of intermolecular hydrogen bonding [48].

The pea protein (PP) exhibited a characteristic peak in the Amide I band region
(1600-1700 cm 1) associated with C=0 stretching vibrations, which are the strongest and
correlate with the protein’s secondary structure. The peak position at 1625 cm~! sug-
gests that the dominant secondary structure is 3-sheet. Additionally, the Amide II band
(1550 cm 1), associated with N-H bending and C-N stretching vibrations, may have been
overlapped by the characteristic C-C stretching vibrations of aromatic amino acid side
chains (1500-1600 cm '), indicating the presence of phenylalanine and tyrosine in the pea
protein [49]. The peak at 2900 cm ™! strongly indicates C-H stretching vibrations in the
aliphatic side chains of amino acids such as alanine, valine, leucine, isoleucine, and proline.
The peak at 3290 cm ! represents N-H stretching vibrations from the primary amine (NHy)
groups present in the amino acid backbone of pea protein [50].

The hydrogel obtained from pea protein and psyllium husk without the addition of
EFE (H) exhibited new interactions between these molecules. The disappearance of the
strong peak between 1000 and 1200 cm ™! in the H hydrogel spectrum, compared to the
reference spectrum of pure psyllium husk (PS), indicates interactions between the hydrogel
components likely due to hydrogen bond formation between the sugar units and protein.
Additionally, a decrease in the intensity of the peaks between 1400 and 1700 cm ™! suggests
structural changes in the pea protein, including unfolding and aggregation. The broadening
of these peaks may reflect the presence of a mixture of different secondary structures caused
by heating [49]. In contrast, Niu et al. [21] observed increased intensity of absorption peaks
at 1401 and 1648 cm ™! in psyllium and whey protein interactions, indicating the formation
of additional C=O and C-N bonds likely resulting from the carbonyl-ammonia reaction.

Obtaining a pea protein—psyllium hydrogel with the addition of elderberry fruit extract
(EFE) caused significant changes in the presented spectrum (C). A new overlapping double
peak (850 and 1200 cm ') was observed, likely indicating hydrogen bonding between
hydroxyl groups (OH) of anthocyanins (present in the elderberry extract, EFE) and carbonyl
groups (C=0) of pea protein, resulting in a modified vibrational pattern. Additionally, a
slight increase in the peak at ~3300 cm~! might be attributed to the presence of additional
hydroxyl groups (OH) from the added extract. The broadness of this peak suggests that
the OH groups exist in different chemical environments within the sample—some free or
weakly interacting, while others are involved in hydrogen bonding with functional groups
in pea protein or psyllium.

Sequential thermal, ultrasound (U5, U10), and high hydrostatic pressure (P5, P10) in-
duction did not significantly alter the FI-IR spectra. These findings suggest that ultrasound
(US) and high hydrostatic pressure (HHP) affect the overall morphology—such as pore size,
density, and homogeneity—without significantly modifying the chemical bonds within the
hydrogel matrix. This observation aligns with the study by Jambrak et al. [51], where ultra-
sound treatment on soy protein isolate revealed minimal changes in chemical composition
based on FT-IR spectra. However, alterations in protein aggregation behavior were noted,
indicating changes in protein interactions without affecting individual amino acid bonds.
Similarly, ultrasonic treatment of chitosan exhibited no significant changes in character-
istic peaks, suggesting the primary chemical structure remained intact while changes in
crystallinity were observed [52]. Conversely, some studies report that US treatment can
alter the conformation and chemical interactions of biopolymers due to cavitation-induced
temperature increases, leading to protein denaturation and degradation of thermolabile
components [53]. In our study, US treatment was performed in an ice bath to mitigate
overheating, and the absence of changes in FT-IR spectra may be attributed to the pre-
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denatured state of pea proteins from prior thermal induction. In the case of HHP treatment,
previous studies on soy protein and flaxseed gum indicated a decrease in glycation sites
and alterations in protein secondary structure [54]. Jin et al. [55] demonstrated that HHP
could induce morphological changes in soy protein hydrolysates/ 3-glucan/ferulic acid
complexes, transforming them from primarily spherical to irregular shapes, influenced
predominantly by binding interactions among the components. Moreover, HHP has been
shown to significantly modify molecular weight distribution, average particle size, and
morphological arrangement or orientation of various polysaccharides [56].

To gain a more comprehensive understanding of interactions and potential changes
within the hydrogels, the thermogravimetric analysis (TGA and DTG) of the obtained
samples was performed. By analyzing both the functional group interactions (FT-IR) and
the thermal behavior (TGA and DTG), it is possible to indicate if the occurring interactions
between the components potentially influence the overall thermal stability. Figure 3 shows
TGA (A) and DTG (B) of the analyzed samples. All samples showed an initial phase (I),
between 30 °C and 130 °C, related to the evaporation of moisture or adsorbed water from
the samples, as well as the loss of volatile compounds. The dried samples contained a low
amount of water, resulting in minimal mass losses ranging from 2.8% to 8.5%—the highest
mass loss was in the case of psyllium (PS). The main decomposition phase (II) was observed
between 130 °C and 480 °C and can be divided into two sub-phases. The mass loss in this
phase ranged from 39% in the case of EFE to 67% in the case of H (pea protein—psyllium
hydrogel without elderberry fruit extract). The lower sub-phase (130240 °C) represents
the start of the thermal degradation of low-stability components, including side chains
and low-molecular-weight oligomers. In this sub-phase, a weight loss was observed only
in the case of elderberry fruit extract (EFE) and the hydrogels containing the extract (U5,
U10, P5, and P10). This substantial weight loss corresponds to the degradation of sensitive
compounds like anthocyanins, other polyphenols, and vitamins [57]. The incorporation of
elderberry extract into pea protein-psyllium hydrogels (no matter the induction technique)
resulted in a slight increase in the thermal resistance to degradation from 209 °C to 220 °C.
The opposite observation was made by Cetinkaya et al. [58] in their study on gelatin
nanofibers with black elderberry. They observed a slight decrease in the thermal resistance
on the sample after mixing gelatin and the elderberry extract together (from 212 °C to
190 °C). The upper sub-phase of the main decomposition phase (II) occurred between
240 °C and 480 °C. In this sub-phase, a thermal degradation was observed in the case of all
the analyzed samples except for the elderberry extract (EFE). Furthermore, the samples
containing EFE (U5, U10, P5, and P10) showed slightly smaller weight loss (~64%) than
pea protein—psyllium hydrogel without elderberry fruit extract (H) ~67%. During this
sub-phase the most significant weight loss was observed, which is due to the primary
structures breaking down into smaller, volatile molecules, often resulting in the release of
CO, CO,, HyO, and various hydrocarbons [59]. In the third phase (III), the temperature
range was from 480 °C to 600 °C. The weight loss during this last phase was similar to all
the analyzed samples ~3% except EFE, for which the weight loss was approximately 9%.
This is due to elderberry extract (EFE) containing more thermally labile organic compounds
that decompose and volatilize over a wide temperature range. Thus, it can be summarized
that the samples containing elderberry extract (U5, U10, P5, and P10) were more stable than
elderberry extract by itself (EFE), which might be due to the formed hydrogel structure and
the polyphenols—protein interactions. These hydrogels have similar degradation phases
to those of their building components (PP and PS). Sequential thermal-, ultrasound (U5,
U10)-, and high hydrostatic pressure (P5, P10)-induced hydrogels showed similar thermal
stability in all phases compared to control hydrogel (C), indicating that these additional
treatments did not significantly alter the thermal degradation profile of the samples.
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Figure 3. Phases of the thermal degradation analysis of the building blocks (EFE, PP, and PS)
and the obtained hydrogels (H, C, U5, U10, P5, and P10). (A) Thermogravimetric analysis (TGA)
and (B) derivative thermogravimetry (DTG). Samples description: EFE—Elderberry fruit extract;
PS—Psyllium; PP—Pea protein; H—Pea protein—psyllium hydrogel without elderberry fruit extract;
C—Control hydrogel induced via thermal induction; U5 and U10—Thermal induction followed by
ultrasound treatment for 5 and 10 min, respectively; P5 and P10—Thermal induction followed by
high hydrostatic pressure treatment for 5 and 10 min, respectively.

Based on the analysis of SEM microscopic images (Figure 4), it can be concluded
that sequential thermal-, ultrasound (U5, U10)-, and high hydrostatic pressure (P5, P10)-
inductions affected the microstructure of the obtained hydrogels. It was also noticed that
the treatment duration also had an impact on the final structure. The microstructure of
U5 appeared to have fewer fractured aggregate boundaries than U10. Additionally, the
longer ultrasound treatment resulted in diminished variations in the size and distribution
of the formed aggregates. This is due to the increased cavitation generated by the sound
waves, creating rapid pressure fluctuations [60]. On the other hand, the microstructure of
the hydrogels obtained via sequential thermal and high hydrostatic pressure treatment was
characterized by a more compact structure when compared to U5, U10, and C. Out of all
the analyzed samples, P10 had the most well-spanned microstructure, with fewer voids
present between the aggregates; this explains the highest extract entrapment efficiency
(EE) presented in Table 1. Multiple studies have reported consistent findings regarding
the impact of high hydrostatic pressure (HHP) on biopolymeric hydrogels [28,61,62]. The
sequential thermal and high hydrostatic pressure (HHP) induction could have enhanced
the aggregation process, resulting in a compact and cohesive network that was able to
physically confine the water phase containing the extract, while also increasing the binding
sites between the pea protein, psyllium, and anthocyanins present in the extract. Moreover,
this denser and more entangled hydrogel network minimized the voids in the structure,
increasing the water-holding capacity and restricting the diffusion of the extract, thereby
ensuring effective entrapment [63-65]. A similar relationship between structural density
and entrapment efficiency was observed by Liu et al. [10] in their studies on gelatin—-gellan
gum hydrogels for the release of anthocyanins in the digestive system. They attributed
this relationship to the water-soluble nature of anthocyanins present in the extract, which
affected their entrapment due to the increase in water fixation within the gel network; this
increased the entrapment of the extract.
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Figure 4. Effects of sequential thermal and non-thermal induction on the microstructure of the
hydrogels. Magnification 1000 x. Samples description: C—Control hydrogel induced via thermal
induction; U5 and U10—Thermal induction followed by ultrasound treatment for 5 and 10 min,
respectively; P5 and P10—Thermal induction followed by high hydrostatic pressure treatment for
5 and 10 min, respectively.

Table 3 presents the effects of sequential thermal, ultrasound (U5 and U10), and high
hydrostatic pressure (P5 and P10) treatments on the total polyphenol content (TPC) of pea
protein—psyllium hydrogels. This parameter subsequently influences antioxidant activity
and reducing power. The TPC for samples subjected to additional 5-min ultrasound
(U5) or high hydrostatic pressure (P5) treatments did not show significant deviations
compared to the control hydrogel (C). The TPC values ranged from 16,987 to 18,865 mg
chlorogenic acid equivalents/100 g (d.m.) for U5 and P5, respectively. However, extending
the treatment time to 10 min had different effects: for U10, the TPC decreased, while
for P10, the TPC increased. The stability of polyphenols is influenced by various factors,
including the presence of oxygen, pH levels, temperature, and other elements [66]. The
extended ultrasound treatment (U10) resulted in polyphenol degradation. In contrast,
the 10-min high HHP treatment (P10) enhanced polyphenol retention, correlating with
increased extract entrapment efficiency (EE) as noted in Table 1. This improved entrapment
likely protected the polyphenols from degradation. In the control hydrogel, with an EE
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of only 19%, the anthocyanins were inadequately protected, leading to lower TPC values
compared to the P10-treated samples. Similar trends were observed in antioxidant activity
and reducing power measurements. The ultrasound treatment (US) significantly reduced
the free radical scavenging activity measured by the ABTS assay compared to the control
hydrogel (C). On the other hand, U5 had higher values of DPPH and RP than C, which
could be due to the increased homogeneity of the matrix, leading to a more uniform
distribution of the extract in the hydrogel. Notably, increasing the duration of US treatment
from 5 (U5) to 10 min (U10) decreased the values of the DPPH assay and reducing power
(PR). This could be due to the formation of a weak gel structure unable to effectively entrap
the extract, as well as degradation caused by localized high temperatures and oxidation
from the cavitation effect, which introduced oxygen into the system [67,68]. On the contrary,
increasing the HHP treatment time from 5 (P5) to 10 min (P10) caused a significant increase
in all the assessed parameters. This improvement might be attributed to the formation of a
more compact gel structure (Figure 2), which entrapped a larger amount of the elderberry
fruit extract (EFE), protecting it from degradation. Additionally, HHP treatment likely
caused air bubbles trapped in the system to escape to the hydrogel surface, reducing
oxidation of the entrapped extract [62,69].

Table 3. Effects of sequential thermal and non-thermal induction on the total polyphenols content
(TPC), antioxidant activity (expressed by ability to neutralize ABTS and DPPH radicals), and the
reducing power of the obtained samples.

Samples TPC ABTS DPPH RP
P [mg Chlorogenic Acid/100 g d.m.] [mg TE/g d.m.] [mg TE/g d.m.] [mg TE/g d.m.]
C 18,403 P + 221 48P +0.1 6.8 +0.0 0.87° £+ 0.03
U5 16,987 + 1668 363403 88¢+0.8 0.98 ¢ 4+ 0.01
U10 93172 + 1031 3.134+02 4334 0.0 0.802 + 0.02
P5 18,865 b + 278 49b +02 7.7bc 4+ 0.6 0.89P +0.01
P10 22,741 © 4+ 1405 58°¢+0.2 11.14+0.1 1.084 + 0.02

The average (n = 3) values in columns with different letter symbols differ significantly (p < 0.05). Samples
description: C—Control hydrogel induced via thermal induction; U5 and U10—Thermal induction followed by
ultrasound treatment for 5 and 10 min, respectively; P5 and P10—Thermal induction followed by high hydrostatic
pressure treatment for 5 and 10 min, respectively.

Principal component analysis (PCA) and hierarchical cluster analysis (HCA) were
applied to the obtained results to efficiently summarize the data collected in this study.
PCA was performed using 16 active variables. Two principal components were identified
(Figure 5A): component 1 (Factor 1) accounted for 63.01% of the variance, and component
2 (Factor 2) accounted for 23.68% of the variance. Together, these components explained
86.7% of the total variance in the results. Component 1 is strongly positively correlated with
chroma C* (r = 0.96). On the other hand, a negative contribution of this factor was found
for spreadability (r = —0.97), strength (r = —0.95), EE (r = —0.91), TPC (r= —0.88), ABTS
(r=-0.98), DPPH (r = —0.74), and RP (r = —0.64). Component 2 is positively correlated
with the SLB (r = 0.91) and instability index (r = 0.91). The negative contribution of factor
2 can be observed for EI (r = —0.89) and adhesion (r = —0.86). Given these interdepen-
dencies, the first principal component can be interpreted as a measure of the induction
method that can attribute to the entrapment of elderberry extract and, consequently, the
overall antioxidant activity. The second component can be interpreted as a measure of the
induction method, contributing to the overall physical stability of the formed gel structure.
Based on the sample distribution within the principal component space (Figure 5A) and
the interaction distances observed in HCA (Figure 5B), it can be concluded that sequential
thermal, ultrasound, and high hydrostatic pressure induction result in hydrogels with
significantly different properties. The sequential thermal and ultrasound induction resulted
in hydrogels with low structural stability and elasticity, negatively affecting the entrap-
ment efficiency of the elderberry extract and the final antioxidant activity. Furthermore,
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extending the treatment time to 10 min (U10) may have caused additional degradation
of the polyphenols, explaining the highest observed interaction distance (Figure 5B). On
the other hand, the sequential thermal and high hydrostatic pressure induction resulted in
hydrogels with high entrapment efficiency due to the formation of a compact gel structure
capable of entrapping the extract. However, this structural compression also led to high
SLB values. Nonetheless, these systems exhibited high antioxidant activity, with 10 min of
HHP treatment yielding the highest total polyphenol content and antioxidant activity.

Figure 5. Principal component analysis PCA (A) and hierarchal cluster analysis HCA (B) of the
obtained hydrogels.

3. Materials and Methods
3.1. Materials

Pea protein (NUTRALYS® F85F, protein content 88%, ash 10%) was obtained from
Roquette Freres (Lestrem, France). Psyllium husk powder (PS, type 10351, purity: 95%,
particle size: 60 mesh) was obtained from C.E. Roeper GmbH (Hamburg, Germany). Elder-
berry fruit dry extract (EFE, min. 95% pass 80 mesh, anthocyanins content 29%, polyphenols
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content 40%, carrier: maltodextrin) was obtained from GreenVit (Zambréw, Poland). Citric
acid, sodium citrate, and NaCl were purchased from the local food ingredient supplier
Agnex (Biatystok, Poland).

3.2. Hydrogel Preparation

The hydrogel preparation process was based on previous studies with slight modifi-
cations [14,15]. It involved hydrating pea protein (12.5 g of protein/100 g of hydrogel) in
distilled water for 60 min under constant stirring (300 rpm) using a heated magnetic stirrer.
After that, the protein dispersion underwent heating at 80 °C for 30 min. Post-cooling to
20 °C, the pH of the dispersion was adjusted to 3 (using citric acid and sodium citrate),
and the ionic strength was modified by adding NaCl (0.3 M). Psyllium husk (0.5 g/100 g of
hydrogel) and elderberry dry extract (2 g/100 mL of hydrogel’s water phase) were intro-
duced, and the dispersion was mixed for 10 min (300 rpm). The samples were divided into
three groups (Table 4). One group was control hydrogels induced via thermal induction
(C). Another group was thermal induction followed by ultrasound treatment (U) (25 kHz,
70 W, 100% pulse, 100% amplitude, sonotrode immersion at 15 mm) for 5 (U5) and 10 (U10)
minutes using the ultrasound homogenizer P200St equipped with a titanium sonotrode
526d7 (Hielscher Ultrasonics GmbH, Teltow, Germany). The ultrasound treatment of the
dispersions was conducted in an ice bath to prevent the samples from overheating (the
temperature was kept at 20 &= 1 °C). The third group was thermal induction followed by
high hydrostatic pressure treatment (P) (500 MPa, 20 °C) for 5 (P5) and 10 (P10) minutes
using the U5000/120 Pascalizer (Unipress, Warsaw, Poland). Then, the obtained dispersions
were stored for 24 h at 4 £ 1 °C to develop a gel structure. Once this duration elapsed, the
samples were conditioned to a temperature of 20 & 1 °C, following which they underwent
testing to evaluate their properties. Table 4 explains the coding and inductions used for
the hydrogels.

Table 4. Explanation of hydrogel coding and the sequential inductions used.

Secondary Induction

Samples Code Primary Induction Secondary Induction Duration [min]
C - -
U5 Ultrasound treatment (25 kHz, 70 W, 5
U10 Heating at 80 °C for 30 min 100% pulse, 100% amplitude) 10
P5 . . 5
P10 High hydrostatic pressure (500 MPa) 10

3.3. Color Parameters Measurements

A Minolta CR-5 colorimeter (Minolta, Japan; light source D65; measuring head hole:
8 mm) was used to measure the color components in the CIE L* a* b* system at the sur-
face of the obtained hydrogels [14]. Through color measurement, four components were
derived—L* (brightness), a*, b*, C* (chroma), and h (hue). The L*, a*, and b* components
enabled the calculation of the color difference coefficient, expressed as delta E (AE). This
coefficient quantifies the disparity between two colors and is determined by the following
formula:

NE = /(Le—13)? + (ag — ap)? + (bg — b})? M

where L&; al; be refer to the color parameters of the control hydrogel (C) and Lj; aj; bp refer
to the color parameters of hydrogels induced with the additional treatment. The reported
values represent the averages of three replicates. The extent of color difference between
samples can be interpreted based on AE values: not perceptible to the observer (0 < AE < 1),
detectable by experienced observers (1 < AE < 2), noticeable by unexperienced observers
(2 < AE < 3.5), distinctly visible color difference (3.5 < AE < 5), and clear differentiation of
two colors by the observer (5 < AE) [70].
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3.4. Entrapment Efficiency (EE) Measurements

The entrapment efficiency was calculated based on the entrapped anthocyanins deter-
mined using the pH differential method with a spectrometer, based on the methodology
of Ge et al. [71] with slight modifications. The samples were centrifuged for 10 min at
10,000 rpm. Subsequently, 20 mL of the resulting liquid phase was diluted to 100 mL with
distilled water. Then, 5 mL of the prepared solution was further diluted to 25 mL using
potassium chloride buffer (pH 1.0) and sodium acetate buffer (pH 4.5). The samples were
stored in a dark place for 20 min at room temperature (20 & 1 °C). Following this incubation
period, the absorbance was measured at wavelengths of 510 and 700 nm against distilled
water using a UV-VIS spectrophotometer (Genesys 180, ThermoScientific, Boston, MA,
USA). The total anthocyanin content of the liquid phase was calculated using Equation (2)
as follows:

Ale'Q — APH4~5) X My x DF x 1000

(
€= exl

()

where App1 and Appgs are the maximum absorbance of the sample diluted with the
buffers at pH 1.0 and 4.5, respectively; My, is the molecular weight of cyanidin-3-O-glucoside
(449.2 g/mol); DF is the dilution factor; ¢ is the extinction coefficient (26,900 L/mol-cm); [ is
the path length (1 cm); and 1000 is the conversion factor from grams to milligrams. The
anthocyanin entrapment efficiency was calculated using Equation (3) [72] as follows:

Cp—Cy

EE =
Cg

x 100 3)
where Cp and C4 are the total anthocyanin content of the sample before and after centrifu-
gation, respectively. The analysis was performed in triplicate.

3.5. Physical Stability and Destabilization Behavior Measurements

The physical stability and destabilization kinetics of the hydrogels were evaluated
using the LUMiSizer 6120-75 (L.U.M. GmbH, Berlin, Germany), which operates based
on STEP technology (Space and Time Extinction Profiles), involving centrifugation under
near-infrared (NIR) light [14,39]. For this analysis, the following parameters were used:
dispersion volume of 1.8 mL, 870 nm wavelength, 1500 rpm, 15-h 10-min experiment
duration, 210-s intervals, and temperature 20 °C. The transmitted light intensity was
monitored over time and position across the sample length using SepView 6.0 software
(L.U.M. GmbH, Berlin, Germany). The destabilization behavior (fingerprint) was derived
from recorded data, and an instability index was calculated based on three replicates’
averaged values.

3.6. Textural Measurements

Textural analysis of the hydrogels was conducted using a TA.XT Plus texture analyzer
(Stable Micro Mixtures, Surrey, UK) equipped with a 5 kg load cell and specific probes.
A 0.5 cm diameter cylindrical flat probe (P/0.5R) measured hydrogel strength [N] and
adhesion [N], with a set penetration depth of 8 mm, a measurement speed of 1.0 mm/s,
and a temperature of 20 °C. Spreadability [N-s] was assessed using a TTC Spreadability Rig
at a measurement speed of 3.0 mm/s [39]. Data analysis was performed using Exponent
version 6.1.4.0 software (Stable Micro Mixtures, Surrey, UK). Reported values represent
averages from three replicates.

3.7. Microrheological Measurements

The microrheological properties of the hydrogels were studied using a Rheolaser
Master device (Formulaction, L'Union, France) employing near-infrared light at 650 nm
wavelength and the MS-DWS technique. Backscattered waves interference was captured
by the detector, and Rheotest software 1.4.0.11 recorded the results. Parameters derived
from raw data included mean square displacement (MSD) curves, elasticity index (EI)
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[nm~2], and solid-liquid balance (SLB) [-]. SLB is the ratio of elastic modulus (G’) to
viscous modulus (G”). EL calculated from the reciprocal of MSD at the plateau, indicates
the proportionality to G’ [14,73]. Reported values are averages from three replicates.

3.8. Fourier Transform Infrared Spectroscopy Measurements

Infrared spectra were measured using a Cary 630 spectrophotometer (Agilent Tech-
nologies Inc., Santa Clara, CA, USA) equipped with a single-bounce attenuated total
reflectance (ATR) diamond crystal interface. Before conducting FT-IR analysis, the hydro-
gels underwent freezing at —20 °C followed by freeze-drying. The resulting freeze-dried
samples were ground into a powdered form. FT-IR measurements were performed within
a wavelength range of 500-4000 cm ™!, utilizing 32 scans at a resolution of 4 cm~! [74].
Analysis involved pressing the dried sample against a crystal using a pressure clamp, with
five scans recorded for each sample. Data collection was executed using MicroLab FTIR
software 5.7.

3.9. Thermal Degradation Measurements (TGA and DTG)

Thermal stability was assessed using a thermogravimeter (TGA /DSC 3+, Mettler
Toledo, Greifensee, Switzerland). Approximately 5 mg of the crushed material was placed
in open 70 uL alumina crucibles and subjected to pyrolysis, ranging from 30 to 600 °C, with a
heating rate of 10 °C per minute, under a nitrogen atmosphere (flow rate of 50 mL/min) [75].
The thermograms were analyzed using the STAR software (version 16.10) from Mettler
Evaluation. To provide a comprehensive understanding of the thermal behavior, both TGA
(thermogravimetric analysis) and DTG (derivative thermogravimetry) are presented. The
analysis was performed in triplicate.

3.10. Microstructure Morphology—SEM Analysis

To examine the microstructure of the freeze-dried hydrogel samples, they were
mounted on double sticky tape, coated with a thin layer of gold, and observed using
a Hitachi TM3000 scanning electron microscope (Hitachi, Tokyo, Japan). Analysis was con-
ducted at an accelerating voltage of 15 kV, under a pressure of 100 Pa, and at a magnification
of %3000 [76].

3.11. Chemical Analysis
3.11.1. Total Polyphenols Content (TPC)

The samples’ total phenolics content was evaluated through a spectrophotometric
technique, involving a color reaction with Folin-Ciocalteau reagent [74]. The extracts
underwent a double dilution with distilled water, and subsequent reactions were carried out
in 96-well plates. A 5-fold diluted Folin—Ciocalteau reagent (40 nL) was added to 10 pL of
the extact, followed by the addition of 250 pL of a 7% sodium carbonate solution after 3 min.
Then, the solution was incubated for 60 min at room temperature in the absence of light
exposure. The absorbance at 750 nm was measured utilizing a Multiskan Sky plate reader
(Thermo Electron Co., Waltham, MA, USA). The absorbance of the blank sample, wherein
the extract was substituted with the extraction reagent, was also recorded. Two repetitions
were performed for each tested extract. For polyphenol content quantification, a calibration
curve was established employing chlorogenic acid (Sigma Aldrich, Switzerland) within the
concentration range of 0-100 g/mL. Findings are presented as milligrams of chlorogenic
acid per 100 g of dry matter.

3.11.2. Antioxidant Activity (AA)

To evaluate the antioxidant properties of the samples, spectrophotometric meth-
ods were employed. This involved assessing the capacity to reduce Fe3+ ions (RP),
the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH®), and the cation radical 2,2-azinobis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS**) [77]. To induce the formation of free radicals,
stock solutions of DPPH and ABTS were prepared 24 h prior to analysis. Initially, 25 mg of
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2,2-diphenyl-1-picrylhydrazyl was weighed and transferred into a 100 mL volumetric flask,
then diluted to 100 mL using a 99% methanol solution. The ABTS solution was created by
dissolving 38.4 mg of 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate) in 10 mL of distilled
water, followed by the addition of 6.6 mg of potassium persulfate. These solutions were
then refrigerated. Prior to analysis, working solutions of the radicals were prepared by di-
luting the stock solutions with 80% ethanol. The dilution aimed to achieve a concentration
displaying absorbance in a 1 cm cuvette at a wavelength of 515 nm for DPPH and 734 nm
for ABTS, approximately reaching 0.7 AU (absorbance unit). The reactions were conducted
in 96-well plates. The analyte solution was diluted fivefold. Initially, 10 uL of extract
and 250 uL of radical solution were combined in the well, mixed, and the absorbance
was measured for DPPH after 10 min at 515 nm, and for ABTS after 6 min at 734 nm,
relative to 80% ethanol. Simultaneously, the absorbance of the radical working solutions
was monitored. Antiradical activity was determined by the reduction in absorbance of the
radical solution in the presence of an antioxidant, and it was expressed as mg of Trolox per
gram of dried material. Each extract was analyzed in duplicate for this determination.

3.11.3. Reducing Power (RP)

The analysis was conducted following the methodology outlined by Swieca [78], with
minor adjustments. In a 96-well plate, 25 uL of the extract, 75 uL of distilled water, and
50 puL of 1% aqueous potassium ferric cyanide solution were combined. This mixture was
then incubated in the dark at 50 °C using an incubator (INCU-Line ILS 10; VWR, Radnor,
PA, USA). After 20 min, 50 pL of 10% trichloroacetic acid was added. Subsequently, 100 pL
of the solution was transferred to an empty well, followed by the addition of 100 puL of
distilled water and 20 pL of 0.1% iron (III) chloride solution. After 10 min, the absorbance
values of the solutions were measured at 700 nm against the reagent sample using a plate
reader. The iron ion reduction capacity for each sample was quantified as mg of Trolox.
This determination was carried out in duplicate.

3.12. Statistical Analysis

The gathered data were statistically evaluated using Statistica 13.3 software (TIBCO
Software Inc., Palo Alto, CA, USA). To assess the significance of differences in the average
values of measured parameters of hydrogels, ANOVA was performed. Tukey’s test was
used to determine the significance of the differences at o = 0.05. Furthermore, the results
underwent evaluation via PCA and HCA.

4. Conclusions

Based on the findings of this study, it can be concluded that sequential thermal and
ultrasound induction resulted in significant color changes and increased chroma values,
reflecting less effective entrapment of the elderberry extract. Conversely, thermal induction
followed by high hydrostatic pressure (HHP) treatment, particularly with extended dura-
tions (10 min), improved hydrogel strength, uniformity, and extract entrapment efficiency.
Both treatments led to greater physical instability by altering the aggregate structures of the
biopolymers. FT-IR analysis indicated that neither treatment caused chemical structural
changes, although their effects on the hydrogel properties suggest physical interactions
between the molecules. Thermal gravimetric analysis (TGA) revealed that both US and
HHP treatments did not significantly impact the thermal degradation profile. Notably,
HHP treatment significantly enhanced extract entrapment efficiency, resulting in better
preservation of polyphenol content and antioxidant activity, attributed to the formation of
a denser and more compact gel structure.

Overall, the hypothesis that combining thermal induction with high hydrostatic pres-
sure (HHP) or ultrasound (US) treatments would enhance the functional properties and sta-
bility of pea protein—psyllium hydrogels for effective anthocyanin entrapment was partially
verified. The sequential thermal and high hydrostatic pressure (HHP) induction outper-
formed the ultrasound-assisted induction in enhancing the structural integrity, entrapment
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efficiency, and antioxidant properties of elderberry extract-loaded pea protein—psyllium
hydrogels. Despite concerns over physical stability, attributed to irregular distribution of
pea protein—psyllium aggregates, HHP demonstrated significant promise. These findings
underscore HHP as a promising method for developing functional matrices with enhanced
retention of elderberry extracts. Further research is essential, particularly to enhance the en-
trapment efficiency, physical stability, and evaluate the suitability of sequential thermal and
HHP induction for innovative food product development using elderberry extract-loaded
pea protein—psyllium hydrogels.

Author Contributions: Conceptualization, A.H., A.F. and M.W,; methodology, A.H., T.F. and K.R,;
formal analysis, A.H., T.F, K.R,, E.D. and M.S,; investigation, A.H., T.E,, K.R., E.D. and M.S.; supervi-
sion A.F. and M.W.,; validation A.H., A.E, T.F. and M.W.; visualization, A.H.; writing—original draft
preparation, A.H.; writing—review and editing, A.F. and M.W. All authors have read and agreed to
the published version of the manuscript.

Funding: Research equipment (Rheolaser Master, CR-5 stationary colorimeter, and U5000/120
Pascalizer) was purchased as part of “the Food and Nutrition Centre-modernization of the WULS
campus to create a Food and Nutrition Research and Development Centre (CZiZ)” co-financed by the
European Union from the European Regional Development Fund under the Regional Operational
Program of the Mazowieckie Voivodeship for 2014-2020 (project no. RPMA.01.01.00-14-8276/17).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data used in this contribution are available upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Baker, M.T,; Lu, P; Parrella, J.A.; Leggette, H.R. Consumer Acceptance toward Functional Foods: A Scoping Review. Int. ].
Environ. Res. Public Health 2022, 19, 1217. [CrossRef]

2. Alongi, M.; Anese, M. Re-Thinking Functional Food Development through a Holistic Approach. J. Funct. Foods 2021, 81, 104466.
[CrossRef]

3.  Osman, A.G.; Avula, B.,; Katragunta, K.; Ali, Z.; Chittiboyina, A.G.; Khan, I.A. Elderberry Extracts: Characterization of the
Polyphenolic Chemical Composition, Quality Consistency, Safety, Adulteration, and Attenuation of Oxidative Stress- and
Inflammation-Induced Health Disorders. Molecules 2023, 28, 3148. [CrossRef] [PubMed]

4. Da Silva, R.ER.; Barreira, ].C.M.; Heleno, S.A.; Barros, L.; Calhelha, R.C.; Ferreira, .C.ER. Anthocyanin Profile of Elderberry Juice:
A Natural-Based Bioactive Colouring Ingredient with Potential Food Application. Molecules 2019, 24, 2359. [CrossRef]

5.  Tarone, A.G.; Cazarin, C.B.B.; Junior, M.R. M. Anthocyanins: New Techniques and Challenges in Microencapsulation. Food Res.
Int. 2020, 133, 109092. [CrossRef]

6. Chen, Y,; Belwal, T.; Xu, Y.; Ma, Q.; Li, D.; Li, L.; Xiao, H.; Luo, Z. Updated Insights into Anthocyanin Stability Behavior from
Bases to Cases: Why and Why Not Anthocyanins Lose during Food Processing. Crit. Rev. Food Sci. Nutr. 2023, 63, 8639-8671.
[CrossRef] [PubMed]

7. Herrera-Balandrano, D.D.; Chai, Z.; Beta, T; Feng, ].; Huang, W. Blueberry Anthocyanins: An Updated Review on Approaches to
Enhancing Their Bioavailability. Trends Food Sci. Technol. 2021, 118, 808-821. [CrossRef]

8.  Corkovi¢, L; Pichler, A.; Simunovi¢, J.; Kopjar, M. Hydrogels: Characteristics and Application as Delivery Systems of Phenolic
and Aroma Compounds. Foods 2021, 10, 1252. [CrossRef]

9.  Manzoor, A.; Dar, A H.; Pandey, VK.; Shams, R.; Khan, S.; Panesar, P.S.; Kennedy, ].F.; Fayaz, U.; Khan, S.A. Recent Insights into
Polysaccharide-Based Hydrogels and Their Potential Applications in Food Sector: A Review. Int. ]. Biol. Macromol. 2022, 213,
987-1006. [CrossRef]

10. Liu, L.; Zhang, D.; Song, X.; Guo, M.; Wang, Z.; Geng, F.; Zhou, X.; Nie, S. Compound Hydrogels Derived from Gelatin and
Gellan Gum Regulates the Release of Anthocyanins in Simulated Digestion. Food Hydrocoll. 2022, 127, 107487. [CrossRef]

11.  Viscusi, G.; Lamberti, E.; Gerardi, C.; Giovinazzo, G.; Gorrasi, G. Encapsulation of Grape (Vitis vinifera L.) Pomace Polyphenols in
Soybean Extract-Based Hydrogel Beads as Carriers of Polyphenols and PH-Monitoring Devices. Gels 2022, 8, 734. [CrossRef]
[PubMed]

12.  Hanafy, N.A.N. Starch Based Hydrogel NPs Loaded by Anthocyanins Might Treat Glycogen Storage at Cardiomyopathy in
Animal Fibrotic Model. Int. |. Biol. Macromol. 2021, 183, 171-181. [CrossRef] [PubMed]

13.  Corkovi¢, L; Pichler, A.; Buljeta, I.; Simunovi¢, J.; Kopjar, M. Carboxymethylcellulose Hydrogels: Effect of Its Different Amount

on Preservation of Tart Cherry Anthocyanins and Polyphenols. Curr. Plant Biol. 2021, 28, 100222. [CrossRef]



Int. J. Mol. Sci. 2024, 25,9033 19 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hilal, A.; Florowska, A.; Florowski, T.; Wroniak, M. A Comparative Evaluation of the Structural and Biomechanical Properties of
Food-Grade Biopolymers as Potential Hydrogel Building Blocks. Biomedicines 2022, 10, 2106. [CrossRef] [PubMed]

Hilal, A.; Florowska, A.; Domian, E.; Wroniak, M. Binary Pea Protein-Psyllium Hydrogel: Insights into the Influence of PH and
Ionic Strength on the Physical Stability and Mechanical Characteristics. Gels 2024, 10, 401. [CrossRef] [PubMed]

Zhu, P; Huang, W.; Guo, X.; Chen, L. Strong and Elastic Pea Protein Hydrogels Formed through PH-Shifting Method. Food
Hydrocoll. 2021, 117, 106705. [CrossRef]

Aniya; Cao, Y.; Liu, C.; Lu, S.; Fujii, Y;; Jin, J.; Xia, Q. Improved Stabilization and In Vitro Digestibility of Mulberry Anthocyanins
by Double Emulsion with Pea Protein Isolate and Xanthan Gum. Foods 2022, 12, 151. [CrossRef] [PubMed]

Hao, L.; Sun, J.; Pei, M.; Zhang, G.; Li, C.; Li, C.; Ma, X,; He, S.; Liu, L. Impact of Non-Covalent Bound Polyphenols on
Conformational, Functional Properties and in Vitro Digestibility of Pea Protein. Food Chem. 2022, 383, 132623. [CrossRef]
Fradinho, P,; Soares, R.; Niccolai, A.; Sousa, I.; Raymundo, A. Psyllium Husk Gel to Reinforce Structure of Gluten-Free Pasta?
LWT 2020, 131, 109787. [CrossRef]

Noguerol, A.T.; Marta Igual, M.; Pagan, M.]. Developing Psyllium Fibre Gel-Based Foods: Physicochemical, Nutritional, Optical
and Mechanical Properties. Food Hydrocoll. 2022, 122, 107108. [CrossRef]

Niu, Y,; Xia, Q.; Jung, W.; Yu, L. Polysaccharides-Protein Interaction of Psyllium and Whey Protein with Their Texture and Bile
Acid Binding Activity. Int. J. Biol. Macromol. 2019, 126, 215-220. [CrossRef] [PubMed]

Agarwal, PS.; Poddar, S.; Varshney, N.; Sahi, A.K; Vajanthri, K.Y.; Yadav, K.; Parmar, A.S.; Mahto, S.K. Printability Assessment of
Psyllium Husk (Isabgol)/Gelatin Blends Using Rheological and Mechanical Properties. J. Biomater. Appl. 2021, 35, 1132-1142.
[CrossRef] [PubMed]

Zhou, Y,; Dai, H.; Ma, L.; Yu, Y.; Zhu, H.; Wang, H.; Zhang, Y. Effect and Mechanism of Psyllium Husk (Plantago ovata) on
Myofibrillar Protein Gelation. LWT 2021, 138, 110651. [CrossRef]

Hilal, A.; Florowska, A.; Wroniak, M. Binary Hydrogels: Induction Methods and Recent Application Progress as Food Matrices
for Bioactive Compounds Delivery—A Bibliometric Review. Gels 2023, 9, 68. [CrossRef]

Cao, Y.; Mezzenga, R. Design Principles of Food Gels. Nat. Food 2020, 1, 106-118. [CrossRef]

Klost, M.; Brzeski, C.; Drusch, S. Effect of Protein Aggregation on Rheological Properties of Pea Protein Gels. Food Hydrocoll. 2020,
108, 106036. [CrossRef]

Florowska, A.; Florowski, T.; Kruszewski, B.; Janiszewska-Turak, E.; Bykowska, W.; Ksibi, N. Thermal and Modern, Non-Thermal
Method Induction as a Factor of Modification of Inulin Hydrogel Properties. Foods 2023, 12, 4154. [CrossRef]

Luo, L.; Zhang, R.; Palmer, J.; Hemar, Y.; Yang, Z. Impact of High Hydrostatic Pressure on the Gelation Behavior and Microstructure
of Quinoa Protein Isolate Dispersions. ACS Food Sci. Technol. 2021, 1, 2144-2151. [CrossRef]

Zang, B.; Qiu, Z.; Zheng, Z.; Zhang, B.; Qiao, X. Quality Improvement of Garlic Paste by Whey Protein Isolate Combined with
High Hydrostatic Pressure Treatment. Foods 2023, 12, 1500. [CrossRef]

Naik, A.S.; Suryawanshi, D.; Kumar, M.; Waghmare, R. Ultrasonic Treatment: A Cohort Review on Bioactive Compounds,
Allergens and Physico-Chemical Properties of Food. Curr. Res. Food Sci. 2021, 4, 470-477. [CrossRef]

Khatkar, A.B.; Kaur, A.; Khatkar, SK. Restructuring of Soy Protein Employing Ultrasound: Effect on Hydration, Gelation,
Thermal, in-Vitro Protein Digestibility and Structural Attributes. LWT 2020, 132, 109781. [CrossRef]

Zhang, L.; Yao, L.; Zhao, F; Yu, A.; Zhou, Y.; Wen, Q.; Wang, ].; Zheng, T.; Chen, P. Protein and Peptide-Based Nanotechnology for
Enhancing Stability, Bioactivity, and Delivery of Anthocyanins. Adv. Healthc. Mater. 2023, 12, €2300473. [CrossRef] [PubMed]
Ma, Z.; Cheng, J.; Jiao, S.; Jing, P. Interaction of Mulberry Anthocyanins with Soybean Protein Isolate: Effect on the Stability of
Anthocyanins and Protein in Vitro Digestion Characteristics. Int. J. Food Sci. Technol. 2022, 57, 2267-2276. [CrossRef]

Montes, C.; Vicario, LM.; Raymundo, M.; Fett, R.; Heredia, EJ. Application of Tristimulus Colorimetry to Optimize the Extraction
of Anthocyanins from Jaboticaba (Myricia jaboticaba Berg.). Food Res. Int. 2005, 38, 983-988. [CrossRef]

Kang, S.; Zhang, J.; Guo, X.; Lei, Y.; Yang, M. Effects of Ultrasonic Treatment on the Structure, Functional Properties of Chickpea
Protein Isolate and Its Digestibility In Vitro. Foods 2022, 11, 880. [CrossRef]

Cai, B.; Mazahreh, ].; Ma, Q.; Wang, F.; Hu, X. Ultrasound-Assisted Fabrication of Biopolymer Materials: A Review. Int. ]. Biol.
Macromol. 2022, 209, 1613-1628. [CrossRef]

Mao, Y; Li, X;; Qi, Q.; Wang, F.; Zhang, H.; Wu, Y,; Liu, ].; Zhao, C.; Xu, X. Riboflavin-Loaded Soy Protein Isolate Cold Gel Treated
with Combination of High Intensity Ultrasound and High Hydrostatic Pressure: Gel Structure, Physicochemical Properties and
Gastrointestinal Digestion Fate. Ultrason. Sonochem. 2024, 104, 106819. [CrossRef] [PubMed]

Zhang, Y.X.; Wang, Y.S.; Chen, Y.; Luan, Q.Y.; Ding, M.Y.; Chen, H.H. Effects of Secondary Cross-Linking on the Physicochemical
Properties of Sodium Alginate-Hydrogel and in Vitro Release of Anthocyanins. Int. J. Biol. Macromol. 2024, 276, 133926. [CrossRef]
Florowska, A.; Hilal, A.; Florowski, T.; Wroniak, M. Addition of Selected Plant-Derived Proteins as Modifiers of Inulin Hydrogels
Properties. Foods 2020, 9, 845. [CrossRef]

Khalesi, H.; Lu, W.; Nishinari, K.; Fang, Y. New Insights into Food Hydrogels with Reinforced Mechanical Properties: A Review
on Innovative Strategies. Adv. Colloid. Interface Sci. 2020, 285, 102278. [CrossRef]

Chen, N.; Zhao, M.; Chassenieux, C.; Nicolai, T. The Effect of Adding NaCl on Thermal Aggregation and Gelation of Soy Protein
Isolate. Food Hydrocoll. 2017, 70, 88-95. [CrossRef]

Su, J.; Cavaco-Paulo, A. Effect of Ultrasound on Protein Functionality. Ultrason. Sonochem. 2021, 76, 105653. [CrossRef] [PubMed]



Int. J. Mol. Sci. 2024, 25,9033 20 of 21

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Inthavong, W.; Chassenieux, C.; Nicolai, T. Viscosity of Mixtures of Protein Aggregates with Different Sizes and Morphologies.
Soft Matter 2019, 15, 4682-4688. [CrossRef] [PubMed]

Sivam, A.S.; Sun-Waterhouse, D.; Perera, C.O.; Waterhouse, G.I.N. Exploring the Interactions between Blackcurrant Polyphenols,
Pectin and Wheat Biopolymers in Model Breads; A FTIR and HPLC Investigation. Food Chem. 2012, 131, 802-810. [CrossRef]
Guo, N,; Song, M; Liu, W.; Zhang, F.; Zhu, G. Preparation of an Elderberry Anthocyanin Film and Fresh-Keeping Effect of Its
Application on Fresh Shrimps. PLoS ONE 2023, 18, €0290650. [CrossRef] [PubMed]

Westfall, A.; Sigurdson, G.T.; Rodriguez-Saona, L.E.; Giusti, M.M. Ex Vivo and in Vivo Assessment of the Penetration of Topically
Applied Anthocyanins Utilizing Atr-Ftir/Pls Regression Models and Hplc-Pda-Ms. Antioxidants 2020, 9, 486. [CrossRef]
Waleed, M.; Saeed, F.; Afzaal, M.; Niaz, B.; Raza, M.A.; Hussain, M.; Tufail, T.; Rasheed, A.; Ateeq, H.; Al Jbawi, E. Structural and
Nutritional Properties of Psyllium Husk Arabinoxylans with Special Reference to Their Antioxidant Potential. Int. J. Food Prop.
2022, 25, 2505-2513. [CrossRef]

Ren, Y,; Yakubov, G.E; Linter, B.R.; MacNaughtan, W.; Foster, T.]. Temperature Fractionation, Physicochemical and Rheological
Analysis of Psyllium Seed Husk Heteroxylan. Food Hydrocoll. 2020, 104, 105737. [CrossRef]

Moreno, H.M.; Dominguez-Timoén, E; Diaz, M.T.; Pedrosa, M.M.; Borderias, A.J.; Tovar, C.A. Evaluation of Gels Made with
Different Commercial Pea Protein Isolate: Rheological, Structural and Functional Properties. Food Hydrocoll. 2020, 99, 105375.
[CrossRef]

Ertugrul, U.; Namli, S.; Tas, O.; Kocadagli, T.; Gokmen, V.; Sumnu, S.G.; Oztop, M.H. Pea Protein Properties Are Altered Following
Glycation by Microwave Heating. LWT 2021, 150, 111939. [CrossRef]

Jambrak, A.R; Lelas, V.; Mason, T.].; Kresi¢, G.; Badanjak, M. Physical Properties of Ultrasound Treated Soy Proteins. J. Food Eng.
2009, 93, 386-393. [CrossRef]

Wang, Y.; Zhang, A.; Mo, X.; Zhou, N.; Yang, S.; Chen, K.; Ouyang, P. The Effect of Ultrasonication on Enzymatic Hydrolysis of
Chitin to N-Acetyl Glucosamine via Sequential and Simultaneous Strategies. Process Biochem. 2020, 99, 265-269. [CrossRef]
Asaithambi, N.; Singha, P.,; Singh, S.K. Comparison of the Effect of Hydrodynamic and Acoustic Cavitations on Functional,
Rheological and Structural Properties of Egg White Proteins. Innov. Food Sci. Emerg. Technol. 2022, 82, 103166. [CrossRef]

Liu, D.; Zhang, L.; Wang, Y.; Li, Z.; Wang, Z.; Han, J. Effect of High Hydrostatic Pressure on Solubility and Conformation Changes
of Soybean Protein Isolate Glycated with Flaxseed Gum. Food Chem. 2020, 333, 127530. [CrossRef] [PubMed]

Jin, B.; Zhou, X.; Zheng, Z.; Liang, Y.; Chen, S.; Zhang, S.; Li, Q. Investigating on the Interaction Behavior of Soy Protein
Hydrolysates/3-Glucan/Ferulic Acid Ternary Complexes under High-Technology in the Food Processing: High Pressure
Homogenization versus Microwave Treatment. Int. ]. Biol. Macromol. 2020, 150, 823-830. [CrossRef] [PubMed]

Rostamabadi, H.; Karaca, A.C.; Nowacka, M.; Mulla, M.Z.; Al-attar, H.; Rathnakumar, K.; Subasi, B.G.; Sehrawat, R.; Kheto, A.; Fal-
safi, S.R. How High Hydrostatic Pressure Treatment Modifies the Physicochemical and Nutritional Attributes of Polysaccharides?
Food Hydrocoll. 2023, 137, 108375. [CrossRef]

Kalak, T.; Dudczak-Hatabuda, J.; Tachibana, Y.; Cierpiszewski, R. Effective Use of Elderberry (Sambucus Nigra) Pomace in
Biosorption Processes of Fe(Ill) Ions. Chemosphere 2020, 246, 125744. [CrossRef] [PubMed]

Cetinkaya, T.; Bildik, F.; Altay, F.; Ceylan, Z. Gelatin Nanofibers with Black Elderberry, Au Nanoparticles and SnO2 as Intelligent
Packaging Layer Used for Monitoring Freshness of Hake Fish. Food Chem. 2024, 437, 137843. [CrossRef] [PubMed]

Saadatkhah, N.; Carillo Garcia, A.; Ackermann, S.; Leclerc, P; Latifi, M.; Samih, S.; Patience, G.S.; Chaouki, J. Experimental
Methods in Chemical Engineering: Thermogravimetric Analysis—TGA. Can. J. Chem. Eng. 2020, 98, 34—43. [CrossRef]

Yue, M.; Huang, M.; Zhu, Z.; Huang, T.; Huang, M. Effect of Ultrasound Assisted Emulsification in the Production of Pickering
Emulsion Formulated with Chitosan Self-Assembled Particles: Stability, Macro, and Micro Rheological Properties. LWT 2022,
154,112595. [CrossRef]

Peyrano, F.; de Lamballerie, M.; Avanza, M.V.; Speroni, F. Gelation of Cowpea Proteins Induced by High Hydrostatic Pressure.
Food Hydrocoll. 2021, 111, 106191. [CrossRef]

Florowska, A.; Florowski, T.; Sokotowska, B.; Adamczak, L.; Szymariska, I. Effects of Pressure Level and Time Treatment of High
Hydrostatic Pressure (HHP) on Inulin Gelation and Properties of Obtained Hydrogels. Foods 2021, 10, 2514. [CrossRef]

Yuan, Y.; Wang, L.; Mu, RJ.; Gong, J.; Wang, Y.; Li, Y.; Ma, ].; Pang, J.; Wu, C. Effects of Konjac Glucomannan on the Structure,
Properties, and Drug Release Characteristics of Agarose Hydrogels. Carbohydr. Polym. 2018, 190, 196-203. [CrossRef] [PubMed]
Yang, J.; Liang, G.; Xiang, T.; Situ, W. Effect of Crosslinking Processing on the Chemical Structure and Biocompatibility of a
Chitosan-Based Hydrogel. Food Chem. 2021, 354, 129476. [CrossRef]

Yun, P; Devahastin, S.; Chiewchan, N. Microstructures of Encapsulates and Their Relations with Encapsulation Efficiency and
Controlled Release of Bioactive Constituents: A Review. Compr. Rev. Food Sci. Food Saf. 2021, 20, 1768-1799. [CrossRef]

Deng, J.; Yang, H.; Capanoglu, E.; Cao, H.; Xiao, J. 9—Technological Aspects and Stability of Polyphenols. In Polyphenols: Properties,
Recovery, and Applications; Galanakis, C.M., Ed.; Woodhead Publishing: Sawston, UK, 2018; pp. 295-323. ISBN 978-0-12-813572-3.
Jordens, J.; Bamps, B.; Gielen, B.; Braeken, L.; Van Gerven, T. The Effects of Ultrasound on Micromixing. Ultrason. Sonochem. 2016,
32, 68-78. [CrossRef]

Wang, P; Cheng, C.; Ma, Y,; Jia, M. Degradation Behavior of Polyphenols in Model Aqueous Extraction System Based on
Mechanical and Sonochemical Effects Induced by Ultrasound. Sep. Purif. Technol. 2020, 247, 116967. [CrossRef]

Zhang, L.; Xiao, G.; Yu, Y.; Xu, Y;; Wu, J.; Zou, B,; Li, L. Low-Oxygen Pulping Combined with High Hydrostatic Pressure Improve
the Stability of Blueberry Pulp Anthocyanins and Color during Storage. Food Control 2022, 138, 108991. [CrossRef]



Int. J. Mol. Sci. 2024, 25,9033 21 of 21

70.
71.

72.

73.

74.

75.

76.

77.

78.

Mokrzycki, W.; Tatol, M. Colour Difference AE—A Survey. Mach. Graph. Vis. 2011, 20, 383—411.

Chi, J.; Ge, J.; Yue, X,; Liang, J.; Sun, Y.; Gao, X.; Yue, P. Preparation of Nanoliposomal Carriers to Improve the Stability of
Anthocyanins. LWT 2019, 109, 101-107. [CrossRef]

He, B,; Ge, J.; Yue, P; Yue, X.Y,; Fu, R;; Liang, J.; Gao, X. Loading of Anthocyanins on Chitosan Nanoparticles Influences
Anthocyanin Degradation in Gastrointestinal Fluids and Stability in a Beverage. Food Chem. 2017, 221, 1671-1677. [CrossRef]
Cristiano, M.C.; Froiio, F.; Mancuso, A.; De Gaetano, F; Ventura, C.A.; Fresta, M.; Paolino, D. The Rheolaser Master™ and
Kinexus Rotational Rheometer® to Evaluate the Influence of Topical Drug Delivery Systems on Rheological Features of Topical
Poloxamer Gel. Molecules 2020, 25, 1979. [CrossRef] [PubMed]

Rybak, K.; Wiktor, A.; Kaveh, M.; Dadan, M.; Witrowa-Rajchert, D.; Nowacka, M. Effect of Thermal and Non-Thermal Technologies
on Kinetics and the Main Quality Parameters of Red Bell Pepper Dried with Convective and Microwave-Convective Methods.
Molecules 2022, 27, 2164. [CrossRef] [PubMed]

Merino, D.; Athanassiou, A. Thermomechanical Plasticization of Fruits and Vegetables Processing Byproducts for the Preparation
of Bioplastics. Adv. Sustain. Syst. 2023, 7, 2300179. [CrossRef]

He, X,; Liu, X.; Yang, J.; Du, H.; Chai, N.; Sha, Z.; Geng, M.; Zhou, X.; He, C. Tannic Acid-Reinforced Methacrylated Chi-
tosan/Methacrylated Silk Fibroin Hydrogels with Multifunctionality for Accelerating Wound Healing. Carbohydr. Polym. 2020,
247,116689. [CrossRef] [PubMed]

Rybak, K.; Wiktor, A.; Witrowa-Rajchert, D.; Parniakov, O.; Nowacka, M. The Effect of Traditional and Non-Thermal Treatments
on the Bioactive Compounds and Sugars Content of Red Bell Pepper. Molecules 2020, 25, 4287. [CrossRef]

Swieca, M. Hydrogen Peroxide Treatment and the Phenylpropanoid Pathway Precursors Feeding Improve Phenolics and
Antioxidant Capacity of Quinoa Sprouts via an Induction of L-Tyrosine and L-Phenylalanine Ammonia-Lyases Activities. ]. Chem.
2016, 2016, 1936516. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



Warszawa, 12.09.2024

Adonis Hilal
adonis_hilal@sggw.edu.pl

Rada Dyscypliny Technologia
Zywnosci i Zywienia

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy Hilal, A.; Florowska, A.; Wroniak, M.: 2023. Binary
Hydrogels: Induction Methods and Recent Application Progress as Food Matrices for
Bioactive Compounds Delivery — A Bibliometric Review. Gels, 9(1), 68, mdj indywidualny
udzial w jej powstaniu polegat na wspotopracowaniu koncepcji manuskryptu, zebraniu
literatury, przeprowadzeniu analizy bibliometrycznej zebranej literatury, przygotowaniu
wstepnej wersji manuskryptu uczestniczeniu w przygotowywaniu ostatecznej wersji
manuskryptu oraz pelnieniu roli autora korespondencyjnego.
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udzial w jej powstaniu polegal na opracowaniu ogdlnej koncepeji pracy, metodyki,
przygotowaniu wstepnej i ostatecznej wersji manuskryptu, oraz sprawdzeniu jego
poprawnosci merytorycznej.
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Binary Pea Protein-Psyllium Hydrogel: Insights into the Influence of pH and Ionic Strength on
the Physical Stability and Mechanical Characteristics. Gels, 10(6), 401, moj indywidualny
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Domian, E.; Szymanski, M.; Wroniak, M.: 2024. Effects of Sequential Induction Combining
Thermal Treatment with Ultrasound or High Hydrostatic Pressure on the Physicochemical
and Mechanical Properties of Pea Protein—Psyllium Hydrogels as Elderberry Extract Carriers.
International Journal of Molecular Sciences, 25(16), 9033, m¢j indywidualny udziat w jej
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