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3. Streszczenie
Otrzymywanie i charakterystyka aktywnych folii polisacharydowo-zelatynowych

wzbogaconych w zwiazki przeciwutleniajace

Z roztworé6w mieszanin polisacharydow (karboksymetylocelulozy (CMC), gumy
arabskiej (GAR), oktenylobursztynianu skrobiowego (OSA) i wodnorozpuszczalnych
polisacharydow  sojowych (WSSP)) =z zZelatyng (GEL) w proporcji  75:25,
domieszkowanych palmitynianem L-askorbylu (AP, 1-2%), astaksantyng (ASX) AstaSana
(AST, 0,25-1%) 1 kurkuming (CUR, 0,005-0,02%) otrzymano jadalne folie. W ramach
analiz porownano ich wiasciwosci strukturalne, optyczne, barierowe, mechaniczne i
przeciwutleniajace, a takze kinetyke migracji przeciwutleniaczy do plynéw modelowych
imitujagcych zywno$¢. Zaobserwowano obecno$¢ zelatynowych mikrosfer w ukladzie
CMC75/GEL25, ziarnisto$¢ mieszaniny WSSP75/GEL25 1 utworzenie koacerwatow
OSA/GEL. Folie bardziej homogenne (GAR75/GEL25 1 OSA75/GEL25) byly bardziej
przezroczyste niz materialty mikrostrukturalnie niejednorodne. Polisacharyd liniowy
(CMC) umozliwil otrzymanie folii o wyzszej wytrzymaloSci w pordwnaniu do
polisacharydow rozgatezionych. Folia OSA75/GEL25 byla najmniej wytrzymata
mechanicznie, ale najbardziej rozciaggliwa. Nie udato si¢ uzyskac folit CMC75/GEL25/AP.
Zwigkszenie zawarto$ci przeciwutleniaczy w foliach prowadzito do zwigkszenia ich
potencjatu przeciwrodnikowego 1 fotoprotekcyjnego. Folia OSA75/GEL25 najszybciej
uwalniata AP (do etanolu), skutecznie neutralizujac wolne rodniki. Z kolei folia
GAR75/GEL25/AP-1% charakteryzowata si¢ najwolniejszym dziataniem
przeciwutleniajagcym, przypominajacym kinetyke zerowego rzedu, co moze by¢ korzystne
dla dlugo przechowywanych produktow spozywczych. AP zmniejszyl rozpuszczalno$¢
folii, a w niektorych przypadkach poprawit ich barierowos$¢ w stosunku do pary wodne;j.
AST 1 CUR nadawaty foliom atrakcyjne kolory, odpowiednio czerwony 1 zo6tty. CUR na
0go6l nie spowodowata zmian wlasciwosci fizykochemicznych folii. Folia CMC75/GEL2S,
jako najbardziej podatna na rozpuszczanie, zapewniala najszybsze i najkompletniejsze
uwalnianie ASX do wody i CUR do 50% etanolu. Folia OSA75/GEL25 zapewniata
przedtuzone i niekompletne uwalnianie tych przeciwutleniaczy. Folia WSSP75/GEL25
charakteryzowata si¢ uwalnianiem ASX w tempie zblizonym do kinetyki zerowego rzedu.
W folii CMC75/GEL25, CUR ulegla enkapsulacji w mikrosferach zelatynowych, co

przyczynilo si¢ do jej wysokiej stabilnosci kolorymetrycznej.

Stowa kluczowe: folie jadalne, polisacharydy, zelatyna, przeciwutleniacze, migracja



Summary

Preparation and characterization of active polysaccharide-gelatin films enriched with

antioxidant compounds

Edible films were produced from solutions of mixtures of polysaccharides
(carboxymethyl cellulose (CMC), gum arabic (GAR), octenyl succinate starch (OSA), and
water-soluble soy polysaccharides (WSSP)) with gelatin (GEL) in a 75:25 ratio, enriched
with ascorbyl L-palmitate (AP, 1-2%), astaxanthin (ASX) in the form of AstaSana (AST,
0.25-1%), and curcumin (CUR, 0.005-0.02%). Analyses compared their structural, optical,
barrier, mechanical, and antioxidant properties, as well as the kinetics of antioxidant
migration into food simulants. The presence of GEL microspheres in the CMC/GEL
system, granularity of the WSSP/GEL mixture, and the formation of OSA/GEL
coacervates were observed. More homogeneous films (GAR75/GEL25 and
OSA75/GEL25) were more transparent than those with heterogeneous microstructures.
The linear polysaccharide (CMC) enabled the production of films with higher strength
compared to the branched polysaccharides. The OSA75/GEL25 film was the least
mechanically strong but the most stretchable. It was not possible to obtain a
CMC75/GEL25/AP film. Increasing the content of antioxidants in the films led to an
increase in their radical-scavenging and photoprotective potential. The OSA75/GEL25 film
exhibited the fastest release of AP into ethanol, effectively neutralizing free radicals. In
contrast, the GAR75/GEL25/AP-1% film exhibited the slowest antioxidant action,
resembling zero-order kinetics, which can be beneficial for long-term food storage. The
addition of AP reduced the solubility of the films and, in some cases, improved their
barrier properties against water vapor. AST and CUR gave the films attractive colors, red
and yellow respectively. CUR generally did not change the films' physicochemical
properties. The CMC75/GEL25 film, being the most soluble, provided the fastest and most
complete release of ASX into water and CUR into 50% ethanol. The OSA75/GEL25 film
provided prolonged and incomplete release of these antioxidants. The WSSP75/GEL25
film exhibited ASX release at a relatively constant rate, similar to zero-order kinetics. In
the CMC75/GEL2S5 film, CUR was encapsulated in GEL microspheres, contributing to its

high colorimetric stability.

Keywords: edible films, polysaccharides, gelatin, antioxidants, migration
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4. Wstep
4.1. Trendy w opakowaniach zywnosci

Nieustanny wzrost liczby ludnos$ci na §wiecie sprawia, ze coraz bardziej dotkliwe
staja si¢ problemy zwigzane z nadmierng eksploatacja zasoboéw naturalnych,
hiperkonsumpcjonizmem i zagospodarowaniem odpadéow. W odpowiedzi na rosnaca
dewastacj¢ ekosysteméw ziemskich pojawita si¢ koncepcja zréwnowazonego rozwoju
spoteczno-gospodarczego (tzw. ekorozwoju) wymuszajagca nowe zasady relacji mig¢dzy
cztowiekiem i §rodowiskiem.

Zywno$¢ petni kluczowa role w zZyciu czlowieka, zarébwno pod wzgledem
biologicznym, jak i kulturowym. To, co spozywamy, sposob wytwarzania, pakowania i
dystrybucji ma ogromny wplyw na zdrowie ludzi, zasoby naturalne i funkcjonowanie
spoteczenstwa. Wigkszos¢ srodkow spozywcezych, ktore trafiaja na rynek konsumencki
wymaga opakowan handlowych (takich jak puszki, kartony, torebki, saszetki, butelki 1
stoiki), stanowigcych fundament ich trwalo$ci i bezpieczenstwa. W obliczu nowych
trendbw w zachowaniach konsumentéw, w tym nakazowym systemem walki z
marnotrawstwem zasobow [1] w mys$l koncepcji ,,zero waste”, technologie opakowan
ewoluuja, aby skuteczniej ogranicza¢ procesy psucia si¢ zywnos$ci. Dzigki coraz bardziej
zaawansowanym rozwigzaniom, takim jak aktywne materialty opakowaniowe, mozliwe
staje si¢ ,,przedtuzenie okresu przydatnosci do sprzedazy lub tez zachowanie lub poprawa
stanu opakowanej zywnos$ci” [2].

Opakowania aktywne, w odrdznieniu od tradycyjnych, sa celowo zaprojektowane
aby wchodzi¢ w reakcje z opakowang zywnoscig lub atmosfera wewnatrz opakowania.
Substancje odpowiedzialne za funkcj¢ aktywna moga by¢ umieszczone w opakowaniu w
saszetce lub wktladce, lub tez mogg stanowi¢ cze$¢ materiatu opakowaniowego, np. folii
czy butelki. Drugie rozwigzanie zwigksza powierzchni¢ kontaktu substancji aktywnej z
produktem i/lub atmosferg wewnetrzna, co zwigksza skuteczno$¢ dziatania opakowania. W
zaleznos$ci od tworzywa 1 stabilnosci substancji czynnej, wtaczenie sktadnika do materiatu
opakowaniowego moze odbywac si¢ na etapie mieszania sktadnikow, ekstruzji, poprzez
impregnacj¢, pokrywanie powierzchni, itp. [3]. Ze wzgledu na mechanizm dzialania,
opakowania aktywne dzieli si¢ na dwie grupy: (i) absorbery sktadnikow, np.
niepozadanych gazéw (tlenu, etylenu, pary wodnej, lotnych zwigzkéw o nieprzyjemnym
zapachu) oraz (ii) emitery uwalniajace do opakowanej zywnos$ci lub na nig, lub do jej
otoczenia substancje spelniajace okre$long korzystng funkcje w stosunku do danego
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produktu, np. substancje wspomagajace ochrone przed zepsuciem i/lub zwickszajace
bezpieczenstwo zywnosci [4].

Od niedawna w Unii Europejskiej (UE) obowigzuje tzw. dyrektywa SUP (z j. ang.
single-use-plastic) [5], ktorej celem jest zapobieganie wplywowi jednorazowych
produktow z tworzyw sztucznych (w tym niektorych opakowan) na $rodowisko oraz
zachgcanie do przechodzenia na gospodarke o obiegu zamknigetym, w tym zastgpowanie
produktéw jednorazowego uzytku z tworzyw sztucznych, bardziej zréwnowazonymi
produktami alternatywnymi [6]. Wiekszos¢ opakowan produktow spozywczych jest w
dalszym ciagu produkowana z trudnodegradowalnych tworzyw sztucznych pozyskiwanych
z surowcOw petrochemicznych. Warto nadmienic¢, ze obecnie otrzymuje si¢ rowniez plastik
z surowcow odnawialnych, takich jak trzcina cukrowa [7]. Obecnie do tzw. ,,wielkiej
piatki” tworzyw sztucznych, majacych najwigkszy udzial rynkowy, naleza: politereftalan
etylenu (PET), polietylen (PE), polipropylen (PP), polichlorek winylu (PVC) oraz
polistyren (PS). Pomimo niewatpliwych waloréw plastiku, jego nadprodukcja i problem z
zagospodarowaniem odpadow, stanowig powazne obcigzenie dla S$rodowiska. Czas
uzytkowania produktéw z tworzyw sztucznych, czgsto jednokrotnego uzytku, jest
niewspoimiernie krétki do czasu ich rozktadu, ktéry wedhug szacunkéw wynosi od 100 do
1000 lat. Niedawno pojawil si¢ takze problem mikroplastiku, ktérego wpltyw na
funkcjonowanie organizméw zywych oraz cale ekosystemy nie zostat jeszcze zbadany.
Ponadto nadmieni¢ nalezy, ze zgodnie z unijnym wykazem [8] do wytwarzania materialow
1 wyrobow z tworzyw sztucznych przeznaczonych do kontaktu z Zywnos$ciag mozna uzy¢
ponad 1000 substancji, nierzadko szkodliwych [9], jak udowodniono na przyktadzie
bisfenolu A, formaldehydu, czy ftalanow [10].

Biotworzywa staja si¢ kluczowym elementem w dazeniu do stworzenia w peini
zrbwnowazone] biogospodarki o obiegu zamknig¢tym. UE czynnie wspiera prace nad
rozwojem tych materiatow 1 ich wykorzystaniem [11, 12, 13]. Biotworzywa stanowia
zréznicowang grup¢ materiatow, ktore roznig si¢ pod wzgledem pochodzenia, wiasciwosci
oraz sposobow unieszkodliwiania po uzyciu. Na skalg¢ przemyslowa otrzymywane sa
zardwno z surowcow odnawialnych, jak i petrochemicznych. W zaleznosci od pochodzenia
oraz zdolnos$ci do biodegradacji, mozna je sklasyfikowac¢ w trzech grupach:

— tworzywa pochodzace z surowcoéw odnawialnych, lecz nie ulegajace
biodegradacji, np. bio-poliamid (bio-PA), bio-PE;

— tworzywa pochodzace z surowcow kopalnych (nieodnawialnych), ulegajace
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biodegradacji, np. polikaprolakton (PCL), poli(adypinian-co-tereftalan-
butylenu (PBTA);

— tworzywa pochodzace z surowcéw odnawialnych i ulegajace biodegradacji,
np. polilaktyd (PLA), poliglikolid (PGA), skrobia, celuloza.

Majac na uwadze konieczno$¢ zmniejszania zaleznosci od wyczerpujacych si¢
zasobow surowcow kopalnych, a takze narastajacy problem z utylizacja frakcji odpadow
nie ulegajacych szybkiej biodegradacji, ostatnia grupa biotworzyw jest potencjalnie
najbardziej proekologiczna [14]. Materialy biodegradowalne stanowig istotny element
transformacji branzy opakowaniowej. Zgodnie z zalozeniami ekoprojektowania, zuzyte
bioopakowania powinny nadaa¢ si¢ do recyklingu, w tym recyklingu organicznego w
warunkach tlenowych (kompostowanie) lub beztlenowych (biometanizacja). Warto
zaznaczy¢, ze cho¢ kazdy material kompostowalny jest biodegradowalny, nie kazde
tworzywo biodegradowalne nadaje si¢ do kompostowania. Biodegradacja to proces
roztozenia si¢ materiatu pod wplywem mikroorganizmow — bakterii, grzybow, glonow.
Nie ma okreslonego limitu czasu, w ktorym ma doj$¢ do tego rozpadu. Z kolei zgodnie z
normg EN 13432 [15] opisujacg wymagania dotyczace opakowan przydatnych do odzysku
przez kompostowanie 1 biodegradacj¢, minimum 90% wyrobu (np. opakowania) powinno
ulega¢ degradacji w ciggu 180 dni kompostowania, a po jego cyklu w komposcie nie ma
widocznych jego pozostatosci. Rozkladany wyrdb nie moze wpltywaé negatywnie na
jako$¢ kompostu, co wymaga przeprowadzenia testow ekotoksycznosci, np. wg PN-EN
ISO 18763:2020 pt. ,,Jakos¢ gleby - Oznaczanie toksycznego wplywu zanieczyszczen na
wschody 1 wezesny wzrost roslin wyzszych™ [16].

Jezeli do produkcji opakowania zostang uzyte materialy spozywcze, takie jak
polisacharydy, biatka, czy lipidy, a metody wytwarzania beda odpowiednie, to otrzymane
opakowanie bedzie mozna spozy¢ razem z zapakowanym produktem. Opakowania jadalne
stanowig niszowa alternatywe w dziedzinie ekoopakowan. Mozna je stosowaé wszedzie
tam, gdzie wykorzystanie opakowan z tworzyw sztucznych jest ograniczone. Dobrze
znanymi przykladami s3 ostonki kolagenowe do wedlin, kapsulki zelatynowe,
pullulanowe, skrobiowe lub hydroksypropylometylocelulozowe oraz niektore dodatki do
zywnosci o wlasciwo$ciach powtokotworczych, stosowane na powierzchni¢ §wiezych
owocow (np. estry glicerolu i zywicy ro$linnej, estry sacharozy i kwaséw tluszczowych,
wosk pszczeli, candelilla i carnauba, szelak) [17]. Nowszymi przykladami zastosowan sg

rozpuszczalne saszetki 1 torebki do porcjowania zywnosci (w tym plynoéw, przypraw i
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kawy), jadalne folie rozdzielajace poszczegolne komponenty w produktach, a takze jadalne
owinigcia do hamburgerow 1 kanapek. Do nurtu opakowan jadalnych nalezg réwniez
naczynia z otrgb pszennych [18] lub szklanki Ello Jello wytwarzane z wodorostow [19].
Produkty linii DO EAT firmy Ecolotec, takie jak jadalne pojemniki deseréw i kanapek,
foremki do wypieku oraz worki na zywnos¢, otrzymywane sg ze skrobi ziemniaczane;j.
Kalorycznos$¢ jednego opakowania wynosi tylko 3,7 kcal [20]. Nadmieni¢ nalezy, ze w
mysl art. 3 dyrektywy 94/62/WE Parlamentu Europejskiego 1 Rady w sprawie opakowan i
odpadow opakowaniowych [21], wyrdéb nie uwaza si¢ za opakowanie jezeli ,,stanowi
integralng czgs$¢ produktu oraz jest niezbedny do zawarcia, utrzymania lub zachowania
tego produktu przez jego caly cykl zywotnosci a wszystkie elementy przeznaczone sg do
wspolnego uzycia, spozycia lub usunigcia”. Ponadto zgodnie z art. 1 rozporzadzenia nr
1935/2004, ,materiatow pokrywajacych lub powlekajacych, takich jak materiaty
pokrywajace sery w postaci skorki, przetworzone produkty migsne lub owocowe, ktore
tworza cze$¢ srodkdw spozywczych i moga by¢ spozywane razem z tymi Srodkami
spozywczym’ nie uwaza si¢ za materiaty 1 wyroby przeznaczone do kontaktu z zywnoscig
[22]. W domysle s one bowiem zywno$cig.

Ekoprojektowanie opakowan zaczyna si¢ od doboru surowcoéw. Fitomasa, zoomasa
oraz biomasa mikroorganizméw, stanowi bogate zrodlo zwigzkéw chemicznych (m.in.
biopolimeroéw, przeciwutleniaczy, konserwantow), ktore mozna wykorzysta¢ do produkcji
opakowan aktywnych. Okoto 80% zywej biomasy Ziemi stanowig rosliny [23]. Ich
hodowla zuzywa mniej energii niz hodowla zwierzat, a ponadto podczas wzrostu absorbuja
CO2, co przyczynia si¢ do réwnowazenia $ladu weglowego. Przyktadowo, wyniki
metaanalizy wykazaty, ze w przeliczeniu na 1 kg produktu, owoce 1 warzywa maja ponad
100-krotnie mniejszy $lad weglowy niz migso przezuwaczy [19, 20, 23]. Biopolimery
pochodzenia roslinnego sa zatem potencjalnie bardziej przyjazne dla $rodowiska niz
biopolimery zwierzece. Niemniej jednak biopolimery zwierzece (m.in. kolagen i zelatyna
(GEL), chityna i chitozan, keratyna, kwas hialuronowy, fibroina) oferujg specyficzne
wiasciwosci, ktére sa trudne do zastgpienia w niektoérych zastosowaniach, zwlaszcza w
medycynie, kosmetyce, inzynierii biomaterialowej i opakowalnictwie. W zwigzku z tym,
wybor migdzy biopolimerami ro$linnymi a zwierzgcymi powinien zaleze¢ od
specyficznych wymagan aplikacji oraz mozliwych korzysci ekologicznych 1

technologicznych.
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Rosliny mozna uprawia¢ w sposob zrownowazony na bardzo duzg skale, co pozwala
na staly dostgp do surowcow. W konsekwencji biopolimery roslinne, gltownie
polisacharydy (m.in. celuloza, skrobia, hemicelulozy), w tym ich polsyntetyczne
pochodne, sa powszechnie stosowane w wielu dziedzinach Zycia i galeziach przemystu.
Polisacharydy jako sktadnik zywnos$ci sg zrodtem energii, decyduja o teksturze zywnosci
oraz wspomagaja zdrowie ukladu pokarmowego i1 sercowo-naczyniowego (jako widkno
pokarmowe). W produkcji zywnosci polisacharydy petnig funkcj¢ dodatkéw do zywnosci
(m.in. sa to substancje zaggszczajace i zelujace, emulgatory), substancji pomocniczych,
no$nikéw (np. dodatkow do zywnosci, enzymow, srodkdw aromatyzujacych, sktadnikow
odzywczych 1 lekow) [17]. Niektore z roslinnych polisacharydow, takich jak celuloza i
skrobia termoplastyczna, od dawna pelnig kluczowg role w przemysle materiatlow
opakowaniowych. Celuloza jest gtownym skladnikiem papieru, tektury i celofanu.
Natomiast granulat ze skrobi termoplastycznej, uzyskiwany w procesie ekstrudowania,
umozliwia formowanie folii metoda rozdmuchu, jak réwniez produkcje sztywnych

opakowan metoda wtrysku wysokoci$nieniowego [26].

4.2. Systemy kontrolowanego uwalniania substancji aktywnych oparte

na biopolimerach i ich mieszaninach

W ostatnich latach ogromne zainteresowanie wzbudza mozliwos¢ wykorzystania
biopolimerow w technologiach biomedycznych majacych na celu uzyskanie efektu
kontrolowanego uwalniania lub dostarczania substancji czynnej, w tym przyspieszonego,
przedtuzonego, pulsacyjnego lub opo6znionego dziatania. Hydrokoloidy roslinne
posiadajace zdolno§¢ modyfikacji farmokinetyki substancji czynnych sa powszechnie
stosowane w formulacjach wielu lekéw i1 suplementow diety [22, 23, 24]. Oprocz
farmakoterapii, koncepcja kontrolowanego uwalniania znajduje rosngce zainteresowanie w
opakowalnictwie w technologii produkcji emiteréw [30]. Opakowania aktywne muszg by¢
indywidualnie dostosowane do konkretnych wymagan produktu, a emiter powinien dziata¢
zgodnie z zamierzong funkcjg. Dlatego oprocz zaplanowanej wytrzymatos$ci mechaniczne;j
1 wlasciwosci barierowych wobec gazow (takich jak para wodna, tlen, CO2, dym) oraz
swiatla [31], skuteczno$¢ opakowan aktywnych zalezy takze od pozadanej mobilnosci
substancji czynnej. Uwaza si¢, ze emiter powinien umozliwia¢ ciagla i réwnomierng
migracje sktadnika aktywnego w catym okresie przechowywania, tak aby zagwarantowac

utrzymanie statego efektywnego st¢zenia w zywnosci, na niej lub w jej otoczeniu [30].
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Tempo i zakres uwalniania substancji czynnej sa determinowane przez jej cechy
(takie jak lipofilno$¢, rozpuszczalnosc), rodzaj nosnika, sposdb zwigzania z nos$nikiem
oraz metode pomiarowg, w tym rodzaj medium akceptorowego i czynniki Srodowiskowe.
Wg wytycznych UE dotyczacych rozporzadzenia Komisji (WE) nr 450/2009 w sprawie
aktywnych 1 inteligentnych materiatbw 1 wyrobow przeznaczonych do kontaktu z
zywnos$cig [32], badania migracji substancji aktywnych powinny by¢ przeprowadzone
zgodnie z zatozeniami, ktore opisano w dyrektywie 82/711/EEC (ustanawiajacej
podstawowe zasady, niezbedne w badaniach migracji sktadnikéw materiatdéw 1 wyrobow z
tworzyw sztucznych przeznaczonych do kontaktu ze srodkami spozywczymi) [33] lub tez
zgodnie z dedykowanymi testami migracyjnymi. Badania migracji sa wykonywane
gltownie w celu wykazania zgodnos$ci materiatow 1 wyrobow z tworzyw sztucznych do
kontaktu z Zywnoscia z dopuszczalnymi prawnie limitami w zakresie migracji globalnej 1
specyficznej [8]. Jest to jedno z wielu dziatah majacych na celu ochron¢ zdrowia ludzi
przed szkodliwym wpltywem plastikow. Nadmieni¢ nalezy, ze cho¢ zasady pomiaru
migracji opisane w ww. aktach prawnych dotycza zasadniczo tworzyw sztucznych, to
stanowig one cenng podstaw¢ proceduralng dla testowania innych rodzajéw materiatow, w
tym aktywnych bioopakowan. W przypadku materialow, takich jak papier i karton, metale,
guma lub farby drukarskie, zasady testowania migracji sa okreslone w przepisach
krajowych lub wytycznych branzowych. W mys$l preambuty dyrektywy 82/711/EEC, ze
wzgledu na trudno$ci analityczne zwigzane z okreslaniem pozioméw migracji w
odniesieniu do produktow spozywczych, zamiast zywno$ci stosowane s3 plyny
umozliwiajace symulowanie oddziatywania na materialty i wyroby do kontaktu z
zywnos$cig. Dobor pltynu modelowego oraz warunki badania (czas 1 temperatura) powinny
jak najlepiej, w miar¢ mozliwos$ci, odtworzy¢ zjawisko migracji, ktére moze zachodzi¢ na
skutek kontaktu migdzy wyrobem i $srodkiem spozywczym. Uwzgledniajac przewidywane
zastosowanie, nalezy mie¢ na uwadze zaro6wno warunki przechowywania produktu
spozywczego jak 1 ewentualnej jego obrobki termicznej w opakowaniu. Badania
migracyjne opakowan z tworzyw sztucznych przeprowadza si¢ zgodnie z
rozporzadzeniem (UE) nr 10/2011 z dnia 14 stycznia 2011 r. w sprawie materiatow i
wyroboéw z tworzyw sztucznych przeznaczonych do kontaktu z zywnos$cig [34] oraz
normami serii PN-EN 1186 1 PN-EN 13130 [33-37]. Zatacznik III rozporzadzenia nr
10/2011 zawiera wykaz ptyndw modelowych imitujacych zywno$¢, ktéra ma charakter

hydrofilowy (10 % etanol, 3% kwas octowy i 20% etanol, oznakowane odpowiednio jako
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ptyny modelowe A, B i C) i lipofilny (50 % etanol i kazdy olej roslinny zawierajacy mnie;j
niz 1% niezmydlajacych si¢ substancji, oznakowane odpowiednio jako ptyny modelowe
D1 1 D2) oraz zywnosci suchej (poli(tlenek 2,6-difenylo-p-fenylenu) oznakowany jako
ptyn modelowy E). W niektorych przypadkach stosuje si¢ wod¢ destylowang, izooktan i
95% etanol. W zataczniku III znajduje si¢ takze tabela indywidualnego przyporzadkowania
ptynéw modelowych do poszczegolnych kategorii zywnosci. W pewnymi wykluczeniami,
nalezy stosowa¢ warunki badania odzwierciedlajace najgorsze przewidywalne warunki
stosowania materiatu pod wzgledem czasu kontaktu i temperatury [8]. Wg PN-EN 1186-3,
-5,-7,-9 [35-38] badania migracji w zaleznosci od rodzaju wyrobu realizowane mogg by¢
poprzez jego catkowite zanurzenie, z zastosowaniem komory pomiarowej, z
zastosowaniem torebki lub przez napelienie wyrobu.

Odpowiedni dobodr jakosciowy i iloSciowy skladnikow, w tym ich mieszanie
(kompandowanie), i/lub odpowiednie postepowanie technologiczne pozwala na
profilowanie kinetyki uwalniania substancji czynnej. Inaczej moéwiac dzieki odpowiedniej
formulacji mozliwe jest uzyskanie zaréwno materialdw o natychmiastowym, jak 1
dlugotrwaltym uwalnianiu. W jadalnych foliach aktywnych substancja czynna jest
najczesciej roOwnomiernie rozproszona w polimerowej matrycy, co jest wynikiem
wczesniejszego mieszania sktadnikéw. W takim przypadku, podobnie jak w procesach
farmakokinetycznych, migracja substancji z no$nika jest determinowana przez tempo
dyfuzji oraz podatno$¢ nosnika na pgcznienie 1 erozje. Ww. procesy zawsze wspotistnieja,
a przewaga jednego z nich jest zalezna zar6wno od wlasciwosci substancji czynnej, jak i
no$nika. Kinetyke migracji substancji czynnej z no$nika do ptynu akceptorowego mozna
ocenia¢ za pomocg modelowania matematycznego, ktore pozwala na okreslenie
mechanizmu uwalniania (np. na podstawie warto$ci wspotczynnika dyfuzyjnego » modelu
Korsenmeyera-Peppasa (K-P)) oraz wyznaczenie stalej szybko$ci uwalniania [39].
Zasadniczo biopolimery mogg ulega¢ lub nie ulega¢ pgcznieniu, co zalezy m.in. od rodzaju
zastosowanego ptynu modelowego. Jesli materiat ulega specznieniu, to powstata warstwa
zelu o zwigkszonej lepko$ci ogranicza jego wnikanie do matrycy, co hamuje dyfuzje
substancji czynnej i w konsekwencji op6znia jej migracj¢. Z kolei na skutek erozji no$nika
(w kontakcie z ptynem akceptorowym) dochodzi do uwalniania substancji na drodze
Scierania zelu oraz zmiany powierzchni matrycy, co jest istotnym czynnikiem
kontrolujacym 1 modyfikujacym uwalnianie [29]. W przypadku folii jadalnych gtéwnym

czynnikiem determinujagcym mechanizm i kinetyk¢ uwalniania jest rodzaj polimeru.
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Przyktadowo, hydrokoloidy o wtasciwosciach zelujacych i/lub zageszczajacych, takie jak
GEL 1 skrobia, tworzg peczniejace folie, ktore nie s3 w petni rozpuszczalne w wodzie.
Powoduje to wolniejsze uwalnianie skfadnikow aktywnych w poréwnaniu z latwo
erodujacymi foliami otrzymanymi z karboksymetylocelulozy (CMC), izolatu biatek
sojowych lub pullulanu [28,29,30,31]. Warto zauwazy¢, ze biopolimery posiadaja zwykle
wiele wariantow rdznigcych si¢ takimi parametrami jak masa czasteczkowa, stopien
podstawienia (DS), stopnien rozdrobnienia, czy lepkos$¢ roztworu. Taka dywersyfikacja w
polaczeniu z mozliwo$cig stosowania gradientu stezen zaro6wno polimeru, jak i1 substancji
czynnej, pozwala na istotng modyfikacje profilu uwalniania [29]. Innym sposobem
modyfikacji tempa uwalniania jest stosowanie blend polimerowych [30, 31, 32]. Mieszanie
umozliwia laczenie zalet réznych polimeréow lub niwelowanie ich wad, prowadzac do
uzyskania materiatu o pozadanych wlasciwos$ciach, takich jak wytrzymatos$¢, elastycznose,
barierowo$¢, odporno$¢ na czynniki fizykochemiczne, itp. [45]. Dobrym przykladem jest
folia PA/PE, ktora charakteryzuje si¢ doskonalymi wtasciwosciami barierowymi oraz duza
wytrzymalo$cia mechaniczng. Cechy te sprawiaja, ze obecnie jest ona jednym z
najlepszych materialbw do pakowania produktow spozywczych w atmosferze
zmodyfikowanej oraz w prdozni [46].

Kompandowanie biopolimeréw umozliwia wytwarzanie produktow o ulepszonych
lub nowych wtasciwosciach, obnizenie kosztow (np. poprzez mieszanie z tanszymi
polimerami) i1 wspieranie zroOwnowazonego rozwoju (np. poprzez domieszkowanie
materiatami o mniejszym $ladzie weglowym). Z tego powodu mieszanki i kompozyty
polimerowe stanowig przedmiot zainteresowania wielu gatezi przemystu, w tym branzy
tworzyw opakowaniowych [45, 47]. Blendy polimerowe sg jednorodnymi (wzajemnymi)
roztworami lub gquasi-jednorodnymi (koloidalnymi) mieszaninami polimeréw o
roznorodnej strukturze chemicznej, ktore zazwyczaj powstaja poprzez bezposrednie
mechaniczne mieszanie w stanie cieklym, uplastycznionym termicznie lub stalym
(stapianie mechaniczne), a takze w roztworach, lub poprzez wspoétwytwarzanie tych
polimeréw w procesie ich rownoczesnej syntezy w tym samym osrodku. Wbrew pozorom,
dobor sktadu blend polimerowych wymaga duzej wiedzy z zakresu termodynamiki
roztworOw oraz mieszanin, reologii i oddziatywan fizykochemicznych migdzy polimerami.
Generalnie w przypadku wielu mieszanin polimerdw, entropia odgrywa wiekszg role niz
entalpia. Oznacza to, ze wpltyw nieuporzadkowania (entropii) jest silniejszy niz wpltyw

energetycznych oddziatywan miedzy czasteczkami (entalpii). W zwiazku z tym, polimery
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maja tendencj¢ do tworzenia oddzielnych faz zamiast mieszaé si¢ jednolicie [48]. W pelni
homogeniczne mieszaniny polimeréw sa rzadko spotykane w zastosowaniach
praktycznych, a ich wytwarzanie nie jest niezbedne do spelnienia wymogow uzytkowych
stawianych tworzywom. Konieczne jest jednak wytwarzanie stabilnych blend, ktore nie
ulegaja makroskopowemu rozwarstwieniu w trakcie ich otrzymywania i uzytkowania.
Spetnienie tego warunku wymaga przede wszystkim doboru polimeréw, ktére wykazuja
zadawalajacg wspotmieszalnos¢ w  okreSlonych proporcjach, lub tez dodatku
kompatybilizatorow. W sprzyjajacych warunkach mozna uzyska¢ uklady charakteryzujace
si¢ silnymi oddziatywaniami mi¢dzyczasteczkowymi, takimi jak wigzania kowalencyjne,
wodorowe lub wzajemnie przenikajace si¢ sieci polimerowe [49].

W  organizmach zywych szeroko rozpowszechnione sg potaczenia biatko/
polisacharyd. W zaleznosci od specyfiki budowy oraz warunkéw $rodowiska, bialka i
wielocukry moga wchodzi¢ ze sobg w interakcje, takie jak oddzialywania Van der Waalsa,
elektrostatyczne, hydrofobowe, wigzania wodorowe i wigzania chemiczne (np. wskutek
reakcji Maillarda). W ich wyniku tworzg si¢ mniej lub bardziej trwale kompleksy,
rozpuszczalne lub nierozpuszczalne w wodzie, lub tez dochodzi do wzajemnego
wykluczania si¢ polimeréw. W efekcie otwiera to szerokie mozliwosci modyfikacji ich
wlasciwosci fizykochemicznych, co umozliwia produkcje tworzyw o specyficznych
cechach [45, 46, 47, 48]. Kompleksy polisacharydowo-biatkowe, zwlaszcza koacerwaty, sa
uzyteczne w chemicznym mikrokapsutkowaniu substancji aktywnych. Powstate w ten
sposob nosniki zabezpieczaja wrazliwe sktadniki przed niekorzystnymi warunkami
srodowiskowymi, kontroluja ich (dlugotrwale) uwalnianie i poprawiaja biodostepnosé
[54]. Racjonalne wykorzystanie technik kapsulkowania wymaga zrozumienia
fizykochemicznych mechanizméw, w wyniku ktorych zwiazki czynne sa kapsutkowane, a
nastgpnie uwalniane [55].

Koacerwacja to proces ktory zachodzi w roztworach koloidalnych. Polega na
asocjacyjnym oddzieleniu si¢ fazy koloidalnej z roztworu zawierajacego jeden
(koacerwacja prosta) lub wigcej polimerow (koacerwacja ztozona). Powstata oddzielna
faza cieklta (mikroskopijne kropelki lub grudki), bogata w koloid, nazywana jest
koacerwatem. W procesie koacerwacji prostej, koacerwaty powstaja w wyniku
mechanizmu odwodnienia lub ,,deficytu wody” spowodowanego dodatkiem soli lub cieczy
desolwacyjnej (np. etanolu). Koacerwacja zlozona polega przede wszystkim na

elektrostatycznym oddziatywaniu w medium reakcyjnym polimeréw kationowych i
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anionowych, ale inne rodzaje oddzialywan réwniez speilniaja wazng role w procesie
asocjacji. Podczas enkapsulacji metoda koacerwacji, koacerwowany polimer osadza si¢
wokol aktywnego skladnika (rdzenia), co prowadzi do jego opadania. GEL jest
najprawdopodobniej najczesciej wykorzystywanym kationowym polimerem w procesie
koacerwacji. R6znorodne polisacharydy, takie jak alginiany, CMC, guma arabska (GAR),
oktenylobursztynian skrobiowy (OSA) oraz pektyny, moga reagowa¢ z GEL tworzac
ztozone koacerwaty, odpowiednie do kapsutkowania zaré6wno hydrofilowych, jak 1
hydrofobowych substancji aktywnych. Proces koacerwacji najefektywniej zachodzi w
okre§lonych warunkach pH 1 sily jonowej oraz przy odpowiednich proporcjach
biopolimerow [54, 55].

Oprécz asocjacyjnej separacji fazowej do mikrokapsutkowania wykorzysta¢ mozna
przeciwstawng technike, czyli segregacyjng separacj¢ fazowa [58]. W tej metodzie rozne
biopolimery sa rozpuszczone we wspdlnym rozpuszczalniku, ale z powodu
termodynamicznej niekompatybilno§ci nie mieszaja si¢ i/lub wzajemnie odpychaja
tworzac dwie oddzielne fazy ciekle [49, 57]. Jedna z faz zawiera polimer formujacy
mikrokapsutki, druga za§ zawiera polimer obecny w uktadzie tylko po to by utworzy¢
oddzielng fazg rozpraszajaca (ciagla). Nie przewiduje si¢ obecnosci polimeru z fazy
dyspersyjnej w koncowym skladzie kapsulek, jednak moze on w niej wystgpowac jako
nieuniknione zanieczyszczenie [55]. Zjawisko termodynamicznej niezgodnosci wystepuje
czgsto w mieszaninach bialek i polisacharydéw obojetnych lub anionowych majacych
fadunek tego samego znaku co biatko, co oczywiscie zalezy od pH i sily jonowej
srodowiska. W wyniku autoasocjacji makromolekul tego samego typu separacja objawia
si¢ wspotistnieniem dwoch faz: bogatej w biatko 1 bogatej w polisacharyd. W takich
uktadach moze réwniez dochodzi¢ do flokulacyjnego odseparowania duzych skupisk
bialek, ktore zostaty zdenaturowane pod wptywem cieplta lub posiadaja struktur¢ micelarng
(np. kazeina). Niekiedy heterogeniczna struktura uktadu biatkowo-polisacharydowego jest
widoczna dopiero pod mikroskopem [51]. Zjawisko rozdziatu uktadéw biatko-
polisacharydowych jest do$¢ powszechne 1 moze zachodzi¢ migdzy réznymi rodzajami
bialek i polisacharydow w zaleznos$ci od warunkéw Srodowiskowych, takich jak pH.
Przyktadowo, obserwowano separacj¢ miedzy GEL a neutralnymi polisacharydami, takimi
jak hydroksyetyloceluloza lub pullulan [58, 40], a takze miedzy dekstranem Ilub
hydroksyetyloceluloza a réznymi biatkami (albumina surowicy bydlecej, y-globulina czy

lizozym) réznigcymi si¢ punktem izoelektrycznym (pl). Separacja migdzy neutralnymi
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polisacharydami  (dekstran, maltodekstryna, metyloceluloza (MC)) a biatkami
serwatkowymi zachodzi tylko w waskim zakresie pH (5-7). W przypadku polisacharydow
anionowych, takich jak pektyny o wysokim stopniu metylacji, alginian sodu czy CMC,
obserwuje si¢ separacj¢ tylko w przypadku zdenaturowanych biatek serwatkowych [53].
Wykazano takze niekompatybilno$¢ termodynamiczng miedzy CMC a GEL [59]. Warto
zaznaczy¢, ze w niektorych przypadkach, jak np. uklad GEL/x-karagen, zmieniajac
czynniki srodowiskowe, takie jak pH, mozna uzyskac¢ przejscie miedzy fazowa separacja

asocjacyjng a segregacyjng [62].

4.3. Charakterystyka wybranych zwiazkow przeciwutleniajacych

Jedna z gltéwnych przyczyn pogarszania si¢ jakosci zywnosci s reakcje utleniania,
ktére nie tylko negatywnie wplywaja na wilasciwosci sensoryczne i wartos¢ odzywcza
zywnosci, ale stwarzaja zagrozenie zdrowotne z uwagi na toksyczno$¢ niektorych
produktéw reakcji. Istotng grupe opakowan aktywnych stanowig zatem opakowania
inhibitujace procesy utleniania. W przypadku pochianiaczy, dziatanie takie uzyskuje sig¢
m.in. poprzez umieszczenie w opakowaniu absorbenta tlenu lub blokera UV. Z kolei w
przypadku emiteréw aktywacj¢ opakowania zapewnia wiaczenie w sktad materialu
jednego lub kilku inhibitoréw utleniania przeznaczonych do uwolnienia. Takie
przeciwutleniacze powinny by¢ przede wszystkim wysoce skuteczne (wykazywac szerokie
spektrum dziatania juz przy niskich stezeniach), akceptowalne przez konsumentow,
kompatybilne ze sktadnikami opakowania, zgodne z wymogami prawnymi, niepowodujace
niepozadanych zmian w cechach sensorycznych produktu oraz tanie. Ostateczny wybor
przeciwutleniacza zalezy od indywidualnych potrzeb, preferencji oraz specyficznego
kontekstu uzycia. Wazne jest rowniez, aby by¢ $wiadomym badan naukowych i zalecen
dotyczacych stosowania zaréwno naturalnych, jak i syntetycznych przeciwutleniaczy.

Obecnie wzrasta zapotrzebowanie na produkty naturalne, organiczne i wolne od
sztucznych dodatkéw. Naturalne przeciwutleniacze, pomimo na ogdl ich mniejszej
trwatosci 1 skuteczno$ci w poroOwnaniu z przeciwutleniaczami syntetycznymi, uwazane sg
za bezpieczniejsze, gdyz stanowig nieodlagczng czg$¢ diety czlowieka. Naturalne
przeciwutleniacze, takie jak ekstrakty ziot, przypraw, owocdéw i warzyw (np. ekstrakt
rozmarynu 1 papryki), zwiagzki fenolowe (np. antocyjany, kwasy fenolowe, katechiny,
kurkumina, resweratrol), czerwien buraczana (betanina), kwas askorbinowy, tokoferole,

karotenoidy (np. beta-karoten, luteina, likopen) cenione s3 za swoje prozdrowotne
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wlasciwosci, w tym dziatanie przeciwzapalne, przeciwnowotworowe i wspierajace uktad
odpornosciowy.

Witamina C (kwas L-askorbinowy (AA) 1 L-dehydroaskorbinowy) pelni w
organizmie szereg funkcji biochemicznych i1 fizjologicznych, ktéore w duzej mierze
wynikaja z jej wiasciwosci redukujacych. Bedac donorem wodoru lub elektronow, AA jest
kofaktorem wielu enzyméw, w tym hydroksylaz i oksygenaz, i tym samym uczestniczy w
wielu istotnych procesach, takich jak synteza kolagenu, L-karnityny i1 katecholamin,
metabolizm thuszczoOw (np. przemiana cholesterolu do kwasow zotciowych). W roztworze
wodnym AA tatwo wychwytuje reaktywne formy tlenu i azotu [63]. W zwigzku z
powyzszym witamina C jest stosowana jako suplement diety [64], produkt leczniczy [65],
substancja wzbogacajaca [66] 1 dodatek do zywnosci [17]. Na skale przemystowa AA
otrzymywany jest z szeScioweglowych cukrow prostych, gtoéwnie glukozy [67]. W UE do
stosowania w zywnosci dopuszczone s3 nastgpujagce formy witaminy C: AA, jego sole
(sodowa, wapniowa i potasowa) i palmitynian L-askorbylu (AP) [66]. W funkcji dodatkow
do zywnosci zwigzki te oznakowane sg numerami od E 300 do E 304(i), przy czym E 304
to estry kwasoéw thuszczowych i AA. Ponadto stosowa¢ mozna kwas izoaskorbinowy
(inaczej kwas erytrobowy) (E 315) i izoaskorbinian sodu (E 316) [17]. W odréznieniu od
pozostalych pochodnych AA, AP, jako ester kwasu tluszczowego i AA (Rysunek 1), ma
charakter amfifilowy, dzigki czemu ma wlasciwosci powierzchniowo-czynne [68]. AP jest
praktycznie nierozpuszczalny w wodzie (0,00003 g/l w 25 °C) [69], za to bardzo dobrze
rozpuszcza si¢ w etanolu. AP jest powszechnie okreslany jako lipofilna forma witaminy C,
cho¢ dane dotyczace jego rozpuszczalnosci w oleju nie sa dostepne. Dzigki wlasciwosciom
amfifilowym, AP tatwiej przenika przez blony lipidowe, przez co moze by¢ efektywniej
dystrybuowany do tkanek organizmu. Wykazano, ze AP chroni przed oksydacyjnym
uszkodzeniem DNA i w ten sposéb hamuje namnazanie si¢ komoérek nowotworowych (ma
wlasciwosci antyproliferacyjne) [70]. W poroéwnaniu z AA, AP jest bardziej stabilny i
wolniej wydalany z organizmu wraz z moczem [71]. Estryfikowana posta¢ AA moze by¢
zatem atrakcyjnym przeciwutleniaczem w produkcji opakowan aktywnych, zwlaszcza
jadalnych. Niemniej jednak cze$ciowo hydrofobowy charakter, w potaczeniu z wysoka
temperaturg topnienia (107-117 °C) [72], utrudnia stosowanie AP w wodnych roztworach
foliotworczych (FFS). Uzyskanie stabilniejszych emulsji wymaga dodatku kosolwenta
(etanolu) i/lub emulgatora [63, 64]. Dotychczas AP, w potaczeniu z a-tokoferolem,

zastosowano jako sktadnik aktywny jadalnej powtoki wytworzonej z biatek serwatkowych.
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Niemniej jednak, powtoka taka, zarowno z dodatkiem przeciwutleniaczy, jak i bez, w
jednakowym stopniu spowolnita proces utleniania tluszczu w prazonych orzechach
ziemnych [74].
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Rysunek 1. Struktura chemiczna AP [75].

Karotenoidy to polienowe pigmenty, ktoére wspomagaja fotosynteze i chronig rosliny
przed reaktywnymi formami tlenu, dzigki czemu ich spozywanie wspiera fotoprotekcje i
ochron¢ komorek przed wolnymi rodnikami roéwniez w organizmach zwierzat i ludzi.
Dodatkowo, karotenoidy zawierajgce pierscien f-jononu sg prekursorami witaminy A [76].
Naturalne karotenoidy sg pozyskiwane przez ekstrakcje z roslin lub alg. Pomimo wielu
korzys$ci zdrowotnych, ich wada jest niska stabilno$¢, zmienno$¢ sktadu barwnikéw (co
moze powodowac problemy z standaryzacja barwy) oraz obecno$¢ niepozadanych
substancji towarzyszacych. Zapotrzebowanie rynku na karotenoidy, w tym witaming A,
jest ogromne, dlatego gtéwnym sposobem ich pozyskiwania jest nadal synteza chemiczna.
Sposrod niemal 700 naturalnie wystepujacych karotenoidow, tylko kilka (likopen,
kantaksantyna, astaksantyna (ASX), B,B-karoten, B-apo-8'-karotenal, B-apo-8'-karoten i
cytranaksantyna) jest syntetyzowanych na skalg¢ przemystowa [77]. Wsrod nich szczegolng
uwage zyskala ASX (3,3’-dihydroksy-f, B-karoten-4,4’-dion). Na dowod, roczna liczba
publikacji na temat tego ksantofilowego barwnika wzrosta z 29 prac w 2001 roku do 414
prac w 2022 roku. Do tej pory w bazie PubMed zindeksowano ponad 3500 prac
dotyczacych ASX [78]. Powodem =zainteresowania ASX jest jej wielokierunkowa
aktywno$¢, w tym dziatanie kardioprotekcyjne, hepatoprotekcyjne, proimmunologiczne,
przeciwzapalne, przeciwneurodegeneracyjne, przeciwnowotworowe oraz poprawiajace
wzrok i stan skory. Dziatanie prozdrowotnie naturalnej ASX wynika gltéwnie z jej silnego
dziatania antyoksydacyjnego. Wg niektérych badan, aktywnos$¢ przeciwutleniajagca ASX
jest nawet 54 razy wicksza niz -karotenu, 65 razy wigksza niz witaminy C oraz 500 razy
wigksza niz witaminy E 1 koenzymu Q10 [79]. ASX ma trzy stereoizomery, w tym dwa
enancjomery (3R,3'R) 1 (3S,3'S) oraz form¢ mezo (3R, 3'S) (Rysunek 2). ASX posiada
réwniez rézne izomery geometryczne, wsrod ktorych dominuje all-trans ASX. W

przyrodzie oraz w ASX uzyskanej drogg syntezy chemicznej wystepuja, co najmniej dwa
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izomery cis [80]. Naturalna ASX wystepuje przewaznie w formie zestryfikowanej
czasteczkami kwasow thluszczowych (jako monoester lub diester) (Rysunek 2). Trzynascie
sprzg¢zonych podwdjnych wiazah nadaje ASX czerwong barwg. Obecnos$¢ diugiego
hydrofobowego tancucha oraz dwdch grup hydroksylowych i dwoch grup karbonylowych
sprawiaja, ze ASX jest amfifilowa, przez co wykazuje duze powinowactwo do bion
komorkowych, ktore z tatwoscig pokonuje. W ten sposob lepiej chroni komorki przed
stresem oksydacyjnym anizeli B-karoten i luteina [81]. Zrédlem ASX w diecie cztowieka
sg niektore skorupiaki morskie (np. langusta, krab, krewetka) i ryby (1osos$, pstrag rézowy).
W EU przemyst farmaceutyczny, kosmetyczny i spozywczy uzywa wylacznie naturalnej
ASX. ,,Bogata w ASX oleozywica z alg Haematococcus pluvialis” zostala dopuszczona
jako nowa zywno$¢ do stosowania w suplementach diety. W mysl rozporzadzenia
wykonawczego Komisji (UE) 2024/1026 z dnia 8 kwietnia 2024 r. zmieniajacego
rozporzadzenie wykonawcze (UE) 2017/2470 w odniesieniu do specyfikacji nowej
zywnosci ,,.bogata w astaksantyne oleozywica z alg H. pluvialis”, ASX jest rozcienczana i
standaryzowana do poziomu 2,5%, 5%, 7%, 10%, 15% lub 20% 2z zastosowaniem
niektorych olejow [82]. Nowa zywnoS$cia jest takze olej ze skorupiaka Calanus
finmarchicus, bedacy zroédtem estréw ASX [83]. Barwnik ten obecny jest rowniez w oleju

z kryla antarktycznego (Euphausia superba).
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Rysunek 2. Struktura chemiczna wolnej i zestryfikowanej ASX [84].
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Chemiczna synteza ASX jest obecnie najbardziej optacalna, dlatego jej syntetyczne
preparaty zdominowaly ponad 95% rynku pasz. Dla poréwnania koszt produkcji 1 kg
syntetycznej ASX szacuje si¢ na okoto 1000 §, podczas gdy jej warto$¢ rynkowa wynosi
ponad 2000 $. 1 kg ASX pozyskanej z drozdzy Xanthophyllomyces dendrorhous (znanych
tez jako Phaffia rhodozyma), kosztuje 2500 $, natomiast 1 kg ASX z alg H. pluvialis to
koszt 7000 $. Syntetyczna ASX charakteryzuje si¢ nizszg zdolno$cig neutralizacji wolnych
rodnikoéw tlenowych niz naturalna ASX. Wynika to m.in. z faktu, ze nie zawiera substancji
towarzyszacych oraz ma specyficzny sktad izomeréw. Przykltadowo, w miesie dzikiego
tososia dominujacym izomerem jest (3S,3°S) (70-85%), a formy (3R,3°’R) i mezo stanowig
odpowiednio 12-28,2% 1 2-6% [78, 79]. Z kolei ASX z H. pluvialis sktada si¢ w 87,6% z
formy (3S,3°S), w 10,1% z formy mezo i w 2,3% z formy (3R,3’R). ASX z P. rhodozyma
zawiera 98,5% enancjomeru (3R,3’R) 1 1,5% formy mezo [87]. ASX syntetyczna
zazwyczaj sklada si¢ z mieszaniny stereoizomeréw (3R,3'R), (3R, 3'S) i (3S,3'S) w
proporcji 1:2:1 [81]. Warto zauwazy¢, ze niemal wszystkie badania wykazujace korzystne
dla zdrowia efekty dziatania ASX u ludzi przeprowadzono z wykorzystaniem
stereoizomeru (3S,3'S). Chociaz dane dotyczace biodostgpnosci i dystrybucji u ludzi
wszystkich izomeréw ASX sag ograniczone, dostepne dane in vitro 1 in vivo sugeruja, ze to
izomer 13-cis ASX, a nie 9-cis ASX, jest selektywnie wchlaniany, tj. ma wyzsza
biodostepnos¢. Prawdopodobnie powstaje on w wyniku izomeryzacji all-trans ASX.
Toksycznos¢ poszczegodlnych izomerow ASX nie zostata przebadana indywidualnie. Wg
Europejskiego Urzedu ds. Bezpieczenstwa Zywnoséci (EFSA) dopuszczalne dzienne
spozycie (ADI) dla ASX, tak syntetycznej, jak i pochodzacej z H. pluvialis, wynosi 0,2
mg/kg masy ciata (m.c.) [88].

Dimetyldibursztynian ASX (DMDS-ASX) jest dopuszczony do stosowania jako
dodatek paszowy dla ryb i skorupiakow. Zwigzek ten nie ma szkodliwych skutkow dla
zdrowia zwierzat, bezpieczenstwa konsumentoéw ani $Srodowiska [89]. W jelitach ryb
DMDS-ASX jest hydrolizowany i przeksztalcany w wolng ASX, ktora nastepnie jest
wchlaniana, metabolizowana i1 rozprowadzana do tkanek. DMDS-ASX jest wrazliwy na
utlenianie, $wiatto i temperature, dlatego konieczne jest jego stabilizowanie za pomoca
przeciwutleniaczy i ewentualnie dodatkowe osadzenie w matrycy z polisacharydow i/lub
GEL. Preparaty syntetycznej ASX s3 dyspergowalne w zimnej wodzie 1 majg wigksza
biodostgpnos¢ niz naturalna ASX [78, 88, 89]. Od 2013 r. na rynku dostgpna jest

syntetyczna wolna (tj. niezestryfikowana) ASX, ktora jest identyczna z naturalng, ale ma
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inny, jak uprzednio wspomniano, stosunek izomeréw [80]. Wg producenta DSM
Nutritional Products LLC, zgodnie z przepisami amerykanskiego prawa zywno$ciowego,
taka ASX nie wymaga autoryzacji przez Agencje ds. Zywnosci i Lekéw (FDA) [92].
Niemniej jednak w 2020 r. firma zlozyta powiadomienie o zamiarze wprowadzenia na
rynek amerykanski syntetycznie otrzymanej krystalicznej ASX, o handlowej nazwie
AstaSana 5% CWS/S-TG (AST), jako nowego skladnika dietetycznego (nr zgloszenia
1173) [93]. Od 2020 r. preparat jest juz formalnie dopuszczonym suplementem diety,
ktéry mozna spozywac w bezpiecznej dobowej dawce wynoszacej maksymalnie 12 mg/kg
m.c. (czyli 240 mg AST/kg m.c.) [94].

Biorac pod uwagg niska cene, brak w sktadzie oleju oraz zdolno$¢ do dyspergowania
w wodzie, preparat AST wydaje si¢ by¢ atrakcyjniejszym sktadnikiem folii aktywnych w
poréwnaniu do oleozywicy z alg lub olejow zawierajacych ASX. Wykorzystanie ASX o
czystosci analitycznej, nawet w pilotazowych badaniach laboratoryjnych, z reguty nie jest
brane pod uwage z powodu zbyt wysokiego kosztu zakupu (np. ~2000 zt za 0,5 g estrow
ASX z H. pluvialis) oraz niska stabilno$¢ [95]. Niemniej jednak badania Colin-Chavez i in
[2013][96] wykazaty, Zze naturalna ASX o czystosci >97% (wzorzec do wysokosprawne;j
chromatografii cieczowej) moze by¢ komponentem folii z PE. Migracja ASX do 95%
etanolu, w temperaturach 23-40 °C (w odréznieniu od 10 °C), przebiegala zgodnie z
prawem dyfuzji Ficka. Ze wzgledu na rosngce zainteresowanie opakowaniami
fortyfikowanymi ASX [93, 94], mozna przewidywac, ze w nadchodzacych latach znaczaco
wzro$nie liczba badan i publikacji poswigconych temu zagadnieniu.

Kurkumina (CUR) ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyfenylo)-1,6-heptadien-3,5-
dion) to zo6tty pigment polifenolowy otrzymywany z korzeni ostryzu dlugiego (Curcuma
longa), czyli tzw. kurkumy. Zwigzek moze wystgpowa¢ w dwoéch formach
tautomerycznych: ketonowej (dominujacej w $rodowisku kwasnym i obojetnym) oraz
enolowej (wystepujacej tylko w $rodowisku zasadowym) (Rysunek 3). CUR jest
praktycznie nierozpuszczalna w wodzie (maksymalna rozpuszczalno$¢ wynosi 3,12 mg/l w
temp. 25 °C). Wodne roztwory/dyspersje CUR mozna jednak otrzymaé dzigki dodaniu
niektorych biopolimerow, srodkéw powierzchniowo-czynnych, lipidow lub cyklodekstryn
[99]. CUR jest odporna na dziatanie wysokich temperatur, az do 120°C, ale szybko ulega
degradacji pod wplywem takich czynnikéw jak alkalia, tlen, $wiatto 1 dwutlenek siarki.
Najwigksza stabilnos¢ CUR wykazuje w roztworach kwasnych (zwtaszcza w pH od 2,5 do

6,5), w ktorych przyjmuje barwe jaskrawozoita. W srodowisku obojetnym i1 zasadowym
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ulega degradacji zmieniajac barwe¢ na czerwono-bragzowa [100]. Oprocz niestabilnosci
chemicznej, gléwng wada CUR jest jej staba biodostepnos$¢ zwigzana z ograniczong
absorpcja, szybkim metabolizowaniem 1 eliminacja z organizmu [101]. CUR jest
stosowana jako barwigcy dodatek do zywnosci (E 100) [17]. Wg EFSA, ADI dla CUR
wynosi 3 mg/kg m.c. [102]. CUR wykazuje plejotropowe dziatanie prozdrowotne, m.in.
przeciwutleniajace, przeciwnowotworowe, przeciwzapalne, przeciwdrobnoustrojowe i
przeciwwirusowe. Unikalne wlasciwosci CUR sprawity, ze jest che¢tnie wykorzystywana
do otrzymywania aktywnych (przeciwutleniajacych i przeciwmikrobiologicznych) oraz
inteligentnych materiatow opakowaniowych (gtownie indykatorow pH). Jako nos$niki CUR
stosowano folie otrzymane z ro6znych polisacharydéw, biatek, PLA, polialkoholu

winylowego oraz ich mieszanin [103].
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Rysunek 3. Forma ketonowa i enolowa CUR [104]

Przy inkorporacji przeciwutleniaczy do zywnosci nalezy pamigtaé, iz dodatek
niektorych z nich w stezeniu wyzszym niz optymalne moze przyspieszy¢ utlenianie 1
spowodowaé efekt odwrotny od zamierzonego [105]. Oprocz rodzaju 1 stezenia
przeciwutleniacza, na koncowy efekt ochronny wplywa rowniez srodowisko, w tym rodzaj
no$nika. Przyktadowo zwigzki fenolowe maja zdolnos¢ tworzenia kompleksoéw z biatkami,
co moze pozytywnie lub negatywnie wpltyna¢ na ich dostepno$¢ oraz aktywnos$¢
antyoksydacyjng [106].

Zwiazki zapewniajace ochron¢ przeciwutleniajagcg zywej komorce, mozna m.in.
podzieli¢ ze wzgledu na $rodowisko, w ktorym dziataja. Zdecydowanie przewazajacym
objetosciowo srodowiskiem jest faza wodna, obejmujaca cytoplazme 1 wnetrze organelli
komoérkowych. Drugim $rodowiskiem sg warstwy lipidowe bton komorkowych, gdzie
zachodzi proces peroksydacji nienasyconych kwasow tluszczowych. Polarne zwigzki
wykazuja wiele cech, ktorych nie posiadaja zwigzki apolarne, i na odwro6t. Antyoksydanty

hydrofilowe i hydrofobowe sg selektywnie rozpuszczalne odpowiednio w fazie wodnej 1
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lipidowej. Z kolei zwigzki amfifilowe wystepuja w obydwu fazach lub na ich granicy
[107]. Zgodnie z teorig tzw. paradoksu polarnego przeciwutleniaczy, hydrofilowe zwigzki
wykazuja wieksza skuteczno$¢ w mniej polarnych fazach, takich jak olej czy smalec, a
zwigzki lipofilowe wykazuja wyzsza aktywno§¢ w bardziej polarnych fazach, takich jak
emulsje typu olej w wodzie, liposomy, btony biologiczne czy tkanki [108]. Wynika to z
ukierunkowanego gromadzenia si¢ przeciwutleniaczy na granicy mig¢dzyfazowej (olej-
powietrze lub olej-woda), ktora w rzeczywistosci jest miejscem kontaktu pomiedzy
wielonienasyconymi kwasami thuszczowymi a tlenem.

Podejscie obejmujace teori¢ paradoksu polarnego mozna wykorzystaé w
projektowaniu emiterow. Innymi stowy, przykladowo dodatek przeciwutleniaczy
apolarnych do materialu przeznaczonego do aplikacji na powierzchni¢ uwodnionej
zywnosci moze przynie$¢ wigcej korzys$ci niz zastosowanie zwigzkoOw posiadajacych
wysokie powinowactwo do fazy wodnej. Polarne przeciwutleniacze moga zbyt szybko

i/lub nadmiernie dyfundowac, co moze niekorzystnie wptynac na jakos¢ produktu.

4.4. Charakterystyka wybranych biopolimerow foliotworczych

Uniwersalny no$nik, czyli przeznaczony do zatadowania zaré6wno hydrofilowymi,
jak 1 hydrofobowymi substancjami, powinien by¢ zaprojektowany z mysla o jego
dwufazowosci (amfifilowosci), mozliwosciach tworzenia mikroenkapsulantow i/lub
porowatej struktury. Odpowiedni dobor biopolimerdéw i technologii wytwarzania pozwala
na stworzenie no$nikow zdolnych do efektywnego wigzania, stabilizowania i uwalniania
roznych substancji czynnych.

GAR, znana tez jako guma akacjowa, to silnie rozgaleziony heteropolisacharyd,
ktory dzieki obecnosci hydrofilowych grup cukrowych oraz pewnej ilosci hydrofobowych
ugrupowan biatkowych posiada wilasciwosci amfifilowe. GAR =zaliczana jest do
hemiceluloz stanowigcych frakcje wtokna pokarmowego. Lancuch gtéwny polisacharydu
sktada si¢ z jednostek [-D-galaktopiranozylowych polaczonych wigzaniami 1,3-
glikozydowymi (Rysunek 4). GAR pozyskiwana jest z zywicy pnia i galezi drzew akacji
senegalskiej (Acacia senegal) oraz innych gatunkéw z rodziny Acacia. GAR
charakteryzuje si¢ bardzo dobrg rozpuszczalno$ciag w wodzie i1 stosunkowo niska lepkoscia
roztwordw [109]. Jest dodatkiem do zywnosci (E 414) [17], wykorzystywanym jako

stabilizator, emulgator, zageszczacz, substancja glazurujaca i §rodek mikrokapsutkujacy.
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Folie jadalne otrzymawane z GAR s3 wysoce przezroczyste, jednak ich wadg jest

nadmierna kruchos¢ [110].

a-L-Ara — Arabinoza aL-Ama aL-Rha B-D-UA

p-D-Gal — Galaktoza 1 1

a-L-Rha —Ramnoza i :

B-D-UA — Kwasy Uronowe POt §-0-UA 1—+3 orl-Ara 1—=3 o-L-Ara 1~ 4 p.0.Gal 3+ 1 p-D-Gal 6%— | p-D-Gal 6«1 0-L-Ara

R - jedna z powyiszych reszt

——

-

& B
uLnru‘-—-‘|i-D°Ga- B-D-UA B-O-UAT—*4 p-D-UAT—= 3 p-0-Gal 2= 1 a-L-Ara 3+ 1 0:L-Ara

a-L-Aha 1 1 1 o-L-Rha

i ! 4

4 ] 3 7] 4
&-0-UA p-D-Gal 3 «— 1 B-D-Gal § «—1 o-L-Ara 3+—1 a-L-Ama p-D-Gal 44— 1 a-L-Ara B-D-LA

1 1 1 1

| 1 ! !

3 4 B 3
BeD-LA a-L -‘-'ilm -:-L‘Am a-L-Rha B-O-Ua al-Ara B-D-Ua B-D-UA a-L-Ara p-D-Gali+—R : . .:.l_.‘A.a

1 1 1 J

——

1 1
| i | ! i i 4
2 4

[ 4 5 2 4 4 4 2 4
33} -D-GE(1~>3)-f-D-Gal-{1—> -0 Gal(1 ~>3)-f-D-Gak (1 —» 3-f-D-Gab(1 —>3)-f-D-Gal{1 > 34§-0-Gat{1 —+3)-B-D-Gal{1 —3)-f-D-Gal{1 ~»3)-§-D-Gak{1 ~>3)--0-Gak- (1> 3)-$-D-Gak(1 —» 3}-f-0-Gal{1->
2 ] 2 ] B

[- a—

1

i i
& 2

1 | 1 1 ! 1
1 1 1 1 1 A 1
qNa B-D-uA a-L-Ara B-D-Ua o-L-Aha #-D-Gal 3+—1 o-L-Aha a-L-Ang 1= 2 p-D-Gal 3R
: 4 [ [

1 1 1
1

1 1 !
a-L-Ara B-D-Ua a-L-Ara o-L-Ara

1

Rysunek 4. Struktura GAR [P6].

Natywna skrobia jest z natury hydrofilowa. Istnieje jednak mozliwo$¢ nadania jej
wlasciwosci amfifilowych na drodze modyfikacji chemicznej. Estryfikowanie skrobi
(zazwyczaj woskowej) bezwodnikiem kwasu oktenylobursztynowego umozliwia
uzyskanie OSA, ktory w postaci soli sodowej lub soli glinowej jest dodatkiem do Zywno$ci
(o numerach odpowiednio E 1450 i E 1452) [17]. OSA stanowi tanszy zamiennik dla
naturalnych emulgatorow, w tym GAR. Rozgaleziona struktura amylopektyny w OSA
odgrywa istotng role, poniewaz przeciwdziata skupianiu si¢ kropli oleju. OSA dziata jako
surfaktant i stabilizator powodujacy wzrost lepkosci fazy ciaglej emulsji, co przeciwdziata
koalescencji. Podstawnik w OSA moze by¢ przytaczony do drugiego, trzeciego i szostego
wegla w czasteczce glukozy (Rysunek 5), w ilo$ci nieprzekraczajacej 3% suchej masy
(s.m.) [72], co odpowiada DS = 0,02. Dzi¢ki obecnosci grupy oktenylobursztynianowe;j
skrobia uzyskuje charakter anionowy, przez co ma zdolno$¢ do elektrostatycznych
interakcji, jak juz wspomniano w podrozdziale 4.2. OSA jest takze uzywana do
mikrokapsutkowania bioaktywnych substancji lipidowych za pomoca procesu suszenia
rozpytowego [111, 112].

Rozpuszczalny polisacharyd sojowy, znany réwniez jako hemiceluloza sojowa lub
wodnorozpuszczalne polisacharydy sojowe (WSSP) otrzymuje si¢ z soi lub Sruty
sojowej] w wyniku odtluszczania, ekstrakcji goragca woda, oczyszczania (strgcania
etanolem), sterylizacji 1 suszenia. Podobnie jak GAR, WSSP nalezag do silnie

rozgalezionych hemiceluloz (Rysunek 6) posiadajacych reszte polipeptydowa. WSSP nie
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Rysunek 5. Struktura soli sodowej OSA [P6].
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Rysunek 6. Struktura WSSP [P6].

tworza zelu. Sg dodatkiem do zywnos$ci z grupy emulgatoréw (numer E 426). Stosowane
sg rowniez w produkcji suplementéw btonnikowych [17, 72, 113]. Z powodu obecnosci
czasteczek kwasu galakturonowego 1 kwasu ramnodigalakturonowego, WSSP zaliczane sg
do polisacharydow kwasnych. Po dodaniu biatka do roztworu WSSP, grupy karboksylowe

polisacharydu taczg si¢ z grupami aminowymi biatka, dzigki czemu powstate kompleksy sa

30



ujemnie natadowane i odpychaja si¢ od siebie, co zapobiega agregacji i wytracaniu biatka.
Ma to duze znaczenie praktyczne [114]. Folie otrzymane z WSSP s3g przezroczyste i
rozpuszczalne w wodzie [115].

Celuloza, jako glowny skladnik $cian komorkowych roslin, jest dominujagcym
polimerem na Ziemi. Polisacharyd ten stanowi kluczowy sktadnik wielu materiatow
roslinnych, takich jak drewno, papier, bawelna, bambus itp. Czasteczka celulozy jest
liniowa 1 sktada si¢ z kilkuset lub nawet kilku tysiecy reszt glukozowych potaczonych
wigzaniami B-1,4-glikozydowymi. Dwa gléwne rodzaje celulozy to celuloza krystaliczna,
w ktorej tancuchy glukozy ulozone s3 w regularne struktury, oraz celuloza amorficzna,
ktora zawiera mniej uporzadkowane struktury. Dodatkowo, w komorkach roslinnych,
fancuchy celulozy czesto tworzg mikrofibryle, ktére sg pouktadane w sieci wzmacniajace
Sciany komorkowe 1 nadajace roslinom ich charakterystyczng sztywno$¢. Ze wzgledu na
silne wewnatrz- 1 migdzyczasteczkowe wigzania wodorowe pomi¢dzy *tancuchami,
celuloza jest nierozpuszczalna w wodzie i wigkszosci rozpuszczalnikdw organicznych
[116]. W zwiazku z tym przeprowadza si¢ chemiczng modyfikacje celulozy w celu
poprawy jej wlasciwosci fizykochemicznych, w tym wprowadza si¢ nowe grupy funkcyjne
w celu nadania rozpuszczalno$ci [117].

MC to eterowa pochodna celulozy, ktora jest rozpuszczalna w wodzie, jak tez w
rozpuszczalnikach  organicznych. Jest niejonowym hydrofilowym polimerem o
wlasciwosciach termozelujacych. Obecno$¢ grup metylowych sprawia, ze wykazuje ona
wigksza hydrofobowo§¢ w porownaniu do czystej celulozy. Dzigki temu ma zdolnos¢
redukcji napigcia powierzchniowego i migdzyfazowego, co czyni jg uzyteczng w réznych
zastosowaniach. W przemysle spozywczym MC jest powszechnie stosowana jako
zageszczacz 1 emulgator (E 461) [17]. Wysokoczasteczkowe rodzaje MC umozliwiaja
kontrolowanie uwalniania substancji czynnych z tabletek matrycowych. MC posiada
bardzo dobre wlasciwosci foliotworcze, dzigki czemu moze stanowi¢ alternatywe dla GEL
w produkcji kapsutek [118]. Obecnie jednak w tym celu wykorzystywana jest gtownie
hydroksypropylometyloceluloza (HPMC, E 464), ktora ma wtasciwos$ci podobne do MC,
lecz jest bardziej hydrofilowa [119]. CMC jest z kolei polisacharydem anionowym
(Rysunek 7), ktory nie wykazuje wiasciwosci termozelujacych. W postaci soli sodowej (E
466) CMC jest wykorzystywana jako zagestnik, stabilizator emulsji, nosnik,
antykrystalizator, $rodek wigzacy/zatrzymujacy wilgo¢, poprawiajacy teksture i folio-
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/powlokotworczy. W polaczeniu z innymi polimerami CMC umozliwia kontrolowane

uwalnianie substancji czynnych, w tym przeciwutleniaczy [120].
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Rysunek 7. Struktura soli sodowej CMC [P6].

Zgodnie z zalacznikiem I pkt 7.7. rozporzadzenia (WE) nr 853/2004 Parlamentu
Europejskiego i Rady, GEL ,,0znacza naturalne rozpuszczalne bialko, Zelujace lub nie
zelujace, uzyskane w wyniku czesciowej hydrolizy kolagenu pochodzacego z kosci, skory
1 skorek oraz $ciggien zwierzat” [121]. Z chemicznego punktu widzenia GEL jest zatem
mieszaning roznych polipeptydow, zasadniczo o takiej samej strukturze pierwszorzgdowe;j
jak kolagen. Gléwnymi aminokwasami GEL sg glicyna (~33%), prolina (~12%), alanina
(~11%) 1 hydroksyprolina (~10%). W wyniku hydrolizy kwasowej lub zasadowej,
otrzymuje si¢ odpowiednio GEL typu A i typu B. W $rodowisku alkalicznym tancuchy
boczne asparaginy 1 glutaminy tatwo hydrolizuja do kwasu asparaginowego i
glutaminianowego. W konsekwencji GEL typu A 1 B ro6znig si¢ niektorymi
wlasciwosciami fizykochemicznymi. Przyktadowo plI GEL typu A jest wyzszy (6-9) niz
GEL typu B (4,8-5,2) [122]. Jest to istotne, gdyz elektrostatyczne przycigganie moze
wystepowaé miedzy GEL a anionowymi polisacharydami przy pH roztworu <pl GEL oraz
miedzy GEL a kationowymi polisacharydami przy pH roztworu >pl GEL [123]. Dzigki
obecno$ci aminokwasow hydrofilowych 1 hydrofobowych, GEL jest bialkiem
powierzchniowo-czynnym, przy czym jej wlasciwosci emulgujace sg na ogot stabsze w
poréwnaniu z innymi zwigzkami amfifilowymi, takimi jak biatka globularne czy GAR.
Niemniej jednak doskonale wlasciwosci zelujace (10% roztwor zastyga w temperaturze od
24 do 29°C) i zageszczajace GEL [124] pomagaja utrzymac stabilnos¢ uktadu olej-woda,
zapobiegajac separacji faz w czasie formowania folii emulsyjnych [125]. Wiasciwosci
folio-/powtokotworcze GEL wynikaja gtownie z jej wyjatkowych wiasciwosci zelujacych.
Proces ten jest postrzegany jako proba powrotu pojedynczych tancuchdéw polipeptydowych
GEL do postaci natywnego kolagenu. Zel Zelatynowy stabilizowany jest glownie

wigzaniami wodorowymi, ale w zelowaniu maja takze znaczenie oddziatywania
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hydrofobowe i jonowe. Sit¢ zelowania GEL okres$la si¢ w skali Bloom od 50 do 300 g.
Mniejsza ilos¢ GEL o wyzszej wartosci Bloom jest potrzebna, aby osiggna¢ pozadang site
zelu. Na ogot folie otrzymywane z GEL wykazuja bardzo dobrag wytrzymatos¢
mechaniczng i1 stanowig doskonatg barier¢ dla tlenu (w warunkach niskiej wilgotnosci
wzglednej powietrza (RH)). W kontakcie z woda poczatkowo pecznieja, a nastgpnie
ulegaja czgsciowemu lub catkowitemu rozpuszczeniu w zalezno$ci od temperatury [122].
Na uwage zastuguje fakt, ze mozliwe jest wytlaczanie folii zelatynowych na skalg
przemystowa przy uzyciu ekstrudera [126]. Produkcja folii zelatynowych z
wykorzystaniem ubocznych produktow przemystlu migsnego i rybnego wpisuje si¢ w
koncepcje gospodarki o obiegu zamknigtym. Ponadto GEL posiada wtasciwos$ci
przeciwutleniajace, a jej spozywanie korzystnie wplywa na stan tkanki tgcznej, w tym
skory, paznokei, chrzastek 1 §ciggien [127].

Wyboér biopolimeru do produkcji opakowan zwykle musi uwzglednia¢ wlasciwosci
barierowe, mechaniczne, optyczne, przetwarzalno$¢, dostepnos¢, koszty, regulacje prawne
oraz aspekty srodowiskowe. Wytypowanie odpowiedniego no$nika dla substancji czynnej
jest kluczowym etapem, ktory wplywa na stabilno$¢ sktadnika aktywnego i kinetyke jego
uwalniania, a tym samym na jako$¢ i efektywno$¢ catego systemu. W dostepnej literaturze
brakuje kompleksowych opracowan dotyczacych wptywu rodzaju matrycy biopolimerowej
na aktywno$¢ osadzonych w nich substancji czynnych. W zwigzku z tym w niniejszej
pracy doktorskiej przeprowadzono szczegdlowa analize porownawcza wilasciwosci folii
uzyskanych z réznych polisacharydéw i ich mieszanin z GEL. Oczekiwa¢ mozna, ze
réwnoczesne porownanie umozliwi poglebienie, weryfikacje i usystematyzowanie wiedzy
na temat mozliwosci uzyskiwania roznych profili i mechanizmoéw uwalniania poprzez

ksztalttowanie parametréw charakteryzujacych wlasciwos$ci materiatlowe.
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5. Hipoteza i cel badan

Hipoteza badawcza pracy zaktada, ze odpowiedni dobodr sktadnikéw folii, takich jak
polisacharydy, GEL i zwiazki o wlasciwosciach przeciwutleniajacych, oraz ich wtasciwe
proporcje umozliwiaja otrzymanie aktywnego materialu opakowaniowego o pozadanych
wilasciwosciach  uzytkowych, m.in. o wysokiej aktywnosci przeciwrodnikowe;,
rownomiernym uwalnianiu sktadnika aktywnego, wysokiej foto-protekcyjnosci,
przezroczysto$ci, wytrzymatosci mechanicznej i barierowosci dla pary wodne;j.

Glownym celem badan bylo: (i) porownanie wlasciwosci strukturalnych,
fizykochemicznych, przeciwutleniajacych i kinetyki uwalniania substancji aktywnych z
folii polisacharydowo-zelatynowych wzbogacanych wzrastajacymi ilosciami AP, AST 1
CUR oraz (ii) okreslenie zalezno$ci miedzy strukturg materiatu, jego wlasciwosciami a
oczekiwang funkcja.

W oparciu o cel gtéwny sformutowano nastgpujace cele szczegdtowe:

- poréwnanie wlasciwosci strukturalnych i fizykochemicznych folii otrzymanych z
polisacharydow (GAR, MC, OSA, WSSP), GEL i ich mieszanin w stosunku 75/25, 50/50,
25/75;

- porownanie wtasciwosci strukturalnych, fizykochemicznych, przeciwutleniajacych
1 kinetyki uwalniania substancji czynnej z folii polisacharydowo-zelatynowych
(GAR75/GEL25, OSA75/GEL25 1 WSSP75/GEL25) wzbogacanych wzrastajacymi
ilosciami AP (0, 1, 2%);

- porownanie wtasciwosci strukturalnych, fizykochemicznych, przeciwutleniajacych
1 kinetyki uwalniania substancji czynnej z folii polisacharydowo-zelatynowych
(CMCT75/GEL75, GAR75/GEL25, OSA75/GEL25 i WSSP75/GEL25) wzbogacanych
wzrastajacymi ilosciami AST (0; 0,25; 0,5; 1%);

- porownanie wtasciwosci strukturalnych, fizykochemicznych, przeciwutleniajacych
1 kinetyki uwalniania substancji czynnej z folii polisacharydowo-zelatynowych
(CMCT75/GEL75, GAR75/GEL25, OSA75/GEL25 i WSSP75/GEL25) wzbogacanych
wzrastajacymi ilosciami CUR (0; 0,005; 0,01; 0,02%).
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6. Materialy i metody
6.1. Material badawczy

Folie wytwarzano z polisacharydow, GEL, glicerolu (plastyfikator) i

przeciwutleniaczy. Charakterystyke surowcow, wg opisu producentdéw, przedstawiono w
Tabeli 1. W przypadku folii zawierajacych AP, zastosowano dodatek emulgatora Tween

80 (znany rowniez jako E 433 lub monooleinian polioksyetylenosorbitolu (polisorbat 80)).

Tabela 1. Ogoélna charakterystyka surowcow zastosowanych do otrzymywania folii.

Surowiec Producent Skrot Charakterystyka

o Zawartos¢ wody: 10%
Guma arabska Agri-Spray Agrigum International, GAR ° Weglowodany: 90%
Acacia R Wielka Brytania o Biatko: 2%

e Popiok: 4%
Metyloceluloza Methocel Sigma Chemical Co, MC * Zawartos:c: wody: <3% . o
Al5 LV Stany Zjednoczone o Zawarto$¢ chlorku sodu: max. 2%

¢ DS: 27,5-31,5%
Karboksymetyloceluloza Dow Wolff Cellulosics, ) o
WALOCEL CRT30 GA  Niemcy CMC  »DS: 0,82-0,95%

e Zawarto$¢ wody: max. 10%
Sél sodowa e Weglowodany: min. 97g/100g s.m.
oktenylobursztynianu Ingredion, Niemcy OSA  © Biatko: max. 0,5g/100g s.m.
skrobiowego PURITY e Thuszcz: max. 0,15g/100g s.m.
GUM 2000 e Popidt: 5%

¢ DS: 0,2%

. <
Wodnorozpuszezaln Gushen Biological * Zawartosc vlvody. f7 harvd . .
odnorozpuszczalne Technology Group Co., WSSP Rozpuszczalne polisacharydy sojowe:

polisacharydy sojowe Chiny > 70%

e Popidt: < 5%
. . McCormick-Kamis I s
Zelatyna wieprzowa Polska S.A., Polska GEL e Sila zelowania: 240° Blooma
Glicerol Sigma Chemical, Stany o Zawartosé: 299,5%

Zjedoczone
Palmitynian L-askorbylu S{gma Chemical, Stany AP e Zawarto$¢: 299%
Zjedoczone

e Sktad: ASX (5%), skrobia

AstaSana 5% CWS/S-TG DSM, Holandia AST modyfikowana’ syrop glukozowy’ DL-a-
tokoferol, askorbinian sodu

Kurkumina Sigma Chemical, Stany CUR o Zawartosé: > 65%

(z Curcuma longa)

Zjedoczone

Tween 80

Sigma Chemical, Stany
Zjedoczone

e Wspolczynnik rownowagi hydrofilowo-
lipofilowej (HLB): 15

W celu rozpuszczenia AP i CUR zastosowano 99,8% etanol (POCH, Polska). Do

oznaczenia aktywnoS$ci przeciwutleniajagcych folii, w zalezno$ci od rodzaju dodanego

przeciwutleniacza, zastosowano 2,2’-azyno-bis(etylobenzotiazolino-6-sulfonian) (ABTS)

lub 2,2-difenylo-1-pikrylohydrazyl (DPPH) (Sigma Chemical, Stany Zjednoczone).
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6.2. Otrzymywanie folii

6.2.1. Folie z polisacharydow, zelatyny i ich mieszanin

Folie otrzymywano z 5% (m/m) wodnych roztworow GAR, OSA, MC, WSSP i
GEL, zawierajacych 1% (m/m) glicerolu. W celu catkowitego rozpuszczenia GAR, OSA i
WSSP, FFS ogrzewano w tazni wodnej (90°C) przez 30 min. Z powodu termozelowania,
MC rozpuszczano dwustopniowo, najpierw poprzez ogrzewanie (90°C) z 1/3 wymaganej
objetosci wody, a nastgpnie mieszanie z pozostala cze¢scia wody ochlodzonej do
temperatury 4°C. FFS polisacharydowo-zelatynowe otrzymano poprzez zmieszanie (40°C,
30 min) 5% (m/m) roztwordéw polisacharydowych z 5% (m/m) roztworem zelatynowym w
proporcjach: 75/25, 50/50 i1 25/75. FFS odgazowano, wylano (w ilosci 0,0125 g
sktadnikéw niewodnych/cm?) na wypoziomowane plytki pokryte Teflonem (o powierzchni

144 cm? i 4 cm?) i wysuszono (25°C, ~12 h). Uzyskane folie pocigto na prébki do badan.

6.2.2. Folie polisacharydowo-zelatynowe z dodatkiem palmitynianu L-
askorbylu

Folie otrzymywano z wodnych roztworow zawierajacych 7,5% (m/m) polisacharydu
(GAR, OSA, lub WSSP); 2,5% (m/m) GEL; 1% glicerolu; 1 lub 2% (m/m) AP; 0,25%
(m/m) Tween 80 oraz 20% (v/m) etanolu. Poszczegdlne polisacharydy mieszano z GEL,
glicerolem oraz woda, a nast¢pnie ogrzewano w tazni wodnej (90°C) przez 30 min. Po
ochtodzeniu do ~40°C do FFS dodano AP rozpuszczony w etanolu z dodatkiem Tween 80.
Emulgacje mieszaniny prowadzono za pomocg homogenizatora H-500 (Pol-Eko-
Aparatura, Polska) z predkoscig 20 000 obr./min przez 60 s, a nastgpnie 14 000 obr./min
przez 40 s. Z FFS uzyskano folie jak w pkt 6.2.1 Folie kontrolne otrzymano z roztworéw

niezawierajacych AP.

6.2.3. Folie polisacharydowo-zelatynowe z dodatkiem astaksantyny
AstaSana

Folie otrzymywano z wodnych roztworéw zawierajacych 3,75% (m/m)
polisacharydu (CMC, GAR, OSA, lub WSSP); 1,25% (m/m) GEL; 1% (m/m) glicerolu
oraz 0,25, 0,5 Iub 1% (m/m) AST. Poszczegodlne polisacharydy mieszano z GEL,
glicerolem oraz woda, a nastgpnie ogrzewano w tazni wodnej (90°C) przez 1 h. FFS

ochtodzono do ~40°C, a nastepnie zmieszano (30 000 obr./min, 2 min) z AST za pomoca
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homogenizatora MT-30K (Hangzhou Miu Instruments Co., Ltd., Chiny). Z FFS

uzyskiwano folie jak w pkt 6.2.1 Folie kontrolne otrzymano z FFS niezawierajacych AST.

6.2.4. Folie polisacharydowo-zelatynowe z dodatkiem kurkuminy

Folie otrzymywano z wodnych roztworéw zawierajacych 3,75% (m/m)
polisacharydu (CMC, GAR, OSA, lub WSSP); 1,25% (m/m) GEL; 1% (m/m/) glicerolu;
0,005, 0,01 Iub 0,002% (m/m) CUR oraz 4% (v/m) etanolu. Poszczegdlne polisacharydy
mieszano z GEL, glicerolem oraz woda, a nastgpnie ogrzewano w tazni wodnej (90°C)
przez 1 h. FFS ochlodzono do ~40°C, a nastgpnie wymieszano za pomocg mieszadta
magnetycznego (800 obr./min, 100 min) z etanolowym roztworem CUR. Z FFS uzyskano

folie jak w pkt 6.2.1 Folie kontrolne otrzymano z roztwordéw nie zawierajagcych CUR.

6.3. Metody badan roztworow foliotworczych

W zaleznos$ci od zasadnosci przeprowadzenia obserwacji i/lub pomiaréow, FFS
analizowano za pomocg:

- mikroskopu odwréconego CKX53 (Olympus, Japonia),

- mikroskopu LEICAS5500B z polaryzacja i kontrastem réznicowo-interferencyjnym (DIC)
(Leica Microsystems GmbH, Niemcy),

- skaningowego mikroskopu elektronowego Carl Zeiss Ultra Plus z komora krio (Carl
Zeiss, Niemcy) (cryo-SEM),

- analizatora ZetaPlus/Bi-MAS (Brookhaven Instruments Co., Stany Zjednoczone) do
pomiaru rozmiaru czastek i potencjalu zeta (Zp) metoda dynamicznego rozpraszania
$wiatla (DLS),

- pH-metru CPC 401 z elektroda ERH-11S (Elmetron, Polska).

6.4. Metody badan folii

6.4.1. Pomiar grubosci i aklimatyzacja

Grubos¢ probek folii mierzono za pomocag grubosciomierza elektronicznego
Mitotuyo 547-401 (Mitotuyo, Japonia). Pomiary wykonywano w kilku miejscach probki.
Przed badaniami probki folii aklimatyzowano (25°C, RH 50%, 48 h) w komorze
klimatycznej MLR-350H (Sanyo Electric Biomedical Co., Ltd., Japonia).
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6.4.2. Wlasciwosci strukturalne

Mikrotopografie folii wizualizowano za pomocg skaningowego mikroskopu
elektronowego Carl Zeiss Ultra Plus (Carl Zeiss, Niemcy). W uzasadnionych przypadkach
mikrostrukture folii dodatkowo obserwowano za pomoca mikroskopu optycznego
(Olympus CKX53 lub LEICA5500B). Widma $wiatta podczerwonego odbitego od folii
uzyskano za pomocg spektrometru podczerwieni z transformacja Fouriera (FTIR)
PerkinElmer SP 100 (PerkinElmer, Stany Zjednoczone) lub Thermo Nicolet 8700
(Thermo Scientific, Stany Zjednoczone), z wykorzystaniem metody ostabionego odbicia
catkowitego (ATR). Obecno$¢ faz krystalicznych badano metoda szerokokatowej
dyfraktometrii rentgenowskiej (WAXD) za pomoca dyfraktometru URD 6 (Seifert-FPM,
Niemcy).

6.4.3. Wlasciwosci optyczne

Oznaczenie barwy folii w systemie CIELab lub CIELCh wykonano na biatym tle za
pomocg kolorymetru NH310 (3nh, Chiny). Przepuszczalno$¢ $§wiatta UV/VIS przez folie
okreslono za pomoca spektrofotometru Lambda 40 (Perkin-Elmer, Stany Zjednoczone).

Nieprzezroczysto$¢ (OP, Asoo/mm) folii obliczono ze wzoru (1):
OP = Agpo/x (1)
gdzie: Asoo— absorbancja przy dlugosci fali 600 nm, x — grubo$¢ probki (mm).

W uzasadnionych przypadkach dokumentowano wyglad ogélny otrzymanych folii

przy uzyciu aparatu fotograficznego.

6.4.4. Wlasciwosci fizykochemiczne

Zawarto$¢ wody (WC) w foliach oznaczono metoda suszarkowa (105°C, 24 h). W
zalezno$ci od rodzaju folii, rozpuszczalno$¢ (So, %) oraz zdolno$¢ absorpcji (Sw, %)
wody lub ptynéw modelowych imitujacych zywno$¢ (pkt 6.4.8) obliczano wg wzoru (2) 1

3):

So =~ x 100% (2)

Wj
gdzie: wi— poczatkowa masa probki, wu — masa pozostala po rozpuszczeniu probki.

Sw = (w; —wg) X 100% (3)
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gdzie: wi— poczatkowa masa probki, ws— masa probki po absorpcji ptynu.

Hydrofobowos$¢ powierzchniowa folii z dodatkiem AP (i ich odpowiednikow
kontrolnych) oznaczono poprzez pomiar kata zwilzania za pomocg goniometru Phoenix

Mini (Surface Electro Optics, Korea).

6.4.5. Wlasciwosci barierowe
Szybko$¢ przenikania pary wodnej przez folie (WVP, ¢ mm m?2 d! kPa™)
obliczono ze wzoru (4):

WVP = (WVTR x L)/Ap (4)

gdzie: WVTR — szybko$¢ przenikania pary wodnej przez foli¢ (g m? d') zmierzona
metoda wagowa [128] w temperaturze 25°C; L — grubos¢ folii (mm); Ap — rdznica ci$nien

pary wodnej (kPa) po obu stronach folii.

Szybko$¢ przenikania tlenu przez folie (OTR, cm® um m2 d!) oznaczono za
pomocg analizatora MultiPerme O2-COz (Extra Solution Instrument, Wiochy). Analizie
OTR poddano jedynie folie CMC75/GEL25 1 OSA75/GEL25 z dodatkiem AST (oraz ich

odpowiedniki kontrolne).

6.4.6. Wlasciwosci mechaniczne

Cechy wytrzymatosciowe folii, takie jak wytrzymalo§¢ na zerwanie (TS, MPa),
wydtuzenie wzgledne przy zerwaniu (E, %), modut sprezystosci wzdluznej (EM, %) 1
wytrzymato$¢ na przebicie (PS, MPa), okreslono za pomocg analizatora tekstury TA-XT2i
Stable Micro Systems (Wielka Brytania). Parametry obliczono wg nast¢pujacych wzoréw
(5-8):

TS = Foax/A (5)

gdzie: Fmax— maksymalna sila rozciggajaca (N), A — powierzchnia przekroju poczatkowego

probki (mm?)

E = (AL/L) x 100 (6)
gdzie: L — dlugo$¢ poczatkowa probki (mm), AL — przyrost dlugosci probki

EM = (0, — 01) /(€2 — &1) (7)

gdzie: o1 - naprezenie (MPa) przy wartosci wydtuzenia €1 = 0,2 (0,67%), o2 - naprezenie
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(MPa) przy wartos$ci wydtuzenia 2= 0,4 (1,33%)
PS = Fpax/A (8)

gdzie: Fmax — maksymalna sita przebijajaca (N), A — powierzchnia przekroju poczatkowego

probki (mm?)

6.4.7. Wlasciwosci termiczne

W celu uzyskania wgladu w zmiany zachodzace w foliach w warunkach
podwyzszonej temperatury (do 300°C), przeprowadzono badania z wykorzystaniem
roznicowego kalorymetru skaningowego DSC 2920 (TA Instrument, Stany Zjednoczone).

Analizie poddano jedynie folie z dodatkiem CUR (w tym odpowiedniki kontrolne).

6.4.8. Migracja przeciwutleniaczy do plynow modelowych imitujacych
Zywnos¢

Szczegotowe parametry wykonywania pomiarow migracji przeciwutleniaczy z folii
do ptynow akceptorowych przedstawiono w Tabeli 2. W przypadku folii z dodatkiem AP
jako plyn akceptorowy zastosowano alkohol etylowy. Jest to zamiennik ptynu
modelowego imitujacego zywno$¢ D2 (oleju roslinnego) zalecany do stosowania w
przypadku, gdy badanie migracji przy uzyciu plynu D2 jest technicznie niewykonalne
[129]. Probki folii mieszano z etanolem za pomocg mieszadta magnetycznego. Kinetyke
uwalniania AP monitorowano w sposob okresowy za pomoca spektrofotometru
ptytkowego EPOCH2 (BioTek, Stany Zjednoczone). Migracj¢ CUR badano w sposob
ciagly za pomoca spektrofotometru Lambda 40 wyposazonego w kuwete przeplywowsg i
pompe perystaltyczng PESI B2190036 (PerkinElmer, Stany Zjednoczone), przy czym jako
ptyn akceptorowy zastosowano 50% (v/v) etanol (plyn modelowy D1).

Na podstawie ogdlnego przyporzadkowania plynéw modelowych imitujacych
zywno$¢ do rodzajow zywnos$ci, zalecanych do stosowania w badaniach migracji
substancji z tworzyw sztucznych przeznaczonych do kontaktu z zywnoscig, ptyny D11 D2
sg przyporzadkowane do zywnos$ci, ktora ma charakter lipofilny 1 z ktérej mozna
uzyskiwaé substancje lipofilne. Ponadto, plyn modelowy D1 zastgpuje zywnosé
zawierajacg >20% alkoholu oraz zywnos¢ typu olej w wodzie. Z kolei ptyn modelowy D2
stosuje si¢ w przypadku zywnosci, ktéra ma warstwe wolnych thuszczéw na powierzchni

[34].
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Tabela 2. Parametry pomiaru kinetyki uwalniania przeciwutleniaczy z folii do ptynow

modelowych imitujacych zywnos¢.

Parametr AP AST CUR
Ptyn akceptorowy 99.8 % etanol woda 50 % etanol
Objetos¢ ptynu 50 25 20
akceptorowego (ml)
Powierzchnia probki 4 4 4

(cm?)

Sposoéb kontaktu z

mieszanie przy uzyciu
mieszadta

wytrzasanie przy uzyciu
inkubatora

mieszanie przy uzyciu
mieszadta

ptynem akceptorowym magnetycznego laboratoryjnego magnetycznego
(100 rpm) (170 rpm) (170 rpm)

Temperatura ptynu

akceptorowego (°C) » 30 2

Czas kontaktu (h) 30 4 0,5

Dlugosc fali

zastosowana do detekcji 247 464 425

przeciwutleniacza (nm)

Do badania migracji AST jako ptyn akceptorowy zastosowano wode¢ destylowana.
Kinetyke uwalniania AST monitorowano w sposob okresowy za pomocg spektrofotometru
ptytkowego EPOCH2 (BioTek, Stany Zjednoczone).

Kinetyk¢ uwalniania przeciwutleniaczy analizowano za pomocg solvera
obliczeniowego DDSolver 1.0 do arkusza kalkulacyjnego programu Excel [39]. W celu
poréwnania mechanizmow i szybkosci uwalniania przeciwutleniaczy (m.in. wyznaczenia
czasOw Cwieruwalniania (t2s%) 1/lub poluwalniania (tso%)) dane eksperymentalne
interpretowano za pomocg  kilkunastu réwnahn matematycznych o rdéznej liczbie
predyktoréw (Tabela 3 i 4). Jako wskaznik dopasowania modeli zastosowano kryterium
(AIC) i/lub

informacyjne Akaikego skorygowany wspotczynnik determinacji

(stkorygowany) [3 9] .

6.4.9. Aktywnos¢ przeciwutleniajgca

Aktywnos¢ przeciwutleniajacg folii okreslono poprzez pomiar zdolnosci neutralizacji
syntetycznych wolnych rodnikdéw, metoda bezposredniego kontaktu materiatu z roztworem
rodnika. Szczegdtowe parametry wykonywania pomiarow przedstawiono w Tabeli 5.
Aktywno$¢ przeciwrodnikowa folii z dodatkiem AP oraz CUR (i ich odpowiednikéw
kontrolnych) monitorowano w sposéb ciagly za pomocag spektrofotometru Lambda 40
wyposazonego w kuwet¢ przeptywowa 1 pompe perystaltyczng PESI B2190036

(PerkinElmer, Stany Zjednoczone). Probki folii mieszano z roztworem rodnika za pomocg
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Tabela 3. Jedno- i dwuparametrowe modele matematyczne wykorzystane do opisu profili

uwalniania [39].

Model Skrét Roéwnanie Parametry
Zerowego rzgdu Z-0 F=kgt ko
%erowego rzedu z 7-0 Tig F=ko-(t — Tlag) ko, Tiag

ag

Pierwszego rzedu F-O F=100-(1—e®-p) ki

Evlerwszego rzedu z F-O Fpe F=Fy, (1 _ e—kl.t) k1, Foa
2 F F

Baker-Lonsdale B-L - [1 -(1-— 2/3] ———=kg, -t Kk
21 AT 100 "Bt o

Hopfenberg Ho F=100-[1—(1—kyg-t)"] kug, n

) ea+ﬁ-log(t)
Logistyczny 1 Lo 1 F =100 T o Fog® a, p
Gompertz_1 Go 1 F=100-e-a ¢ Fe® a, B

Objasnienia parametrow wspolnych dla wszystkich modeli:

F — ilos¢ substancji aktywnej (%) uwolnionej w czasie ¢,

Fae — parametr okreslajacy maksymalng ilo$¢ substancji aktywnej uwolnionej w nieskonczonym czasie,
Tiag — czas opOznienia uwalniania substancji aktywne;j.

Objasnienia parametrow charakterystycznych dla danych modeli:

7-0 1 Z-O Ty ko— stata szybkosci uwalniania zerowego rzedu;

F-0 i F-O F,,: k;— stata szybkosci uwalniania pierwszego rzedu;

B-L: kg, — zlozona stala modelu B-L obliczana na podstawie wzoru: kg, = [3-D - Cs/(ry? - Cy)] gdzie: D —
wspoélczynnik dyfuzji, Cs — rozpuszczalno$é substancji aktywnej w folii, rp — promien proby, Co —
poczatkowe stezenie substancji aktywnej w probie;

Ho: kynp— ztozona stata modelu Ho obliczana na podstawie wzoru: kyg = ko/(Cy - a,) gdzie: ko— stata
stopnia erozji, Cyp— poczatkowe stgzenie substancji aktywnej w probie, ag— 1/2 grubosci proby; n — zgodnie z
forma geometryczng probki wynosi 1, 2 lub 3 odpowiednio dla folii, cylindra lub kuli;

Lo_1: a — wspoélczynnik skali, f — wspotczynnik ksztattu;

Go_1: a — wspotezynnik skali, f — wspotczynnik ksztattu.

mieszadta magnetycznego. Kinetyke neutralizacji wolnych rodnikow przez folie z
dodatkiem AST (i ich odpowiednikoéw kontrolnych) monitorowano w sposdb okresowy za
pomoca spektrofotometru ptytkowego EPOCH2 (BioTek, Stany Zjednoczone).

Procentowg ilo$¢ zneutralizowanych wolnych rodnikéw obliczono wg wzoru (9):
Neutralizacja wolnych rodnikéw (%) = [1 — (Abs;/Abs;)] x 100 9)

gdzie: Abst — absorbancja mieszaniny reakcyjnej w czasie t; Abso — absorbancja

poczatkowa roztworu rodnika

6.5. Analiza statystyczna

Otrzymane wyniki poddano analizie statystycznej przy uzyciu oprogramowania

Statistica 6.0 oraz 13.1. (StatSoft Inc., Stany Zjednoczone). Grupy homogenne
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Tabela 4. Wieloparametrowe modele matematyczne wykorzystane do opisu profili

uwalniania [39].

Model Skrot Roéwnanie Parametry

ela+Blog(®)]

Logistyczny 2 Lo 2 F = FEpgy T et Fios® a, B, Fax

Probit 2 Pr 2 F = Fpux " Pla+ B -log(t)] a, B, Frax

Gompertz 2 Go 2 F=Fp-e" e~Flog®) a, B, Fax

Gompertz_4 Go_4 F=Fpg e P B, k, Fnax
(t-T)B

Weibull 1 Wb 1 F =100- [1 —e «a ‘ a, p, Ti
_(t=T)f

Weibull 4 Wb 4 F=Fux'|1—e « o, B, Ti, Fax

Korsmeyer-Peppas z _ n

F() K-PFO F = F0+ kKP.t kKP, n, F0

Korsmeyer-Peppas z n

T'lag Y PP K-P Tlag F= kKP ' (t - Tlag) kKP; n, T}ag

Makoid-Banakar M-B F=kyg-tht-e k't kvs, n, k

l}/llakmd—Banakar z M-B Tiog F=kyp- (t _ Tlag)n . o~k (t=Tiag) fis, 1, & T

ag
Peppas-Sahlin 1 P-S 1 F=ky - t"+k, t>™ ki, k>, m

Peppas-Sahlin_1 z

Tiag P-5 Tiug F=k(t- Tlag)m +hy - (t - Tlag)zm ki, k2, m, Tiag

Opis parametréw wspolnych dla wszystkich modeli:

F — ilos¢ substancji (%) aktywnej uwolnionej w czasie ¢,

Fax — parametr okreslajacy maksymalng ilo$¢ substancji aktywnej uwolnionej w nieskonczonym czasie,

Fy — poczatkowa ilos¢ substancji aktywnej obecnej w roztworze w wyniku natychmiastowego uwolnienia
(tzw. ,,burst release”),

Tiag — czas opOznienia uwalniania substancji aktywnej.

Opis parametréw charakterystycznych dla danych modeli:

Lo_2,Pr_2,Go_2, Go_4: a— wspolczynnik skali; f — wspotczynnik ksztattu;

Wb_11i Wb_4: a — parametr skali, okresla skale¢ czasowa procesu; f — parametr ksztattu charakteryzujacy typ
krzywej gdzie: f = 1 (przypadek 1) to krzywa wykladnicza; f >1 (przypadek 2) to krzywa esowata; £ <1
(przypadek 3) to krzywa paraboliczna; Ti — parametr lokalizacji, ktory reprezentuje czas op6znienia przed
rozpoczgciem procesu rozpuszczania lub uwalniania i w wigkszos$ci przypadkow bedzie bliski zeru;

K-P Foi K-P Tug: kgp — 0znacza stala uwalniania obejmujaca cechy strukturalne i geometryczne probki; n —
jest wyktadnikiem dyfuzji wskazujacym mechanizm uwalniania substancji aktywnej;

M-B: kus, n, k — parametry empiryczne (kas, n, k> 0)

P-S: k; — stala zwigzang z kinetyka Ficka; k, —stala zwigzana z kinetyka relaksacji typu Case-II; m —
wyktadnik dyfuzji nosnika o dowolnym ksztalcie geometrycznym, ktére utrudnia kontrolowane uwalnianie.

wyznaczano stosujac test post-hoc Fisher’a na poziomie istotnosci p=0,05. W
uzasadnionych przypadkach wyznaczono wspotczynniki korelacji Pearsona (r) w celu

zbadania czy istniat zwigzek liniowy miedzy dwoma zmiennymi.
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Tabela 5. Parametry pomiaru aktywnosci przeciwrodnikowej folii wobec rodnika 2,2-

difenylo-1-pikrylohydrazylu ~ (DPPH") kationorodnika ~ kwasu  2,2’-azyno-
bis(etylobenzotiazolino-6-sulfonowego) (ABTS ™).
Parametr AP AST CUR
Wolny rodnik DPPH’ ABTS™" DPPH’
Rozpuszczalnik 99,8% etanol woda 50% (v/v) etanol
Objetos¢ roztworu 50 25 20
wolnego rodnika (ml)
Powierzchnia probki 4 4 4

folii (cm?)

Sposob kontaktu mieszanie przy uzyciu wytrzasanie przy uzyciu  mieszanie przy uzyciu
mieszadta inkubatora mieszadta
magnetycznego laboratoryjnego magnetycznego
(100 rpm) (170 rpm) (170 rpm)

Temperatura roztworu 25 30 25

C)

Czas kontaktu (h) 1 3 2

Dlugos¢ fali 517 734 517

zastosowana do detekcji

wolnego rodnika (nm)

Absorbancja 2,70 +£ 0,05 0,70 £ 0,05 0,77 £ 0,05

poczatkowa roztworu

rodnika
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7. Omowienie wynikow i dyskusja
7.1. Folie otrzymane z polisacharydow, zelatyny i ich mieszanin

Doboér materialéw to ztozony proces, ktory obejmuje m.in. wybdr surowcow i ich
proporcji, optymalnie dostosowanych do okre$lonych zastosowan. Kazdy biopolimer
posiada charakterystyczne cechy, ktore maja kluczowy wptyw na witasciwosci uzytkowe
otrzymanego produktu. W artykule Pl — Lupina K., Kowalczyk D., Zigba E.,
Kazimierczak W., M¢zynska M., Basiura-Cembala M., Wiagcek A. E. (2019). Edible films
made from blends of gelatin and polysaccharide-based emulsifiers - A comparative study.
Food Hydrocolloids, 96, 555-567, poroéwnano wtasciwosci 17 rodzajow folii (5
jednopolimerowych 1 12 polisacharydowo-zelatynowych), w tym takze wlasciwosci
roztwordw z ktorych zostaty one uzyskane. Pomimo, ze OSA uplastyczniony glicerolem
utworzyl powtoke, to lepka i zbyt rozciagliwa konsystencja otrzymanego materialu
skutkowala jego uszkodzeniem (rozciagnigciem, zerwaniem i/lub zlepieniem) podczas
préby oddzielenia od podtoza. Z tego powodu mozna bylto scharakteryzowacé tylko niektore

wlasciwos$ci powloki otrzymanej z OSA.

7.1.1. Wlasciwosci roztworow foliotworczych

W celu uzyskania lepszego wgladu we wiasciwosci strukturalno-morfologiczne folii,
w pierwszej kolejnosci dokonano obserwacji mikroskopowych FFS. Roztwory
jednopolimerowe (GEL100, GAR100, MC100, OSA100, WSSP100) i polisacharydowo-
zelatynowe (50/50) zwizualizowano przy uzyciu techniki krio-SEM (P1-Rysunek 1).
Dzigki gwaltownemu zamrozeniu (-195,8°C) i sublimacji krysztalow lodu, mozliwe byto
zachowanie naturalnych wiasciwosci badanych probek. W przypadku kazdego z
analizowanych FFS uwidoczniono charakterystyczng strukture ,,plastra miodu” utworzong
przez odwodniong frakcj¢ biopolimerows. Zaobserwowano, ze FFS otrzymywane z MC
byly najmniej podatne na dehydratacje (na zdjeciach widoczny jest niesublimowany 16d),
co sugeruje, ze czasteczki wody byly silnie powigzane z tym polisacharydem.
Mikrostruktura utworzona przez roztwér zelatynowy miata najmniejsza wielko$¢ porow
(fj. byla najbardziej upakowana), co odzwierciedla znakomite wtasciwosci zelujace GEL.
W konsekwencji apertura kriozeli polisacharydowo-zelatynowych byta mniejsza anizeli
odpowiednikéw polisacharydowych. Obrazowanie ujawnito dobra kompatybilnos¢ GEL z

GAR, OSA i1 WSSP. W przypadku ukladu MC/GEL zaobserwowano utworzenie
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mikrosfer, co wskazuje na separacj¢ fazy polisacharydowej i zelatynowej. Nadmienic¢
nalezy, iz podobne zjawisko zaobserwowano uprzednio w uktadach zawierajacych GEL 1
HPMC [56, 57]. Potwierdza to, iz roztwor GEL wykazuje zla mieszalno$¢ z eterami
celulozy.

Wyniki analizy FFS uzyskane za pomocg techniki DLS w duzej mierze potwierdzilty
obserwacje mikroskopowe. Najwigksza $rednig wielkos¢ czastek (dm) miaty roztwory
otrzymane z mieszaniny MC50/GELS50 (dwm=77,36 um) oraz MC75/GEL25 (dm=18,74 um)
(P1-Tabela 1), co przypisa¢ mozna obecnosci zelatynowych mikrosfer w tych uktadach.
Stosunkowo duze czastki (dm=25,77 pum) stwierdzono takze w przypadku roztworu MC.
Mikroskopowe obserwacje (P1-Rysunek 3) ujawnily niepelng rozpuszczalnosé tego
polisacharydu, co prawdopodobnie wynikalo ze znacznej lepkosci 5% roztworu MC
utrudniajacej rozpuszczanie. Nadmieni¢ nalezy, ze w kontakcie z woda, MC tworzy
hydrozelowe agregaty, co opdznia dyfuzj¢ rozpuszczalnika i hydratacj¢ polimeru [131].
Sposrod uktadow jednopolimerowych, roztwér OSA wykazywal najmniejsza dm, co jest
posrednim dowodem pelnego skleikowania ziaren zmodyfikowanej skrobi.

Zp czastek w roztworach polisacharydow miat warto$¢ ujemng (od -2,51 do -3,26
mV) (P1-Tabela 1), co jest zgodne z obserwacjami innych autoréw [132—134]. Z kolei w
roztworze o pH 5,54 (P1-Tabela 1) GEL wykazywata dodatni Zp (1,73 mV), co jest
konsekwencja wysokiej wartosci punktu izoelektrycznego (pH=7-10), jaki ma GEL typu A
[135]. W konsekwencji zaobserwowano, ze stopniowe zastgpowanie frakcji
polisacharydowej GEL, skutkowato stopniowym wzrostem Zp, co potwierdza wyniki
uzyskane przez innych autorow [136]. Uwzgledniajac przeciwstawne wartosci Zp
roztworow polisacharydow 1 GEL, mozna przypuszczaé, ze w ich mieszaninach

wystepowaly elektrostatyczne asocjacje.

7.1.2. Wlasciwosci strukturalne folii
7.1.2.1. Mikrostruktura

Obserwacje mikroskopowe (1000x powigkszenie) ujawnity, ze folie GEL100 i
GARI100 mialy jednorodng i gtadka mikrostrukture powierzchni (P1-Rysunek 2). Z kolei
powierzchnia folii WSSP100 byta drobno uziarniona, a w folii MC100 zwizualizowano
niewielkie hydrozelowe czastki (P1-Rysunki 2-3), co jak uprzednio wspomniano wskazuje
na niepetne rozpuszczenie polisacharydu. Folie otrzymane z réwnowaznych ilosci

polimeréw (1:1), w poréwnaniu do odpowiednikow jednopolimerowych, byly bardziej
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niejednorodne. W foliiach MC/GEL, stwierdzono obecno$¢ mikrosfer o roznej wielko$ci
srednicy maksymalnej (dmax=53-467 pm), uzaleznionej od stosunku polimeréow (P1-
Rysunek 3).

Folie nie zmienity wygladu ogdlnego podczas 30-dniowego przechowywania (25°C,
RH 50%). Wyjatek stanowita folia z najwigkszym udziatem OSA (tj. OSA75/GEL25), w
przypadku ktorej po 7 dniach przechowywania doszto do rekrystalizacji polisacharydu (P1-
Rysunek 4), objawiajacej si¢ pojawieniem bialych wykwitow na powierzchni. Podobne

zjawisko bylo juz opisane w literaturze [137].

7.1.2.2. Spektrometria w podczerwieni z transformacja Fouriera z oslabionym
odbiciem calkowitym

Analiza widm FTIR poszczegolnych komponentow oraz otrzymanych z nich
mieszanin moze dostarczy¢ informacji na temat wzajemnej interakcji chemicznej
sktadnikow. W widmach wszystkich analizowanych folii zaobserwowano szerokie pasmo
amidowe A (w zakresie liczb falowych 3000-3600 cm™). Jest ono manifestacja obecnosci
grup O-H i/lub N-H, a takze wigzan wodorowych (P1-Rysunek 5). Pasmo amidowe A
miato najwigkszg intensywno$¢ w widmach folii GARI100 i1 WSSP100, co moze
wskazywac na duzg ilo§¢ wolnych grup -OH w strukturze tych natywnych polisacharydow.
Idac tym tokiem rozumowania, nizszg intensywno$¢ pasma amidowego A w widmach folii
MC100 i OSA100, mozna przypisa¢ czgsciowemu podstawieniu grup -OH reszt
glukozowych ~w  polisacharydach, odpowiednio przez reszty metylowe 1
oktenylobursztynianowe [138]. Stosunkowo wysoki poziom metoksylacji (27,5-31,5%)
(Tabela 1) byl najprawdopodobniej przyczyng stabej intensywnos$ci pasma amidowego A
w widmie folii MC100 (P1-Rysunek 5). Zaobserwowano, ze zamienienie polowy ilosci
GEL na GAR, OSA 1 WSSP skutkowato wzrostem intensywnosci pasma amidowego A, co
poza zmianami w proporcji wspomnianych grup funkcyjnych, mozna przypuszczalnie
wytlumaczy¢ powstaniem wigzan wodorowych pomiedzy polisacharydami i GEL [139].
Separacja faz zaobserwowana w ukladach MC/GEL najprawdopodobniej nie sprzyjata
takim interakcjom, czego dowodem jest niska intensywno$¢ pasma A w widmie FTIR-
ATR folii. W widmie folii GEL100 zaobserwowano stabe pasmo amidowe B przy 3075
cm’' (wynikajace z drgan rozciagajacych grupy N-H), a takze charakterystyczne piki
absorpcji przy 2925 i 2855 cm’' (reprezentujace odpowiednio drgania rozciagajace
asymetryczne i symetryczne grupy CHz) [140]. W przypadku widma folit GAR100, pik
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przy 2925 cm’' przypisaé mozna obecnosci wolnych grup karboksylowych [141]. Co
ciekawe, pod wzgledem usytuowania glownych pikéw, widmo folii GAR 100 oraz
GARS0/GELS50 byto bardzo podobne do widma folii zelatynowe;.

W widmie folii GEL100 zaobserwowano wyst¢powanie charakterystycznych dla
biatek pasm amidowych I, II i III, potozonych odpowiednio przy 1622, 1583 i 1228 cm™.
Pasma amidowego I (odpowiadajacego drganiom rozciggajacym C=0, w tym grupom
karbonylowym) nie zaobserwowano w widmach folii GEL50/OSAS50 1 GEL50/WSSP50.
W zamian za to wystepowat pik przy 1633 ¢cm’'. Poniewaz absorpcja w zakresie 1630-
1695 cm™! jest charakterystyczna dla grupy CONHaz, pojawienie si¢ nowego piku moze by¢
konsekwencja interakcji ww. polisacharydow z GEL. Jak uprzednio wspomniano czgstki
w roztworach polisacharydow i GEL byly przeciwstawnie natadowane (P1-Tabela 1), co
moglo sprzyja¢ ich elektrostatycznej asocjacji. Mozliwo$¢ interakcji grup -NH3" obecnych
w GEL z grupami -COO" pochodzacymi z OSA wykazano juz we wcze$niejszych
badaniach [133]. Elektrostatyczne oddziatywania stwierdzono takze pomigdzy biatkami i
polisacharydami sojowymi [142]. Réwniez GAR moze elektrostatycznie oddziatywac
(poprzez grupy -COO") z GEL, przy czym efektywna interakcja zachodzi dopiero w pH
<2,2 [136]. Brak sktonnosci GAR do oddzialywania z GEL, zwizualizowany jako brak
zmian/przesuni¢¢ w obrgbie pasma amidowego I (P1-Rysunek 5), thumaczy¢é mozna zatem
wysoka wartoscig pH FFS (5,25-5,57; Pl-Tabela 1) niesprzyjajaca jonizacji GAR.
Najwyrazniej rowniez MC miata ograniczong zdolno$¢ oddziatywania elektrostatycznego z
GEL, co wynikato z niejonowego charakteru tego polisacharydu. Ponadto nadmieni¢
nalezy, ze prawdopodobnie z powodu niejednorodnego rozmieszczenia sktadnikow
(spowodowanego separacja faz), nie odnotowano obecnosci pasma amidowego III w

widmie foliit MC50/GELS50.

7.1.2.3. Szerokokatowa dyfraktometria rentgenowska

Badanie dyfraktometryczne wykazato, ze sposrdd materiatéw jednopolimerowych,
najbardziej krystaliczng struktur¢ mialy folie GEL100 i MC100, na co wskazuje obecnos¢
intensywnych pikéw usytuowanych przy niskich wartosciach kata dyfrakcji (20),
odpowiednio przy =8° i =7,8° (P1-Rysunek 6). W przypadku folii zelatynowej obecnos¢
ostrego piku odzwierciadla wysoki stopien odtworzenia uporzadkowanej struktury
przestrzennej kolagenu (tj. potrdjnej helisy). Z kolei w przypadku folii otrzymanej z MC

pik ten reprezentuje regularne uporzadkowanie powtarzajacych si¢ reszt trimetyloglukozy
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[143]. Analiza rentgenowska pozostatych folii jednopolimerowych nie wykazata obecnosci
pikow pochodzacych od fazy krystalicznej, co wskazuje na ich bardziej amorficzng
(nieuporzadkowang) struktur¢. Folia (a w =zasadzie powloka) OSA100 posiadata
najintensywniejszy i najbardziej rozciagnigty pik charakterystyczny dla fazy amorficznej
(26=20°). Przypuszczalnie byto to spowodowane jej wysokim stopniem uwodnienia [144].

Zastapienie polowy ilosci GEL polisacharydami takimi jak GAR, OSA 1 WSSP
spowodowato 2,5- krotny spadek intensywnosci piku potozonego przy 26=8° (P1-Rysunek
6). Oprocz mniejszej zawartosci GEL, rezultat ten mozna przypisa¢ rowniez dobrej
kompatybilnosci GEL z ww. polisacharydami, co moglo utrudnia¢ tancuchom
polipeptydowym GEL powrdt do ich natywnej postaci potrdjnej helisy [145]. Wysoka
krystalicznos¢ folii GEL50/MC50 byta wypadkowa wysokiej krystalicznosci folii
jednopolimerowych. Mozna ponadto przypuszczaé, ze z powodu termodynamicznej
niekompatybilnosci, MC 1 GEL tylko w minimalnym stopniu zaklocaly tworzenie

wlasnych domen krystalicznych.

7.1.3. Wlasciwosci fizykochemiczne

WC folii zawierala si¢ w przedziale 12,0-17,27% (P1-Tabela 2), przy czym
najwyzsze warto$ci miaty materialy zawierajace najwigksze ilosci MC i OSA. Wszystkie
folie polisacharydowe byly kompletnie rozpuszczalne w wodzie (25°C). Z kolei folia
GEL100 wykazywata ograniczong rozpuszczalno$¢ (44,39%) (P1-Tabela 2), co wynika z
faktu, ze GEL do catkowitego rozpuszczenia wymaga temperatur zblizonych do
temperatury ludzkiego ciala. CzgSciowe zastgpienie frakcji polisacharydowej GEL
umozliwilo uzyskanie folii o zmniejszonej rozpuszczalnosci. W przypadku folii
zawierajagcych MC efekt taki zaobserwowano tylko dla ukladu z przewaga GEL (t;.
MC25/GEL75). Mozna przypuszczaé, ze niejednorodna dystrybucja sktadnikow w foliach
MC75/GEL25 1 MC50/GELS50 1 jednoczesnie duza zawarto$¢ tatwo rozpuszczalnej frakcji

polisacharydowej, sprzyjata dyspergowaniu folii w wodzie.

7.1.4. Szybkos¢ przenikania pary wodnej

Folie GEL100 i MCI100 stanowity lepsza bariera dla pary wodnej (WVP
odpowiednio 50,79 i 52,29 gmm m™ d™! kPa™') anizeli folie WSSP100 i GAR100 (WVP

odpowiednio 65,04 i 60,15 g mm m™2 d! kPa!) (P1-Tabela 2). Przyczyng mogly byé

wykazane uprzednio réznice w uporzagdkowaniu wewnetrznej struktury folii (P1-Rysunek
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6). Uwaza si¢, ze w materiatach polimerowych para wodna w pierwszej kolejnosci
dyfunduje przez obszary amorficzne, a potem za$ przez krystaliczne [146]. Mozna zatem
wnioskowac, ze wyzsza krystaliczno$¢ folii otrzymanych z GEL 1 MC (P1-Rysunek 6)
byta czynnikiem ograniczajacym transfer pary wodnej. Zastgpienie cze$ci frakcji
polisacharydowej GEL pozwolito uzyska¢ materialy o nizszych (o okoto 4 do 11%)
wartosciach  WVP. Przyczyn tego zjawiska mozna upatrywa¢ w doskonatych
wiasciwosciach barierowych GEL, ktore wynikaja ze zdolno$ci tworzenia gesto

upakowane;j struktury (P1-Rysunek 1).

7.1.5. Wlasciwosci optyczne

Wszystkie folie jednopolimerowe cechowata dobra przezroczysto$¢, co potwierdzaja
wysokie warto$ci transmitancji (85,04-91,16%) w zakresie dtugosci fal od 400 do 700 nm
(T%400-700) (P1-Rysunek 7). Sposréd materialow jednopolimerowych, folia GEL100
charakteryzowata si¢ najwigksza przezroczystosciag (P1-Tabela 2). Z kolei najmniej
przezroczysta, najprawdopodobniej w powodu obecnosci nierozpuszczonych czastek
polimeru (P1-Tabela 2), okazata si¢ folia MC100. Folie dwupolimerowe zawierajace MC
(bez wzgledu na proporcje MC/GEL) wykazywaly od 4 do 13-krotnie mniejsza
przezroczysto$¢ w porownaniu do pozostalych folii polisacharydowo-zelatynowych.
Wynik ten mozna w prosty sposéb wyjasni¢ ich niejednorodng strukturg (P1-Rysunek 3),
w szczegbdlnosci obecnosciag mikrosfer, ktore absorbowaty i/lub odbijaly $wiatto. Folia
uzyskana z GEL wykazywala najlepszg zdolno$¢ blokowania promieniowania UV (P1-
Rysunek 7). Jest to gtdéwnie spowodowane obecnosciag aromatycznych aminokwasow 1
wigzan peptydowych w czasteczkach biatek [147]. Dlatego wraz ze zwigkszaniem udziatu

GEL w foliach, obserwowano wzrost zdolnosci absorbowania promieniowania UV.

7.1.6. Wlasciwosci mechaniczne

Wartos§¢ TS folii jednopolimerowych prezentowata si¢ nastgpujaco: GEL100 (65,31
MPa) > MC100 (33,39 MPa) > WSSP100 (12,67 MPa) > GAR100 (4,60 MPa) (P1-Tabela
3). Wiadomym jest, ze krystaliczno$¢ polimeréw przynosi korzysci w zakresie sztywnos$ci
1 wytrzymato$ci na rozcigganie. W $§wietle wynikéw uzyskanych z zastosowaniem techniki
WAXD (P1-Rysunek 6), bardzo dobra wytrzymalo$¢ mechaniczna folii otrzymanych z
GEL 1 MC byla konsekwencjag ich wyzszego stopnia krystalicznosci (bardziej

uporzadkowanej budowy wewnetrznej). Znakomita wytrzymatos¢ folii zelatynowej
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wynika glownie z faktu, ze w czasie zelowania biatko to cze$ciowo odzyskuje pierwotng
strukture przestrzenng kolagenu, czyli gtéwnego sktadnika budulcowego tkanki tacznej, w
tym $ciggien, mie$ni i ko$ci. Potrojna helisa utrzymywana jest przez sie¢ regularnie
wystgpujacych wigzan wodorowych, ktore z kolei wystepuja dzigki regularnie
powtarzajacym si¢ sekwencjom tripeptydowym w lancuchach kolagenu [148]. MC to z
kolei pochodna giéwnego sktadnika budulcowego $ciany komodrkowej roslin wyzszych.
Podobnie jak w przypadku kolagenu, wytrzymato$¢ celulozy wynika z licznych wigzan
wodorowych utworzonych pomig¢dzy grupami -OH (oraz metoksylowymi w przypadku
MC) rownolegle ulozonych wzgledem siebie tancuchow glukanu [149]. Na uwage
zashuguje fakt, ze MC w odrdznieniu od pozostalych polisacharydéw uzytych w niniejszej
pracy, tj. o strukturze rozgatgzionej (GAR, OSA, WSSP) i/lub heterogennej (GAR, WSSP)
(Rysunki 4-6), jest homopolisacharydem liniowym. Oznacza to, Ze ma ona lepsze
predyspozycje do tworzenia $cislej upakowanej i tym samym mocniejszej struktury. Idac
dalej tym tokiem rozumowania bardziej amorficzny charakter, uwarunkowany
zroznicowanym sktadem cukrowym i/lub silnie rozgateziong strukturg (Rysunki 4 i 6), byt
najprawdopodobniej przyczyna niskiej wytrzymatosci mechanicznej folii otrzymanych z
GAR 1 WSSP [73,74,75].

W literaturze naukowej panuje przekonanie, ze GAR posiada jedynie wlasciwosci
powlokotworcze 1 nie jest w stanie tworzy¢ samodzielnych folii z powodu swojej
nadmiernej krucho$ci [110]. Warto jednak nadmienié, ze cho¢ termin "guma arabska"
odnosi si¢ do konkretnego polimeru (Rysunek 4), to ze wzgledu na istnienie wielu
producentéw oferujacych rézne warianty GAR, nie mozna jednoznacznie uogoélniaé jej
wiasciwosci foliowtorczych. Udowadniajg to niniejsze badania, w ktorych, stosujac te
same warunki otrzymywania jak w przypadku pozostatych biopolimeréw, udato sie
uzyska¢ jednolitg folie GAR100. Co istotniejsze, pomimo niskiej elastyczno$ci (okoto 7-
krotnie nizszej niz folii GEL100 (P1-Tabela 3)) i tym samym duzej podatnosci na pekanie,
foli¢ z GAR mozna bylo podda¢ badaniom.

Z wyjatkiem uktadu MC/GEL, stopniowa substytucja polisacharydéw przez GEL
skutkowala coraz lepsza wytrzymaloscia 1 sztywnoscig folii (P1-Tabela 3). GEL
spowodowata najbardziej spektakularny wzrost TS 1 PS folii GAR100, co bylo zwigzane z
jej stabg spojnoscia wewnetrzng, objawiajaca si¢ tamliwoscia. Przyktadowo, juz zamiana
25% GAR na GEL skutkowata 5-krotnym wzrostem TS. Brak kompatybilno$ci pomigdzy
MC i GEL (P1-Rysunki 2 i 3) spowodowal, ze folie MC75/GEL25 i MC50/GEL50 miaty
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istotnie mniejszg wytrzymatos¢ mechaniczng w poréwnaniu do folii MC100. Wskazuje to
na ostabiong kohezje fazy cigglej w uktadzie zawierajacym niekompatybilne sktadniki. Z
kolei w przypadku folii o przewazajacej zawartosci GEL (tj. MC25/GEL75), jej
wytrzymato$¢ na zerwanie 1 przebicie byta zblizona do folii MC100, ale odpowiednio o 40
1 30% nizsza anizeli folii zelatynowej (P1-Tabela 3).

Sposrod folii jednopolimerowych, folia MC100 charakteryzowata si¢ najwicksza
podatno$cig na rozcigganie (59,84% vs. 8,55-23,78%) (P1-Tabela 3). Czgsciowo moglo
by¢ to spowodowane uplastyczniajgcym dziataniem wody [152], ktérej zawartos¢ w folii
MCI100 byla istotnie wyzsza w porownaniu do pozostatych analizowanych materiatow
(17,27% vs. 12,63-15,27%). Najmniejszg wartos¢ E miala folia GEL100, co w potaczeniu
z jej wysoka sztywnoscig (EM = 1335,32 MP) i wytrzymato$cig mechaniczng wskazuje na
wystepowanie  znacznych sit  spojnosci  pomiedzy sasiadujacymi  tancuchami
polipeptydowymi GEL. Folie GAR100 i WSSP100 wykazywaty identyczng podatno$¢ na
rozciagganie (p>0,05). Formulacja zawierajaca OSA i GEL w stosunku 3:1 pozwolita
uzyska¢ folie o najwiekszej rozciggliwosci (93,46%), co moglo by¢ spowodowane
synergistycznym dzialaniem plastykujacym grup oktenylobursztynowych i czasteczek
wody (P1-Tabela 2).

Podsumowujac wyniki badan nad optymalizacja proporcji sktadnikow folii
polisacharydowo-zelatynowych, w pracy P1 wykazano, ze OSA uplastyczniany glicerolem
formuje bardzo adhezyjng i kleista powtoke, co w praktyce uniemozliwia wykorzystanie
go w produkcji folii. Niekorzystng ceche polisacharydu udato si¢ jednak skutecznie
ograniczy¢ poprzez czgsciowa substytucje GEL. Domieszkowanie GEL umozliwito
rowniez redukcje tamliwosci folii otrzymanej z GAR. Juz zamiana % ilosci polisacharydu
na GEL przyniosta wymierne wzmocnienie materialu. Majac na uwadze powyzsze, oraz
dazac do maksymalnego wykorzystania sktadnikow roslinnych w recepturze folii, jako
no$niki przeciwutleniaczy wybrano mieszaniny polisacharydéw i GEL w stosunku 3:1
(75/25). Zwazywszy na nieatrakcyjny wyglad folii MC75/GEL25, spowodowany duzg
niekompatybilnoscia sktadnikéw, postanowiono wykluczy¢ ten materiat z dalszych badan,
tj. nie wykorzystywa¢ go jako nosnik. W dalszych etapach badan, zamiast MC
zastosowano CMC, ktéra wykazuje znacznie lepszg mieszalno$¢ z GEL, co dowiodly

wstepne obserwacje makro- i mikroskopowe foliit CMC75/GEL2S.
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7.2. Folie polisacharydowo-zelatynowe z dodatkiem palmitynianu L-
askorbylu

Badania wstgpne wykazaty, ze w celu otrzymania jednorodnych mieszanin
polisacharydowo-zelatynowych zawierajacych AP, konieczne bylo podwojenie stezenia
frakcji biopolimerowej (tj. zwigkszenie jej zawartosci z 5 do 10% (m/m)) oraz dodanie
emulgatora Tween 80). AP wprowadzano do FFS w postaci roztworu etanolowego. W
przypadku ukladu CMC75/GEL25 podwyzszone stgzenie biopolimerdw znaczaco
ograniczyto rozlewalno$¢ mieszaniny, co uniemozliwito otrzymanie folii. W konsekwencji
no$nikami AP byly folie GAR75/GEL25, OSA75/GEL25 i WSSP75/GEL25. Badania
wstepne wykazaly, ze zbyt niskie (<0,5% w/w), jak 1 zbyt wysokie (>2% w/w) stezenie AP
w FFS skutkowato otrzymaniem mieszanin niejednorodnych, co dowodzi ze istnieje
optymalne stezenie AP warunkujace stabilno$¢ emulsji, ktora z kolei warunkuje uzyskanie
dobrych jakosciowo 1 wizualnie atrakcyjnych folii. Wtasciwosci folii polisacharydowo-
zelatynowych otrzymanych z FFS zawierajacych 1% i 2% AP scharakteryzowano w pracy
P2 — Lupina K., Kowalczyk D., Droztowska E. (2020). Polysaccharide/gelatin blend films
as carriers of ascorbyl palmitate — A comparative study. Food Chemistry, 333, 127465.
Folie kontrolne przygotowano z FFS, ktore oprocz frakcji biopolimerowej 1 plastyfikatora

zawieraly etanol i emulgator, ale nie zawieraly AP.

7.2.1. Mikrostruktura

Obserwacje przy uzyciu mikroskopu optycznego ujawnity niepeing rozpuszczalnos$c
WSSP w wodzie, co z kolei utrudnilo detekcj¢ frakcji AP w FFS (P2-Rysunek 1), jak i w
foliach (P2-Rysunek 2). We wszystkich otrzymanych emulsjach, AP przyjmowal forme¢
podtuznych krysztalow i mikroglobulek (P2-Rysunek 1). Najdluzsze krysztaty (=174 pm)
stwierdzono w emulsjach GAR75/GEL25. W pozostatych uktadach, krysztaty AP byty o
okoto potowe krotsze. Zwigkszenie stgzenia AP w FFS skutkowato zwickszeniem ilosci
agregatow krystalicznych (P2-Rysunek 1). W foliach OSA75/GEL25, wykazano obecno$¢
mikroczastek (P2-Rysunek 2), co w szczegdlnosci bylo dobrze widoczne w folii
kontrolnej. Przyczyng moglo by¢ zarowno utworzenie koacerwatow OSA/GEL, jak i
ograniczona rozpuszczalno$¢ OSA w roztworze etanolowym [153]. Przypomnie¢ nalezy,
ze zawarto$¢ etanolu (kosolwent) w FFS wynosita 20% (v/m). Topografia folii
emulsyjnych byta bardziej heterogenna w poréwnaniu do folii kontrolnych (P2-Rysunek

2). Co ciekawe, na powierzchni folii GAR75/GEL25 i WSSP75/GEL25 nie stwierdzono
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obecnosci podtuznych krysztatéw AP, tj. takich jakie obserwowano w FFS (P2-Rysunek
1). Mozliwe jest zatem, ze w powyzszych uktadach krystaliczna cze$¢ frakcji AP ulegta

sedymentacji 1 tym samym byla osadzona w glebszych warstwach folii (P2-Rysunek S2).

7.2.2. Wlasciwosci fizykochemiczne

Inkorporacja AP spowodowata nieznaczne obnizenie pH FFS (p<0,05, P2-Tabela 1),
co wskazuje ze AA, pomimo zestryfikowania, w dalszym ciggu ma zdolno$¢ zakwaszania
srodowiska. W porownaniu do materialéw inkorporowanych AA [40], spadek pH byt
jednak bardzo maty.

Z powodu amfifllilowego charakteru AP obserwowano rozny jego wplyw na
wiasciwosci folii zwigzane z powinowactwem do wody. Folie kontrolne nie réznity si¢ pod
wzgledem wartosci kata zwilzania (p>0,05) bedacego miarg hydrofilnosci lub
hydrofobowo$ci powierzchni materiatu. Niezaleznie od zawarto$ci AP, wszystkie
otrzymane materiaty miaty kat zwilzania <90°, co wskazuje na ich hydrofilowy charakter.
Wbrew oczekiwaniom, dodatek AP na ogoét nie przyczynit si¢ do zwigkszenia kata
zwilzania, tj. wzrostu hydrofobowosci folii. Najwyrazniej, pomimo obecnosci
hydrofobowych reszt kwasu palmitynowego, hydrofilowe reszty kwasu askorbinowego
niwelowaly skuteczne odpychanie wody. Wyjatek stanowila folia GAR75/GEL25
domieszkowana 2% AP (P2-Tabela 1). Niemniej jednak hydrofobowos$¢ jej powierzchni
byla taka sama jak pozostatych folii zawierajacych AP.

Inkorporacja AP przyczynita si¢ do wzrostu zawartos¢ wody w foliach, co mozna
wytlumaczy¢ zaabsorbowaniem wody przez hydrofilowa cze$¢ przeciwutleniacza. Dodatek
AP zmniejszyl (p<0,05) rozpuszczalnos¢ folii w wodzie (P2-Tabela 1), co wynikato
najprawdopodobniej z ograniczenia dostepu czasteczek wody do wodnorozpuszczalnych
sktadnikow folii przez niepolarne tancuchy kwasu palmitynowego. Najwickszy spadek
rozpuszczalnosci (~12%) zaobserwowano dla folii WSSP75/GEL25. Nadmieni¢ nalezy, ze
niezaleznie od zawartosci AP, folie zawierajace polisacharydy sojowe byty najbardziej
podatne na rozpuszczanie (67,45-76,93% vs. 51,69-69,22%). Mogto by¢ to spowodowane
ich konglomeratowa strukturg (utworzong przez nierozpuszczone czastki polisacharydu,
P2-Rysunek 1), sprzyjajaca dyspergowaniu w wodzie. Najmniejsza rozpuszczalno$¢ miaty
folie zawierajace OSA (P2-Tabela 1). Nalezy zauwazy¢, ze wartosci So folii kontrolnych
(GAR75/GEL25, OSA75/GEL25 i WSSP75/GEL2S5) otrzymanych w pracy P2 byly nizsze
(P2-Tabela 1) w poréwnaniu do tych uzyskanych w pracy P1 (PI1-Tabela 2). Réznice
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wythumaczy¢é mozna zwigkszonym stezeniem frakcji biopolimerowej (10% vs. 5%), co
najwyrazniej umozliwito uzyskanie lepszej spdjnos¢ folii, zapewniajacej wigksza
integralno$¢ w kontakcie z woda.

Sposrod folii kontrolnych, najlepsze wlasciwosci barierowe w stosunku do pary
wodnej miata folia OSA75/GEL25 (38,52 vs. 43,04-45,46 ¢ mm m™ d! kPa!, P2-Tabela
1). Tylko w przypadku tej folii inkorporacja AP nie przyczynit si¢ obnizenia WVP, co
moglo by¢ spowodowane stosunkowo rownomierng wertykalng dystrybucja krysztatoéw AP
(P2-Rysunek 2), umozliwiajacg przenikanie wilgoci pomigdzy nimi. Istnieje poglad, ze
jedynie destabilizacja fazy hydrofobowej i wytworzenie dwuwarstwowej struktury
biopolimerowo-lipidowej przyczynia si¢ do redukcji WVP folii emulsyjnych. Powyzsze
zjawisko byto najprawdopodobniej odpowiedzialne za poprawe witasciwosci barierowych
dwoch pozostatych folii. Nie bez zaznaczenia moze by¢ takze fakt, ze ulepszeniu ulegty
materialy o wyjsciowo slabszych wlasciwos$ciach barierowych. Dodanie AP w ilosci 1%
spowodowato spadek wartosci WVP o 26,6 i 31,4%, odpowiednio w przypadku folii
GAR75/GEL25 1 WSSP75/GEL25 (P2-Tabela 1). Podwojenie stezenia AP nie skutkowato

dalsza poprawa wlasciwosci barierowych tych folii.

7.2.3. Wlasciwosci optyczne

Niezaleznie od zawartosci AP, folie WSSP75/GEL25 charakteryzowaly si¢
najwiekszym nat¢zeniem barwy zolto-czerwonej (P2-Tabela 1, Rysunek S3), co byto
konsekwencja ,.kremowej” barwy WSSP. Ponadto folie zawierajace WSSP byly najmnie;j
przepuszczalne dla $wiatta VIS (T%n400-700m = 10,03-19,52%) 1 UV (P2-Rysunek 3,
Tabela 1). Spowodowane bylo to konglomeratowa struktura folii (P2-Rysunek 2),
sprzyjajaca absorbowaniu i/lub odbijaniu $wiatta. Najprawdopodobniej z powodu
obecnosci niewielkiej ilo$ci biatka w strukturze GAR [154], folie zawierajace ten
polisacharyd skuteczniej pochtaniaty §wiatlo UV anizeli folie zawierajace modyfikowana
skrobie. Niemniej jednak zaleta folii OSA75/GEL25 byla ich wysoka transparentno$¢
(T%n400-700nm = 38,29-62,50%, P2-Rysunek 3, Tabela 1) i bezbarwnos¢.

Zo6tta barwa etanolowego roztworu AP spowodowata koloryzacje folii. Ponadto wraz
ze wzrostem udzialu AP folie stawaly si¢ coraz mniej przepuszczalne dla swiatta UV/VIS
(P2-Rysnek 3), co wytlumaczy¢ mozna intensywnym absorbowaniem i/lub odbijaniem

$wiatla przez coraz liczniejsze krysztaly AP.
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7.2.4. Wlasciwosci mechaniczne

Sposrdéd otrzymanych folii kontrolnych najbardziej wytrzymata mechanicznie byta
folia WSSP75/GEL25 (TS = 43,49 MPa), za$ materialem o najstabszej wytrzymatosci byta
folia OSA75/GEL25 (TS = 9,16 MPa) (P2-Tabela 1). Zaobserwowano takze, ze folie
zawierajgce GAR 1 OSA byly materialami odpowiednio najmniej i1 najbardziej
rozciagliwymi/sztywnymi (P2-Tabela 1). Wyniki te koreluja z rankingiem parametrow
mechanicznych uzyskanym w poprzedniej pracy (P1-Tabela 1). Potencjalne przyczyny
roznic we wlasciwosciach mechanicznych folii zawierajacych rdézne polisacharydy
omoéwiono juz w pkt 7.1.6.

Wpltyw AP na TS folii byt uzalezniony od ich rodzaju. Zaobserwowano zaréwno
poprawe (GAR75/GEL25), spadek (WSSP75/GEL?25), jak 1 brak wptywu (OSA75/GEL25)
AP na ten parametr. Niemal dwukrotne zwigkszenie TS zaobserwowane dla folii
GAR75/GEL25 (wzrost z 17,04 do 30,64 MPa), wskazuje, ze sie¢ zagregowanych
krysztatéw AP, dziatajac jako spoiwo/wypekniacz, skutecznie wzmocnita kruchg strukture
GAR (P2-Rysunek 1). Jak uprzednio wspomniano, GAR ze wzgledu na swoj silnie
rozgaleziony charakter formuje warstewki o niskiej spojnosci [110]. W przypadku
pozostatych folii, obecno$¢ AP byta jednak czynnikiem zaktocajacym interakcje polimer-
polimer, czego dowodzi znaczny spadek ich wartosci TS i/lub rozciaggliwosci (P2-Tabela
1). Podobne zjawisko bylo juz uprzednio obserwowane dla folii z PLA [155]. Nadmieni¢
nalezy, ze w przypadku foliit OSA75/GEL25, tj. materialu o bardzo niskiej warto$ci EM,
obecno$¢ krysztatbw AP dwukrotnie zwigkszyta jej sztywno$¢, co prawdopodobnie
zrekompensowato  ostabione sily mig¢dzyczasteczkowe  pomigdzy  tancuchami
makroczasteczek. Prawdopodobnie z tej przyczyny, nieciggto$ci w polimerowej strukturze
folii OSA75/GEL25 wywotane przez AP nie doprowadzity do pogorszenia jej
wytrzymato$ci mechanicznej (P2-Tabela 1). Powyzsze wyniki badan wskazuja, ze wplyw
AP na parametry mechaniczne folii biopolimerowych nie moze by¢ generalizowany, gdyz

w duzym stopniu zalezy od rodzaju biopolimeru.

7.2.5. Uwalnianie palmitynianu L-askorbylu

W zaleznosci od rodzaju no$nika oraz zawartosci AP, w czasie 30-godzinnego
mieszania folii z etanolem, migracji ulegto od 32 do 92% AP (P2-Rysunek 4A). Z
wyjatkiem folii GAR75/GEL25, podwojenie zawarto$ci AP skutkowato znacznie

szybszym uwalnianiem tego przeciwutleniacza (P2-Tabela 2). Migracja AP z folii

56



GAR75/GEL25 byta powolna i niekompletna, co uniemozliwito wyznaczenie warto$ci
tso%, nawet przy uzyciu modelowania matematycznego. Wartosci t2s% obliczone dla
wszystkich folii inkorporowanych AP zawieraty si¢ w zakresie od 18 do 296 min (P2-
Tabela 2). Wykazano, ze folia OSA75/GEL25 zapewniala okoto 2x i1 16x szybsze
uwalnianie AP, odpowiednio w porownaniu do nos$nikow WSSP75/GEL25 i
GAR75/GEL25. Tym samym folia oferowata najbardziej kompletne uwalnianie
przeciwutleniacza (71,47 1 92,14%, odpowiednio dla folii zawierajacych 1 1 2% AP). Jak
wspomniano w podrozdziale 4.2, migracja substancji czynnej z no$nika jest procesem
wieloczynnikowym, w ktérym gtéwna role odgrywaja rozpuszczalno$¢ substancji
aktywnej, jej desorpcja i dyfuzja, a takze rozpuszczalnos¢, zdolnos¢ pecznienia i erozja
samego nosnika [156]. Poniewaz uzyte w badaniach biopolimery sg nierozpuszczalne w
stezonym etanolu, mozna przypuszcza¢, ze uwalnianie AP bylo kontrolowane glownie
poprzez jego dyfuzje. Odmienne tempo uwalniania AP z poszczegélnych folii moglo
wynika¢é m.in z roznic strukturalnych polisacharydow, tj. ich odmiennego sktadu
cukrowego (heteropolisacharydy (GAR 1 WSSP) vs. homopolisacharyd (OSA)), obecnosci
odmiennych wigzan glikozydowych i grup funkcyjnych. Szybko§¢ uwalniania substancji
czynnej jest rowniez kontrolowana przez stopien rozgatezienia polimeru [157]. Wolniejsza
migracja AP z folii zawierajacych GAR i WSSP mogta by¢ zatem spowodowana
mocniejszym fizykochemicznym zwigzaniem krysztatow AP z tymi silnie rozgalezionymi
heteropolisacharydami (Rysunek 4 i 6).

Na podstawie wartosci AIC stwierdzono, ze modele matematyczne cztero- i trzy-
parametrowe (P-S, Go 2, Wb_1, Wb_4 i M-B Tig) lepiej opisywaty kinetyke migracji AP
anizeli modele dwu- 1 jedno-parametrowe (Z-O, F-O, B-L). Dla wigkszosci folii
optymalnym modelem byl M-B Ti,e. Poniewaz parametr £ tego modelu wynosit zero lub
prawie zero (P2-Tabela S4), to parametr » w tym réwnaniu matematycznym byt
rownowazny z parametrem n modelu K-P. Jego warto$¢ jest istotnym wyznacznikiem
wptywu dyfuzji na proces uwalniania. Folie GAR75/GEL25/AP-2% 1 OSA75/GEL25/AP-
2% charakteryzowaty si¢ niskimi warto$ciami n (n < 0,5, P2-Tabela S4), co wskazuje, ze
uwalnianie przeciwutleniacza zachodzito zgodnie z mechanizmem dyfuzji opartym na
prawie Ficka [158]. Warto$¢ parametru n dla wigkszosci badanych formulacji miescila si¢
w przedziale 0,5<n<1,0, co $wiadczy, ze o uwalnianiu AP z uktadéw decydowata nie tylko
dyfuzja, ale wystepowaty takze dodatkowe mechanizmy kontrolujace migracje, np. erozja

matrycy. Z kolei w przypadku foliit GAR75/GEL25/AP-1% parametr n przekraczat wartos¢
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1, co $wiadczy o kinetyce uwalniania zgodnej z mechanizmem super II transportu (ang.
super case Il transport), ktory jest zwigzany z jednoczesng dyfuzjg oraz pecznieniem lub
erozja nosnika [158]. Koreluje to z obserwacja probek podczas testow uwalniania, tj.
zauwazono, ze tylko folia GAR75/GEL25/AP-1% rozpadta si¢ na kilka kawatkéw. W
konsekwencji czeSciowa dezintegracja, zwigkszyla powierzchni¢ kontaktu, co moglo
sprzyja¢ szybszej dyfuzji AP do plynu akceptorowego, w pordéwnaniu od uktadu
GAR75/GEL25/AP-2% (P2-Tabela 2).

7.2.6. Aktywnos¢ przeciwutleniajgca

Folie kontrolne nie posiadaly zdolno$ci neutralizacji DPPH". Wraz ze wzrostem
zawarto$ci AP aktywno$¢ przeciwrodnikowa folii wzrastata (P2-Rysunek 4B). Zdolnos¢
neutralizacji DPPH" uszeregowata folie aktywne w nastgpujacym porzadku:
OSA75/GEL25 > WSSP75/GEL25 > GAR75/GEL25. Aktywno$¢ przeciwrodnikowa folii
byta dodatnio skorelowana z zdolnos$cig uwalniania AP (r = 0,803 i r = 0,705, odpowiednio
dla folii zawierajacych 11 2% AP) (P2-Rysunek S5). Folie OSA75/GEL25 bardzo szybko i
niemal catkowicie neutralizowaty DPPH" (~96 i 99% neutralizacji po okoto 6 i 3 min
kontaktu z roztworem wolnego rodnika, odpowiednio w przypadku folii z 1 1 2% AP). Z
kolei uktad GAR75/GEL25/AP-1% zapewnial najpowolniejsze (wydtuzone) ,,zmiatanie”
wolnych rodnikéw (P2-Rysunek 4B), o stosunkowo stalej szybkosci, najbardziej zblizonej
do kinetyki zerowego rzedu (P2-Tabela S6). Ww. system wykazywal zatem najlepszy
potencjat do kontrolowanego uwalniania AP, tj. oferowal dlugotrwate dziatanie

przeciwutleniajgce przy jednoczesnym zminimalizowaniu dawki substancji aktywnej.

7.3. Folie polisacharydowo-zelatynowe 2z dodatkiem astaksantyny
AstaSana

Wiasciwosci  przeciwutleniajgce 1 barwigce ASX umozliwiaja otrzymanie
atrakcyjnych wizualnie folii aktywnych. Naturalna ASX posiada szereg wiasciwosci
prozdrowotnych, niemniej jednak jej ograniczona dostepnos¢ i wysoki koszt sprawiaja, ze
w masowe] produkcji bardziej optacalng opcja jest stosowanie syntetycznej ASX. W
porownaniu do naturalnej oleozywicy pozyskiwanej z alg H. pluvialis, ASX otrzymana na
drodze syntezy chemicznej charakteryzuje si¢ nie tylko nizsza ceng, ale 1 wigkszg
czystoscia, stabilnoscia i dyspergowalno$cia w wodzie, co sprzyja jej stosowaniu [81]. Z

mieszanin polisacharydow (CMC, GAR, OSA lub WSSP) i GEL w stosunku 75/25

58



otrzymano FFS, ktore domieszkowano wzrastajacymi ilosciami AST. Zastosowano trzy
poziomy dodatku AST: 0,25, 0,5 1 1% (w/w). Wigksza zawarto§¢ AST (>1%) skutkowata
otrzymaniem folii nadmiernie ,,przetadowanych” barwnikiem (dane nieprzedstawione).
Kontrolne FFS nie zawieraly dodatku AST. Zbadano mikrostrukture FFS (technikg
klasycznej mikroskopii optycznej, polaryzacyjnej i1 kriomikroskopii elektronowej).
Nastepnie z FFS otrzymano 16 rodzajow folii. Witasciwosci otrzymanych materiatow
opisano w trzech komplementarnych publikacjach:

P3 — Lupina K., Kowalczyk D., Kazimierczak W. (2021). Gum Arabic/gelatin and
water-soluble soy polysaccharides/gelatin blend films as carriers of astaxanthin — A
comparative study of the kinetics of release and antioxidant properties. Polymers, 13(7),
1062;

P4 — Lupina K., Kowalczyk D., Lis M., Raszkowska-Kaczor A., Drozlowska E.
(2022). Controlled release of water-soluble astaxanthin from carboxymethyl
cellulose/gelatin and octenyl succinic anhydride starch/gelatin blend films. Food
Hydrocolloids, 123, 107179;

P5 — Lupina K., Kowalczyk D., Kazimierczak W. (2022). Functional properties and
storage stability of astaxanthin-loaded polysaccharide/gelatin blend films — A
comparative study. Polymers, 14(19), 4001.

7.3.1. Mikrostruktura roztworow foliotworczych i folii

Badania mikroskopowe wykazaly, ze sposrod kontrolnych FFS, jedynie uktad
GAR75/GE25L byt homogenny (P3-Rysunek 1). W FFS CMC75/GAR25 zwizualizowano
obecnos$¢ licznych mikrosfer zelatynowych (d=11-68 um, P4-Rysunek 2A i B), co
wskazuje, ze CMC i GEL rozpuszczone we wspdlnym rozpuszczalniku (woda), sa
niekompatybilne 1 nie mieszajg si¢. Obserwacja ta jest zgodna z danymi literaturowymi,
wg ktorych etery celulozy (niezaleznie od ich rodzaju) i GEL odpychaja si¢ wzajemnie w
roztworze tworzac dwie oddzielne fazy ciekte. Jedna z faz jest bogata w polisacharyd,
druga zawiera niekompatybilng GEL, ktéra zwykle stanowi faze zdyspergowang [43].
Podobnie jak w publikacji P2, uwidoczniono obecno$¢ koacerwatow w FFS
OSA75/GEL2S utworzonych wskutek interakcji przeciwnie natadowanych polielektrolitow
[56]. Potwierdzono takze ziarnista mikrostrukture uktadu WSSP75/GEL25 (P3-Rysunek 1-
B, P4-Rysunek 1). Aby lepiej pozna¢ przyczyne¢ niechomogennej mikrostruktury FFS

zawierajacego  WSSP  przyprowadzono  dodatkowe  badanie = mikroskopowe.
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Zaobserwowano, ze WSSP dysperguje w wodzie do mikroczasteczek o wielkosci dmax~4
um, ktore nastepnie tworzg agregaty/kompleksy z GEL [159], co stymulowane jest
usuni¢ciem rozpuszczalnika z uktadu (P5-Rysunek S1 1 S2).

Dodatek AST zmienit barw¢ FFS na intensywnie czerwong. W roztworach
domieszkowanych AST zwizualizowano obecno$¢ ziaren skrobi, jako sktadnika AST
(Tabela 1). Jej obecnos$¢ potwierdzono testem z uzyciem ptynu Lugola oraz za pomocg
mikroskopii polaryzacyjnej. Ziarna skrobi w S$wietle spolaryzowanym wykazywaty
charakterystyczny obraz ,.krzyza maltanskiego” (P3-Rysunek 1, P4-rysunek 2) [160].

Topografia folii polisacharydowo-zelatynowych w duzym stopniu odzwierciadlata
mikrostrukture FFS (P3-Rysunek 1, P4-Rysunek 2). Najbardziej chropowata powierzchnie
miaty folie zawierajagce WSSP 1 CMC. Obecnos¢ skrobi w AST spowodowata, ze
powierzchnia fortyfikowanych folii byta nierowna (P5-Rysunek 1).

Podobnie jak w publikacji P-1, widma FTIR-ATR otrzymanych folii zawieraty liczne
wspolne pasma reprezentujace wiele drgan deformacyjnych (8) i rozciagajacych
(walencyjnych) (v) wzbudzonych przez promieniowanie IR. Ich potozenie 1 intensywnos$¢
ujawnily szczegoly struktury chemicznej komponentéw folii, w tym obecno$¢ okreslonych
wigzan i grup funkcyjnych. Pasmo najbardziej przesunig¢te w stron¢ bliskiej podczerwieni,
tj. potozone przy ~3280 cm™' (pasmo Amid A) (P3-Rysunek 3, P4-Rysunek 3),
odpowiadato absorpcji wynikajacej z obecnosci w komponentach folii grup O-H i N-H. Z
kolei, dwa pasma o stosunkowo niskiej intensywno$ci potozone w zakresie 2872-2930
cm! (pasmo Amid B) przypisaé mozna symetrycznym (~2881 cm ™' ) i asymetrycznym
(2930 cm™!) drganiom v grupy -CHz [140]. Pik potozony w zakresie liczb falowych 1633-
1647 cm™!, reprezentowal pasmo Amid I z dominujacym wkladem od drgania v(C=0).
Jego Zrédlem byta GEL (P1-Rysunek 5). Prawdopodobnie ze wzgledu na polimerowy
rozdzial faz prowadzacy do nierdwnomiernej dystrybucji sktadnikow (P4-Rysunek 2),
pasmo Amid I nie bylo obserwowane w widmie foliit CMC75/GEL25 (P4-Rysunek 3).
Majac na uwadze to, ze pik w zakresie 1695-1630 cm ™' moze wskazywaé na powstanie
grupy CONH2, bedacej konsekwencja reakcji GEL z polisacharydami [P1], brak pasma
Amid I w widmie foliit CMC75/GEL25 mogt by¢ takze spowodowany brakiem interakcji
chemicznej migdzy CMC a GEL. Kolejno wystepujace po sobie stosunkowo intensywne
piki zaobserwowane w widmie foliit CMC75/GEL25, potozone odpowiednio przy 1589,
1410 i 1321 cm’!, przypisaé mozna obecno$ci grupy karboksylowej CMC [42]. W
przypadku folii zawierajacej OSA, asymetryczne drganie v grupy karboksylowe;j
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wystepowato przy 1555 cml. Niewielki pik polozony przy 1148 cm’, widoczny w
widmach folii zawierajagcych GAR 1 OSA, wskazuje na drganie v wigzania C-O, ktore jest
obecne zarowno w polisacharydach [161], jak i w GEL [162]. Spektra wszystkich folii
wykazywaty silng absorpcje IR przy ~1020 cm’, co wskazuje na obecno$é grupy C-N
[163].

Widma FTIR-ATR folii bez i z 1% dodatkiem AST byly niemal identyczne. Mozna
to wytlumaczy¢ stosunkowo matlg iloscig AST w foliach i/lub efektem zamaskowania AST
przez biopolimery. Niemniej jednak zaobserwowano, ze dodatek AST nieznacznie
zwigkszyl intensywno$é pikow zlokalizowanych w zakresie 1647-1100 cm™, co
przypuszczalnie mogto by¢ wynikiem interakcji AST z biopolimerami. Jak dotad brak jest
jednoznacznych dowodow wskazujacych na interakcje ASX/polimer. Sugerowano jedynie
wystgpowanie specyficznych interakcji pomig¢dzy naturalng ASX 1 CMC oraz ASX 1
albuming surowicy bydlecej [164, 165].

7.3.2. Wlasciwosci optyczne

Pod wzgledem zdolnosci przepuszczania $wiatta widzialnego (przezroczystosci),
folie kontrolne mozna uszeregowa¢ w nastgpujacej kolejnosci: OSA75/GEL2S5 >
GAR75/GEL25 > WSSP75/GEL25 > CMC75/GEL25 (P5-Rysunek 2). Poniewaz
przenikalno$¢ $wiatta zalezy m.in. od ilo$ci czastek zdyspergowanych w os$rodku,
zaobserwowane znaczne zroéznicowanie przezroczystosci folii mogto wynikac z ich réznic
mikrostrukturalnych. Folie GAR75/GEL25 1 OSA75/GEL25 jako mikroskopowo bardziej
jednorodne (P5-Rysunek 1) byly bardziej przepuszczalne dla $wiatla widzialnego. Z kolei
liczne mikroczastki obecne w foliach CMC75/GEL25 1 WSSP75/GEL25 (P5-Rysunek 1)
sprawily, ze cze$¢ $wiatlta zostata odbita, rozproszona i pochtonigta. Z tego powodu
jednakze niejednorodne folie stanowity lepszg barier¢ dla promieniowania UV. Dla
poréwnania przy A=280 transmitancja promieniowania przez folie WSSP75/GEL2S,
CMC75/GEL25, GAR75/GEL25 i OSA75/GEL25 wynosita odpowiednio ~8%, 11%,
32% 1 39% (P5-Rysunek 2). Folia WSSP75/GEL25 okazata si¢ by¢ lepszym blokerem
swiatta UV niz folia CMC75/GEL25, co przypuszczalnie wytlumaczy¢ mozna obecnoscig
niewielkiej ilosci biatka (~5-14%) przylaczonego do polisacharydu [160, 161]. Dzigki
zawartosci GEL, wszystkie folie byly nieprzepuszczalne dla promieniowania o dtugos$ci

fali krotszej niz ~240 nm.
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Wraz ze wzrostem zawartosci AST, folie stawaly si¢ coraz mniej przepuszczalne dla
swiatta UV/VIS (P5-Rysunek 2). Bylo to spowodowane coraz intensywniejszym
odbijaniem, rozpraszaniem i pochlanianiem promieniowania przez liczniejsze granulki
skrobi (P5-Rysunek 1C). Wszystkie folie domieszkowane AST silnie absorbowaty
promieniowanie widzialne w zakresie 450-500 nm, czyli w zakresie polozenia maksimum
absorbcji ASX [168]. W porownaniu do folii kontrolnych, folie domieszkowane AST byty
ciemniejsze, czerwone 1 bardziej zotte (P5-Rysunki S3-S5). Najmniejszy dodatek AST (tj.
0,25%) umozliwit otrzymanie folii 0 najwyzszych warto$ciach parametrow a* 1 b*, czyli o
najbardziej czerwono-zottej barwie. W wyniku stosunkowo duzej sily barwienia, wraz ze
wzrostem zawartosci AST czerwona barwa folii stawala si¢ coraz ciemniejsza (P3-
Rysunek S1, P5-Rysunek S3), a tym samym mniej wyrazista (P3-Tabela 1, P4-Rysunek 2).

Wiadomym jest, ze materialy biopolimerowe ulegaja starzeniu, czego widocznym
objawem jest zmiana ich barwy, $wiadczaca o zmianach w strukturze chemiczne;.
Porownanie caltkowitej réznicy barwy (AE) folii kontrolnych przechowywanych w
temperaturze 25°C wykazato, ze najwigksza tendencje¢ do zmiany barwy miata folia
WSSP75/GEL2S (P5-Tabela 2). Przyczyna byto gtownie jej ciemnienie i zotknigcie (P5-
Rysunki S3 i S5), ktore z kolei mogto by¢ konsekwencja zard6wno ciemnienia pigmentow
zawartych w WSSP, jaki i reakcji bragzowienia nieenzymatycznego. Udziat WSSP w
reakcjach Maillarda zostat juz wczesniej udowodniony [169]. Najwigksza stabilno$¢ barwy
(czyli najmniejsza warto$¢ AE) mialy folie kontrolne zawierajagce CMC 1 GAR. Po 60
dniach przechowywania, wartosci AE dla ww. folii wynosity odpowiednio 0,98 i 1,09.
Rézne zrodila podaja rézne interpretacje warto$ci parametru AE. Przyktadowo, gdy AE
wynosi od 0 do 1, réznica jest niewidoczna, w zakresie od 1 do 2 — réznica zaczyna by¢
widoczna dla do$§wiadczonego obserwatora, od 2 do 3,5 — roznica jest widoczna rowniez
dla niedo$wiadczonego obserwatora, od 3,5 do 5 — r6znica jest dobrze widoczna, natomiast
powyzej 5 — obserwator odbiera ja jako dwa rozne kolory [170]. A zatem, podczas
przechowywania w temperaturze pokojowej, tylko folie CMC75/GEL25 1 GAR75/GEL25
zachowaly swoja barwe. Na podstawie dodatkowego badania w warunkach
przyspieszonego starzenia (60°C) stwierdzono, ze zmiana barwy foliit CMC75/GEL25 byta
ponad trzy razy mniejsza niz pozostatych folii kontrolnych (P5-Tabela 2). Przyczyng tego
zjawiska byta najprawdopodobniej ograniczona zdolno$¢ do reakcji Maillarda, wynikajaca

z niemieszalno$ci CMC 1 GEL (P3-Rysunek 2A-B).
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ASX jest podatna na dzialanie $wiatta, temperatury oraz czynnikéw utleniajacych.
Stabilno$¢ oksydacyjna tego barwnika moze by¢ skutecznie zwigkszona poprzez osadzenie
na roéznych nosnikach [171]. Tendencje do zmiany barwy folii domieszkowanych AST
przechowywanych w temperaturze pokojowej na ogot pokrywaly sie z tymi
obserwowanymi dla folii kontrolnych (P5-Tabela 2). Niezaleznie od stezenia AST,
najwickszy spadek warto$ci parametru a* obserwowano dla foliit WSSP75/GEL25 (P5-
Rysunek S4), co sugeruje wysoka niestabilnos§¢ ASX w tym nosniku. Testy
przyspieszonego starzenia ujawnity, ze barwa folii zawierajacych AST byla bardziej
podatna na zmiang¢ anizeli folii kontrolnych (P5-Tabela 2, Rysunki S4-S6). Z powodu
intensywniejszego przebiegu reakcji Maillarda, pomiary wartosci parametru a* prob
przechowywanych w temperaturze 60°C, okazaty si¢ nieprzydatne w ocenie stabilnosci
ASX w foliach. Niemniej jednak, w warunkach podwyzszonej temperatury, wszystkie folie
domieszkowane AST stawaly si¢ coraz jasniejsze wraz z uptywem czasu (P5- Rysunek
S6), co jednoznacznie wskazuje na degradacj¢ barwnika. Na postawie pordéwnania
wzglednego przyrostu warto$ci parametru L* (przyrostu jasno$ci) stwierdzono, ze AST
byta najmniej stabilna w folii WSSP75/GEL2S5, ale tylko wéwczas gdy poziom dodatku
wynosit 0,25 1 0,5%. Niezaleznie od rodzaju folii, wraz ze wzrostem zawartosci AST
obserwowano coraz mniejsze rozjasnienie barwy spowodowane przechowywaniem (P5-

Rysunek S6), co sugeruje, ze AST jest stabilniejsza jesli jest dodana w wigkszej iloSci.

7.3.3. Wilasciwosci fizykochemiczne

Folie kontrolne zawierajace CMC 1 OSA charakteryzowaty si¢ wigckszag WC anizeli
folie zawierajace GAR 1 WSSP (~14% vs. ~11%, P5-Tabela 1). Zaobserwowano tendencj¢
spadku WC wraz ze wzrostem zawartosci AST. Przypuszczalnie sktadniki AST
oddzialtywujac z sktadnikami folii, ograniczyty zdolno$¢ tworzenia wigzan wodorowych
pomigdzy uplastycznionymi biopolimerami i czasteczkami wody, co w konsekwencji
moglo zmniejszy¢ retencj¢ wody podczas formowania folii. Sposréd folii zawierajacych
AST, najwyzsza WC mialy folie zawierajace CMC, co przypisa¢ mozna obecnosci
licznych grup hydrofilowych (hydroksylowych i karboksylowych) w strukturze tego
polisacharydu. Bardzo dobre powinowactwo folii CMC do wody obserwowano juz we
wczesniejszych badaniach [59, 166].

Pomiary So i Sw zostaly przeprowadzone przede wszystkim w celu wyjasnienia

mechanizmow kontrolujagcych migracje ASX z folii do wody destylowanej (ptyn
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modelowy imitujacy zywnos$¢ wg pkt 4 zalgcznika III rozporzadzenia Komisji (WE) nr
10/2011) [34]. Badania migracji przeprowadzone w temperaturze 25°C ujawnity, ze z
wyjatkiem folit CMC75/GEL25 uwalnianie ASX przebiegato bardzo powoli, zwlaszcza w
przypadku folii o matej zawarto$ci AST. Obserwowano m.in. opdzniony start uwalniania
(tzw. lag time (7Tlg)), a powyzej ~32 h testu oznaki zepsucia probek [172]. Dla wigkszos$ci
badanych folii nie mozna byto wyznaczy¢ wartosci tso%. Zgodnie z pkt 2.1.4. zatacznika V
rozporzadzenia Komisji (WE) nr 10/2011 [34], jesli konieczny jest dlugoterminowy czas
kontaktu materialu z ptynem modelowym w temperaturze pokojowej lub nizszej, proby
nalezy analizowa¢ w warunkach badania przyspieszonego przy podwyzszonej
temperaturze. Dlatego tez w pracach P3 i P4 badania migracji AST, a tym samym testy
rozpuszczalno$ci 1 pgcznienia, przeprowadzono w wodzie destylowanej o temperaturze
30°C.

W odréznieniu od wynikow rozpuszczalnosci przedstawionych w pracy Pl ().
uzyskanych w 25°C), w temperaturze blizszej temperaturze catkowitej rozpuszczalnosci
GEL, wszystkie badane folie, bez wzgledu na zawarto$§¢ AST, byly w 100% rozpuszczalne
(P3-Rysunek 4, P4-Rysunek 4). Sposrod folii kontrolnych najwolniej rozpuszczata si¢ folia
WSSP75/GEL2S5 (catkowite rozpuszczenie nastagpito po uptywie ~30 min). W przypadku
pozostatych folii, czas ich rozpuszczenia wynosit ~10 min. W przypadku wigkszosci folii
dodatek AST spowolnit ich rozpuszczanie w wodzie (P3-Rysunek 4, P4-Rysunek 4).
Przypuszczalnie, skladniki AST, w szczegdlnosci granulki skrobi, w sposob fizyczny 1
chemiczny utrudnity dostep wody do uplastycznionych biopolimerdw, co skutkowalo ich
stabsza solwatacja i tym samym wolniejsza erozja sieci polimerowej. Zaobserwowano, ze
obecnos¢ AST nie ograniczyta rozpuszczalnosci folit CMC75/GEL25. W $wietle wynikow
poprzednich badan [125], wskazuje to, ze niezaleznie od rodzaju wprowadzonego dodatku,
folie zawierajagce CMC sg szybko i w pelni rozpuszczalne w wodzie. Co ciekawe, dodatek
AST w ilosci 0,25 1 0,5% istotnie zwigkszyt zwilzalnos¢ foliit CMC75/GEL25 (P3-Tabela
2), co jednak przyczynito si¢ tylko do nieznacznej poprawy rozpuszczalnosci, nie
wptywajac na czas potrzebny do catkowitego rozpuszczenia. Nadmieni¢ roOwniez nalezy,
ze folie OSA75/GEL25/AST ulegaty dezintegracji w wodzie tworzac uktad dyspersyjny z
silng tendencja do separacji faz (P3-Rysunek S2). Obserwacja ta koreluje z wynikami
badan Wu i McClements [2015] [133], ktorzy zaobserwowali, ze mieszanie OSA z GEL
skutkuje powstaniem stabo rozpuszczalnych polidyspersyjnych mikrosfer o $rednicy od 5

do 13 pm.
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Poniewaz folie byly stosunkowo szybko rozpuszczalne, ich Sw okre$lono jedynie dla
I-minutowego kontaktu z woda. Kontrolna folia CMC75/GEL25 wykazywala bardzo
wysoka warto$§¢ Sw (832%) (P3-Tabela 2), co potwierdza poprzednie obserwacje [43].
Sposrad folii kontrolnych najnizszy stopien uwodnienia (146%) miala folia zawierajaca
OSA (P3-Tabela 2). Przyczyna byly najprawdopodobniej oktenylowe (hydrofobowe)
podstawniki polisacharydu [173], ktore odpychaty czasteczki wody 1 w ten sposéb
utrudniaty solwatacje sieci polimerowej. W przypadku wigkszosci folii dodatek AST
ograniczyt ich wodochlonno$¢ (P3-Tabela 2, P4-Tabela 1). Jedynie w przypadku folii
zawierajacej OSA zaobserwowano wzrost Sw w poréwnaniu do proby kontrolnej.
Poniewaz grupy hydrofobowe unikaja kontaktu z czasteczkami wody 1 tacza si¢
wzajemnie, co prowadzi do minimalizacji powierzchni, istnieje mozliwo$¢, ze na skutek
oddziatywan z sktadnikami AST lipofilowos¢ OSA ulegta zmniejszeniu. To z kolei mogto
prowadzi¢ do ostabienia spojno$ci wewnetrznej materialu i, w konsekwencji, poprawy
absorpcji wody. W przypadku pozostatych folii, obecnos¢ AST najprawdopodobniej

fizycznie 1 chemicznie utrudniata wigzanie wody przez uplastycznione biopolimery.

7.3.4. Wlasciwosci mechaniczne

Folie CMC75/GEL25, niezaleznie od zawarto$§ci AST, charakteryzowaly si¢
najwyzsza wytrzymatosciag mechaniczng i najmniejsza podatnoscig na odksztatcenie (P5-
Tabela 1). Przykladowo ich TS byta okoto 3, 4 i 13 razy wicksza w poréwnaniu do
odpowiednikow zawierajacych WSSP, GAR i OSA. Potencjalne przyczyny roéznic we
wiasciwosciach mechanicznych folii zawierajacych rdézne polisacharydy oméwiono juz w
pkt 7.1.3. Materialy celulozowe swoja znaczng wytrzymato$¢ mechaniczng zawdzigczaja
scistemu rownoleglemu przyleganiu tancuchow polimerowych, stabilizowanemu przez
duza liczbe wewnatrz- 1 migdzyczasteczkowych wigzan wodorowych [174]. Warto
nadmieni¢, ze pomimo zaklocenia sieci karboksymetylocelulozowej przez mikrosfery
zelatynowe (P3-Rysunek 2B), folia ~CMC75/GEL25 byla réwnie wytrzymata jak
jednopolimerowa folia CMC [175] oraz wytrzymalsza niz folia MC75/GEL25 (43,04 vs.
30,90 MPa) (P1-Tabela 3, P5-Tabela 1). Nadmieni¢ nalezy, ze chociaz bardziej
zmodyfikowana celuloza (tj. CMC) pozwolita na uzyskanie folii o wigkszej wytrzymato$ci
w porOdwnaniu z polisacharydem strukturalnie bardziej zblizonym do natywnej celulozy (t;.

MC), to z uwagi na r6znorodnos¢ dostgpnych wariantéw tych polimerow (réznigcych si¢
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m.in. masg czasteczkowa i stopniem substytucji), nie mozna jednoznacznie uogolnié tego
stwierdzenia.

Wptyw AST na wlasciwosci mechaniczne réznil si¢ w zaleznosci od rodzaju folii
(P5-Tabela 1). Dodatek AST istotnie obnizyt TS foliit CMC75/GEL25. Prawdopodobnie
wynikato to z zaktocenia tworzenia wigzan wodorowych, co prowadzito do luzniejszego
upakowania tancuchow CMC. Brak wptywu AST na wytrzymato$¢ 1 sztywnos¢ folii
zawierajacych OSA 1 WSSP sugeruje, ze mniej spdjna sie¢ polimerowa, utworzona przez
rozgalezione 1 "niepasujace" do siebie lancuchy polimerowe, jest mniej podatna na
ostabienie. Co ciekawe, w przypadku folii GAR75/GEL2S5, czyli najbardziej tamliwego
materiatu, dodatek AST na poziomie 1% spowodowat wzrost TS z 10,31 do 15,62 MPa.
Jednocze$nie zaobserwowano, ze inkorporacja AST na poziomie 0,5 1 1% skutkowata
wzrostem sztywnos$ci folii z 314,90 do 423,41-673,45 MPa. W potaczeniu z wczesniej
przedstawionymi wynikami (P1-Tabela 3), sugeruje to, ze zar6wno AST, jak i AP peknily
role czynnika wypeltniajacego sie¢ polimerowa utworzong przez GAR. W przypadku folii z
AST przypuszczalnie najwazniejszym napetniaczem byly ziarna skrobi. Utworzenie
potaczen na granicy faz AST-GAR/GEL moglo zmniejsza¢ objgto$¢ pustych przestrzeni
wokot tancuchow bocznych i/lub rozgatezien polisacharydu, co pozytywnie wptyngto na
charakterystyke wytrzymatosciowa materiatu.

Folie OSA75/GEL2S5, analogicznie do wynikéw poprzednich badan (P1-Tabela 3 i
P2-Tabela 1), charakteryzowaly si¢ wieksza podatno$cia na rozciaganie (E=108,08-
139,21% vs. 8,89-39,36%) oraz odksztalcenie (EM=16,16-22,98 MPa vs. 314,90-1302,23
MPa) niz pozostate folie. Jak wspomniano uprzednio najprawdopodobniej spowodowane
to bylo silnym plastyfikujacym dzialaniem grup oktenylobursztynowych na tancuchy
amylopektyny, jak 1 GEL. Dla pordwnania, folie otrzymywane z natywnej kukurydzianej
skrobi woskowej, uplastycznionej glicerolem, maja kilkukrotnie nizsze wartosci E [176] i
kilkudziesigciokrotnie wicksza sztywnos¢ [177]. Dodatek AST na ogét nie miat istotnego
wptywu na E folii. Niezaleznie od zawartosci AST, najmniej podatne na rozcigganie byty

folie GAR/GEL i CMC/GEL (E = 8,89-25,20%) (P5-Tabela 1).

7.3.5. Uwalnianie astaksantyny

Szybko$¢ i1 stopien uwalniania ASX uzaleznione byly zardwno od rodzaju folii i
zawartosci AST. W czasie 4-godzinnego kontaktu folii z wodg destylowang stopien

migracji ASX wyniést od 35 do 100% (P3-Rysunek 5, P4-Rysunek 6). Pomimo
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przeprowadzenia badan w podwyzszonej temperaturze (30°C) oraz przedluzenia badania
>4h (dane nieprzedstawione), nie udalo si¢ oszacowa¢ wartosci tson dla folii
OSA75/GEL25/AST-0,5% 1 1%. Niepelne uwalnianie ASX z folii OSA75/GEL25, ktére w
zalezno$ci od stezenia AST wynosito okoto 35-63% (P3-Rysunek 5), moglo by¢
spowodowane czgsciowa immobilizacja AST w trudno rozpuszczalnych koacerwatach
(P3-Rysunek S2). Mozliwos¢ taka wykazali Zhao 1 in. [2019] [56]. Jak wspomniano w pkt
7.3.3., folie OSA75/GEL25/AST, rozpuszczajac si¢, nie tworzyly roztworu wilasciwego,
lecz zawiesing mikroczasteczek (P3-Rysunek S2). W zwigzku z powyzszym pomimo, Ze
folie te uznano za catkowicie rozpuszczone (P3-Rysunek 4), uwalnianie byto niekompletne
pomimo, ze osiagneto poziom statego plateau (P3-Rysunek S3 1 5).

Pomiary wspodiczynnika r wykazaly, ze erozja matrycy polimerowej w plynie
akceptorowym byla istotnym czynnikiem kontrolujacym szybko$¢ migracji ASX ze
wszystkich badanych folii (P3-Rysunek S4, P4-Tabela 3). Zwigkszenie stezenia AST
zazwyczaj powodowalo zmniejszenie rozpuszczalnosci folii (P3-Rysunek 4, P4-Rysunek
4), co prowadzito do spadku szybkosci migracji ASX (P3-Tabela 4, P4-Tabela 2). Folie
CMC75/GEL25/AST, wykazujace szybkie tempo rozpuszczania (P3-Rysunek 3),
uwalnialy ASX natychmiastowo (t2s%=1,20-1,74 min) z tzw. efektem wyrzutu (ang. burst
effect). W przypadku pozostatych folii, tj. zawierajacych rozgatezione polisacharydy, start
uwalniania ASX nastepowat z opoznieniem. Folie WSSP75/GEL25/AST, bedace
najtrudniej erodowalnymi (P4-Rysunek 4), charakteryzowaly si¢ najdtuzszym
op6znieniem, wynoszacym 20 min (P3-Rysunek S3, P4-Rysunek 6), i tym samym
oferowaly najwolniejsze uwalnianie ASX (t25%=31,64-87,57 min vs. 1,20-26,46 min, P3-
Tabela 4, P4-Tabela 2). W ujeciu poréwnawczym migracja ASX z folit WSSP75/GEL25
byta nawet 4 krotnie wolniejsza niz w przypadku folii zawierajacych GAR 1 OSA 1 az od
20 do 50 krotnie wolniejsza w porownaniu do foliit CMC/GEL, w zalezno$ci od zawartosci
AST. Wiadomym jest, ze mechanizm uwalniania substancji aktywnej uzalezniony jest od
architektury polimerowego no$nika [157]. W zwigzku z tym, wolniejsze uwalnianie ASX z
folii WSSP75/GEL25 moglo by¢ réwniez spowodowane silniejsza immobilizacja
karotenoidu w rozgalezionej strukturze polisacharydu. Mikroskopia sit atomowych
wykazata, ze WSSP maja gwiezdzisto-grzebieniowg strukture, i w ten sposob sa bardziej
rozgalezione niz GAR [178]. Obecnie polimery rozgat¢zione, w tym te dendrytyczne i
gwiezdziste, stanowig obiekt badan w kontekscie tworzenia no$nikow i/lub substancji

pomocniczych, ktore modyfikuja kinetyke uwalniania lekéw [179]. Poniewaz profile
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uwalniania ASX byly w duzym stopniu uzaleznione od zawartosci AST (P3-Rysunek 6,
P4-Rysunek 7), nie mozna byto wytypowac jednego modelu matematycznego najlepiej
opisujacego migracje z poszczeg6élnych rodzajow folii (P3-Table S2, P4-Table S2). W
przypadku folii o natychmiastowym uwalnianiu ASX (tj. CMC75/GEL25) modele
dwuparametrowe, tj. F-O Fuex 1 Ho, oferowaty lepsze dopasowanie do danych
eksperymentalnych niz modele o wigkszej liczbie parametréw (P3-Tabela S2). Model F-O
opisuje kinetyke migracji substancji aktywnej, ktora nie jest mocno zwigzana z matryca
polimerowa, przez co uwalnia si¢ z powierzchni no$nika natychmiast po kontakcie z
ptynem akceptorowym. Z kolei model Ho najlepiej sprawdza si¢ w przewidywaniu
kinetyki uwalniania substancji z tatwo erodowalnych no$nikéw [158]. Przyktadowo model
ten dobrze opisywat kinetyke uwalniania amoksycyliny z tabletek wytworzonych z HPMC
[180]. W przypadku folii zawierajacych OSA, GAR 1 WSSP, z powodu zaobserwowanego
op6znionego startu uwalniania ASX, do profili uwalniania na og6t lepiej pasowaty bardziej
ztozone modele matematyczne (P3-Tabela S2, P4-Tabela S2). Wyjatek stanowita folia
WSSP75/GEL25/AST-1%, ktéra jako jedyna oferowata quasi-liniowy przebieg
uwalniania, czyli zblizony do kinetyki zerowego rz¢du (P4-Rysunek 7). Model Z-O
opisuje uktad, w ktorym szybko$¢ uwalniania substancji aktywnej jest niezalezna od jej
stezenia, przez co uwalnianie zachodzi w stalym tempie i powoli [181]. Wykazano zatem,
ze folia WSSP75/GEL25/AST-1% ulegajac powolnej niemal liniowej erozji (P4- Rysunek
4), umozliwiata migracj¢ ASX do ptynu akceptorowego w najbardziej rownomiernych
dawkach przez najdluzszy czas (P4-Rysunek 7). Na podstawie wartosci » modelu K-P
(0,5<n<1, P4-Tabela S4), mozna wnioskowaé, ze uwalnianiec ASX z folii
WSSP75/GEL25/AST-1% miato charakter anomalny, tj. r6zny od dyfuzji Ficka (ang.
anomalous (non-Fickian) diffusion). W tym przypadku uwalnianie kontrolowaty
jednoczesnie dwa mechanizmy: dyfuzja sktadnika aktywnego i pecznienie matrycy
polimerowej [182]. W przypadku pozostatych folii, wartos¢ n wynosita ponizej 0,5 (P3-
Tabela S4, P4 Tabela S4), co wskazuje, ze uwalnianie ASX zachodzito gléwnie droga
tzw. pozornej dyfuzji Ficka (ang. quasi-Fickian diffusion) [183]. Mobilno$¢ dyfuzyjna
ASX potwierdzili takze Colin-Chavez i in. [2013] [96], aczkolwiek jak wspomniano w
podrozdziale 4.3 badania tych autorow dotyczyly uwalniania naturalnej ASX z folii
polietylenowych do etanolu.

W ujeciu catosciowym, na podstawie poréwnania usrednionych wartosci

wskaznikow dopasowania poszczegdlnych modeli do wszystkich uzyskanych danych
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eksperymentalnych, uwalnianie ASX najlepiej przewidywal model Pr 2 i niemal ex aequo
Lo 2 (P3-Tabela S2, P4-Tabela S2). Obydwa modele nalezag do grupy modeli trzy-
parametrowych (Tabela 4).

7.3.6. ,Uwolniona” i calkowita aktywnoS$¢ przeciwutleniajaca

Zaobserwowano, ze folie bez dodatku AST wykazywaly stosunkowo wysoka
aktywno$¢ przeciwrodnikowa. W przypadku analizy potencjatu przeciwutleniajagcego w
takich samych warunkach pomiarowych w jakich prowadzono testy migracji (tj. pomiaru
,uwolnionej” aktywno$ci przeciwutleniajacej), zaobserwowano, ze W wyniku
bezposredniego kontaktu z roztworem ABTS"™, folie kontrolne zneutralizowaty od okoto
58 do 77% jego poczatkowej ilosci (P3-Rysunek 7, P4-Rysunek 9). Z uwagi, ze folie
polisacharydowe majg znikomy potencjat przeciwrodnikowy w poréwnaniu do folii
biatkowych [184], uzyskany rezultat mogt by¢ przede wszystkim konsekwencja
aktywnosci przeciwutleniajacej GEL. Reszty aminokwasowe tego biatka, m.in. glicyna i
prolina, przekazuja elektrony na czasteczki wolnych rodnikéw, doprowadzajac tym samym
do ich neutralizacji [185]. Sposrod folii kontrolnych najlepszg ,,uwolniong” aktywnos$¢
przeciwrodnikowa miata folia CMC75/GEL25 (P3-Rysunek 7, P4-Rysunek 9).
Przypuszczalnie zadecydowata o tym jej szybka rozpuszczalno$¢ (P3-Rysunek 4) oraz
niechomogenna struktura (P5-Rysunek 1), wynikajaca z niemieszalno$ci polimeréw (P3-
Rysunek 2). W rezultacie reszty aminokwasowe GEL mogty by¢ bardziej reaktywne, przez
co efektywniej ,,zmiataly” wolne rodniki. Zgodnie z oczekiwaniami wraz ze wzrostem
zawartosci AST folie mialy coraz wigksza aktywno$¢ przeciwrodnikowa (P3-Rysunek 7,
P4-Rysunek 9). Biorac pod uwage koficowe warto$ci neutralizacji ABTS™ (tj. po uptywie
3h), wzgledne przyrosty ,,uwolnionej” aktywnosci przeciwrodnikowej spowodowane
obecnoscia AST nie byly duze w porownaniu do przyrostow wywolanych
domieszkowaniem AP (P2-Rysunek 4B). Wytlumaczy¢ mozna to niskg zawartoscig ASX
w AST (Tabela 1), przez co rzeczywiste stezenie ASX w FFS wynosito 0,0125; 0,025 1
0,05%. Dla wigkszosci folii zaobserwowano wystepowanie silnej pozytywnej korelacji
pomiedzy iloscig uwolnionej ASX a ,,uwolniong” aktywnos$ciag przeciwrodnikowg (r=0,72-
0,93, P3-Tabela S5, P4-Tabela 3). Nadmieni¢ nalezy, ze poza samg ASX, takze
dodatkowe przeciwutleniacze, takie jak DL-o-tokoferol i askorbinian sodu (Tabela 1),

obecne w AST, bez watpienia wplynety na aktywno$¢ przeciwutleniajaca folii.
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Catkowitg aktywno$¢ przeciwrodnikowg folii mierzono po ich catkowitym
rozpuszczeniu. Aktywnos$¢ przeciwrodnikowa folii kontrolnych nie ulegta zmianie podczas
przechowywania (25°C, 60 dni, brak dostgpu $wiatla) (P5-Rysunek 3). Niezaleznie od
czasu przechowywania 1 zawartosci AST. Najstabsza catkowita aktywnos$¢
przeciwrodnikowa miaty folie WSSP75/GEL2S5. Przypuszczalnie przyczyna byla ich
wysoka podatno$¢ na brgzowienie nieenzymatyczne, jak sugeruja wyniki pomiaru AE
(P5-Tabela 2), ktore zmniejszyto ilos¢ grup funkcyjnych GEL mogacych wchodzi¢ w
interakcje z wolnymi rodnikami. Zaobserwowano, ze folie o najmniejszej zawartosci AST
mialy najbardziej stabilny potencjal przeciwutleniajacy (w przewazajacej wigkszo$ci
przypadkéw nie stwierdzono zadnych zmian). W przypadku folii o wigkszej zawartosci
AST, istotne zmniejszenie zdolno$ci ,,zmiatania” wolnych rodnikow wystepowato

przewaznie dopiero po 60 dniach przechowywania (P5-Rysunek 3).

7.4. Folie polisacharydowo-zelatynowe z dodatkiem kurkuminy

Z mieszanin polisacharydow (CMC, GAR, OSA lub WSSP) i GEL w stosunku 75/25
otrzymano FFS, ktore domieszkowano wzrastajagcymi ilosciami CUR (0,005, 0,01, 0,02 %
w/w) uprzednio rozpuszczonej w etanolu. Wigksza zawartos¢ CUR (>0,02%) skutkowata
otrzymaniem folii pomaranczowo-zottych, ktére zostaly odebrane jako mniej atrakcyjne
wizualnie (dane nieprzedstawione). Proby kontrolne nie zawieraly dodatku CUR, ale
zawieraly etanol (kosolwent). Zbadano pH i mikrostrukture¢ FFS (technika mikroskopii
optycznej, mikroskopii z kontrastem rdznicowo-interferencyjnym oraz kriomikroskopii
elektronowej). Nastepnie z FFS otrzymano 16. rodzajow folii. Wtasciwosci otrzymanych
materiatow opisano w publikacji: P6 — Lupina K., Kowalczyk D., Lis M., Basiura-Cembala
M. (2023). Antioxidant polysaccharide/gelatin blend films loaded with curcumin - A

comparative study. International Journal of Biological Macromolecules, 236, 123945.

7.4.1. Wlasciwosci strukturalne

Wyniki obrazowania mikroskopowego FFS (P6-Rysunek 1) byly na ogo6t zgodne z
wczesniejszymi obserwacjami (P3-Rysunek 2, P4-Rysunek 1). Jedynie w przypadku
mieszaniny CMC75/GEL25 liczebno$¢ mikrosfer byta wyraznie wigksza, co wskazuje, ze
dodatek etanolu mogt nasili¢ niemieszalnos¢ polimerow (P6-Rysunek 1A). Jak wykazano
za pomocg obrazowania 3D (P6-Rysunek 2B), pomimo niechomogennej mikrostruktury,

powierzchnia foliit CMC75/GEL25 byta mniej chropowata anizeli folii WSSP75/GEL25
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(Rg=16,23 vs. 21,18). Folia GAR75/GEL25 byla najbardziej gtadka (Rq=4,59). Brak
krysztatow i/lub agregatow wskazuje, ze CUR byta dobrze rozpuszczona/zdyspergowana
w FFS (P6-Rysunek 1). W przypadku mieszalnych uktadow polisacharydowo-
zelatynowych (tj. GAR/GEL, OSA/GEL i WSSP/GEL) rozmieszczenie CUR byto
réwnomierne (P6-Rysunek 1A-B, P6-Rysunek 2). Z kolei w mieszaninie CMC/GEL CUR
ulegta catkowitej enkapsulacji w zelatynowych mikrosferach. W konsekwencji $rednie
rozmiary mikrosfer, okreslone na podstawie zdje¢ mikroskopowych, zwigkszytly si¢ z
okoto 50 do 80 um. Nierowna dystrybucja CUR byta najprawdopodobniej wynikiem
oddziatywan hydrofobowych miedzy CUR a apolarnymi resztami GEL. Warto takze
zauwazy¢, ze w przeciwienstwie do GAR, OSA i WSSP, ktore posiadaja wlasciwosci
amfifilowe [186], CMC nie zawiera rejonéw hydrofobowych, co czyni ja wyjatkowo
hydrofilowa. W zwigzku z powyzszym istotng role w enkapsulacji mogta takze odegrac
niezgodnos$¢ fizykochemiczna migdzy CUR a CMC, co zostalo uprzednio zasugerowane
na podstawie obserwacji mikroskopowych [187]. Dodatek CUR nie miat wyraznego
wpltywu na zmiany mikrostruktury folii (P6-Rysunek 2A, 2C), niemniej jednak
obserwowano nieznaczny spadek lub wzrost chropowatosci powierzchni (P6-Rysunek 2B).

Najprawdopodobniej z powodu niskiego poziomu inkorporacji (<0,02%), dodatek
CUR nie spowodowal zmian w widmach FTIR-ATR folii (P6-Rysunek 3). Warto
zaznaczy¢, ze Reddy 1 Kim [2019] [188] wykazali, ze spektrofotometria FTIR umozliwia
obserwacje zmiany sktadu folii po dodaniu CUR w ilosci >1%.

Jak w poprzednich badaniach (P1-Rysunek 6), cecha wspdlng dyfraktograméw folii
polisacharydowo-zelatynowych byta obecno$¢ dwoch pikéw potozonych przy 206~8e i
20° (P6-Rysunek 4), ktore reprezentujag odpowiednio faze krystaliczng i amorficzng. Ich
wystepowanie $wiadczy zatem o semikrystalicznej strukturze folii. Pierwszy pik przypisaé
mozna gtéwnie obecnosci GEL a doktadniej, cze$ciowemu powrotowi pojedynczych
tancuchéw polipeptydowych GEL do postaci natywnego kolagenu [P1][170,184]. Na
uwage zasluguje fakt, ze w poréwnaniu do wynikow wcezesniejszych badan [175], pik przy
20=8° na dyfraktogramach foliit CMC75/GEL25 byt slabo dostrzegalny. Prawdopodobnie
byto to spowodowane nieréwnomiernym rozrzutem frakcji zelatynowej w folii (P6-
Rysunek 2), co skutkowalo brakiem powtarzalnosci wynikow analizy rentgenowskiej.
CUR to zwiagzek o wysokiej krystalicznosci, na co wskazuja wyrazne 1 ostre piki
dyfrakcyjne [190]. Ich brak w obrazowaniu dyfraktograficznym folii (P6-Rysunek 4),
sugeruje, ze CUR osiggneta stan amorficzny. W przypadku wigkszosci folii dodatek CUR
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(w ilosci 0,02%) spowodowal zmiany (spadek lub wzrost) intensywnosci pierwszego piku
dyfrakcyjnego, co wskazuje, ze CUR mogta mie¢ wptyw na proces renaturacji kolagenu.
Podobne zjawisko obserwowali juz inni autorzy [191]. W przypadku wszystkich folii
dodatek CUR zwigkszyl intensywno$¢ piku polozonego przy 26=20°, co przypuszczalnie
bylo zwigzane z czg¢sciowa rekrystalizacja CUR w czasie formowania folii, zwlaszcza
wskutek odparowania kosolwenta. W Swietle powyzszego przypuszczenia folia
GAR75/GEL25 mogta wykazywac najlepsze dzialanie antykrystalizacyjne.

Na wszystkich termogramach folii widoczne byly niewielkie piki endotermiczne
zlokalizowane w zakresie temperatur od 73 do 98 °C (P6-Rysunek 5). Ich obecno$¢ jest
najprawdopodobniej objawem fizycznego starzenia si¢ folii [192-194]. Zjawisko to
zachodzi gdy amorficzny Ilub semikrystaliczny polimer przechowywany jest w
temperaturze ponizej warto$ci temperatury zeszklenia (Tg). Proces polega na
porzadkowaniu si¢ fazy amorficznej, co zmniejsza ruchliwo$¢ tancuchow polimerowych i
w konsekwencji prowadzi do wzrostu kruchosci. Pik ,,fizycznego starzenia” zazwyczaj
zakrywa Tg polimeru, co uniemozliwia jej okreslenie. Pomimo tego, na podstawie
usytuowania pikéw ,.fizycznego starzenia” mozna wywnioskowaé, ze folie zawierajace
OSA i GAR mialy odpowiednio najnizsza i najwyzsza Tg. Nadmieni¢ nalezy, ze jest to
temperatura w ktorej polimery/materiaty przechodza ze stanu twardego i sztywnego w stan
bardziej elastyczny 1 sprezysty.

Temperatura migknienia/topnienia (Tm) folii kontrolnych wynosita okoto 192°C
(GAR75/GEL25), 214°C (WSSP75/GEL25) 1 224°C (CMC75/GEL25 i OSA75/GEL25)
(P6-Rysunek 5). Wartosci te sag wyzsze anizeli np. zaobserwowane dla folii otrzymanych z
GEL (~170°C) [195]. Nalezy jednak zaznaczy¢, ze Tm folii biopolimerowych zalezy od
wielu czynnikéw, m.in. od zawartosci plastyfikatora [196]. Dodatek CUR zwigkszyl Tm
wszystkich folii. Poniewaz Tm krysztalow CUR wynosi okolo 180°C [197],
zaobserwowany wzrost nie byl bezposredniag konsekwencja obecnosci CUR, a raczej
wystgpieniem chemicznych interakcji pomiedzy biopolimerami i CUR (stymulowanych
ogrzewaniem), ktére skutkowaly wytworzeniem matrycy odporniejszej na migknigcie w
czasie obrobki termicznej. Pik egzotermiczny usytuowany w zakresie temperatur 250-
265°C, zaobserwowany dla folii zawierajgcych CMC 1 WSSP (P6-Rysunek 5), sugeruje
rozpoczecie procesu ich dekompozycji [174,198-200]. Poniewaz CUR ulega termicznej
degradacji w temperaturze powyzej 400°C [201], a proby ogrzewano do temperatury

300°C, na termogramach folii zawierajacych CUR nie obserwowano ,,nowych” pikoéw
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egzotermicznych. Seria ostrych pikow zaobserwowana pod koniec ogrzewania folii
GAR75/GEL25 1 WSSP75/GEL25, zarowno z dodatkiem CUR, jak 1 bez,
najprawdopodobniej wynikala z drgan szczelnie zamknigtych naczynek pomiarowych
(powodowanych przez cisnienie), a nie z przemian fizycznych i chemicznych badanych

materialow.

7.4.2. Wlasciwosci fizykochemiczne i szybkos¢ przenikania pary
wodnej

Folie OSA75/GEL25 na ogoét miaty wyzsza WC w poréwnaniu do pozostalych
otrzymanych materiatow (14,97-17,78% vs. 12,33-14,34% P6-Tabela 1). Co ciekawe,
jedynie w przypadku folii OSA75/GEL2 dodatek CUR zmniejszyl WC. Przypuszczalnie
asocjacja hydrofobowych tancuchow OSA i CUR, jak réwniez wigzania wodorowe
pomiedzy nimi [202, 203] ograniczyly oddziatywania polimer-woda, co skutkowato
zmniejszong retencja wody.

Podobnie jak w przypadku foli z dodatkiem AST [P3, P4], w celu wyjasnienia
mechanizméw kontrolujagcych uwalnianie CUR z folii wykonano pomiary So i Sw.
Poniewaz CUR jest stabo rozpuszczalna w wodzie (~1 mg/ml) [204], jako medium
akceptorowe zastosowano 50% etanol, czyli ptyn modelowy D1 imitujacy zywnos¢. Po
uptywie 2h kontaktu z 50% etanolem, So folii wynosita od okoto 18 do 100% (P6-Rysunek
6A). Podobnie jak w pracy P3, folie CMC75/GEL2S5, niezaleznie od zawartosci CUR,
ulegly catkowitemu rozpuszczeniu, co potwierdza wysoka zdolno$¢ solwatacji uktadu
CMC/GEL. Dodatkowo nadmieni¢ nalezy, ze CMC rozpuszcza si¢ w rozpuszczalnikach
mieszajacych si¢ z woda, takich jak etanol (w stezeniu do 50%) [205]. Poniewaz GAR,
OSA i WSSP sg nierozpuszczalne w etanolu [115, 206], So otrzymanych z nich folii byla
nizsza anizeli ta wykazana w testach prowadzonych w wodzie (P3-Rysunek 4, P4-Rysunek
4). W roztworze wodno-etanolowym folie miaty rowniez mniejsza zdolno$¢ absorbcji
ptynu (P6-Rysunek 6B). Pomimo tego uzyskane wartosci Sw odzwierciedlajg kolejnos¢
zaobserwowang w poprzednich badaniach P3 i P4]. W wigkszo$ci przypadkéw dodatek
CUR do folii nie zmienit ich So i Sw (P6-Rysunek 6A-B).

Sposrod folii kontrolnych najbardziej przepuszczalne dla pary wodnej byly folie
zawierajagce CMC (P6-Tabela 1), co jest niezgodne z wynikami wcze$niejszych badan,
wskazujacymi, ze folia CMC75/GEL25 ma istotnie nizszg WVP niz folia OSA75/GEL25
(P3-Tabela 2). Rozbiezno$¢ ta, moze wynika¢ z obecnosci etanolu (4%) w FFS, ktory
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przypuszczalnie zmienit sp6jnos¢ sieci polimerowej, np. poprzez czesciowe zagregowanie
frakcji polisacharydowej i/lub denaturacj¢ GEL. Musso 1 in. [2017] [207] wykazali, ze
GEL rozpuszczona w ~50% roztworze etanolowym tworzy folie o mniej zwartej strukturze
w poréwnaniu do wodnego roztworu. Zjawisko to tlumaczyé mozna zaktdceniem w
powstawaniu wigzan wodorowych pomiedzy tancuchami GEL wskutek utworzenia wigzan
wodorowych pomiedzy czasteczkami etanolu i GEL. Jak wspomniano w pkt 7.4.1.,
rowniez porownanie dyfraktogramow foliit CMC75/GEL25 uzyskanych z FFF bez [175] 1
z dodatkiem etanolu (P6-Rysunek 4) sugeruje mozliwo$¢ wptywu etanolu na wzajemng
asocjacje¢ tancuchow polipeptydowych GEL. Zaobserwowano, ze jedynie 0,2% dodatek
CUR obnizyt WVP folii CMC75/GEL25, co moglo by¢ spowodowane zwigkszeniem
rozmiardw mikrosfer zelatynowych (P6-Rysunek 1A), ktore mogly skuteczniej blokowac
przenikanie pary wodnej. W przypadku pozostatych folii dodatek CUR nie zmienil ich
WYVP (P6-Tabela 1).

7.4.3. Wlasciwosci optyczne

Pomimo, udokumentowanego dziatania przeciwutleniajgcego CUR [208], w
produkcji zywnos$ci zwigzek ten jest gldéwnie wykorzystywany jako substancja barwigca
(E 100) [17]. W konsekwencji wzrastajacy dodatek CUR umozliwil otrzymanie zo6tto
zabarwionych folii, na o0gét coraz ciemniejszych o coraz intensywniejszym zotto-
czerwonym odcieniu (P6-Rysunek 7). Pomimo wyraznej zottej barwy kontrolnej folii
WSSP75/GEL25, odrézniajacej ja od pozostatych prob, dodanie CUR skutkowato
zatarciem réznic w warto$ciach parametru b* poszczegdlnych rodzajow folii. Jak
wspomniano w podrozdziale 4.3 CUR ulega tautomerii keto-enolowej na ktérg ma wptyw
pH. Wyzsze pH sprzyja wystepowaniu wigkszej ilosci formy enolowej, ktéra ma odcien
bardziej czerwony w porownaniu do zottej formy ketonowej dominujgcej w $rodowisku
kwasnym [209]. Zjawisko tautomerii moze zatem tlumaczy¢ dlaczego przy zastosowaniu
najwiekszego poziomu dodatku CUR, folia CMC75/GEL2S, jako materiat o najwyzszym
pH (6,31 vs. 4,93-5,29, P6-Tabela 1), charakteryzowata si¢ najwigkszym udzialem barwy
czerwonej.

Wykazano, ze barwa folii kontrolnych oraz domieszkowanych CUR ulegata zmianie
w czasie ich 60-dniowego przechowywania (25°C, RH 50%, brak dostepu $wiatta). Na
podstawie poréwnania warto§ci AE zaobserwowano, ze sposrdd folii kontrolnych

najwicksza tendencje do zmiany barwy miata folia WSSP75/GEL25 (AE60dni=3,55 vs. <2;
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P6-Rysunek 8), co potwierdzajg wyniki uzyskane w pracy P5. Jak uprzednio wyjasniono
(pkt 7.3.2.) moglo by¢ to spowodowane zar6wno ciemnieniem pigmentéw zawartych w
WSSP (P6-Rysunek S1), jaki i zaj$ciem reakcji Maillarda. Niezaleznie od st¢zenia CUR,
folie CMC75/GEL25 miaty najbardziej stabilng barwe (AEcoani<l,6; P6-Rysunek 8).
Oprocz ograniczonej zdolnosci do reakcji Maillarda, wynikajacej z odrebnosci polimerow
tworzacych materiat, przyczyng bylo najprawdopodobniej zamknigcie CUR w
mikrosferach zelatynowych (P6-Rysunek 1). W tym wzgledzie istotng role ochrong mogto
odegra¢ nie tylko lepsze odizolowanie CUR od S$rodowiska zewngtrznego (na skutek
zmniejszenia powierzchni kontaktu), ale takze aktywnos$¢ przeciwutleniajaca samej GEL
[210]. Wysokie wartosci AE odnotowane dla foliit OSA75/GEL25, sugeruja, ze nosnik ten
najstabiej zabezpieczat CUR przed degradacja. Wynik ten jest nieoczekiwany, poniewaz
udowodniono, ze OSA skutecznie zwigksza stabilno§¢ CUR [211] W tym wzgledzie
nalezy nadmieni¢, Ze powyzej przytoczone badania dotyczyly sypkiej mieszaniny
nanokurkuminy z OSA przechowywanej w szczelnie zamknigtym pojemniku. W wodnym
roztworze CUR, w szczegolnosci o pH>7, CUR ma niska stabilno$¢ chemiczng [212],
gdyz pod wptywem nukleofilowego ataku jonu OH™ ulega degradacji do feruloilometanu 1
kwasu ferulowego, a nastgpnie do waniliny i acetonu [213]. W zwigzku z powyzszym
mozliwe jest, ze nieco wigksza wilgotnos¢ foliit OSA75/GEL25/CUR (14,97-16,46% vs.
12,33-14,34%, P6-Tabela 1) przyczynita si¢ do ich intensywniejszej dyskoloryzacji.
Przezroczysto§¢ folii na og6l malata w nastgpujacej kolejnosci: GAR/GEL <
OSA/GEL < CMC/GEL < WSSP/GEL (P6-Tabela 1). Nadmieni¢ nalezy, ze w zalezno$ci
od zawarto$ci CUR roznice w wartosciach OP migdzy ,,s3siadujagcymi” ze sobg w rankingu
foliami nie zawsze byly statystycznie istotne. Jak wspomniano w pkt 7.3.2., roznice w
przezroczysto$¢ folii wynikaty z ich mikrostruktury (P6-Rysunek 2). Podobnie jak w
poprzednich pracach (P1, P2, P5), wszystkie folie bardzo dobrze blokowaly
promieniowanie UV-C (<280 nm) (P6-Rysunek 6C). W catym zakresie promieniowania
UV najlepsza barier¢ zapewniata folia WSSP75/GEL2S, co wynikato z ziarnistej, $cisle
upakowanej mikrostruktury tej folii. Widoczne na wykresach transmitancji (P6- Rysunek
6C) zaglebienie w okolicy A=430 nm odpowiada maksimum absorpcji CUR [209]. Z tej
przyczyny wigkszy poziom dodatku CUR skutkowat wigkszym spadkiem transmitancji w
coraz rozleglejszym zakresie dtugosci fali. Tym samym zaobserwowano takze mozliwos$¢
spadku przezroczystosci folii (P6-Tabela 1). Poniewaz CUR silnie absorbuje

promieniowanie UV [209], wraz ze wzrostem jej zawarto$ci obserwowano znaczng
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poprawe zdolno$ci barierowych folii w stosunku do promieniowania UV, zwlaszcza typu

A (315-400 nm) (P6- Rysunek 6C).

7.4.4. Wlasciwosci mechaniczne

Pomiary wlasciwosci mechanicznych folii potwierdzity wcze$niej uzyskane wyniki,
tj. pod wzgledem wytrzymato$ci mechanicznej, okreslonej zaré6wno za pomoca testu
osiowego rozciggania jak i przebicia, poszczeg6lne rodzaje folii mozna bylo uszeregowac
nastepujaco:

- bardzo wytrzymate: CMC75/GEL2S,

- umiarkowanie wytrzymate: GAR75/GEL25 i WSSP75/GEL25,

- malo wytrzymate: OSA75/GEL2S.

Niezaleznie od zawartosci CUR, TS folii CMC75/GEL2S5, byta okoto dwa razy
wigksza w pordwnaniu do folii zawierajacych GAR 1 WSSP oraz ponad 8 razy wigksza niz
foliit OSA75/GEL25 (P6-Tabela 2). Podobnie jak w poprzednich badaniach [P1, P2, P5]
najbardziej 1 najmniej rozciaggliwe byly odpowiednio folie OSA75/GEL25 (125,14-
133,55%) 1 GAR75/GEL25 (<10%) (P6-Tabela 2). Folie zawierajgce CMC oraz WSSP
mialy podobna podatno$¢ na rozcigganie (~30%). Potencjalne przyczyny rdznic we
wlasciwosciach mechanicznych folii zawierajacych rézne polisacharydy omowiono juz w
podpunkcie 7.1.6. Dodatek CUR nie miat istotnego wptywu na parametry mechaniczne
folii.

7.4.5. Uwalnianie kurkuminy

Podczas 30-minutowego kontaktu folii z ptynem akceptorowym (50% etanol), w
zalezno$ci od rodzaju folii 1 zawarto§ci CUR, uwolnieniu uleglo od okoto 42% do blisko
100% CUR (P6-Rysunek 9). Po tym czasie ilos¢ uwolnionej CUR osiagneta stan plateau
(dane nie przedstawione). Folia CMC75/GEL25, jako materiat wysoce podatny na erozje
w ptynie modelowym, zapewniata na ogét najszybsze (tso =4,13-5,61 min, P6-Tabela 3) 1
najkompletniejsze uwalnianie CUR (83,36-98,18%). Najprawdopodobniej z powodu
podatnosci uktadu CMC/GEL na szybka solwatacje i1 dezintegracje, enkapsulacja CUR w
zelatynowych mikrosferach nie przyczynita si¢ do spowolnienia tempa jej uwalniania.
Najwolniejsze (ts0%=4,58-97,95 min) 1 najmniej kompletne (42,11-61,61%) uwalnianie
CUR zaobserwowano w przypadku folit OSA75/GEL25. Sugeruje to silne zwigzanie CUR
z ukladem OSA/GEL. Wg danych literaturowych polisacharydy modyfikowane
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bursztynianem oktenylu w kontakcie z woda tworza hydrofobowy rdzen, ktory moze
silnie wigza¢ substancje o lipofilne, takie jak CUR [184, 185]. Mozliwe jest tym samym,
ze CUR ulegla czgsciowemu mikrokapsutkowaniu w koacerwatach OSA/GEL, na co
wskazuja obserwacje mikroskopowe (P6-Rysunek 1A).

W ujeciu calosciowym, tj. na podstawie porownania srednich warto$ci wskaznikow
dopasowania poszczeg6lnych modeli do wszystkich profili uwalniania, czteroparametrowa
wersja modelu Weibull’a (Wb_4) wykazywata najwyzszy poziom dopasowania do danych
eksperymentalnych ($rednia ze wszystkich warto$ci R%skorygowany Wynosita 0,9952) (P6-
Tabela S2). Pomimo wysokiego dopasowania, wada tego modelu byla niemozno$¢
predykcji wartosci tso dla folii, ktéora nie osiggnela poziomu 50% uwalniania (tj.
OSA75/GEL25/CUR-0,005%). W tym przypadku w iloSciowym oszacowaniu szybkosci
migracji CUR bardziej przydatny okazal si¢ standardowy (trzyparametrowy) model Wb 1
(Tabela 4). Niezaleznie od rodzaju folii, uwalnianie CUR zachodzito droga tzw. pozornej
dyfuzji Ficka (ang. quasi-Fickian diffusion), na co wskazujg warto$ci parametru n <0,5

(P6-Tabela 3).

7.4.6. Wlasciwosci przeciwutleniajgce

Pod wzgledem aktywnosci przeciwrodnikowej, okreslonej metoda reakcji z DPPH",
folie kontrolne uszeregowa¢ mozna byto w nastegpujacej kolejnosci GAR75/GEL25 >
OSA75/GEL25 > WSSP75/GEL25 > CMC75/GEL25 (P6-Tabela 3). Wysoki potencjat
przeciwrodnikowy folii GAR75/GEL75 mogt by¢ zwigzany z faktem, ze GAR zawiera
dobrze ekstrahowalne (zwlaszcza alkoholem) zwigzki polifenolowe [215, 216]. Folia
CMC75/GEL25 wykazata znikoma zdolno$¢ neutralizacji DPPH* (~1,7%, P6-Rysunek
10), co potwierdzilo wczesniejsze obserwacje [217, 218]. Niemniej jednak zauwazy¢
nalezy, ze badania przeprowadzone przy uzyciu testu z ABTS™ (P3-Rysunek 7) [175]
wykazaly dobrg aktywno$¢ przeciwrodnikowa folit CMC75/GEL25, co jak uprzednio
wyjasniono bylo spowodowane dzialaniem przeciwutleniajacym GEL. Rozbiezne wyniki
badan przypisa¢ mozna ré6znym mediom reakcyjnym zastosowanym w testach, tj. w
przypadku DPPH" i ABTS™ uzyto odpowiednio 50% etanol i wode destylowang.
Przypuszczalnie etanol uszkodzit strukture wtorng GEL, przez co nie mogta ona pehic
funkcji przeciwutleniacza [219, 220].

Aktywnos$¢ przeciwrodnikowa folii wzrastata wraz ze wzrostem zawartosci CUR

(P6-Rysunek 10, Tabela 3). Przyktadowo aktywno$¢ przeciwrodnikowa folii
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zawierajacych najwickszg ilos¢ CUR (zmierzona po uplywie 2 h), w zaleznosci od ich
rodzaju, byta okoto 4-40 razy wigksza w porownaniu do folii kontrolnych (P6-Rysunek
10). Najwicksza poprawe potencjatu przeciwutleniajacego zaobserwowano w przypadku
folii o najstabszej poczatkowej aktywnos$ci antyoksydacyjnej (tj. CMC75/GEL25).
Stwierdzono staba dodatnig korelacje (r=0,26) miedzy wartosciami tso% i1 tsowpppu* (P6-
Rysunek S5), co wskazuje, ze kinetyka neutralizacji wolnych rodnikéw przez folie nie
odzwierciedlata kinetyki migracji CUR. W zastosowanym uktadzie pomiarowym istotng
aktywnos¢ przeciwrodnikowa miata zatem nie tylko CUR uwolniona, ale takze jej frakcja
pozostajaca w nos$niku, w tym réwniez sam nos$nik (w wigkszosci przypadkow). Pomimo,
ze rodzaj folii r6znicowal wartosci tsowpppu* (P6-Tabela 3), to po osiagnigciu plateau folie
aktywowane tymi samymi ilosciami CUR miaty stosunkowo porownywalng zdolnos¢

neutralizacji DPPH" (P6-Rysunek 10).
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8. Whnioski

1.

OSA uplastyczniona glicerolem posiada wiasciwosci powlokotworcze, ale nie
foliotworcze. Zastagpienie co najmniej 25% OSA przez GEL umozliwia uzyskanie

folii, ktorag mozna podda¢ badaniom materialowym.

GEL, MC 1 CMC, jako polimery o liniowej i semikrystalicznej strukturze, umozliwiajg
otrzymanie folii o wigksze] wytrzymatosci mechanicznej 1 sztywno$ci w pordwnaniu
do GAR, OSA i WSSP, czyli polimerdw o rozgatezionej, a tym samym bardziej
amorficznej strukturze. W ujeciu funkcyjnym, pochodne kolagenu i celulozy, czyli
biopolimerow pekligcych w organizmach funkcje strukturalne, pozwalaja na
uzyskanie wytrzymalszych materiatdéw anizeli skrobia i WSSP, ktore przyzyciowo

spetniaja funkcje magazynujace, czy GAR, ktora petni funkcje obronng.

Wigkszy udziat GEL w recepturze umozliwil otrzymanie folii lepiej chronigcych przed
promieniowaniem UV, o zmniejszonej rozpuszczalno$ci w wodzie 1 zwigkszonej
wytrzymato$ci (z wyjatkiem folit MC/GEL). GEL znaczaco redukuje kruchos¢ folii
zawierajacych GAR, co przektada si¢ na zmniejszenie probleméw zwigzanych z ich
wytwarzaniem i obrobka. Podobne dzialanie wzmacniajace wykazuje rowniez dodatek

AP 1 AST w ilosci >1%.

Pomimo, Zze zar6wno MC, jak i CMC nie mieszaja si¢ z GEL (co prowadzi do
powstania zelatynowych mikrosfer), mieszanina CMC75/GEL25 jest bardziej
jednorodna. Drzigki temu mozliwe jest uzyskanie folii lepszej jakosci,

charakteryzujacych si¢ gtadsza powierzchnig 1 wigksza przezroczystoscia.

Ze wzgledu na bardziej homogeniczng mikrostrukture, folie polisacharydowo-
zelatynowe zawierajace GAR 1 OSA sa bardziej przezroczyste niz te, ktore zawieraja

pochodne celulozowe 1 WSSP.

Folie OSA75/GEL2S5, niezaleznie od obecnosci substancji domieszkujace;,
charakteryzuja si¢ wyzsza wilgotnos$cia, nizsza wytrzymato$cia mechaniczng oraz
lepsza podatno$¢ na rozcigganie w poréwnaniu do folii zawierajacych GAR, WSSP
oraz pochodne celulozowe. Wada tych folii jest rekrystalizacja OSA, a przede
wszystkim sktonno$¢ do sklejania si¢, co utrudnia manipulacje i1 potencjalne

pakowanie produktow.

Zoptymalizowane poziomy domieszkowania AST (0,25-1% w/w) 1 CUR (0,005-
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10.

11.

0,02% w/w) umozliwiaja otrzymanie kolorystycznie atrakcyjnych folii, odpowiednio
czerwonych 1 zottych, bez efektu ,przeladowania” barwnikiem. Zwigkszajaca si¢
zawarto$¢ AP, AST 1 CUR przyczynia si¢ do wzrostu potencjalu przeciwrodnikowego
oraz fotoprotekcyjnego folii. Z reguly, ze wzgledu na niewielka ilos¢ dodatku AST i

CUR, ich wplyw na parametry wytrzymato$ciowe folii jest nieistotny lub znikomy.

W ptynie modelowym imitujagcym zywnos¢ o charakterze lipofilnym migracja AP z
folii OSA75/GAR2S5 jest okoto 2x oraz 16x szybsza niz z foliit WSSP75/GEL25 i
GAR75/GEL2S5. Folia GAR/GEL/AP-1% zapewnia najpowolniejsza (wydluzona)
neutralizacj¢ wolnych rodnikow, charakteryzujaca si¢ stosunkowo statg szybkoscia,
zblizong do kinetyki zerowego rzedu. Ww. system wykazuje zatem najlepszy
potencjat do kontrolowania migracji AP, maksymalizujac skuteczno$¢ dziatania
przeciwutleniajagcego przy jednoczesnym zminimalizowaniu dawki substancji

aktywne;j.

Enkapsulacja AST i CUR przez koacerwat OSA/GEL spowalnia proces ich
uwalniania, co moze by¢ korzystne w roznych aplikacjach, takich jak opakowania
aktywne czy farmaceutyka. Niekompletne uwalnianie ASX 1 CUR =z folii
OSA75/GEL2S5 sugeruje, ze w bezposrednim kontakcie z zywno$cig cze¢$¢ dawki
przeciwutleniacza bedzie efektywnie utrzymywana na powierzchni produktu, gdzie

reakcje utleniania przebiegaja najintensywnie;j.

Gwaltowna migracja ASX z folit CMC75/GEL25 (siggajaca ~80% dodatku) zapewnia
jej natychmiastowe dziatanie w ptynie modelowym, ale jednocze$nie zmniejsza dawke
podtrzymujaca w nosniku. Folia WSSP/GEL/AST-1% uwalnia ASX w najbardziej
rownomiernych dawkach, co moze wydtuzy¢ dziatanie ochronne folii w warunkach
rzeczywistego uzytkowania, zwlaszcza w przypadku dlugotrwatego przechowywania
Zywnosci.

Modele matematyczne cztero- i trzy-parametrowe zazwyczaj lepiej odzwierciedlaja
kinetyke migracji przeciwutleniaczy z folii do plynow modelowych w poréwnaniu do
modeli dwu- 1 jedno-parametrowych. Uwalnianie ASX i CUR z réznych rodzajow
folii wynika gtownie z procesu dyfuzji. Niemniej jednak jednym z wazniejszych
czynnikow ksztattujacych profile uwalniania tych przeciwutleniaczy jest szybkos¢ i
stopien erozji folii w plynie modelowym. Folia CMC75/GEL2S5, jako najbardziej

podatna na rozpuszczanie, zapewnia na ogol najszybsze 1 najkompletniejsze
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12.

13.

14.

uwalnianie ASX i CUR.

Z powodu zastosowania roznych metod pomiarowych, bezposrednie porownanie
aktywnosci przeciwutleniajacej folii domieszkowanych réznymi przeciwutleniaczami
jest niemozliwe. Z tego tez powodu aktywno$¢ przeciwrodnikowa folii kontrolnych
(nie zawierajacych dodatku przeciwutleniacza) moze by¢ znaczna, albo w ogole nie
wystepowac. Konieczno$¢ zastosowania w uktadzie pomiarowym wysokiego stezenia
DPPH" sugeruje, ze spo$rod otrzymanych materiatow, folie z dodatkiem AP wykazuja

najwyzsza efektywnos$¢ przeciwutleniajaca.

W przypadku folii domieszkowanych AP i AST istnieje silna dodatnia korelacja

migdzy ich wlasciwosciami przeciwutleniajagcymi a profilami uwalniania.

Potencjal przeciwrodnikowy folii zawierajacych AST (w ilosci 0,5 1 1% w/w) na ogot
ulega istotnemu ostabieniu dopiero po 60 dniach przechowywania. Folie
WSSP75/GEL25/AST charakteryzuja si¢ najnizszym potencjalem
przeciwrodnikowym i jednoczes$nie ulegaja najwigkszej dyskoloryzacji w czasie
przechowywania, co prawdopodobnie spowodowane jest ciemnieniem pigmentow i
reakcjami Maillarda. Niezaleznie od zawarto$ci AST, najlepiej barwe zachowuja folie
CMC75/GEL25 oraz  GAR75/GEL25. Wysoka stabilno$¢ barwy  folii
CMC75/GEL25/CUR sugeruje, ze enkapsulacja CUR w mikrosferach zelatynowych

przyczynia si¢ do jej ochrony.
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ARTICLE INFO ABSTRACT
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Edible films

Pork gelatin

Gum Arabic

Methylcellulose

Octenyl succinic anhydride modified starch
Water soluble soy polysaccharides

The properties of binary blend films (100/0, 75/25, 50/50, 25/75 and 0/100) based on gelatin (GEL) and
polysaccharides exhibiting emulsifying activity: gum Arabic (GAR), methylcellulose (MC), octenyl succinic an-
hydride modified starch (OSA) and water soluble soy polysaccharides (WSSP) were investigated. The micro-
graphs showed that among the polysaccharides only MC was not miscible with GEL. Consequently, GEL/MC
blend films were non-homogenous, opaque and susceptible to dissolution. The dynamic light scattering (DLS),
microscopic, optical and mechanical measurements revealed that the polymer incompatibility tended to be the
highest at mass ratio GEL:MC = 50:50. As verified by Fourier-transform infrared (FTIR) spectroscopy, OSA and
WSSP interacted stronger with GEL than MC and GAR. Among the blend films, the MC-containing films had the
most crystalline structure. Substituting part of GAR, MC and WSSP for GEL decreased the water vapor perme-
ability of the blend films. Apart from MC, the increasing level of polysaccharides in the films resulted in gradual
decrease of mechanical parameters. The most stretchable film was achieved by mixing of GEL with OSA at ratio
of 25/75. This film, however, exhibited noticeable symptoms of recrystalization during storage.

1. Introduction preferable to use polymer-stabilized emulsion systems in order to ob-

tain the homogenous packaging material (Cecchini, Spotti, Piagentini,

The functioning of the living things is based on biopolymers.
Consequently, natural polymers and their derivatives are widely used in
many areas of people's lives and industries. In food production, the
macromolecular compounds are used as functional ingredients (thick-
eners, gelling agents, stabilizers, humectants, emulsifiers), bulking
agents (fillers), carriers, glazing agents, and packaging materials.
Currently, food polysaccharides and proteins are intensively explored
for use in edible packaging. Most of these polymers exhibit inherently
poor moisture vapor barrier properties, but mixing them with lipids is
one way to circumvent this problem (Aydin, Kahve, & Ardic, 2017;
Zhang, Simpson, & Dumont, 2018). With such an approach it would be

* Corresponding author.
E-mail address: dariusz.kowalczyk@up.lublin.pl (D. Kowalczyk).

https://doi.org/10.1016/j.foodhyd.2019.05.053

Milt, & Carrara, 2017; Galus, 2018).

Gelatin (GEL) is a powerful colloid stabilizer with some surface-
active properties. With an excellent gelling properties, GEL forms a
three-dimensional network which traps the oil droplets and prevents
them from moving (Dickinson, 2009; Kowalczyk & Baraniak, 2014).
The certain types of polysaccharides, such as gum Arabic (GAR), me-
thylcellulose (MC), starch modified with octenyl succinic anhydride
(OSA) and water soluble soy polysaccharides (WSSP) are also com-
monly used as effective emulsifiers (Dluzewska, Panasiewicz, &
Leszczynski, 2004; Gullapalli & Sheth, 1997; Lin, Liang, Zhong, Ye, &
Singh, 2018; Nakamura, Yoshida, Maeda, & Corredig, 2006).
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The blending of different types of biopolymers is a common tech-
nique used in the manufacture of edible films and coatings. This ap-
proach allows counterbalancing the advantages and the drawbacks of
each component in a heterogeneous film matrix. Mixing of two different
hydrocolloids could change significantly the functional properties of
the final product by adjusting the structure or morphology alteration.
Protein-polysaccharide interactions may occur via physical bonding
such as van der Waals, electrostatic, hydrophobic, hydrogen bonding,
and excluded volume effects, or by chemical bonding as in the case of
Maillard reaction (Semenova et al., 2014). Attractive interactions be-
tween protein and polysaccharide can lead to the formation of soluble
and insoluble complexes. The latter phenomenon leads to phase se-
paration called coacervation or associative phase separation. In turn,
repulsive interactions between segments of chemically different poly-
mers in solution leads to a high probability of the mutual exclusion of
each polymeric solute component from the local vicinity of the other
(Patino & Pilosof, 2011).

The objective of this paper was to characterize and compare the
structural, morphological and physicochemical properties of edible
films based on GEL, polysaccharide-based emulsifiers (GAR, MC, OSA
and WSSP) and their binary blends with different ratios of 75/25, 50/
50 and 25/75. Moreover, the electrokinetic properties of the film-
forming solutions (FFSs) were investigated taking into account the
diameter and polydispersity (PD) of the particles as well as the zeta-
potential (Zp) using the dynamic light scattering (DLS) technique.

2. Materials and methods
2.1. Materials

Commercial food-grade polymers were used in this study: pork ge-
latin type A (pI = 9, moisture: 10.5%) with a Bloom strength of 240
(McCormick-Kamis Polska S.A, Poland), gum Arabic Agri-Spray Acacia
R (purity: =99.9%, moisture: 10%, carbohydrates: 90%, protein; 2%,
ash: 4%) (Agrigum International, United Kingdom), methylcellulose
Methocel A15 LV (moisture: < 3%, sodium chloride: max 2%) with
27.5-31.5% methoxy substitution (Sigma Chemical Co., St. Luis, MO,
USA), starch sodium octenyl succinate Purity Gum 2000 (moisture: max
10%, carbohydrates: min 97 g/100 g dry basis, protein: max 0.5g/100 g
dry basis, fat: max 0.15g/100 g dry basis, ash: 5%) with substitution
degree of the starch backbone with octenyl succinic acid of 0.2%
(Ingredion, Germany), and water soluble soy polysaccharides
(moisture: <7%, soluble soy polysaccharides =70%, ash <5%)
(Gushen Biological Technology Group Co., LTD, China). Glycerol
(Sigma Chemical Co., St. Luis, MO, USA) was used as a plasticizer.

2.2. Film preparation

The GEL, GAR, OSA and WSSP were mixed with water and glycerol.
The final concentrations of polymer and plasticizer in the FFSs were 5%
and 1% (w/w), respectively. The FFSs (150 g) were heated in a water
bath at 90 °C for 30 min with constant stirring, then cooled to 40 °C,
degassed by sonication and cast (30 g) on the leveled teflon-coated trays
with the area of 144 cm®. In the case of MC, the polymer was mixed
with glycerol and 1/3 of the required volume of hot water (90 °C). The
mixture was stirred until the particles were thoroughly wetted and
dispersed. For complete dissolution, the remained part of water (4 °C)
was added and the mixture was stirred for another 30 min. The blend
GEL/polysaccharide FFSs were obtained by mixing (30 min) of the so-
lutions at the following ratios: 75/25, 50/50 and 25/75. All the FFSs
were cast at 30 °C, then dried at 25 * 2°C and 50 = 5% relative
humanity (RH) for 24 h (in a room equipped with an electric air con-
ditioner and a humidifier coupled with a digital air humidity con-
troller). The films were peeled from the trays and cut prior to the
testing.
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2.3. Characterization of FFSs

Cryogenic scanning electron microscopy (cryo-SEM) was used to
examine the freshly prepared FFSs. The samples (frozen in liquid ni-
trogen) were fractured in the preparation chamber, sublimed for
15minat —95°C and observed at —145 °C using a scanning electron
microscope Carl Zeiss Ultra Plus (Oberkochen, Germany). The particle
size (mean diameter (d,,), effective diameter (d.g)) and PD of the FFSs
were measured by DLS technique using a ZetaPlus/Bi-MAS instrument
(Brookhaven Instruments, Holtville, USA). deg is the diameter including
of the electrical double layer, while PD determines how many types of
particles (in terms of size) are present in the system. The Zps of the FFSs
were measured by electrophoretic light scattering with the same in-
strument. Zps were calculated from the electrophoretic mobility data
using the Smoluchowski equation. The Zp was an average value ob-
tained by five readings per sample. The DLS and Zp measurements were
conducted at 30°C. A glass electrode (Elmetron ERH-11S, Poland)
connected to a pH meter (Elmetron CPC 401, Poland) was used for pH
measurement of the FFSs at 25 °C.

2.4. Film thickness and conditioning

Thickness of the films was determined using a manual micrometer
(Mitotuyo No. 7327, Tokyo, Japan). Before testing, the film specimens
were conditioned for 48 h in a test chamber (MLR-350, Sanyo Electric
Biomedical Co. Ltd., Japan) at 50% RH and 25 °C.

2.5. Microscopic analysis

The microphotographs of surface of the films were taken with a Carl
Zeiss Ultra Plus scanning electron microscope (Oberkochen, Germany).
Imaging of samples was performed in high vacuum (5 x 10~ % Pa) using
a secondary electron detector at 20kV. Additionally, the surface of
films was observed using a LEICA 5500B light microscope connected to
a Leica DFC500 camera (Leica Microsystems GmbH, Germany) with use
of Nomarski differential interference contrast (DIC) technique.

2.6. Fourier-transform infrared (FTIR) spectroscopy

FTIR tests were carried out by using a PerkinElmer infrared spec-
trometer (PerkinElmer SP 100, USA). Attenuated Total Reflectance
(ATR) spectra were obtained in the 4000-600 cm ™' region using 16
scans and 1 cm ™" resolution. All the readings were performed at room
temperature (20 °C, 50% RH).

2.7. Wide-angle X-ray diffraction (WAXD)

WAXD measurements were carried out on an URD 6 Seifert X-ray
diffractometer (FPM-Seifert, Freiberg, Germany), with Cu Ka radiation
source (A = 1.543 A), operating at room temperature, 40 kV and 30 mA
current. Samples were analyzed between 20 = 3° and 20 = 60° with a
step size 0.1°, and scanning speed of 0.1° per 15s.

2.8. Water content (WC) and total soluble matter (TSM)

Film specimens (4 cm?) were weighed ( = 0.0001 g) and dried in an
oven at 105 °C for 24 h to a constant weight. The weight loss of each
sample was determined, and the WC was calculated as the percentage of
water removed from system. The TSM was expressed as the percentage
of film dry matter solubilized after 24 h immersion in water. The con-
ditioned film specimens were shaken in 30ml of distilled water at
25 + 1°C for 24 h, then the undissolved film residues were removed
from water and dried at 105°C for 24 h to determine solubilized dry
matter. Initial dry matter values needed for TSM calculations were
obtained from WC measurements. Analyses were performed in tripli-
cate.
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2.9. Water vapor permeability (WVP)

The water vapor transmission rate (WVTR, g m~2d™Y) of the films
was measured gravimetrically based on ISO 2528 (1995) method. The
permeation cell (poly(methyl methacrylate)) cups had an internal dia-
meter of 7.98 cm (exposed film area = 50 cm®) and an internal depth of
2 cm. Distilled water (30 ml) was added into each test cup and the film
samples were placed over the circular opening and secured by a screw
top. The cups were placed in a test chamber set at 25 °C and 50% RH.
The weight loss from the samples with 3 replicates was monitored for
10 h period with weights recorded at 2h intervals. The slopes of the
steady state (linear) portion of weight loss versus time curves were used
to calculate WVTR. The WVP (g mm m ™~ 2d-1kpPa~1) was calculated as:

WVP = (WVTR x L)/Ap €8

where L is the mean of film thickness (mm), Ap is the water vapor
pressure difference (kPa) between two sides of the film.

2.10. Optical parameters

The light transmission (T%) of films was measured in the wave-
length range 200-700 nm. The opacity of the films was calculated by
Eq. (2) (Han & Floros, 1997):

Opacity = Agpo/X 2

where Aggo is the absorbance at 600 nm and x is the film thickness
(mm).

Analyses were performed using a spectrophotometer (Lambda 40,
Perkin-Elmer, Shelton, CT, USA). Five replicates of each film type were
tested for the optical properties.

2.11. Mechanical properties

The mechanical properties of films were evaluated using a TA-XT2i
texture analyzer equipped with a 50 kg load cell (Stable Micro Systems,
UK). The initial grip separation was set to 30 mm, and film samples
(2cm x 5cm) were stretched at speed of 1 mm s~ L. At least eight re-
plicates of each film type were tested for tensile properties. Tensile
strength (TS, MPa), elongation at break (E, %), and elastic modulus
(EM, MPa) were calculated by Egs. (3)-(5), respectively:

TS = Frax/A 3

where F.x is the maximum load for breaking film (N) and A is the
initial specimen cross-sectional area (thickness x width, mm?).

E = (AL/L) x 100 ()]

where L is the initial gage length (mm) and AL is the difference in the
length at the moment of fracture.

EM = (02 - 01)/(e2 - €1) ()

where ¢, is a strain of 0.2 (0.67%), &, is a strain of 0.4 (1,33%), o,
(MPa) is the stress at ¢;, and o, (MPa) is the stress at &,.

A steel ball-ended probe (3 mm diameter) was used for determining
puncture strength (PS, MPa). The probe moved perpendicularly at the
film surface at constant speed (1 mms~') until it passed through the

film. The PS was calculated by Eq. (6):
PS =F /A (6)

were F is the maximum force (N) and A is the cross-sectional area of the
probe (thickness x diameter of the opening of film holder, mm?). PS was
measured in quadruplicate.

2.12. Storage test

Film samples (1 cm X 4 cm) were stored in triplicate in a versatile
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environmental test chamber (MLR-350, Sanyo Electric Biomedical Co.
Ltd., Japan) at 50% RH and 25 °C for one month. In order to investigate
the film's stability, the visual and microscopic inspections using a LEICA
5500B light microscope were performed every week from date of
peeling. Where justified, further SEM analyses were performed.

2.13. Statistical analysis

Data were expressed as mean *+ standard deviation (n = 3).
Differences among data mean values were tested for statistical sig-
nificance at the p < 0.05 level using analysis of variance (STATISTICA
6.0, StatSoft Inc., Tulsa, USA) and the Fisher's test.

3. Results and discussion

The study showed that it is possible to obtain the films based on GEL
and different polysaccharide-based emulsifiers under the same condi-
tions (polymer and plasticizer concentration, casting technique, thick-
ness, drying conditions, etc.). The GAR100 film was easily breakable
material; however, at RH = 50% its cohesiveness was sufficient to
prepare and analyze the samples. In turn, the high adherence and
stickiness of pure OSA films made it impossible to peel them off from
the casting surface. Although it was not possible to analyze the physi-
cochemical properties of OSA100 film, its structural and morphological
properties (in the form of coating layer) were tested for the comparative
purposes. The addition of GEL into GAR and OSA helped to obtain the
films with more satisfactory handling properties.

3.1. Cryo-SEM

Fig. 1 presents images of freeze-fractured FFSs obtained from the
pure polymers and GEL/polysaccharide 1:1 mixtures. In all cases, it was
possible to visualize the honeycomb-like structure of dehydrated FFSs.
The MC-containing FFSs were the least susceptible to freeze-drying
process; i.e. the ice crystals trapped between the walls of polymer
scaffold were observed. Depending on polymer type, the structures of
freeze-fractured FFSs differed in terms of their shape and dimension. In
the case of GAR100 FFS, many of the walls were not interconnected.
The OSA100 FFS created structure with the highest pore aperture. In
turn, the smallest hollow cells were observed for the GEL100 FFS.

The scaffolds of blend FFS differed from those of single polymer-
based. Since GEL produced the tightly packed cryogel (Fig. 1), the
aperture sizes of the blends of GEL with GAR, MC and OSA were smaller
and more angular compared with the pure polysaccharide cryogels.
Consequently, the blends appeared more dense. The images revealed
that with the exception of MC, the polysaccharides exhibited a good
compatibility with GEL (no phase separation). In contrast, the round
compact regions with average diameter size (d) of ~52.84 um were
present in the GEL50/MC50 cryogel (Fig. 1), which reveals the im-
miscibility between the biopolymers. Similar phenomenon have been
observed previously for the GEL/hydroxypropyl methylcellulose
(HPMC) dispersions (Esteghlal et al., 2016; Tedesco, Monaco-lourenco,
& Carvalho, 2016). Based on the results of Esteghlal et al. (2016), the
large spherical areas could be aqueous phases rich in MC entrapped in
continuous GEL-rich phase. The observed segregation of the FFSs may
be explained by the fact that GEL and MC are two thermodynamically
incompatible polymers. Whilst GEL is easily dissolved in water by
heating the solution above 40 °C, the MC solution forms stable gels >
32°C (Thirumala, Gimble, & Devireddy, 2013). Another possible ex-
planation for the polymer's immiscibility could be an inadequate mixing
of the FFSs. As previously indicated, the more share rate, the less par-
ticle size of dispersed phase and hence better mixture homogeneity
between GEL and HPMC (Esteghlal et al., 2016).
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‘GEL100'

Fig. 1. Cryo-SEM images of the film-forming solutions based on gelatin (GEL),
gum Arabic (GAR), methylcellulose (MC), octenyl succinic anhydride modified
starch (OSA) and water soluble soy polysaccharides (WSSP).

3.2. Particle size and zeta-potential of the FFSs

DLS is essentially useful at measuring particle size across the range
~0.1 nm-~10 um. As can be seen from Table 1, the d,, values recorded
for some FFSs (GEL100, MC100, GEL25/MC75 and GEL50/MC50) ex-
ceed the permissible range for the DLS technique. The obtained results
therefore need to be interpreted with caution. Among the single-
polymer FFSs, the MC100 had the largest particle sizes
(dy, = 25.77 um). This result may be explained by the solubility pro-
blems caused by the relatively high concentration of MC (5%) in the
FFS. Despite the fact that MC is water-soluble, its dissolution is very
slow since a gel layer formed in contact with water decreases the fur-
ther diffusion of water into the powder, resulting in formation of macro-
gelled particles with a very low dissolution rate (Nasatto et al., 2015). It
was found that among the single-polymer FFSs, the OSA100 exhibited
the lowest particle diameter as well as the lowest diversity of the par-
ticle sizes described by the standard deviation (Table 1). As a
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consequence, the OSA-containing blend FFSs tended to have the smal-
lest and the most uniform particles. The largest particles were found for
the GEL50/MC50 system (d,, = 77.36 um), which supports the cryo-
SEM observations (Fig. 1). Furthermore, the GEL50/MC50 dispersion
had larger particle size and higher particle size range compared to the
other MC-containing blend FFSs. It suggests that GEL and MC form the
most incompatible system at 1:1 mix ratio. Nevertheless, it was found
that the PD of the over mentioned system was the lowest, i.e. the
smallest non-uniformity existed in the particle size distribution
(Table 1). This result is difficult to interpret, but it may have something
to do with very large sizes of the particles, about eight times higher
than the measuring range of the instrument. The cryo-SEM images re-
vealed that GEL and MC phases were to a high extent independent in
the FFS (Fig. 1). So, it is possible that the laser light was scattered by the
single-phase regions of the sample.

Zp is an analytical tool that could point to the existence of charge-
charge interactions between the two biopolymers (Klein, Aserin, Ishai,
& Garti, 2010). The measurements of the Zp revealed that the particles
in the FFSs had relatively low surface charges ranging from —3.26 to
1.73mV (Table 1). From a theoretical viewpoint, the Zp characterizes
the electrical double layer on the solid-liquid interface. Accordingly, the
Zp of around 0 could explain why the d,, and dg in the most cases were
very comparable (Table 1). For all the single-polysaccharide dispersions
the Zp values were slightly negative. These results are in agreement
with earlier findings (Klein et al., 2010; Nemazifard, Kavoosi, Marzban,
& Ezedi, 2017; Wu & Mcclements, 2015). The GEL type A has an iso-
electric point (pI) between pH 7 and pH 10 (Kirk, Othmer, & Seidel,
2008), which explains the positive charge (1.73 mV) on the GEL mo-
lecules at pH = 5.54 (Table 1). Consequently, the increase in GEL
concentration tended to shift the Zp of GEL/polysaccharide dispersions
towards positive values. This finding was also reported previously
(Yang, Anvari, Pan, & Chung, 2012; Wu & Mcclements, 2015). It sug-
gests that the positive charges on the GEL molecules were balanced by
the electrostatic associations with the negatively charged poly-
saccharides.

3.3. Film surface microstructure

The differences in the topography of the single-polymer and GEL/
polysaccharide 1:1 blend films were observed by SEM (Fig. 2). The
surfaces of GEL and GAR films were homogeneous and smooth. In turn,
the WSSP100 film was slightly rough and uneven. The small particles
with different geometric shapes were noticed in the MC film. As pre-
viously discussed, these objects were likely non-dissolved MC particles
(Fig. 3). The mixing of polysaccharides with GEL resulted in an in-
creased film's surface inhomogeneity. The surface of WSSP blend film
was more granular when compared to the pure WSSP film, while small
round particles (d = 0.36 um) were noticed on the surface of GAR and
OSA composite films. The large spherical droplets were observed on the
surface of the GEL50/MC50 film (d = 8.50-37.47 um), which is in
agreement with the results of cryo-SEM and particle size analyses
(Fig. 1 and Table 1). It proves that GEL and MC are two incompatible
biopolymers that cannot form the homogeneous composite films. An
additional analysis of the GEL/MC blend films by Nomarski DIC tech-
nique enabled better visualization of the morphology of the dispersed
phases (Fig. 3). The largest droplets (d,.x = 467 pm) were observed on
the surface of GEL75/MC25 film. In turn, the smallest ones
(dmax = 53 um) were on the surface of GEL50/MC50 film (Fig. 3). It is
worth mentioning, that only in the case of GEL50/MC50 film the mi-
croscopic (Fig. 3) and DLS data (Table 1) were comparable. The mean
size of particles visualized in the other GEL/MC blend films were much
bigger than the hydrodynamic particle size calculated from DLS. There
are several possible explanations for this result. The discrepancy could
be attributed to the presence of very large particles that were beyond
the measurement range of DLS technique; i.e. the samples did not give a
reliable DLS readings. Moreover, it is possible that the DLS results were
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Table 1
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Mean diameter (dy,), effective diameter (deg), polydispersity (PD), pH and zeta potential (Zp) of film-forming solutions obtained from gelatin (GEL), gum Arabic
(GAR), methylcellulose (MC), octenyl succinic anhydride modified starch (OSA) and water soluble soy polysaccharides (WSSP).

GEL/polysaccharideblend ratio dm (um) degr (Um) PD pH Zp (mV)

GEL100 6.18 + 0.96 10.87 0.224 5.54 = 0.01 1.73 + 1.05'
GEL75/GAR25 1.20 + 0.06 1.22 0.320 5.57 + 0.01) 1.13 + 1.30M
GEL50/GAR50 7.32 + 1.35 8.52 0.363 5.47 + 0.01! 0.25 = 0.398"
GEL25/GAR75 0.77 + 0.03 0.80 0.322 5.25 + 0.01f —0.61 * 1.33%f%
GAR100 1.35 + 0.05 1.37 0.324 4.93 + 0.01¢ —-3.26 * 0.35°
GEL75/MC25 1.71 * 0.10 1.86 0.307 5.64 = 0.01F 0.18 + 0.828"
GEL50/MC50 77.36 * 16.70 62.67 0.005 5.73 = 0.01' —-0.10 * 0.29%
GEL25/MC75 18.74 + 5.22 10.78 0.542 5.97 = 0.01™ -1.36 + 0.10%°
MC100 25.77 + 1.20 28.45 0.348 6.86 + 0.03" —2.22 + 0.73%°
GEL75/0SA25 212 = 0.13 2.15 0.399 5.32 * 0.01% —-0.01 * 0.43f
GEL50/0SA50 1.03 + 0.03 1.03 0.386 5.17 + 0.01° -0.26 + 1.32f
GEL25/0SA75 1.27 + 0.03 1.27 0.334 4.81 * 0.01° —0.32 * 1.08°f®
0SA100 0.82 + 0.02 0.84 0.310 4.30 + 0.00° —2.51 = 0.27%°
GEL75/WSSP25 7.12 + 0.32 8.50 0.375 5.40 = 0.00" 0.24 + 0.43%"
GEL50/WSSP50 4.04 + 0.28 4.06 0.331 5.22 + 0.01° —0.95 * 0.51%f
GEL25/WSSP75 6.89 + 0.76 6.49 0.414 4,96 + 0.01¢ —1.53 * 1.00°
WSSP100 3.63 = 0.79 3.59 0.248 471 + 0.02° —2.95 + 0.60°

4" Values with the different superscript letters within one column are significantly different (P > 0.05).

GEL100 GEL50/0SAS50

GEL50/GARS0

GAR100

GEL50/MC50

GEL50/WSSP50

WSSP100

Fig. 2. SEM micrographs of the surfaces of the films obtained from gelatin
(GEL), gum Arabic (GAR), methylcellulose (MC), octenyl succinic anhydride
modified starch (OSA) and water soluble soy polysaccharides (WSSP).

inaccurate due to the phase separation and/or sedimentation of the
non-compatible binary liquid mixture. Another possible explanation for
this inconsistency is that the particle sizes were raised as a result of
aggregating induced by solvent evaporation (when the FFSs were
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dried).

In order to investigate the film's stability, the one-month storage
tests were performed. One week after the peeling the initially trans-
parent GEL25/0SA75 film, turned into an unattractive material cov-
ered in many white spots visible to naked eye. The observed crystals
(Fig. 4) were likely starchy component. The possibility of starch re-
crystallization in the films, detected on the basis of the microscopic
analyses, was previously reported (Santos, Bastos, Silva, Thiré, &
Simao, 2012). Moreover, the recrystallization of starch in the films
during storage has been repeatedly proved by X-rite diffraction analyses
(Ahmed, Bilal, Niazi, Hussain, & Jahan, 2017). The visual aspects of the
other tested films did not change during storage.

3.4. ATR-FTIR spectroscopy

Fig. 5 shows the ATR-FTIR spectra of the films obtained from the
pure polymers and GEL/polysaccharide 1:1 mixtures. A strong broad
band at ~3290cm ™}, resulting from amide A (-OH and/or-NH,)
stretching, can be seen in the spectra of all samples. Amide A peak
found in the spectra of GAR100 and WSSP100 films was higher and
broader compared to the GEL100 film, which may be explained in terms
of higher number of free hydroxyl groups in structure of these poly-
saccharides. On the other hand, the relatively low amide A peak in-
tensities were observed in the spectra of films based on OSA and MC.
This result may be explained by the fact that -OH groups in these
polysaccharides were partially substituted. The succinilation of starch
as well as methylation of cellulose lead to decreases in the intensity of
band profile attributed to stretching of the O-H bond (Hu et al., 2015;
Oliveira et al., 2015). Probably because of high methoxyl substitution
(27.5-31.5%) of MC used in this study, the MC100 film exhibited the
weakest amide A peak (Fig. 5).

It was found that the intensity of amide A peak became higher after
mixing GEL with GAR, OSA and WSSP. This change could indicate in-
crease in hydrogen-bound hydroxyl group in the polysaccharides as a
result of interactions with GEL (Turhan, Sahbaz, & Giiner, 2001).
Among the tested blend films, the GEL50/MC50 film had the lowest
amide A peak. It seems possible that this results was due to the phase
separation (Fig. 1), that did not favor formation of additional hydrogen
bounding interactions between GEL and MC.

A weak band of amide B at 3075cm ™! related with the vNH vi-
brations, and characteristic absorption peaks at 2925 and 2855 cm ™!
corresponding, respectively, to CH, asymmetrical and CH, symmetrical
stretches (Staroszczyk, Sztuka, Wolska, Wojtasz-Pajak, & Kotodziejska,
2014) were observed for the GEL100 film spectrum. What is surprising
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Fig. 3. Surface of the films based on gelatin (GEL), methylcellulose (MC) and their blends examined using Nomarski DIC microscopy.

is that among the blend films, the spectrum of GEL50/GAR50 film was
the most similar to the spectrum of pure GEL film (Fig. 5). Nevertheless,
in contrast to GEL, the peaks observed at 2925-2855cm ™! indicate
presence of sugars in GAR structure (Daoub, Elmubarak, Misran,
Hassan, & Osman, 2016). The chemical composition of GAR consists of
a high proportion of carbohydrates (~97%), which are predominantly
composed of p-galactose and r-arabinose units and a low proportion of
proteins (< 3%) (Montenegro, Boiero, Valle, & Borsarelli, 2012). The
peak that appear at 2925 cm ™! in the spectra of GAR100 film is char-
acteristic of free carboxyl (Shaddel et al., 2017).

The spectrum of GEL100 film displayed the characteristic absorp-
tion bands of proteins at 1622 cm ™! (amide I), 1583 cm ™' (amide II)
and 1228cm~! (amide III). Amide-I represents C=0 stretching/

hydrogen bonding coupled with COO, amide-II arises from the bending
vibration of N-H groups and stretching vibrations of C-N groups, while
amide-III is related to vibrations in the plane of C-N and N-H groups of
bound amide or vibrations of CH, groups of glycine (Nur Hanani,
Beatty, Roos, Morris, & Kerry, 2013). It was found that the peak at
1622cm~! owing to the carbonyl groups almost completely dis-
appeared in the spectra of GEL50/0SA50 and GEL50/WSSP50 films. In
return, the new strong peak at 1633 cm ™! was noticed. The band at
1630-1695 cm ™! is characteristic for the -CONH, group, thus its for-
mation suggests that the polysaccharides could be strongly associated
with GEL. The measurement of Zp of FFSs (Table 1) showed that GEL
and the polysaccharides carried opposite charges when they were
mixed. The electrostatic interaction between positively charged amine

Fig. 4. (A) Nomarski micrograph of the recrystallized octenyl succinic anhydride modified starch (OSA) visible to the naked eye, (B) SEM image of recrystallized OSA
invisible to the naked eye, and (C) SEM image of the recrystallized OSA visible to the naked eye found in the GEL25/0SA75 blend film on the 7th day after peeling.
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groups on GEL molecules and negatively charged carboxylic groups
(-COO-) on OSA were described previously (Wu & Mcclements, 2015).
Also WSSP, another negatively charged polysaccharide, has a proven
ability to form complexes with proteins through electrostatic interac-
tions (Li et al., 2015; Tran, 2011). GAR is a weak polyelectrolyte that
carries a net negative charge above pH 2.2 due to its carboxyl groups
(Yang et al., 2012), thus also has been recognized to undergo complex
coacervation with GEL (Lv, Zhang, Zhang, Abbas, & Eric, 2013; Shaddel
et al.,, 2017; Yang et al., 2012). Nevertheless, the adjustment of the pH
is necessary to allow the effective electrostatic interaction between the
GAR and proteins. The amide I band (1700-1600 cm 1) is the most
sensitive spectral region of GEL, thus absence of peak displacement in
this region of the GEL50/GARS50 film spectrum, suggests that the in-
teraction between the GEL's amine groups and the GAR's carboxylic
groups was not generated.

Since the MC is non-ionic cellulose ether, its electrostatically
mediated interaction with GEL should be limited. Nevertheless, the
increase in MC content resulted in a reduction of Zp of the blend FFS
(Table 1). This could be ascribed to the fact that the negatively charged
polysaccharide began to dominate as the GEL content was decreasing.
Another possible explanation for this is a charge screening effect of the
MC. This behavior of the cellulose ethers has been reported previously
by Bouville and Deville (2014). It is somewhat surprising that no amide
III peak was noted in the spectrum of the GEL/MC film (Fig. 5). It is
difficult to explain this result, but it might be related to non-homo-
genous distribution of the ingredients in the heterogeneous matrix
(Figs. 2 and 3). The separation of the FFS into two different distinct
immiscible phases likely disturbed valid identification of all amide
peaks originated from the proteinaceous component.

It should be noted that between 1700 and 1100 cm ™' the main
absorption peaks observed for GEL100 film were also visible in the
spectra of GAR- and MC-containing blend films; however, on account of
the smaller proportion of GEL, their intensities were lower (Fig. 5).
Mixing of GEL with OSA and WSSP generated the opposite result of
significantly changed profile band, demonstrating a strong interaction
between the biopolymers.

The spectra of all single-polysaccharide films exhibited the most
intensive peak at ~1100-1000 cm ™. This absorption band is assigned
to the stretching vibrations of —C-O-C- glycosidic bonds (Bashi et al.,
2017; Gopi et al., 2018; Hu et al., 2015; Romano & Goémez-Zavaglia,
2014). The peak near 925cm ™' detected in the spectra of OSA-con-
taining films could be attributed to the skeletal mode vibrations of a-
1,4 linkage, while the peak around 1030 cm ™! indicates the presence of
the a-1,6 linkage (Zhang, Huang, Luo, Fu, & Jiang, 2011). In turn, the
peak at 944 cm ™! observed for the MC-containing films is related to
OCH; groups (Nadour, Daoud, Ouradi, & Benaboura, 2017; Oliveira
et al., 2015). Finally, from the literature review, the bands lying at low
wave numbers (below 800 cm ') in the spectra of the polysaccharide-
based films were attributed to the skeletal mode vibrations of the
pyranose rings (Kizil, Irudayaraj, & Seetharaman, 2002).

3.5. WAXD

WAXD patterns of the single-polymer and 50/50 blend films are
presented in Fig. 6. The typical diffractogram with two characteristic
peaks at 20 = 8° and 20 = 20° was obtained for the pure GEL film.
These peaks are assigned to the partially reconstituted crystalline triple-
helical crystalline structure of collagen (Asma, Meriem, Mahmoud, &
Djaafer, 2014; Wang, Wang, Ye, Xiao, & Liu, 2017). The first peak is
related to the diameter of the triple helix and its intensity could be
associated with the triple helix content in the film. The second broad
peak corresponds to the amorphous fraction of GEL (Bigi, Panzavolta, &
Rubini, 2004). The pure GAR and OSA films exhibited an amorphous
structure and showed a broad peak at 26 = 19.6°. The similar patterns
were previously reported (Liu et al., 2013; Sarika & James, 2015).
Likewise, the WAXD pattern with the maximum intensity at 26 = 20.0°
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Fig. 6. WAXD diffractograms of the films obtained from gelatin (GEL), gum
Arabic (GAR), methylcellulose (MC), octenyl succinic anhydride modified
starch (OSA) and water soluble soy polysaccharides (WSSP).

and smaller peak located at 20 = 14.8° revealed the amorphous nature
of WSSP100 film. The spectrum of MC100 film showed a sharp peak at
20 = 7.8° and a broad peak centered at 26 = 20.5°, indicating a semi-
crystalline structure of the sample (Rangelova et al., 2011). The first
diffraction peak corresponds to the trimethylglucose repeating unit of
methyl cellulose and its presence is an evidence of cellulose modifica-
tion (Layek et al., 2018).

Among the tested films, the pure OSA film exhibited the highest
intensity of peak centered at 26 = 20°. It is difficult to explain this re-
sult, but it might indicate the presence of large quantities of water in
the sample. The XRD patterns are strongly dependent on the appear-
ance of water molecules and according to a study by Yakimets et al.
(2007) the higher hydratation level of biopolymeric films, the broader
and larger intensity of the over mentioned peak. Although it was not
possible to analyze the WC of OSA100 film, its sticky nature suggests
very high moisture content. This hypothesis is supported partially on
the basis of the high WC of the OSA-containing films (Table 2). The
diffractogram of OSA100 film, however, should be interpreted with
caution because, unlike the other films, the sample was prepared and
tested in the form of coating, thus the remaining portion of not eva-
porated water could be present in the polymer layer.

The spectra of blend films showed that the replacement of half of
the GEL amount by GAR, OSA or WSSP decreased the intensity of the
characteristic peak of crystalline region of GEL (at 20 = 8°) by 2.5 times
(Fig. 6). This result can be easily explained on the basis of smaller
proportion of GEL in the blend systems; however, it is also possible that
the polysaccharides interfered with the crystalline arrangement of GEL
helical structure (Soliman & Furuta, 2014). Hindered formation of the
collagen-like structure could be the result of good compatibility of GEL
with GAR, OSA and WSSP (Fig. 1). On the other hand, as a result of
immiscibility between GEL and MC (Fig. 1), the crystalline peak in-
tensity of the GEL50/MC50 blend film was almost unchanged as com-
pared to the GEL100 formulation. The microscopic images revealed that
the network structure of the blend films was formed separately by GEL
and MC (Figs. 2 and 3), thus a two-phase structure could marginally
affect the crystalline domain formation for each of pure polymer. Since
the MC100 film exhibited the highest crystallinity, the partial replace-
ment of MC with GEL decreased the peak intensity at 20 = 8° (Fig. 6).

3.6. Water affinity

The WC of single-polymer films increased with the following ranked
order: WSSP < GEL < GAR < MC (Table 2). Replacement of part of
the GEL amount by the GAR or WSSP did not affect WC of the films
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Table 2

Food Hydrocolloids 96 (2019) 555-567

Water content (WC), total soluble matter (TSM), water vapor permeability (WVP) and opacity (OP) of the films obtained from gelatin (GEL), gum Arabic (GAR),
methylcellulose (MC), octenyl succinic anhydride modified starch (OSA) and water soluble soy polysaccharides (WSSP).

GEL/polysaccharideblend ratio WG (%) TSM (%) WVP (gmmm~2d~!kPa~1) OP (Aggo/mm)
GEL100 13.47 + 0.88" 4439 + 1.90° 50.79 + 0.79%f 0.42 * 0.02°
GEL75/GAR25 13.51 * 0.59" 45.19 + 2.93% 48.66 + 018°d° 0.45 * 0.01%°
GEL50/GAR50 12.02 * 0.64° 47.02 + 0.11%® 48.76 + 0.27% 0.46 + 0.04°°
GEL25/GAR75 12.71 + 0.70% 82.95 + 3.96 51.76 + 1.42° 0.52 = 0.02°¢
GAR100 15.27 * 0.56' 1008 60.15 + 1.99¢ 0.51 + 0.03°¢
GEL75/MC25 14.13 + 0.83%¢ 47.88 + 0.87° 47.28 + 1.78% 3.15 + 0.09%
GEL50/MC50 14.06 + 1.18%% 98.02 * 2.698 45.42 + 1.35° 6.01 = 0.19'
GEL25/MC75 15.04 + 0.46°® 99.90 + 0.198 48.86 + 1.97° 4.08 * 0.15"
MC100 17.27 + 0.64" 1008 52.29 + 3.08° 0.64 * 0.04°
GEL75/0SA25 14.87 + 0.33%f 51.42 + 1.88° 49.62 * 1.67°% 0.47 = 0.05%°
GEL50/0SA50 14.69 + 0.48%f 53.54 + 2.10% 51.35 * 0.56%f 0.52 * 0.02"
GEL25/0SA75 16.01 + 0.87% 74.79 * 4.07° 46.57 + 0.73° 0.48 = 0.03%*
0OSA100 n.a. n.a. n.a. n.a.
GEL75/WSSP25 13.47 + 0.36™ 47.41 + 2.92° 46.98 + 0.36° 0.47 + 0.01%°
GEL50/WSSP50 13.22 * 0.51% 54.73 + 2.07¢ 51.74 + 0.62¢f 0.56 * 0.02°¢
GEL25/WSSP75 13.91 + 0.55% 81.75 + 2.92f 51.97 + 0.98° 0.94 * 0.03
WSSP100 12.63 + 1.09%° 1008 65.04 + 1.69" 0.58 * 0.03%

a1 Values with the different superscript letters within one column are significantly different (P > 0.05).

n.a. — not analysed.

(p > 0.05). Among the tested blend samples the OSA- and MC-con-
taining films exhibited the highest moisture content.

Since GEL swell in water at 25 °C (i.e. heat is required for its com-
plete dissolution), the GEL100 film was only partially soluble (44.39%).
In turn, the pure polysaccharide films were fully soluble in water
(Table 2). Generally, the increasing level of polysaccharides resulted in
an increase in the TSM of blend films. The GEL50/MC50 and GEL25/
MC?75 films were almost completely soluble (98.02-99.90%). This re-
sult may be explained in terms of non-homogeneous structure of these
films (Fig. 3), that presumably facilitated their dispersion in contact
with water.

A comparison of the water vapor barrier properties showed that the
pure GEL and MC films exhibited significantly lower WVP (50.79 and
52.29gmm m~2d~'kPa~!, respectively) than the pure WSSP and
GAR films (65.04 and 60.15gmm m~>d 'kPa™?, respectively)
(Table 2). It is important to mention that in the case of polymeric
materials water diffuses into the amorphous regions first because they
are less organized, allowing water to penetrate more easily than the
highly ordered, densely packaged crystalline regions (Jenkins &
Stamboulis, 2012, p. 105). On the basis of the above, it can be con-
cluded that the semi-crystalline character of the GEL100 and MC100
films (Fig. 6) was responsible for their better resistance to water vapor
diffusion. Both WSSP and GAR are mixtures of different poly-
saccharides; i.e. WSSP are primarily mixture of rhamnogalacturonans
and arabinogalactans (Chen, Duizer, Corredig, & Goff, 2010), while
GAR is a complicated mixture of long and short chains of sugars (ara-
binogalactan oligosaccharides and polysaccharides) and glycoproteins
(Montenegro et al., 2012). The complex composition of polymer results
in weaker cohesion forces between its constituents and, consequently,
less ordered crystal structure. In the light of this information, the
amorphous structure of WSSP100 and GAR100 films (Fig. 6) was the
cause of their high WVP.

Depending on polysaccharide type and concentration, the blend
films had not changed or decreased WVP compared to the GEL100 film.
The WVP reduction level ranged from 4.00% to 10.57%. Replacement
of part of the polysaccharide amount (GAR, MC, WSSP) by the GEL
decreased the WVP of the films (p < 0.05). This result could be at-
tributed to more tightly packed structure of the GEL/polysaccharide
film matrix as compared to the single-polysaccharide films (Fig. 1).
Furthermore, it is known that GEL is a component with a relatively
good water vapor diffusion resistance (Table 2; Kowalczyk & Baraniak,
2014; Kowalczyk, Kordowska-Wiater, Nowak, & Baraniak, 2015). This
could be attributed to its ability to form coherent semi-crystalline films
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(Figs. 1 and 6) with excellent hydration properties (Kowalczyk, 2016).
The analysis of moisture sorption isotherms demonstrated that the
water binding capacity of GEL film is significantly higher than the films
based on starch or hydroxypropyl cellulose (Yakimets et al., 2007).
Moreover, the moisture sorption/desorption characteristic of GEL re-
vealed that more water is being held for the desorption curve than for
the absorption (Aguirre—Alvarez, Foster, & Hill, 2012). It can therefore
be concluded that GEL film could just immobilize the passing aqueous
vapor.

3.7. Optical properties

Among the single-polymer films, the GEL film was the most trans-
parent to visible light (T%;400.700 = 88.03-91.16%), whereby the GAR
film demonstrated the worst translucence (T%400-
700 = 85.04-89.90%) (Fig. 7). The MC100 and WSSP100 films showed
the comparable visible light transmittance. It was noticed that, the
GEL100 film tended to have the best UV-blocking properties, which
may be explained by the fact that proteins are excellent UV-absorbing
compounds due to presence of carbonyl groups of peptide bonds, dis-
ulfide bonds as well as aromatic amino acids (Banga, 2006). Further-
more, in the spectra of GEL-containing films the transmittance band
centered at ~255nm was observed, which was a consequence of light
absorption near 275 nm (Fig. S1). This finding is consistent with results
of earlier studies (Lopusiewicz, Jedra, & Bartkowiak, 2018; Xu, Wei,
Xiao, Bi, & Yang, 2017) and could be attributed to the light absorption
by aromatic residues (250-320nm) and S-S bonds (250-300 nm)
(Banga, 2006). Among the single-polysaccharide films, the WSSP100
film offered the best UV protection against UVA radiation
(315-400 nm). Nevertheless, in the range of 200-220 nm the best UV
blocker was the GAR100 film (Fig. S1). A little absorption at the region
of 270-280 nm was observed for the pure GAR sample (Fig. S1), which
may be attributed to presence of small portion of proteins in the
polymer (Comunian & Favaro-Trindade, 2016). In the UVC light region
(< 280 nm) the MC100 film had the weakest UV barrier properties.

The gradual increase in GAR concentration resulted in gradual de-
crease in T% n400.700 Of the blend films. The contrasting findings,
however, were observed for the other polysaccharides. For example, the
high concentration of OSA increased the T%j400-700- In the case of MC-
based films, the polysaccharide content had no clear effect on the
T%j.400-700; i-€. the GEL50/MC50 film blocked visible light more than
the other MC-containing blend films. This result may be explained by
the fact that GEL and MC formed the most incompatible system at 1:1
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Fig. 7. Light transmission of the films obtained from gelatin (GEL), gum Arabic (GAR), methylcellulose (MC), octenyl succinic anhydride modified starch (OSA) and

water soluble soy polysaccharides (WSSP).

mix ratio, i.e. the blend had the highest number of dispersed phase
particles per unit area (Fig. 3). It is known that the optical properties of
bioplastics are consequence of their morphology (Chen, 1995). In view
of the above, the MC spheres embedded in the GEL matrix most likely
scattered, reflected or absorbed light, therefore the blend films ex-
hibited significantly lower T%y400.700 Values as compared to the single-
polymer films (Fig. 7). The higher T%y400.700 Values of the GEL75/
MC25 film, compared to the other MC-containing samples, might be
related to the presence of smaller number of MC-rich droplets as well as
to their large size (Fig. 3).

The increase in GAR and OSA concentration worsened the UV
barrier properties (at A < 300nm) of the blend films (Fig. S1). The
T%x200-300 Values of the blend films with the medium (50%) and the
highest (75%) MC and WSSP contents were lower than those of single-
polymer (Fig. 7).

Among the single-polymer films, the GEL100 film exhibited the
highest transparency (the lowest OP value), which is consistent with
previous study (Kowalczyk & Biendl, 2016). No significant differences
were found between the OP of GAR100 and WSSP100 film (p > 0.05).
The MC100 film tended to be the most opaque among the single-
polymer films (Table 2), most likely due to the presence of undissolved
MC particles (Figs. 2 and 3). The OP of WSSP-based blend films in-
creased gradually as the concentration of polysaccharide increased. It
seems that the interactions between GEL and WSSP (Fig. 5) caused
morphological heterogeneity of the films (Fig. 2), thus visible light
scatter through the film, resulting in its opaqueness. In turn, the in-
creasing level of GAR and OSA in the blend films did not affect the OP
(p > 0.05). The MC-based blend films were the most opaque among all
tested materials (the OP was ~4-~13 times higher than the other
blend systems) (Table 2). As mentioned before, it was a result of the
thermodynamic incompatibility between GEL and MC.

3.8. Mechanical properties
The edible films can be processed to form pouches, bags, wraps,

casing, etc., thus their adequate mechanical properties are essential
feature influencing the usefulness in food industry. It can be seen from
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the data in Table 3 that the TS, EM and PS values of GEL100 film were
significantly higher than those observed for the pure polysaccharide
films. Similar finding was also reported previously (Kowalczyk, 2016;
Tedesco et al.,, 2016; Mohammadi et al., 2017). The excellent me-
chanical strength of GEL-based films is associated with a fibrillar three-
dimensional network of GEL gels (Arvanitoyanni, 2002). It should be
noted that relatively strong films were also obtained from MC; i.e. the
TS of MC100 film was about 2.5 and 7 times higher than WSSP100 and
GARI100 film, respectively. Like collagen in animals, the cellulose mo-
lecules provide TS to the plant cell wall. Numerous intermolecular H-
bonds between adjacent cellulose molecules cause them to adhere
strongly to one another, which results in formation of highly ordered
crystalline aggregates (cellulose microfibrils) with high chemical and
mechanical resistance (Alberts et al., 2002, pp. 1131-1204). The ex-
cellent mechanical strength of the GEL- and MC-based films could be
explained partly in terms of their semi-crystalline structure (Fig. 6). It is
known that the greater the crystallinity, the harder the polymer, or the
greater the strength as compared to the totally amorphous structure.
The reason is that the crystallinity reduces the degree of freedom for the
molecular chains to move (Rubin, 1991).

The weakest mechanical resistance of the GAR100 film may be ex-
plained in terms of highly-branched character of the polymer
(Montenegro et al., 2012; Musa, Ahmed, & Musa, 2018). The presence
of side chains makes the polymers less dense, because short chains do
not bridge from one longer backbone to another (Soutsos & Domone,
2017). For this reason it is generally stated that GAR forms the films
with insufficient mechanical integrity, that flake rather than peel when
removed from the casting surface (Nieto, 2009). This work, however,
demonstrates that despite the relatively low elasticity (about 7-times
lower than the GEL film), it is possible to obtain the GAR film in one
piece by using the same methodology as for the other polymers.

As in the case of the GAR, the main sugar components in WSSP also
have a branched structure (Nakamura, Furuta, Maeda, Nagamatsu, &
Yoshimoto, 2001). SEM microphotographs of WSSP100 film revealed
its non-homogenous structure (Fig. 2). As mentioned before, the com-
plex composition of the polysaccharides can limit the cohesion force
between the sugar fractions. Consequently, the less packed polymer
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Table 3

Puncture strength (PS), tensile strength (TS), elongation at break (E) and elastic modulus (EM) of the films obtained from gelatin (GEL), gum Arabic (GAR),

methylcellulose (MC), octenyl succinic anhydride modified starch (OSA) and water soluble soy polysaccharides (WSSP).
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GEL/polysaccharideblend ratio PS (MPa) TS (MPa) E (%) EM (MPa)
GEL100 10.91 = 0.09 65.31 + 1.75 8.55 * 1.73% 1335.32 + 74.19'
GEL75/GAR25 8.32 + 0.68" 45.81 + 3.02 5.68 + 1.0° 1185 + 124.89%
GEL50/GAR50 5.51 + 0.54° 35.35 + 2.95" 8.62 * 5.46% 1005.65 + 101.77°
GEL25/GAR75 458 + 0.27° 23.71 * 1.46¢ 11.64 + 3.95% 659.26 *+ 44.58°
GAR100 2.61 = 0.20° 4.60 = 1.53° 23.47 * 6.71% 196.43 + 38.39°
GEL75/MC25 7.67 + 0.328 38.12 + 2.05 19.13 + 2.17%% 952.47 + 58.93U
GEL50/MC50 3.18 * 0.35° 24.34 + 2.51¢ 6.70 = 2.44° 706.94 = 94.59°
GEL25/MC75 6.66 + 0.32f 30.90 + 1.56" 38.97 + 4.55 772.31 + 35.10%
MC100 8.69 + 0.58" 33.39 + 1.608 59.84 + 5.20% 819.60 + 32.398"
GEL75/0SA25 9.01 * 0.53' 33.10 * 2.558 17.44 + 3.24° 561.28 = 31.07¢
GEL50/0SA50 4.83 + 0.33¢ 15.69 + 1.71° 27.13 * 5.42° 187.67 + 13.32°
GEL25/0SA75 2.28 * 0.15° 450 = 1.05° 93.46 + 29.04" 26.84 * 3.14°
0OSA100 n.a. n.a. n.a. n.a.
GEL75/WSSP25 7.59 * 0.73% 48.18 + 1.08" 4.97 + 0.84° 992.81 + 56.77
GEL50/WSSP50 6.26 = 0.29° 37.42 + 2.34 7.17 + 1.21° 882.07 = 70.72"
GEL25/WSSP75 5.51 + 0.22% 26.88 = 1.72° 11.82 + 1.25%¢ 533.55 + 48.31¢
WSSP100 452 + 0.39° 12.67 + 1.55" 23.78 + 3.77% 332.86 + 45.61°

&l yalues with the different superscript letters within one column are significantly different (P > 0.05).

n.a. — not analysed.

network with higher susceptibility to mechanical damage is formed.

The increasing level of GEL in the GAR-, OSA- and WSSP-based
blend films resulted in a gradual improvement in the mechanical
strength and stiffness (Table 3). As regards the MC blend films, the
mechanical properties of films containing 50% and 75% of MC were
significantly lower than the GEL75/MC25 and MC100 films. It is highly
likely that the high level of incompatibility between GEL and MC ob-
served at 1:1 mix ratio (Fig. 3) was responsible for the lowest values of
the mechanical parameters of GEL50/MC50 film. In turn, the quite
good mechanical performance observed for the GEL75/MC25 film
could be explained in terms of dominant amount of GEL - the compo-
nent with the superior mechanical strength.

Among the single-polymer samples, the MC film had the highest E
value (59.84%) (Table 3), which could be partially related to the fact
that this film had significantly higher WC than its counterparts
(Table 2). As has been widely reported, water is very powerful plasti-
cizer increasing flexibility of many biopolymers (Gurgel, Vieira,
Altenhofen, Oliveira, & Beppu, 2011). The GEL100 film demonstrated
the lowest elongation value (8.55%) probably due to adjacent poly-
peptide chains interactions resulting in a high cohesion. The GAR100
and WSSP100 films exhibited the identical E values (p > 0.05). It was
found that, the E of the OSA-based films increased gradually with in-
creasing polysaccharide concentration. In turn, the polysaccharide
content did not affect the E of GAR- and WSSP-based films (p > 0.05).
Apart from the GEL50/MC50 film, the incorporation of MC into GEL
matrix improved the E. From Table 3, it can be seen that mixing of GEL
with OSA at 1:3 ratio produced the film with the highest stretchability
(93.46%). The observed result can be explained in part by the relatively
high WC of this blend system (Table 2).

4. Conclusion

This study has identified that it is possible to obtain the GEL, GAR,
OSA, MC and WSSP films by using the same solvent/casting evapora-
tion methodology (polymer and plasticizer concentration, thickness,
drying conditions). The pure OSA FFS formed non removable adhesive
film (coating), while the pure GAR film was weak and easily breakable.
These shortcomings, however, had been overcome by the blending
process. GEL and MC as the semi-crystalline polymers offered better
resistance to water vapor diffusion and higher mechanical strength
compared to the other polymers. When GAR, MC and WSSP were par-
tially replaced with GEL, the WVP of blend films was reduced.
Moreover, because the pure GEL-based film exhibited the best
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durability and stiffness, the gradual replacement of the polysaccharides
(apart from MC) with GEL improved the mechanical strength and re-
duced stretchability of the films. This was particularly visible for the
GAR-containing films. The GEL25/0SA75 film was the most stretchable
material but its serious drawback was the recrystallization during sto-
rage. As a result of immiscibility between GEL and MC, their blend films
were non-homogenous, opaque and susceptible to dissolution. The
polymer incompatibility was the highest at mass ratio GEL:MC = 50:50.
The two-phase structure did not favor interaction between GEL and MC.
FTIR studies suggested that OSA and WSSP interact stronger with GEL
than MC and GAR.

In summary, depending on the intended film application, the type of
polysaccharide-based emulsifier and its content in the binary GEL-
containing systems can be strictly adjusted in order to establish the best
compromise between conflicting film property demands. Since this
work was limited to a comparison of the properties of the GEL/poly-
saccharide blend films, further studies need to be carried out in order to
validate whether the proposed binary materials could be used as ef-
fective fat-emulsifying polymer network systems or carriers of hydro-
phobic biologically active substances (e.g., fat-soluble vitamins, lipo-
philic antioxidants, essentials oils, etc.) of varied origin.
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The comparative study was performed in order to assess the most suitable matrix polymer for ascorbyl palmitate
(AP). The antioxidant (1 and 2% w/w) was loaded into the 75/25 blend films based on polysaccharides (gum
Arabic (GAR), octenyl succinic anhydride modified starch (OSA), water soluble soy polysaccharides (WSSP)) and
gelatin (GEL). The AP was present in the films both in the form of longitudinal crystals and microglobules.
Because of amphiphilic character, the AP had the moisturizing action on the films; however, its addition reduced
film solubility in water. AP did not affect the water vapor permeability and tensile strength of the OSA-based

carrier. The Makoid-Banakar with T, model was suitable for the efficient simulation of AP release from the
films. The OSA-based system offered the fastest release of AP and, consequently, had the best initial antiradical
activity. The 1%AP-added GAR75/GEL25 film provided the most extended release of antioxidant capacity.

1. Introduction

In recent years, the concept of controlled release has attracted
growing interest in terms of its use in the production of emitters — a
group of modern active packaging whose task is to extend the shelf life
or to preserve and improve the quality of food. Since many food pro-
ducts contain oxylabile compounds, the active antioxidant materials are
one of the most important innovations of packaging technologies. The
design of carrier material should enable releasing the active substance
continuously and uniformly throughout the entire storage period,
maintaining an effective concentration of the active ingredient on the
surface of the packaged food, where the spoilage reactions run most
intensively. The effectiveness of active packaging depends on the ability
of an active substance to penetrate to or to stay in the reaction site. Both
polar and non-polar antioxidants have predispositions to accumulate at
the oil/air or O/W interfaces. These interfaces are in fact the sites where
contact between the substrate and oxygen is facilitated. According to
the theory of the so-called polar paradox, hydrophilic antioxidants are
more effective in the less polar phase (e.g. oil, lard), whereas lipophilic
compounds exhibit higher activity in the more polar phase (e.g. O/W
emulsions, liposomes, biological membranes, tissues) (Laguerre et al.,
2015). Furthermore, it can be assumed that in water-containing pro-
ducts, the polar antioxidants incorporated in films/coating may diffuse
too readily into the aqueous phase, which in turn may lead to a decline
in their effective concentration at the oil/air interface. Non-polar active
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substances could improve the water vapor barrier properties of
packaging materials. Therefore, non-polar antioxidants can be a po-
tentially more beneficial component of active packaging systems, than
the polar ones.

Ascorbyl palmitate (AP) is a fatty acid ester of ascorbic acid (AA)
often used as a strong antioxidant in fat-containing foods, e.g. flavoured
fermented milk products, dehydrated milk, creams, cheese products,
fats and oils, spreads and emulsions, nut butters and nut spreads (EFSA,
2015a). AP can be used as additive (E304(i)) mostly according to
quantum satis except for foods for infants and young children. It is
generally recognized as safe for human consumption and can be used
legally as a human dietary supplement (CFR, 2020). According to the
European Food Safety Authority (EFSA) Panel the available tox-
icological data are too limited to establish an ADI for AP, but there is no
safety concern for its use at the reported uses and use levels (exposure
estimates based on the high percentile for the maximum level exposure
scenario range from 0.4 to 10.8 mg/kg body weight (bw)/day across all
population groups). The presence of AP in oral supplements contributes
to the AA content and helps protect fat-soluble antioxidants in the
supplement. In the human digestive tract, the AP is fully hydrolyzed in
the hepatic portal plasma and/or liver to AA and its respective fatty
acid (EFSA, 2015a). Compared to water-soluble AA, AP is more stable
(the esterification reduces the hydrolysis of AA) (Austria, Semenzato, &
Bettero, 1997) and may be less easily lost in the urine. It could be as-
sumed, the use of AP as a component of edible packaging would not
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only improve food quality but also the vitamin C nutriture of consumers
(Johnston et al., 1994). Recently, AP has attracted extensive interest as
an anticancer compound because of its lipophilic nature (Zhou et al.,
2017).

Because of hydrophobic character of AP, the obtaining of stable
emulsion is extremely difficult and requires addition of emulsifiers (e.g.
Tween) (Lopez-Martinez & Rocha-Uribe, 2017) and/or ethanol as a
cosolvent (Han, Hwang, Min, & Krochta, 2008). Gelatin (GEL) is a
surface-active protein that is capable of acting as an emulsifier. More-
over, because of excellent gelling properties, GEL can be used to pre-
pare emulsions that are physically stable (Kowalczyk & Baraniak,
2014). Nevertheless, when used on its own GEL often produces rela-
tively large droplet sizes during homogenization, so it has to be used in
conjunction with other surfactants to improve its effectiveness as an
emulsifier (Totre, Ickowicz, & Domb, 2011). The certain types of
polysaccharides, such as gum Arabic (GAR), starch modified with oc-
tenyl succinic anhydride (OSA), and water soluble soy polysaccharides
(WSSP) are commonly used as effective emulsifiers. A recent study by
Lupina et al. (2019) suggests that the edible films based on the blends of
GEL and the above mentioned polysaccharides could be used as effec-
tive emulsifying polymer network systems and carriers for hydrophobic
biologically active substances. Combination of GEL with other polymers
affects the release of active compounds. A high concentration of GEL in
the carrier can significantly limit the diffusion mobility of the polymer-
embedded substance (Kanth et al., 2017; Kowalczyk et al., 2020), which
is not desirable since oxidation reactions on the food surface may start
if the release of the antioxidant from the packaging film is too slow.
Therefore, the aim of the present study was to assess the functional
properties of edible 75/25 blend films based on polysaccharides (GAR,
OSA, WSSP) and GEL incorporated with increasing AP contents (1%
and 2%). Microstructure, water affinity, optical and mechanical prop-
erties, as well as AP release profiles and antioxidant activities of the
films were investigated and compared.

2. Materials and methods
2.1. Materials

Pork GEL (bloom strength of 240; McCormick-Kamis, Poland), GAR
Agri-Spray Acacia R (Agrigum International, United Kingdom), starch
sodium octenylsuccinate PurityGum®2000 (Ingredion, Germany), and
WSSP (Gushen Biological Technology Group Co., China) were used in
this study. AP, glycerol, Tween 80, and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) were purchased from Sigma Chemical (USA), while ethanol
(99.8%) and methanol (99.8%) were purchased from POCH (Poland).

2.2. Film preparation

Films were obtained from aqueous-ethanolic solutions (20%) con-
taining polysaccharide/GEL blend (10% w/w), glycerol (1% w/w),
Tween 80 (0.25% w/w) and AP (1 and 2% w/w). Powder blends of
polysaccharide (GAR, OSA, or WSSP) with GEL at the ratio of 75/25
were mixed with water and glycerol, then heated in a water bath at
90 °C for 30 min with constant stirring. AP/Tween 80 ethanolic solution
was added to the cooled (~40 °C) film-forming solutions (FFSs).
Afterward, the FFSs were emulsified with a homogenizer (H-500, Pol-
Eko Aparatura, Poland) at 20,000 rpm for 60 s; then, at 14,000 rpm for
40 s. The AP-free aqueous-ethanolic FFSs containing biopolymers,
plasticizer, and Tween 80 served as the controls. The freshly prepared
and degassed FFSs were cast on the polycarbonate trays with the area of
144 and 4 cm?, depending on the test. A constant amount total solids
(0.0125g/cm2) was cast onto the tray area in order to maintain film
thickness. Therefore, with the increase in AP content, the amounts of
FFSs cast onto the trays were gradually reduced; i.e. were 15.62, 14.40,
and 13.33 g/144 cm? for the AP-free, AP1%, and AP2% films, respec-
tively. The FFSs were dried at 25 + 2 °C and 50 *= 5% relative
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humidity (RH) for 24 h. The films were peeled from the trays and cut
prior to the testing.

2.3. Film thickness and conditioning

Before conditioning (50% RH, 25 °C, 48 h) in a test chamber (MLR-
350, Sanyo Electric Biomedical Co. Ltd., Japan), the thickness of the
film specimens was determined using a micrometer (Mitotuyo No.
7327, Tokyo, Japan).

2.4. pH

A glass electrode (Elmetron ERH-11S, Poland) connected to a pH
meter (Elmetron CPC 401, Poland) was used for pH measurement of the
FFSs at 40 °C.

2.5. Microscopy

The FFSs and films were observed using an Olympus Microscope
CKX53. The surface of the films was also examined using a scanning
electron microscope (Tescan Vega Imu, Czech Republic).

2.6. Contact angle (CA)

A droplet of distilled water was deposited on the film surface. The
measurements of CA were carried out on the “air-side” of the films
using a goniometer (Phoenix Mini, Surface Electro Optics, Gyunggido,
Korea).

2.7. Moisture content (MC) and total soluble matter (TSM)

Film specimens (4 cm?) were dried in an oven at 105 °C for 24 h.
The MC was calculated as the percentage of water removed from the
system. The TSM was expressed as the percentage of film dry matter
solubilized after 24 h immersion in water. Film specimens were shaken
in 30 ml of distilled water at 25 + 1 °C for 24 h, then the undissolved
film residues were removed from the water and dried at 105 °C for 24 h
to determine the solubilized dry matter. Initial dry matter values
needed for TSM calculations were obtained from MC measurements.
Analyses were performed in triplicate.

2.8. Water vapor permeability (WVP)

The WVP (g mm m~ > d~! kPa™!) was calculated as:
WVP = (WVTR x L)/Ap (€]

where WVTR is the water vapor transmission rate of the film (g m ™2

d™') determined gravimetrically based on ISO 2528 (1995) method, L
is the mean of film thickness (mm), Ap is the water vapor pressure
difference (kPa) between two sides of the film.

The permeation cell (poly(methyl methacrylate)) cups had an in-
ternal diameter of 7.98 cm (exposed film area = 50 cm?) and an in-
ternal depth of 2 cm. Distilled water (30 ml) was added into each test
cup and film samples were placed over the circular opening and secured
by a screw top. The cups were placed in the test chamber set at 25 °C
and 50% RH. The weight loss from the cups with 3 replicates was
monitored for 10 h period with weights recorded at 2 h intervals.

2.9. Optical parameters

Color values of the films were measured with a colorimeter (NH310,
3nh, China) on the white background (L* = 94.83, a* =0.72, b* =
—9.89). The light transmission (T%) of films was measured using a
spectrophotometer (Lambda 40, Perkin-Elmer, Shelton, CT, USA) at
selected wavelengths between 200 and 700 nm. The opacity of the films
was calculated by Eq. (2):
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Fig. 1. Images of the AP-free and AP-added 75/25 blend film-forming solutions based on polysaccharides (GAR, OSA, WSSP) and gelatin (GEL) examined using a

light microscope.

Opacity = Agg/X ()]

where Aggo is the absorbance at 600 nm and x is the film thickness
(mm). The optical analyses were performed in fivefold.

2.10. Mechanical properties

The mechanical properties of films were evaluated using a TA-XT2i
texture analyzer equipped with a 50 kg load cell (Stable Micro Systems,
UK). The initial grip separation was set to 30 mm, and the film samples
(2 x 5 cm) were stretched at speed of 1 mm s~ '. At least eight re-
plicates of each film type were analyzed. Tensile strength (TS, MPa),
elongation at break (E, %), and elastic modulus (EM, MPa) were cal-
culated by Egs. (3), (4), and (5), respectively:

TS = Fpax/A 3)

where Fj,y is the maximum load for breaking film (N) and A is the
initial specimen cross-sectional area (thickness x width, mm?).

E= (AL/L) X 100 4)

where L is the initial gage length (mm) and AL is the difference in the
length at the moment of fracture.

EM = (02 — ol)/(e2 — €l) 5)

where ¢1 is a strain of 0.02 (0.067%), €2 is a strain of 0.14 (0.47%), o1
(MPa) is the stress at €1, and 02 (MPa) is the stress at £2.

2.11. Release of AP from the films

The film samples (4 cm?) were immersed in 50 ml of ethanol and
mixed using a magnetic stirrer (100 rpm). The release media samples
(250 pl) were taken at different time points and the absorbance was
read at 247 nm using a microplate spectrophotometer (EPOCH 2
Microplate Spectrophotometer, BioTek, USA). DDSolver: an add-in
software for Microsoft Excel was used for modeling of AP release ki-
netics. Several mathematical models were chosen to fit the data. Since

the models taken for comparison (Table S1) have different numbers of
parameters, the Akaike Information Criterion (AIC) was used for se-
lecting optimal model. On the basis of the best-fitted model, the
quarter- and half-release time values (tas0, and tsqy,) were calculated.
Additionally, the adjusted coefficient of determination (Rﬁdjusted) values
were determined in order to present an accuracy of the tose, and tsge,
measurements (Zhang et al., 2010).

2.12. Antioxidant properties

The film discs (4 cm?) were thrown into 50 ml of the 282 UM me-
thanolic solution of DPPH at 25 °C and mixed using a magnetic stirrer
(100 rpm). The absorbance of acceptor solution was monitored as a
function of time using a set of flow-through curette with a peristaltic
sipper (“PESI” B2190036, Perkin-Elmer, USA) connected to the spec-
trophotometer at a flow rate of 120 min . The absorbance at 517 nm
was measured until the reaction reached a plateau. The affinity of films
to quench DPPH free radicals was calculated by Eq. (6).

Scavenging% = [1 — (Abs/Abspppr)] X 100 (6)

where Abs is the absorbance of sample and Abspppy is the absorbance of
the solution of DPPH (2.70 + 0.05). The tests were performed in tri-
plicate. Mathematical modeling of kinetics of released antiradical ac-
tivity was conducted as described in Section 2.11.

2.13. Statistical analysis
Differences among data mean values were tested for statistical sig-

nificance at the p < 0.05 level using analysis of variance (STATISTICA
6.0, StatSoft Inc., Tulsa, USA) and the Fisher’s test.
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3. Results and discussion
3.1. Microstructure

Microscopic imaging showed that the GAR- and OSA-based FFSs
were relatively homogenous (Fig. 1), indicating good solubility of the
polymers in the water-ethanol mixture. In turn, the FFSs containing
WSSP showed the grainy structure, which reveals the limited solubility
of the WSSP and confirms the globular nature of soy polysaccharides in
solution (Wang, Huang, Nakamura, Burchard, & Hallett, 2005). The AP
was present in the emulsions both in the form of longitudinal crystals
and microglobules. Interestingly, the AP formed the biggest spheroidal
particles (dpax = 17 pm) in the WSSP-based emulsions. The length (1)
of AP crystals formed in the FFSs was greater (la.x=82-174 pm) than
in the powder (l,,x=76 pm) (Fig. S1), which may be explained by the
fact that the presence of hydrocolloids significantly modify the nu-
cleation and crystal habit (Goto, Oaki, & Imai, 2016). The longest
crystals were observed in the AP1%-added GAR-based emulsion (1.«
=174 pm, Fig. 1). The 1.« of AP crystals in the WSSP- and OSA-based
FFSs was comparable (=90 and 82 pm, respectively). It was found, that
the doubling level of AP in the GAR- and OSA-based FFSs resulted in the
formation of crystal aggregates (Fig. 1). This result was hardly notice-
able for the WSSP-based system, likely due to the fact that the poly-
saccharide particles screened the AP fraction.

The surfaces of AP-free OSA- and WSSP-based films were rough,
while the GAR-based film was smooth and uniform (Fig. 2). Since OSA
is insoluble in ethanol (EFSA, 2017b), it can be assumed that partial
precipitation of the polysaccharide (Fig. 1) was responsible for the
uneven surface of the OSA75/GEL25 film. The comparison of the FFS
and film images (Fig. 1 and S2) suggests that the prolonged contact time
(during drying of FFS) between OSA and water-ethanol mixture re-
sulted in formation of polymer aggregates. The uneven surface of the
control WSSP75/GEL25 film can be explained in terms of lack of
complete dissolution of the polysaccharide (Fig. 1). As can be seen in
Fig. S2, the above-mentioned film is agglomerate of the polysaccharide
particles linked by GEL into the form of a continuous matrix.

The AP-added films were more heterogeneous as compared to the
controls (Fig. 2). Interestingly, the longitudinal AP crystals were ob-
served only on the surface of the OSA-based films. It may indirectly
indicate that the OSA75/GEL25 emulsion system had the best stability.
Regarding the GAR- and WSSP-based systems, it is possible that the AP
crystals underwent sedimentation and, consequently were located in-
side the matrix (Fig. S2). Also, microscopic observations suggest that
the incorporation of AP at 2% resulted in more intense flocculation and
sedimentation, thus the AP microglobules were less visible on the film’s
surface as compared to the surface of 1%AP-added samples (Fig. 2). The
explanation for the irregular AP structures observed in the films (Fig.
S2) might be that the individual microglobules and crystals (Fig. 1)
were linked into the conglomerates due to strong cohesion forces ap-
pearing during drying of the emulsions. A noteworthy is fact that the
topography of 1%AP-added WSSP75/GEL25 film was the most granular
among all samples (Fig. 2). It is difficult to explain this result, but it may
be an indicator of the tendency for phase separation by the creaming of
the emulsion.

3.2. pH, MC, TSM, and WVP

Among the control FFSs, the highest pH was reported for the GAR-
based system, while the lowest for the WSSP-based FFS (Table 1). The
incorporation of AP significantly decreased the pH of FFSs. It indicates
that despite its esterified form, the AA still has the ability to acidifica-
tion of the medium, which could negatively affect taste of the food, but
on the other hand it can be considered as a positive aspect from a mi-
crobial point of view. On account of the fact that only 42% of the
molecular mass of AP corresponds to the AA, the decreases in the pH
values were relatively low as compared to the previous works on the
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AA-added films (Kowalczyk, 2016; Kowalczyk et al., 2018). Apart from
the OSA-based FFS, an increase in the concentration of AP led to a
decrease in the pH of FFS (p < 0.05). The OSA-containing carrier,
likely due to the presence of sodium ions, tended to be the least sen-
sitive to the AP-induced decrease in pH.

Because of the amphiphilic nature of AP its addition significantly
increased the MC of the films (Table 1). As the hydrophilic regions of
the ester could easily absorb moisture (Benedini et al., 2011), the
doubling level of antioxidant resulted in a further increase in the MC. In
accordance with the present results, the previous studies have also
demonstrated the increased hygroscopicity of the AA-added films
(Kowalezyk, 2016; Kowalczyk et al., 2018). The OSA-based films
tended to have the highest MC, which agrees with data from earlier
study (Lupina et al., 2019).

The TSM values of the control films were much lower (Table 1) than
reported previously (Lupina et al., 2019), which may be easily ex-
plained in terms of higher concentration of the polymers in FFS (10%
vs. 5%). It can be assumed, that on doubling the amount of polymers,
the greater number of the non-covalent associations was formed be-
tween the polymer chains, which improved the cohesion of the film
network.

It was found that the OSA-based films had significantly lower TSM
as compared to the other carriers. This result might be related to the
presence of linear component (amylose) in the starch derivative. It can
be generalized that any polysaccharide structure that promotes inter-
molecular association (such as linear chains, large molecular weight,
and other regular structural characteristics) results in poor solubility;
on the other hand, structural characteristics that hinder intermolecular
interactions (such as branching or charged groups) usually leads to
higher solubility. In the light of the microstructural features (Fig. 2), the
high TSM of WSSP-based films could be attributed to the conglomerated
structure and, consequently, low cohesive strength that promoted the
dissolution.

The measurement of CA of the films revealed that their wetting was
very favorable (8 < 90°, Table 1). The addition of AP tended to in-
crease the surface hydrophobicity of the films; however, the statistically
significant changes were observed only for the GAR75/GEL25 film at
the 2% level of incorporation. Nevertheless, the presence of AP reduced
(p < 0.05) the TSM of all films (Table 1). This result reflects that of
Nor Amalini et al. (2018) who found that palmitic acid sucrose ester
(PASE) significantly reduced solubility of GEL films. According to these
authors the PASE addition reduces the exposure of polar polymer
groups for interaction with water due to the formation of the polymer-
PASE network. Meanwhile, the non-polar tails of the esters increased
film hydrophobicity thus reducing the film solubility. It was found that
the AP was the most effective in reduction (by ~ 12%) of TSM of the
WSSP-based films (Table 1).

As illustrated in Table 1, among the control samples, the OSA-based
film exhibited the lowest WVP (p < 0.05). This result reflects findings
of the previous study (Lupina et al., 2019). The differences in WVP
likely reflect the differences in the structure and composition of the
polysaccharides. Starch (a polymer of glucose) is a mixture of two
fractions: linear amylose (10-20%) and branched amylopectin
(80-90%). In turn, both GAR and WSSP are mixtures of various poly-
saccharides; i.e. GAR consists mainly of high molecular weight bran-
ched polysaccharides made of arabinose, galactose, rhamnose, and
glucuronic acid (Williams & Phillips, 2009), while WSSP backbone
consists long-chain rhamnogalacturonan and short-chain homo-
galacturonan, as well as side chains of [3-1,4-galactans, branched with
fucose and arabinose residues, and a-1,3- or 1,5-arabinans that are
linked to the C-4 side of rhamnose residues in the rhamnogalacturonan
(Maeda & Nakamura, 2009). It could be speculated, that the complex
composition of the heteropolysaccharides resulted in weaker cohesion
forces between its constituents and, consequently, the films were more
permeable to water vapor compared to the homopolysaccharide-based
matrix. Another possible explanation for the relatively low values of
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Fig. 2. SEM images of the surfaces of the AP-free and AP-added 75/25 blend films based on polysaccharides (GAR, OSA, WSSP) and gelatin (GEL).

WVP of the control OSA-based film is that the presence of hydrophobic
octenyl side chains in the modified starch (Tesch, Gerhards, & Schubert,
2002) limited the permeation of water vapor.

Since the amphiphilic substances have a hydrophobic component,
its addition should potentially provoke decrease of WVP. As can be seen
from Table 1, the AP decreased the WVP of GAR-based film. Namely,
the WVP of AP1%-added GAR-based film was lower by 26.6% com-
pared to the control film but the doubling antioxidant concentration did
not further improve the barrier properties (p > 0.05). It was found
that the low AP addition (1%) was very efficient in reducing (by 31.4%)
the WVP of WSSP-based film; however, the higher level of AP did not
affect the water vapor barrier properties when compared to the control
film. It is worth mentioning that among the tested samples, the AP1%-
added WSSP75/GEL25 exhibited the lowest WVP. It is difficult to ex-
plain this result but it might be related to the specific microstructural
properties of this system. As mention before, the highly granular

topography of this film was likely the consequence of emulsion desta-
bilization. So, it is possible that the creaming of the emulsion resulted in
the formation of a “bilayer-like” structure, which reduced the WVP of
film. Another remarkable fact is that the addition of AP was effective in
improving water vapor barrier properties only in the case of systems
with the initially high WVP (i.e., GAR- and WSSP-based films). The
inefficiency of AP in limiting the transfer of water vapor through the
OSA-based carrier may be attributed to the relatively good stability of
this system. It seems possible that the homogeneous distribution of AP
did not offer a successful barrier to water molecules; i.e. the moisture
penetrated between AP crystals trapped inside the continuous hydro-
colloid network.

3.3. Optical properties

Among the control samples, the WSSP-based films were the most
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Fig. 3. Effect of AP on the light transmission of 75/25 blend films based on polysaccharides (GAR, OSA, WSSP) and gelatin (GEL).

3.5. Release of AP

AP has some advantages as a food preservative because it is fat-
soluble and practically insoluble in water (8.1 mM X 10~ % at 25 °C)
(Palma, Lo Nostro, Manzo, & Allemandi, 2002). Considering that AP is
freely soluble in ethanol (185.8 mM) the 99.8% ethanol has been
chosen for the determination of its migration from the carriers. Fig. 4A
and S4 show the cumulative amount (mg/cm?) and percentage of AP
released from the films as a function of time, respectively. Depending
on polymer type and AP concentration, c.a. 32-92% of the AP was
released from the carriers during the 30-h dissolution test (Fig. S4).
Since the release of AP from the GAR carrier was very slow and in-
complete, it was impossible to predict the tsg, for the AP-added GAR
systems. The tyse, values ranged from 18 to 296 min (Table 2). Re-
gardless of the AP concentration, the OSA-based carrier offered the
fastest release of AP (Fig. 4A, S4). According to tase, at 2% of AP the
OSA film exhibited 2.2 and 16.2 times faster release compared to the
WSSP- and GAR-based carriers, respectively. In general, the release of
the active substance from a biopolymeric matrix is due to drug solu-
bility, desorption of the surface-bound or adsorbed drug, drug diffusion
out of the matrix into the acceptor solution, matrix erosion or de-
gradation, and the combination of erosion and diffusion processes
(Zoraida, 2013). Since the polysaccharides used in the study were in-
soluble in the acceptor solution, it can be assumed that the release of AP
was mainly controlled by the diffusion-driven processes. The diversity
in the AP release rate profiles could reflect differences in the structural
features of the polysaccharides, such as monosaccharide composition
(simple versus complex), linkage patterns, chain shapes (linear versus
branched), functional groups, and conformations, that directly affect
the physical properties including solubility, rheological properties
(viscosity), and gelling properties. It is know that the drug release rate
can be controlled by the degree of branching of a polymer (Podzimek,
2011). In this way, the weak AP migration from the GAR- and WSSP-
containing carriers may be due to chemical attachment of AP to the
heteroglycan backbone. On the other hand, the fast release rate ob-
served for OSA-based films was likely related to weaker physicochem-
ical entrapment of the AP in the partially linear homopolisaccharide
matrix.

It was found that the cumulative concentration of AP in the acceptor
solution markedly increased by the increase of AP concentration in the
films (Fig. 4A). The OSA- and WSSP-based films with higher AP load

offered a faster release rate than the systems with lower fortification
level. The same result was observed for the GAR-based system, but only
up to 240 min of the test. Surprisingly, for the further release period the
opposite tendency was observed, i.e. the GAR film with lower AP level
exhibited higher susceptibility to antioxidant release (Fig. S4).

Fig. S4 shows the experimental and predicted data points, while
Tables S2-5S4 provide AIC and parameter values estimated for the eight
mathematical models (Table S1). It was found that the multi-parameter
models (P-S, Gz, Wb, and 4-MB) approximated the experimental points
better than the single- and two-parameter models (Tables S3 and S4).
The 4-MB model provided the best fit (the lowest AIC values) for almost
all the formulations. However, an exception was the GAR-based film
with the AP level of 2%, for which the best kinetic model was the Gz
equation. This discrepancy could reflect the differences in the me-
chanisms (speed) of AP release from the carriers. As can be seen in Fig.
S4, the Gz model shows a steep increase in the beginning and converges
slowly to the asymptotic maximal dissolution (Dash, Murthy, Nath, &
Chowdhury, 2010).

As the k parameter of the Makoid-Banakar model was zero or al-
most zero, the n parameter of this expression becomes identical to the
release exponent of the Korsmeyer—Peppas expression. Depending on its
value, the release process can be driven by Fickian diffusion (n = 0.5),
polymeric matrix erosion or the combination of both mechanisms. It
was found that the release of AP from the 2%AP-added GAR- and OSA-
based films was characterized by low values of n (n < 0.5, Table S4),
which is indicative of a Quasi-Fickian diffusion-controlled mechanism
(Paarakh, Jose, Setty, & Peter, 2018). In turn, n > 1 was observed for
the 1% AP-added GAR-based film, which is indicative of an extreme
form of transport; i.e. during the dissolution process, tension and
breaking of the polymer (solvent crazing) occurs. This result seems to
match the visual observation of the samples during the release test,
which revealed that only 1%AP-added GAR-based film underwent dis-
integration (into a few pieces) after prolonged contact with the acceptor
medium. In the light of this information the more complete release of
AP from the GAR film with lower AP level (1%), as compared to the
system with doubled AP content (Fig. S4), could be explained by the
disconnection of the film matrix, which accelerated the AP dissolution
rate. In the case of other films, non-Fickian behavior (0.5 < n < 1.0)
was observed. The B parameter of the Weibull equation characterizes
the type of dissolution curve. For all matrix systems, the AP release rate
profile (curve shape) was parabolic, displaying a high initial slope and a



K. Eupina, et al.

Food Chemistry 333 (2020) 127465

1.8
—&—GAR7S/GEL25 AP 1% mﬂ}*
A --A:-GARTSIGEL25 AP 2%
—B-0SA75/GEL25 AP 1% s ({, . +
6'-‘ Erl = I ..l -.
E 141 O:-OSATSIGEL25 AP 2% & +
——\WSSP7SIGEL25 AP 1% o
g g’ .
E 5 --0--WSSPTSIGEL25 AP 2% 4 -
< A
oEt ..‘
s 1 o B é
] o*® .
g LGB
S 08 - q; . q,@
g @ g
08 4
@
0.4 4
02 4
0- - T T T T T T T T T T T
o 1 5 10 20 30 40 50 60 70 80 90 100 110 120 180 240 320 440 620 1800
B Time (min)
100 .
90 -
80 -
70

80 4

50

40

30 A

DPPH Free Radical Scavenging (%)

20

GARTSIGEL25
—=GARTS/IGEL25
——GARTSIGEL25

OSATS/GEL25
—0SATS/GEL25 AP 1%
—O0SATS/GEL25 AP 2%

WSSPTS/GEL25 AP 0%
—\WSSPT75/GEL25 AP 1%
—\WSSPT5S/GEL2S AP 2%

AP 0%
AP 1%
AP 2%
AP 0%

20 25 30

10 15

35 40 45 50 55 60 65 70

Time (min)

Fig. 4. Kinetics of cumulative release of AP (A) and kinetics of released antiradical activity (B) of the 75/25 blend films based on polysaccharides (GAR, OSA, WSSP)

and gelatin (GEL).

consistent exponential character (3 < 1) (Bruschi, 2015).

3.6. Released antioxidant properties

The main use of AP in processed foods is as a preservative, which
capitalizes on the antioxidant functions of the compound. The AP-free
films did not show scavenging activity on DPPH* (Fig. 4B), which could
be associated with the fact that the carrier polymers are not soluble in
the alcohol (Gurin & Clarke, 1934; Viscione, 2013; EFSA, 2017a; Wang
et al., 2019). The antioxidant activity markedly increased by the in-
crease of AP content in the films. The type of carrier had a great in-
fluence on the antiradical properties of the films. The DPPH* scaven-
ging activity of the films increased with the following ranked order:

GAR75/GEL25 < WSSP75/GEL25 < OSA75/GEL25, which primarily
reflect the different release abilities of the carriers. As shown in Fig. S5
a strong positive correlation (r = 0.803 and r = 0.705 for the 1 and
2%-added films, respectively) existed between antiradical activity and
concentration of AP in the acceptor solvent.

The OSA75/GEL25 carrier exhibited the most complete release of
AP (71.47 and 92.14% for the 1 and 2%-added films, respectively
(Fig. 4B) and, consequently, almost immediately demonstrated the
potent radical quenching capacity. Namely, at 1 and 2% of AP con-
centration, the DPPH scavenging reached ~ 96% and ~ 99 at about
6 min and 3 min, respectively. These results show that the OSA-based
carrier does not offer a controlled release of AP. It can be assumed that
in the case of antioxidant packaging systems, rapid release (“burst
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Table 2
Times required for 25% (tas0,) and 50% (tsoe,) ascorbyl palmitate (AP) release
obtained from the best fitting mathematical models.

Polysaccharide/GEL blend ratio AP (%)  tase, (min)  tsgoe (Min)  Rigjusted
GAR75/GEL25 1 252.067 n.d. 0.9828*

2 295.875 n.d. 0.9975"
0SA75/GEL25 1 130.160 589.787 0.9939*

2 18.293 88.600 0.9980*
WSSP75/GEL25 1 215.897 1005.806  0.9989*

2 40.931 160.002 0.9984*

*obtained from the Makoid-Banakar with Tj,; model.
"obtained from the Gompertz model.

"the goodness of fit of the models.

n.d. - no data.

effect”) is undesirable since it causes loss of the active agent within a
short period of time. Consequently, the appropriate amount of anti-
oxidant is not maintained on the product surface, where the oxidative
processes are the most intensive. As in the case of the OSA-containing
carrier, the other two films also showed a high antiradical potential
(92.44-94.76%) but they were more useful in a prolonged increase in
the antioxidant activity (Fig. 4B). The single-parameter F-O model was
suitable for the efficient simulation of kinetics of released antiradical
activity (Table S5). It is worth mentioning that among the all samples,
the 1%AP-added GAR75/GEL25 film provided the most linear and
continuous sustained growth of antiradical activity that fits best to Z-O
kinetics (Table S6), which accords with the AP release data (Table S2).
Since Z-O model describe systems where the drug release rate is con-
stant over a period of time, it can be concluded that this system has the
best potential for maximizing AP efficacy while minimizing the dose
necessary for the protective action.

3.7. Safety aspects

The information provided in this article could help to improve the
design, development and applicability of edible antioxidant films.
However, some determinations relating to the safety aspects of edible
films/coatings should be taken into account while planning their use as
a preservation technique to enhance the shelf life of the food products.
All film components used in this study are approved food additives. The
ADIs of GAR, OSA, WSSP, and GEL are “not specified”. The tox-
icological studies have shown that oral intake of large amounts of GAR
(up to 30 000 mg/person per day, for up to 18 days) and OSA (up to a
single dose of 25 000 mg) were well tolerated in adults (EFSA, 2017b,
2019). The EFSA Panel, however, noted reports on gastrointestinal
symptoms conducted in infants with hypoallergenic formula containing
2% OSA (24 000 mg/person) (EFSA, 2017b). Regarding WSSP (sy-
nonym: soybean hemicelluloses), no adverse effects were reported in a
90-day dietary toxicity study in rats at 2 430-2 910 mg/kg bw/day. It is
recommended that consumers should be informed of the presence of
potentially allergenic proteins in the WSSP (EFSA, 2017c). From the
studies on mice and rats, it appears that AP had a very low acute
toxicity, i.e. LDso in mice of 2 000 mg/kg bw and in rats of > 5 000 mg/
kg bw for AP was reported (EFSA, 2015a). Since glycerol is a normal
constituent in the body and a regular component of the diet there is no
need for a numerical ADI (EFSA, 2017a). In turn, an ADI of 25 mg/kg
bw/day was established for Tween 80. Nevertheless, the acute toxicity
of Tween 80 is very low and there is no concern regarding its geno-
toxicity, carcinogenicity or chronic toxicity (EFSA, 2015b).

4. Conclusion

The AP, as an ester formed from AA, slightly decreased the pH of the
films. Although, in general, the AP did not improve surface hydro-
phobicity of most films, its presence reduced the water solubility. The
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amphiphilic character of AP increased the MC of the films. The WVP
and TS of the OSA-based carrier were not affected by AP. In the case of
the GAR-based system, the fortification with AP had beneficial effects
by improving water vapor barrier properties and TS. The increase in AP
concentration enhanced the barrier properties of films against UV light.
This finding identifies useful applications of the AP-added films as UV
filters in food packaging. According to tpse,, at 2% of AP the OSA75/
GEL25 film offered 2.2 and 16.2 times faster release compared to the
WSSP- and GAR-based carriers, respectively. It suggests that AP was
weakly bound or adsorbed to the partially linear homopolysaccharide-
based matrix. On the other hand, the weak migration of AP from the
GAR- and WSSP-containing carriers could be due to the entrapment of
the antioxidant to the branched heteroglycan backbones. The GAR-
based carrier exhibited the slowest release of AP and, consequently
provided prolonged antiradical activity. In conclusion, this study
showed that the 1%AP-added GAR75/GEL25 system had the best po-
tential for controlling AP release, thus maximizing its efficacy while
minimizing the dose necessary for the protective antioxidant action.

Further experimental investigations are needed to estimate the
storage stability of AP in the films, as well as the ability of selected
material (applied in the form of a coating) to control oxidation in food,
e.g., nuts, cheese or sausages, in order to assess its performance in re-
lation to product quality and consumer acceptance.
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Table S1. Mathematical models used to describe the dissolution curves (Zhang et al. 2010).

Model Equation Parameters
Zero order (Z-O) F=kyt ko
First order (F-O) F=100-(1—e 1% ky
3 F F
Baker—Lonsdale (B-L . [1 -(1-— 2/3] ——— =k 't k
(B-L) 211~ 4~ 700 100 B
ea+B Jlog(t)

Logistic (Lo = P — '

gistic (Lo) F=100"—— 775 a B
Peppas—Sahlin (P-S) F=ky-t"+k, t*™ ki, k,,m
Gompertz (Gz) F=100- e~ ¢ #o8® a, B, Fnax

] t-T)P
Weibull (Wb) F=100- [1 —e «a ] a, B, Ti
Makoid-Banakar with Tiag (4-MB) F=kyg (t=Tgg) -el™ (t-Tiag)l Knps 1 K, Trag

F is the fraction (%) of drug released in time t

ko is the zero-order release constant

ki is the first-order release constant

ksL is the combined constant in Baker—Lonsdale model, ks,=[3 x D x Cs/(ro?> x Co)], where D is the diffusion
coefficient, Cs is the saturation solubility, ro is the initial radius for a sphere or cylinder or the half-thickness
for a slab, and Co is the initial drug loading in the matrix

a is the scale factor in Logistic and Gompertz ; f is the shape factor in Logistic and Gompertz

ky is the constant related to the Fickian kinetics; k. is the constant related to Case-I1 relaxation kinetics; m is the

diffusional exponent for a device of any geometric shape which inhibits controlled release

Fmax is the maximum fraction of the drug released at infinite time

a is the scale parameter which defines the time scale of the process; £ is the shape parameter which characterizes

the curve as either exponential (B=1; case 1), sigmoid, S-shaped, with upward curvature followed by a turning

point (>1; case 2), or parabolic, with a higher initial slope and after that consistent with the exponential (B<I;

case 3) (Weibull model)

Ti is the location parameter which represents the lag time before the onset of the dissolution or release process

and in most cases will be near zero

kms, N, and k are empirical parameters in Makoid—Banakar model (kwvs, n, k>0)

Tiag is the lag time prior to drug release



Table S2. Comparison of AIC values obtained from fitting experimental ascorbyl palmitate (AP) release data to the different mathematical models.

Polysaccharide/GEL

blend ratio AP (%) Z-0 F-O B-L Lo P-S Gz Wb 4-MB Best fit
1 166.82 153.08 138.65 132.51 97.92 118.10 138.97 95.10 4-MB
GARTS/GEL25 2 175.55 171.20 140.91 98.12 86.23 32.94 72.04 64.22 Gz
1 179.87 152.84 83.35 93.18 79.99 87.26 81.92 79.75 4-MB
OSATS/GEL25 2 220.11 151.07 174.06 123.29 79.24 129.31 108.16 76.18 4-MB
1 168.32 150.32 54.35 55.33 37.76 39.91 35.04 36.24 4-MB
WSSP7S/GEL25 2 209.00 150.07 132.22 107.24 71.57 122.79 117.65 68.19 4-MB

Table S3. Parameters obtained from fitting experimental data to the single-parameter release models.

Polysaccharide/GEL %) 20 F-O B-L
blend ratio ko ki K
(%/min)  (1/min) B
1 0.039 0.001 0.000036
GAR75/GEL25
2 0.030 0.001 0.000031
1 0.056 0.002 0.000088
OSA75/GEL25
2 0.091 0.008 0.000287
1 0.046 0.001 0.000053
WSSP75/GEL25

2 0.078 0.005 0.000287




Table S4. Kinetic parameters obtained from multi-parameter modeling.

Polysaccharide/GEL AP Lo P-S Gz Wb 4-MB
blend ratio (%) k1 : ks
Polming M o P Finex i’ B T opming " kK T
1 -5.499 1.781 0.130 0.000 0.970 | 89.356 2.002 56.328961 | 127.596 0.625 0.895 0.036 1.227 0.001 -11.677
GAR75/GEL25
2 -3.049 0.765 | 3.423 -0.092 0.408 | 4.834 0.975 38.62057 13.615 0.232 9.444 5.176 0.287 0.000 4.917
1 -4541 1642 | 1.909 -0.012 0.547 7.443 0.240 2237.0489 | 55.758 0.571 0.000 2.133 0.510 0.000 0.587
OSA75/GEL25
2 -3.852 2.030 | 6.159 -0.094 0.502 | 5.124 0.828 144.82944 | 22.763 0.622 -0.005| 6.949 0.450 0.000 0.747
1 -4.682 1551 | 1412 -0.007 0.555 7.686 0.257 1710.8068 | 69.385 0.558 0.780 1.583 0.519 0.000 0.847
WSSP75/GEL25
2 -4.340 1994 | 3.164 -0.028 0.578 7.790 0.986 124.17071 | 33.243 0.618 0.654 3.365 0.548 0.001 0.680

Table S5. AIC and R?gjusied Values obtained from fitting experimental DPPH free radical scavenging data to the first-order (F-O) model.

: F-0
Polysaccharld_e/GEL AP (%)
blend ratio AIC RZadjusted
1 3666.23 0.9742
GART75/GEL25
2 3555.35 0.9804
1 3731.21 0.9052
OSA75/GEL25
2 3383.16 0.9034
1 3737.97 0.9687
WSSP75/GEL25
2 3948.45 0.9193




Table S6. AIC values obtained from fitting experimental DPPH free radical scavenging data to the zero-order (Z-O) model.

i Z-0
Polysaccharld_e/GEL AP (%)
blend ratio AlC
1 4684.34
GAR75/GEL25
2 5219.87
1 5731.88
OSAT75/GEL25
2 5808.74
1 5261.16
WSSP75/GEL25

2 5538.94




Figure S1. Light micrograph of ascorbyl palmitate powder crystals (x10 magnification).

AP0% : AP1% AP 2%

OSA75/GEL25 GAR75/GEL25

WSSP75/GEL25

Figure S2. Images of the ascorbyl palmitate (AP)-free and AP-added 75/25 blend films based on
polysaccharides (gum Arabic (GAR), octenyl succinic anhydride modified starch (OSA), water soluble soy
polysaccharides (WSSP)) and gelatin (GEL) examined using a light microscope (x10 magnification).
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Figure S3. Photographs of the ascorbyl palmitate (AP)-free and AP-added 75/25 blend films (12 x12 cm) based
on polysaccharides (gum Arabic (GAR), octenyl succinic anhydride modified starch (OSA), water soluble soy
polysaccharides (WSSP)) and gelatin (GEL).
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Fig. S4. Fraction (F) of AP released from the 75/25 blend films based on polysaccharides (gum Arabic (GAR),
octenyl succinic anhydride modified starch (OSA), water soluble soy polysaccharides (WSSP)) and gelatin
(GEL) according to zero-order kinetics (Z-O), first-order kinetics (F-O), the Baker-Lonsdale (B-L), the Logistic
(Lo), the Peppas-Sahlin (P-S), the Gompertz (Gz), the Weibull (Wb), the Makoid-Banakar with T,y (4-MB)
models; experimental (A , 0) and theoretical data (lines).
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Fig. S5. Correlation between DPPH free radical scavenging (%) and AP release (mg/cm?) data collected for 70
min.
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Abstract: Polymer blending and incorporation of active substances offer a possibility of generation
of novel packaging materials with interesting features. Astaxanthin is one of the most powerful
antioxidants. Hence, in this study, water-soluble AstaSana astaxanthin (AST) was incorporated
into 75/25 gum arabic/gelatin (GAR75/GEL25) and water-soluble soy polysaccharides/gelatin
(WSSP75/GEL25) blend films in different concentrations (0, 0.25%, 0.5%, 1%). Microscope im-
ages showed good compatibility between the polysaccharides and GEL. Basing on time required
for 50% release, the WSSP-based film exhibited an approximately four-fold slower release rate
(ts0% = 65.16-142.80 min) than the GAR-based film (t5qo, = 14.64-34.02 min). This result was mainly
ascribed to the slower dissolution of the WSSP-based carrier. The faster release rate of the GAR-based
films resulted in stronger antioxidant activity (quarter-scavenging time (ts¢,Ap7s) = 0.22-7.51 min)
in comparison to the WSSP-based films (ty59,opTs = 0.91-12.94 min). The increase in the AST con-
centration was accompanied by gradually reduced solubility and the release rate. It is possible that
the increasing number of starch granules (from the AST formulation) acted as a dissolution blocking
agent. In general, the WSSP75/GEL25 film displayed the most linear (the Zero-order similar) release
profile. So, this carrier has potential for release of AST at a quasi-constant speed.

Keywords: edible films; gum arabic; water-soluble soy polysaccharides; gelatin; FTIR; solubility;
swelling; release rate; mathematical models; 2,2 -Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS)

1. Introduction

The growing demand for biodegradable packaging formats/types has increased the in-
terest in eco-friendly films prepared from polysaccharides, proteins, and their blends. This
type of materials can be applied as thin edible coatings, casing, wraps, layers separating
various components in complex food products, dosage forms for packaging pre-weighed
quantities of food, etc. Moreover, biopolymeric films can be used as carriers of a wide
range of food preservatives. Antioxidant packaging is designed to delay food deteriora-
tion by slow release of antioxidants from the packaging material into the food surface,
where the oxidation reactions mainly occur [1]. The designed migration of antioxidants
from the active packaging system is a key determinant of its effectiveness in contact with
water-rich foods. There are many mechanisms by which the release of active substances
can be controlled in a system: dissolution, diffusion, osmosis, swelling, and erosion. They
are dependent on the carrier type and may act simultaneously or at different stages of
a migration process [2,3]. Biopolymers differ in their water affinities and, consequently;,
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release profiles [4,5]. For instance, the water-swollen gelatin (GEL) films can be fabricated
for controlled-release purposes, while the fast-dissolving carrier matrices based on linear
polysaccharides offer quick release (“burst effect”) [6,7]. The release rate should closely
match the requirement of the kinetics of food spoilage. Too slow a rate would result in
an insufficient amount of the active compounds to retard food deterioration, whereas too
fast a rate would result in an excessive amount and loss of the active compounds due to
degradation [8].

Branched polymers, due to a large variety of available shapes, topologies, and compo-
sitions, have numerous and various applications. Compared to linear polymers, branched
polymers display lower density due to the reduced packing efficiency of their chains.
This imparts a number of favorable properties, including low intrinsic viscosities, high
solubilities, globular conformation, and high surface functionality (the high number of func-
tionalizable groups on the periphery of the constructs), which allow drug attachment [9].
Currently, branched, grafted, dendritic, and star polymers are being intensively explored
as future carriers owing to advances in polymer chemistry [10].

Hemicelluloses (a mixture of highly branched low-molecular-weight homo- and
heteropolymers) are the second most abundant polysaccharides in nature, representing
about 20-35% of lignocellulosic biomass [11]. Hemicelluloses can be novel promising
vehicles for delayed release of food additives. In support, a recent study conducted
by Lupina, Kowalczyk, and Droztowska [12] showed that hemicelluloses, such as gum
arabic (GAR) and water-soluble soy polysaccharides (WSSP), ensured a controlled rate
of lipophilic vitamin C release. The GAR- and soy polysaccharide-based systems have
also been used for targeted and sustained release of various pharmacological substances.
Unfortunately, branching makes the polymers less dense, which results in low mechanical
strength. However, reinforcement of hemicelluloses with stronger polymers, such as GEL
and chitosan [13,14], can overcome this problem.

Carotenoids have been described not only as coloring agents but also as antioxidant
compounds. Astaxanthin (ASX) is a pigment with higher antioxidant activity than other
known natural antioxidants. ASX is contained in green algae Haematococcus pluvialis and
red yeast Phaffia rodozyma [15]. The oldest approach to obtain carotenoids is extraction
from biological material [16]. The main disadvantage of this production method is the
high cost, geographic determinants, and seasonality of the raw material. Moreover, natural
carotenoids exhibit low resistance to external factors, a variable dye composition, and it
is not easy to standardize their color. Chemical synthesis has been used in production of
carotenoids since 1950. Of the nearly 700 naturally occurring carotenoids, only a few are
synthesized on an industrial scale. Among them is ASX [17].

The available synthetic forms of ASX esters differ in their molecular profile from ASX
obtained from extracts of living organisms [4]. First of all, synthetic ASX is an exclusively
“free” compound (i.e., it is non-esterified and has no fatty acids attached to the ends of the
molecule). Moreover, it contains no supporting carotenoids. Therefore, synthetic ASX has
lower antioxidant potential than the natural one [18]. Nevertheless, the synthetic compound
is much cheaper (US$2500/kg) than the natural one (>US$7000/kg) [19]. Consequently,
over 95% of the ASX available on the market is produced synthetically, whereas natural
ASX from Haematococcus represents <1% of the commercial product [20].

The 11 conjugated double bonds in the structure of ASX make it unstable, which
seriously restricts its applications in functional foods and pharmaceutical and cosmetic
products [9]. Addition of co-antioxidants to the ASX formulation reduces its decomposition,
thus, this practice is commonly applied by large chemical companies.

The scientific literature is increasingly reporting the antioxidant and pro-health ef-
fects of synthetic ASX. Santocomo et al. [21] showed that synthetic ASX was capable of
protecting the DNA of neuroblastoma cells exposed to reactive nitrogen species. Also, in
human dermal fibroblasts exposed to moderate doses of UVA, synthetic ASX exhibited
a pronounced photoprotective effect. In comparison with irradiated control cells, the
formation of thiobarbituric acid reactive substances decreased to approximately 70% [22].
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Gross and Lockwood [23] found that the water-dispersible disodium disuccinate derivative
of synthetic ASX (CardaxTM) exhibited a cardioprotective effect in Sprague Dawley rats.

The poor water solubility of natural ASX greatly reduces its bioavailability, which
also has a negative effect on its practical applications. Therefore, the aim of this study
was to characterize the release and antioxidant properties of binary 75/25 GAR/GEL
(GAR75/GEL25) and WSSP/GEL (WSSP75/GEL25) blend films incorporated with in-
creasing concentrations (0, 0.25, 0.5, 1%) of synthetic water-soluble AstaSana ASX (AST).
The microstructure, pH, and water affinities (dissolution and swelling) of the films were
determined to provide insight into the AST release mechanisms.

To the best of our knowledge, this is the first study on the release of water-soluble
ASX from active packaging films.

2. Materials and Methods
2.1. Materials

Pork GEL (with a bloom strength of 240; McCormick-Kamis S.A., Stefanowo, Poland),
GAR (Agri-Spray Acacia R, Agrigum International, Old Amersham, UK), WSSP (Gushen
Biological Technology Group Co., LTD, Dezhou, China), glycerol (Sigma Chemical Co., St.
Louis, MO, USA), and AST (gifted from DSM, Heerlen, Netherlands; composition: ASX,
modified starch, glucose syrup, DL-a-tocopherol, and sodium ascorbate) were used for
film preparation. 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) was purchased from Sigma Chemical Co., St. Louis, MO (USA).

2.2. Film Preparation

The film-forming solutions (FFSs) were composed of a polysaccharide/GEL blend
(5% w/w), glycerol (1% w/w), and increasing amounts of AST (0, 0.25, 0.5, 1% w/w). Powder
polysaccharide/GEL 75/25 blends (3.75 g of polysaccharide blended with 1.25 g of GEL)
were mixed with water (94 g) and glycerol (1 g), and then heated in a water bath at 90 °C for
1 h with constant stirring. The FFSs were cooled (to ~40 °C) and the AST was subsequently
added (at the expense of reducing the amount of water). After degassing, the FFSs were
placed on polycarbonate trays with an area of 4 cm?. A constant amount of total solids
(0.0125 g/cm?) was placed on the tray to keep the film thickness. The FFSs were dried at
25 £ 2 °C and 50 £ 5% relative humidity (RH) for 24 h.

2.3.pH

A glass electrode (Elmetron ERH-11S, Zabrze, Poland) connected to a pH meter
(Elmetron CPC 401, Zabrze, Poland) was used for measurement of pH of the FFSs at 40 °C.
The analyses were performed in triplicate.

2.4. Film Thickness

The thickness of the film samples was determined using a micrometer (Mitotuyo
547-401, Tokyo, Japan).

2.5. Film Conditioning

The film samples were conditioned (50% RH, 25 °C, 48 h) in a test chamber (MLR-350,
Sanyo Electric Biomedical Co. Ltd., Osaka, Japan).

2.6. Microscopy

The FFSs were examined using an inverted microscope (Olympus CKX53, Tokyo,
Japan), a polarized light microscope LEICA 5500B (Leica Microsystems GmbH, Wetzlar,
Germany), and a scanning electron microscope Carl Zeiss Ultra Plus (Oberkochen, Ger-
many) using a cryogenic technique (cryo-SEM).
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2.7. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy

FTIR tests were carried out using a Thermo Nicolet 8700 FTIR spectrometer (Thermo
Scientific, Waltham, Massachusetts, USA) with a Smart Orbit accessory.

2.8. Water Affinities

The total soluble matter (TSM) was expressed as the percentage of film dry matter
solubilized after immersion in water. The film specimens (4 cm?) were weighed (£0.0001 g)
and shaken with distilled water (25 mL, 30 £ 1 °C, and 170 rpm) using a shaking incubator
(ES-60, MIULAB, Hangzhou, China). Then, undissolved residues taken at different time
points were removed from the water and dried (105 °C, 24 h). The initial dry matter content
of the films, necessary for calculation of the TSM, was determined by drying at 105° for
24 h. Swelling (Sw) was evaluated by immersing the pre-weighed films (4 cm?) in distilled
water (25 mL, 30 = 1 °C, 1 min). The weight of swollen films was measured, after blotting
the surface gently with filter paper until equilibrium was reached. Sw was calculated as
the percentage of water absorbed by the sample. The tests were performed in triplicate.

2.9. Release Test

The film discs (4 cm?) were shaken with distilled water (25 mL, 30 4+ 1 °C, 170 rpm,
4 h) in the shaking incubator. Two hundred and fifty microliters of the release media
samples were taken at different time points and the absorbance was read at 464 nm using a
microplate spectrophotometer (EPOCH 2 Microplate Spectrophotometer, BioTek, Winooski,
USA). The analyses were performed in triplicate. DDSolver, i.e., add-in software for
Microsoft Excel, was used for modeling the AST release kinetics. Ten mathematical models
were chosen to fit the experimental data. The Akaike Information Criterion (AIC) was used
for selection of the optimal mathematical models, which were used for determination of
the quarter- and half-release times (ty59, and tspe,). A lower AIC value indicates a better
fit. The adjusted coefficient of determination (RZadjuSted) values were estimated in order to
present the accuracy of the tp59, and tsge, calculations [24].

2.10. Antiradical Activity

The film discs (4 cm?) were shaken with ABTS reagent (25 mL, 30 £ 1 °C, 170 rpm) in
the shaking incubator. Two hundred and fifty microliters of the mixture samples were taken
at different time points and the absorbance was read at 734 nm using a spectrophotometer
(Lambda 40, Perkin—Elmer, Shelton, CT, USA). The absorbance was measured until the
reaction reached a plateau (3 h). The ability of the films to quench ABTS free radicals was
calculated using Equation (1).

Scavenging% = [1 - (Abs/Absapts)] x 100 @)

where Abs is the absorbance of the sample and Absagrs is the absorbance of the ABTS
solution (0.70 £ 0.05). The tests were performed in triplicate.

The Weibull with Fax (Wb Frax) model was used for determination of quarter- and
half-scavenging times (tz59,apTs and tspy,apTs). The values of the adjusted coefficient of
determination (RZadjuSted) were estimated in order to present the accuracy of the tys59,4pTS
and tsg9, ATs calculations.

2.11. Statistical Analysis

Differences among the data mean values were tested for statistical significance at the
p < 0.05 level using analysis of variance (STATISTICA 13.1, StatSoft Inc., Tulsa, USA) and
Fisher’s test. The data were evaluated using Pearson’s correlation coefficients to identify
relationships between the TSM, the AST release, and the ABTS free radical scavenging
ability.
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3. Results and Discussion
3.1. Microstructure

Microscope images showed good compatibility between the polysaccharides and
GEL (lack of aggregates/complexes) (Figure 1A,B), which agreed with our earlier observa-
tion [12]. As in previous study [12], the control GAR-based FFS had a uniform and smooth
structure, while the WSSP-containing FFS showed a sandy topography (Figure 1B). The
globular nature of the WSSP [25] and their limited solubility were probably responsible for
the grainy microstructure of the WSSP75/GEL25 FFS. The AST-loaded FFSs and, conse-
quently, the films were intensively red (Figure 2). The AST was more uniformly distributed
in the GAR-based system as compared to the WSSP-based FES (Figure 1B). In the latter
carrier, many of the polysaccharide particles were not colorized by AST. It suggests that
the WSSP are poorly wettable, which is partially confirmed by the Sw results (Table 1).
Since the starch system was a carrier of ASX in the AST formulation, the starch granules,
mainly with a diameter of ~ 15-70 um, were observed in the AST-supplemented FFSs,
as evidenced by the presence of Maltese crosses (Figure 1C). The cryogenic treatment of
the FFSs resulted in formation of the porous polymeric scaffolds (Figure 1A). As can be
seen, there were differences in the pore apertures of the control and AST-supplemented
freeze-dried FFSs. It suggests that presence of AST affects process of cryogelation. It is
known that incorporation of additional constituents significantly affects the appearance
of the polymeric cryogels [6,7]. Lower molecular weight monomers are expected to form
larger pores when compared to larger monomers, while an increase in the amount of
reaction constituents raises the rigidity of cryogels, thickness of cryogel walls, and elas-
ticity [26]. Interestingly, it was found that the AST could improve the cryo-cross-linking
ability of the GAR-based FFS (more interconnected pores were formed) while destroying
the structure of the WSSP-based cryo-gel. The observed changes, however, need to be
interpreted with caution since other factors, such as temperature and freezing rate (which
are not always easy to keep the same), as well as fracture-dependent pore orientation
(longitudinal vs. cross-sectional), could significantly affect the quality of the prepared
cryo-gels. The observation of the AST-loaded GAR-based cryo-gel showed that the starch
grains were anchored in the polymeric scaffolds. Since only a small part of the sample was
analyzed using the SEM techniques it was hard to detect and visualize the starch granules
in the WSSP75/GEL25 FFS.

Table 1. Effect of the AstaSana (AST) concentration on pH of film-forming solutions (FFSs), thickness,
and swelling (Sw) of 75/25 blend films obtained from polysaccharides: gum arabic (GAR), water-
soluble soy polysaccharides (WSSP), and gelatin (GEL).

Film AST (%) pH of FFSs Thickness (um) Sw (%)
0 53140018 85.27 £2.77% 499.40 + 25.88 4
0.25 528 +£0.01°F 86.65 +3.752 416.05 + 24.58 ©
GAR75/GEL25 0.5 525+0.01¢ 87.65+3.12° 416.51 £ 20.07 €
1 5.15 4+ 0.00 4 86.96 +£3.80 % 381.66 + 15.49 ¢
0 5.01 +£0.01°¢ 85.53 +£3.84% 301.32 +26.52 P
0.25 491 £0.012 87.09 £2.93° 269.96 + 18.86
WSSP75/GEL25
/ 0.5 4.94 +£0.00° 89.90 £3.77% 262.19 £28.58 2
1 494 4+0.01° 89.02 £2.532 255.86 + 14.63 *

278 Values with the different superscript letters within one column are significantly different (p < 0.05).
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[ —

WSSP75/GEL25 AST 1%

-

GAR75/GEL25 AST 0%

Figure 1. Images of AstaSana astaxanthin (AST)-free and 1%AST-supplemented film-forming so-
lutions examined using the cryo-SEM technique (A) and the light microscope (B). Images of 0.5%
AST-supplemented 75/25 gum arabic/gelatin (GAR75/GEL25) (a) and water-soluble soy polysaccha-
rides/gelatin (WSSP75/GEL25) film-forming solutions (b) taken with the polarizing microscope (C).
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AST 0% AST 0.25% AST 0.5% AST 1%

Figure 2. Images of AST-free and AST-supplemented polysaccharide75/GEL25 films.

WSSP75/GEL25 GAR75/GEL25

3.2. FTIR

The infrared spectra of the control and 1%AST-supplemented films are presented in
Figure 3. The peaks at 3272 cm~! and 3287 cm ™! are attributed to amide A (-OH and/or
~NH,) stretching. The broad absorption band at ~2930 and ~2880 cm ! represents the
stretches in Amide B attributed to the stretching vibrations of asymmetric and symmetric
methyl groups (CHy). The spectra exhibited an intensive absorption at 1646-1633 cm™! cor-
responding to the C=0 stretching vibration in Amide 1 band. The peak at 1695-1630 cm !
is characteristic of the presence of the -CONH, group, which was most likely formed
as the result of the interaction between GEL and polysaccharides [14]. The GAR- and
WSSP-based films exhibited the asymmetric stretching vibration of carboxylate at 1554
and 1556 cm 1, respectively. The set of vibrations (1454, ~1337, ~1240 cm 1, 1148 cm’l) is
associated with hemicelluloses in the films [27]. The FTIR spectra of all samples showed
a strong signal at ~1020 cm ™!, which suggests the presence of the C-N group [28]. Sut-
prisingly, the spectral profiles of the control and 1%AST-supplemented films were similar,
which may be explained by the low amount of AST in the systems. Nevertheless, the
AST-supplemented GAR75/GEL25 film showed a small new peak at 1148 cm ! coming
from v (C-O) stretching vibrations. Moreover, it was found that the presence of AST in
the GAR- and WSSP-based films slightly decreased the intensity of peaks in the region
of 1646-1554 cm~!. In accordance with the present results, previous studies have also
demonstrated a decrease in the intensity of peaks (e.g., at 1634 and 1548 cm~!), which was
attributed to the fact that ASX inhibited electrostatic interactions with regard to amino and
carbonyl groups within the composite chitosan/GEL film [29].

To date, limited data are available on the possible interactions of the water-soluble
ASX with biopolymers. This study was unable to demonstrate the interaction mechanisms
between the ASX and the polysaccharide/GEL binary complexes on the molecular level.
Nevertheless, based on the fluorescence spectra, the specific interactions between natural
ASX and biopolymers (mainly proteins) has been suggested. According to Li and Yan [30],
the major part of the action force between ASX and ovalbumin are hydrophobic interactions.
In turn, ASX binding to the oleic acid-loaded bovine serum albumin (BSA) complexes
is mainly through hydrogen binding and van der Waals interactions [31]. Results of
thermodynamic investigations conducted by Li and Li [32] suggested that hydrophobic
forces and electrostatic attraction have a significant role in the interaction between ASX
and the proteases.
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Figure 3. ATR-FTIR spectra of AST-free and 1%AST-supplemented GAR75/GEL25 (a) and
WSSP75/GEL25 films (b).

In conclusion, methods other than FTIR should be used in order to get better insight
into the possible AST-carrier interactions.

3.3. pH, Film Thickness, and Water Affinities

The GAR-based FFSs exhibited higher pH values than the FFSs based on WSSP
(Table 1). This result agrees with previous findings [14] and can be explained by the
presence of free carboxyl groups of D-glucuronic acid and 4-O-methyl D-glucuronic acid
residues in the GAR [33]. As shown by Daoub et al. [34], the pH values for GAR are in
the range from 4.45 to 4.94. According to the previous observations [14], the addition of
GEL into GAR-based FFS results in reduction of acidity, which explains the pH values
(5.15-5.31) observed in this study (Table 1). The incorporation of AST caused acidification
of the FFSs. Since the pH of the commercial ASX formulations ranges from 4.50 to 5.00 [35]
(i.e., is very similar to the GAR- and WSSP-based FFSs), only a slight decrease in pH was
observed.

Since a constant amount of total solids (0.0125 g/cm?) was placed on the tray (i.e.,
with increasing the AST content, the smaller amount of FFSs was cast), the thickness of the
films with and without AST was the same (p > 0.05, Table 1).

The analysis of water affinities (Table 1, Figure 4) demonstrated that the WSSP75/GEL25
film (less swellable and soluble) was less hydrophilic than the GAR-based carrier. As
shown by Madea and Nakamura [36], WSSP contains higher hydrophobic peptide levels
than GAR, which may affect its dissolution behavior. Due to the elevated incubation
temperature (30 °C), the control GAR- and WSSP-based films were completely soluble after
10 and 30 min, respectively. In turn, the previous study [14] demonstrated that, at a lower
dissolution temperature (25 °C), the TSM values of these films were ~82%. The temperature-
dependent solubility of GEL (melting point ~ 32 °C [37]) was likely responsible for the
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100% dissolution of the films. The presence of AST in the films reduced the solubility
(Figure 4) and the Sw ability (Table 1). There are several possible explanations for this
result. It is possible that, due to the presence of starch granules in the films (Figure 1), the
water molecules with difficulty penetrated the blend polymeric network. Therefore, as the
AST concentration increased, the Sw of the films tended to decrease (Table 1). Additionally,
other components of the AST formulation may have developed hydrogen bonds with
the bi-polymeric network, which hindered formation of polymer-water hydrogen bonds,
resulting in a limited ability to absorb water.

100 a
80
60
E —8-AST 0% —8—AST 0.25%
= 40
—te—AST 0.5% i AST 1%
20
0
100
a0
SE' 60
=
2 a0
20
0

0 0017 0041 0083 017 05 1 15 2 3 4
Time (h)

Figure 4. Kinetics of total soluble matter (TSM) of GAR75/GEL25 (a) and WSSP75/GEL25 films (b)
loaded with increasing AST content.

3.4. Release of ASX

The elevated temperature (30 °C) was used to accelerate AST release from the films.
This decision was made based on the preliminary study, which showed that the migration
of AST from the carriers at 25 °C was incomplete although the compound was released
for several days. The cumulative (mg/ cm?) amounts of AST released from the GAR- and
WSSP-based carriers are shown in Figure 5. In turn, Figure 6 presents the percentage of
AST release. For both carriers, the lag times (Ty,g) of the AST release were observed. The
WSSP75/GEL25 film ensured a longer Ty, (thus, slower release) than the GAR-containing
carrier (Figures 5 and 6). The values of t5ge,, calculated according to the best fitting kinetic
models, showed that the WSSP75/GEL25 film exhibited ~4 times slower release compared
to the GAR-based film (Table 2). Nevertheless, depending on the AST concentration, c.a.
95-97% and 77-99% of the AST was finally released from the GAR- and WSSP-based films,
respectively.
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Figure 5. Kinetics of cumulative release (mg/cmz) of AST from GAR75/GEL25 (a) and
WSSP75/GEL25 films (b).
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Figure 6. Kinetics of percentage release of AST from GAR75/GEL25 (a) and WSSP75/GEL25 films (b).
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Table 2. Times required for 25% (tp59,) and 50% (tsp9,) AST release from 75/25 blend films obtained from polysaccharides:
gum arabic (GAR), water-soluble soy polysaccharides (WSSP), and gelatin (GEL). The quarter- and half-scavenging times

(to59%aBTS and tspe,apTs) Of the films are shown.

. 0 . . . trs0, * ts09, *

Film AST (%) ty50, (min) ts09, (min) R?, justed Zs(inAi];T)S 50(/11‘:;:35

0 nd nd nd. 4210 120.76

0.25 11.28 14.64 0.999 (Lo2) 7.51 101.47
GAR75/GEL25 0.5 10.2 21.72 0.992 (K-P Tlag) 0.64 1.94
1 26.46 34.02 0.993 (Pr2) 0.22 0.53

0 nd nd nd. 31.23 101.01

0.25 31.68 65.16 0.988 (K-P Tlag) 12.94 54.95

P75/GEL2

WSSP75/GEL25 0.5 48.48 78.60 0.989 (Go9) 2.34 30.21
1 87.54 142.80 0.983 (Ho) 091 1.23

(K-PTlag) ghtained from the Korsmeyer—Peppas with Tiag model. (Ho) gbtained from the Hopfenberg model. °2) obtained from the Logistic
2 model. (5°4 obtained from the Gompertz 4 model. *2) obtained from the Probit 2 model. ~ the goodness of fit of the models. * data
obtained from the Weibull with Fpax model (R? = 0.990-1.000). n.d.—no data.

Generally, the release of an active substance from a polymer matrix can be categorized
in three main processes: (i) diffusion from a non-degraded polymer (diffusion-controlled
system); (ii) enhanced drug diffusion due to polymer swelling (swelling-controlled system);
(iii) release via polymer degradation and erosion (erosion-controlled system) [38]. Since
the carriers used in this study were fully water soluble (at 30 °C), it can be concluded
that the AST release was mainly controlled by an erosion-driven process. Therefore, the
less erodible character of the WSSP-containing film was probably responsible for the
delayed AST release. As can be seen from Table 3, there was a high positive correlation
(R? = 0.70-0.96) between the TSM and AST release.

Table 3. Correlation (R? *) between total soluble matter (TSM) and cumulative AST release (mg/ cm?)
and correlation (R? **) between cumulative AST release (mg/ cm?) and antiradical activity of the
GAR?75/GEL25 and WSSP75/GEL25 blend films.

Film AST (%) R?* R2 **

0.25 0.93 0.87

GAR75/GEL25 0.5 0.96 0.83
1 0.91 0.34

0.25 0.89 0.93

WSSP75/GEL25 0.5 0.88 0.89
1 0.70 0.72

All formulations 0.89 0.47

There is, however, other possible explanation for the delayed release of AST from the
WSSP-based carrier. It is known that drug release depends on the branching architecture
of the polymers [39]. The atomic force microscopy revealed that WSSP has more highly
branched star- or comb-shaped structures in comparison with GAR [40]. In this way, the
slower release of AST from the WSSP-based film may be related to stronger physicochemical
entrapment of the carotenoid in the matrix with a higher branching degree.

In general, there is a negative correlation between the drug release rate and the matrix
swelling rate [41], mainly because a gel network in the swollen state entraps the drug and,
thus, increases its diffusion pathway. Nevertheless, in this study, the release of AST from
the more swellable matrix system (GAR-based film) was faster than from the less swellable
WSSP-based film. It confirms that the matrix swelling was less involved in the AST release.
A possible explanation for this might be that at 30°C the swelling of the thin-film carriers
was slower than their erosion.
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Generally, the increase in the AST concentration resulted in a slower release rate, as
indicated by comparison of the t5p, values (Table 2). This trend reflects the solubility
behavior of the films; i.e., as the AST content increased, the samples tended to be less
soluble.

3.5. Mathematical Modeling

In this study, ten mathematical equations (Table S1) were used to determine the
kinetics of the AST release from the films (Figures 7 and 8). The identification of the
best fitting models with the use of AIC is presented in Table 52, while the parameter
values obtained from the mathematical modeling are shown in Table S3 and Table S4.
It was impossible to fit one optimal model to describe the migration of AST from the
particular carrier types (Table S2). As can be seen from Figures 7 and 8, the WSSP-based
carrier had a more linear release profile than the GAR-containing film. Consequently, the
Zero-order (Z-O) and Z-O with T}, models had a quite good prediction accuracy for
this carrier (Figure 7). The Z-O model describes the system in which a drug is released
at a constant rate. Therefore, it can be concluded that the WSSP75/GEL25 carrier may
be useful as an extended-release AST system. In particular, the 1% AST-supplemented
WSSP75/GEL25 film has the best potential for controlling AST release. According to the
Korsmeyer-Peppas with T, model (K-P with Tj,g), AST in this system was transported via
a non-Fickian system (n value between 0.5 and 1), suggesting coupling of the diffusion and
erosion release mechanisms (anomalous diffusion). In the non-Fickian type, the swelling
or polymeric chain or relaxation is the governing release mechanism, and the migration
kinetics obeys the Z-O equation. In the case of the other films, the n values were below
0.5 (n = 0.006-0.451), which was indicative of a quasi-Fickian-controlled mechanism [42].
This suggests that diffusion was the dominant mechanism of AST release from most of
the samples. This finding is consistent with that reported by Colin-Chavez et al. [43], who
analyzed diffusion of natural ASX from polyethylene active packaging films into ethanol.

3.6. Antioxidant Properties

Various encapsulating agents have been recently proposed as delivery systems for
ASX [44]. It was found that encapsulation of ASX in biopolymers protects it from degrada-
tion and improves its bioaccessibility and bioavailability. So far, limited data are available
on the effect of biopolymers on the antioxidant activity of ASX. Figure 9 presents the
kinetics of the free radical scavenging capacity of the films. Both the bi-polymeric carriers
exhibited quite good antiradical activity (Figure 9). The comparison of the T)s5¢,ApTs val-
ues of the control films revealed that the WSSP75/GEL25 carrier had higher antioxidant
potential than the GAR75/GEL25 film (31.23 vs. 42.10 min, Table 2). Some authors link
the antioxidant activity of polysaccharides to the bounded protein fraction [45,46]. Follow-
ing this understanding, it may be assumed that GEL (in spite of its lower concentration
in the films) had a greater contribution to the antiradical potential of the carriers than
polysaccharides. Numerous studies showed that GEL films exhibited fine antiradical activ-
ity [47,48]. The antioxidant properties of proteins are closely related to specific amino acids
and/or their sequences, structure, and hydrophobic properties. As reported by Nurilmala
et al. [49], fish skin gelatin has higher levels of antioxidants than meat protein due to
the high concentration of glycine and proline, which are able to donate electrons, thus,
neutralizing free radicals.
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Figure 7. Fraction (F) of AST released from polysaccharide75/GEL25 films according to the Zero-
order (Z-O), Zero-order with Tj,g (Z-O Ti,g), Korsmeyer-Peppas with Ty,g (K-P Tag), Hopfenberg
(Ho), Makoid-Banakar with Thag (M-B Tlag), and Peppas—Sahlin 1 with Tag (P-S Tlag) models; experi-
mental (exp) and model predicted data (mod pre).
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Figure 8. Fraction (F) of AST released from polysaccharide75/GEL25 films according to the First order
with Frax (F-O Fmax), Logistic 2 (Lo 2), Gompertz 4 (Go 4), and Probit 2 (Pr 2) models; experimental
(exp) and model predicted data (mod pre).

A dose-dependent relationship was found between the ABTS*" scavenging activity
and the AST content in the films (Figure 9). The addition of AST more efficiently increased
the antioxidant potential of the GAR-based film than the WSSP-containing film. Initially
(up to 30 min), the GAR-based systems (regardless of the AST concentration), exhibited
stronger antioxidant potential than the WSSP-based films, as evidenced by their lower
ta50,ABTS Values (Table 2). This result reflects the AST release profiles (Figure 5), i.e., the
faster release rate of the GAR-based film (Figure 6) resulted in stronger antioxidant activity
(Figure 9). The data obtained for the longer incubation periods showed that this behavior
was noted only for the 0.5 and 1% AST-supplemented films (Figure 9). Surprisingly, the
0.25% AST-supplemented WSSP-based system exhibited higher antioxidant activity than
the GAR-containing film. It is difficult to explain this result, but it might be related to
the fact that the control WSSP-based carrier had natively higher antioxidant potential
compared to the GAR-based film. In the case of most systems (with the exception of the
1% AST-supplemented GAR-based film), a high positive correlation was found between
the antioxidant activity and cumulative AST release (R2 = 0.72-0.93; Table 3). Interestingly,



Polymers 2021, 13, 1062

15 0of 18

weaker correlations between the data were found as the AST concentration increased. It
can be assumed that other antioxidants (DL-x-tocopherol and sodium ascorbate) present in
the AST formulation altered the antioxidative capacity of the films, especially the systems
containing the highest AST load.
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Figure 9. Kinetics of antioxidant activity of GAR75/GEL25 (a) and WSSP75/GEL25 films (b) loaded
with increasing AST content.

4. Conclusions

One of the most important characteristics of biopolymers is the possibility to act as
carriers to ensure controlled release active of substances. Polymer selection provides the
easiest approach by which the active compound migration can be adjusted to the specific
needs. The branched polymer systems have the potential to overcome the issues facing
immediate-release. As expected, the concept of blending GEL with different branched
polysaccharides was found useful in the development of delayed release carrier systems
exhibiting a period without AST release (time lag). The WSSP-based carrier (less erodible
in water) ensured higher AST trapping efficiency than the GAR-based film (more erodible).
Since the WSSP-based carrier demonstrated more proportional AST release rate (close to
the Z-O kinetics), it can be assumed that, when this active system is applied in foods (high
in moisture content) in the form of coating, casing, or wrap, the AST will persist on the
food surface for an extended period of time. The partial immobilization of antioxidant in
the packaging material is beneficial since many foods oxidize primarily on the surface.

Likely due to the increasing number of starch granules (from the AST formulation)
in the film matrix, the increase in the AST concentration was accompanied by gradually
reduced solubility and, consequently, reduced the release rate. This implies that native
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starch, acting as a potential binder and / or dissolution blocking agent, is helpful in retarding
AST release.

A further study should assess the effect of AST on the optical, mechanical, and barrier
properties of the obtained films to provide a more useful guide in establishing the best
compromise between conflicting demands for film properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13071062 /51, Table S1: Mathematical models used to describe the dissolution curves [24],
Table S2: Comparison of AIC values obtained from fitting experimental data to the different release
models, Table S3: Parameters obtained from fitting experimental data to the release models with the
Fmax parameter, Table S4: Kinetic parameters obtained from modeling without the Fiax parameter.
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Table 1. Mathematical models used to describe the dissolution curves [24].

Model. Equation Parameters
Zero—order (Z-O) F=kyt ko
Zero—order with Tiag (Z-O Tiag) F=ky- (t—Tyy) ko, Tiag
First order with Fmax (F-O Fmax) F=Fpa - (1—eF1t) ki, Finax
Korsmeyer-Peppas with Tiag (K-P Trag) F=kgp - (t— Tlag)n kxp, 11, Tiag
Hopfenberg (Ho) F=100 - [1— (1 —kyg-t)"] kus, n

Makoid-Banakar with Tig (M-B Tiag) F =kyp - (t = Tiag)" - Exp[—k - (t = Tigy)]

kms, 1, k, Tiag

Peppas-Sahlin 1 with Tiag (P-S Tiag) F=ky(t=Tag)" +ky (t=Tigg)""

kl, kZ, m, Tlag

. L. [ea+ﬁ-log(t)]
Logistic 2 (Lo 2) F

= Fnax —1 n ea+[?-log(t) a, ﬁ, Fmax
Gompertz 4 (Go 4) F=F,, -eF" k, B, Fmax
Probit 2 (PI' 2) F = Fmax : q)[a + ﬁ ' 10g(t)] a, ﬁ, Finax

(t-Ti)P

Weibull with Fmax (Wb Fmax) F = Fmax . [1@ a ]

a, B, Ti, Fpax

F is the fraction (%) of drug released in time ¢.
kO is the Zero-order release constant
Tl is the lag time prior to drug release
k1 is the First-order release constant

Fuax is the maximum fraction of the drug released at infinite time

kkp is the release constant incorporating structural and geometric characteristics of the drug-dosage form; n is the diffusional exponent indicating the drug-release mechanism

kus is the combined constant in Hopfenberg model, kus= ko/(Co x ao), where ko is the erosion rate constant, Co is the initial concentration of drug in the matrix, and ao is the initial radius

for a sphere or cylinder or the half thickness for a slab; 1 is 1, 2, and 3 for a slab, cylinder, and sphere, respectively

kums, n, and k are empirical parameters in Makoid-Banakar model (kms, 1, k > 0)

k1 is the constant related to the Fickian kinetics; k2 is the constant related to Case-II relaxation kinetics; m is the diffusional exponent for a device of any geometric shape which inhibits

controlled release



a is the scale factor in Logistic 1 and 2 models; 8 is the shape factor in Logistic 1 and 2 models
B is the scale factor in Gompertz 4 model; k is the shape factor in Gompertz 4 model
@ is the standard normal distribution; a is the scale factor in Probit model; § is the shape factor in Probit model

a is the scale parameter which defines the time scale of the process; f is the shape parameter which characterizes the curve as either exponential (§ = 1; case 1), sigmoid, S-shaped, with
upward curvature followed by a turning point ( > 1; case 2), or parabolic, with a higher initial slope and after that consistent with the exponential (§ < 1; case 3)

Ti is the location parameter which represents the lag time before the onset of the dissolution or release process and in most cases will be near zero

Table 2. Comparison of AIC values obtained from fitting experimental data to the different release models.

Film ‘?‘/S)T IF:mO Lo2 Go4 Pr2 ZO ZOTugKPTa Ho M-BTus P-STig Best fit
025 17526 86.82 8741 89.11 22256 22256 137.44 129.030 139.039 138932 Lo2

GAR75/GEL25 05 168.83 13828 139.56 139.18 21526 21526 125.69 174.424 127.434 127.607 K-P Tisg
1 18033 129.37 127.75 127.47 216.02 216.02 151.965 154.789 181.196 143.119 Pr2

025 14935 143.80 154.43 14147 176.89 176.89 133.377 146.982 133.939 135.041 K-P Tisg

WSSP75/GEL25 0.5 15490 12674 124.75 127.73 178.98 178.98 150.131 155.017 127.992 130.596 Go 4

1 168.53 14245 141.21 144.66 160.14 160.14 150.706 137.260 139.295 152.451 Ho

Table 3. Parameters obtained from fitting experimental data to the release models with Fmax parameter.

F-O Fax Lo2 Go 4 Pr2

Film AST (%) ki

(1/min)

025 13286 100.539 4.860 3.776 101.227 21.933 2.569 100.288 2927 2258 100.750

CMC75/GEL25 05 15.049 97169 4.129 2991 98.744 22563 2233 96934 2535 1826 97994
1 10.310 100.207 4.108 3.471 101.475 17.391 2511 99.841 2473 2.072 100.817

025 1938 64.609 3.486 8218 62397 6.621 8717 62.033 2051 4832 62219

OSA75/GEL25 05 2970 49.637 5404 7.753 48.157 13.556 10.120 47.818 3.263 4.677  48.025
1 2392  36.161 7706 14.278 34.698 14.686 45.899 34.682 4449 8.179 34.667

Fiax o ﬁ Fax k ﬁ Fax o ‘B Fax




Table 4. Kinetic parameters obtained from modeling without Fmax parameter. .

Film

AST Z-0 Z-0 Tlag Ho K-P Tlag M-B Tlag P-S Tlag

(%)

ko ko Tug  kus n kxp n Twg  kums n k  Tiug k1 k2 m  Tig

CMC75/GEL
25

0.25

0.5

37266 21665 _1486 4.379 2.354 97.2820.0510.050114.028 0.173 0.107 0.017 184.585 _8%'13 0.2640.017

35492 21621 _1(')75 0.006 2238'48 93.3190.082 0.017 106.377 0.148 0.080 0.017 174.082 _7&;80 0.2380.017

35.71 26.42 —0.88
3 1

74.3

1.092 8.920 95.5430.079 0.050 115.907 0.225 0.130 0.017 175.899 8 1 0.3070.016

OSA75/GEL
25

0.25

0.5

30;1 28%36 _0%22 0.000 50411'12 59.3270.067 0.330 69.974 0.2150.1200.319 106.128 _4i'16 0.3100.313

25%51 23535 _0423 0.000 20456'78 45.3490.077 0.170 58.819 0.396 0.203 0.091 68.554 _212'62 0.1030.170

24i11 27.09 0.277 0.000 1773'11 34.396 0.026 0.330 35.823 0.060 0.029 0.328 63.175 _2%35 0.1490.320
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ARTICLE INFO ABSTRACT

Keywords: The effect of increasing concentrations (0, 0.25, 0.5, 1%) of commercial water-soluble AstaSana astaxanthin

Polysaccharides (AST) on the physicochemical properties, release kinetics and antioxidant activity of binary 75/25 carbox-

id‘ble ﬁl}:‘?S ymethyl cellulose/gelatin (CMC75/GEL25) and octenyl succinic anhydride starch/gelatin (OSA75/GEL25) blend
staxanthin

films was investigated. The microscopic observations showed that the obtained blends were phase-separated
systems. Regardless of the AST concentration, the CMC-based films were more opaque, stronger, and less
stretchable than the OSA-based films. The AST-supplemented films exhibited an intensive red color. The starch
granules (from the AST formulation) contributed to high roughness and opacity of the films. The presence of AST
contributed to a significant decrease of the puncture strength and oxygen permeability of the CMC-based film.
The AST-supplemented films did not differ in terms of the water vapour barrier properties. Due to the low
quantity of astaxanthin in the systems, the Fourier-transform infrared spectra of the control and AST-
supplemented films were similar. The increase in the AST concentration was accompanied by reduced solubil-
ity and increased swelling of the OSA-based films, while an opposite result was observed for the CMC-based
films. According to the Korsmeyer-Peppas with time lag model, the AST release kinetics exhibited quasi-
Fickian behaviour. Due to their weaker solubility, the OSA75/GEL25 films offered at least 7 times slower
release of AST than the CMC-based carrier. The times required for 25% AST release from the CMC75/GEL25 and
0SA75/GEL25 films were 1.20-1.74 and 12.60-20.04 min, respectively. A high positive correlation (R? =
0.78-0.91) was found between the AST release and antiradical activity of the films.

Release kinetics
Antioxidant activity

1. Introduction

The dynamic development of the packaging market is closely related
to the necessity of extension of the shelf life of food products in response
to the demands of both producers and consumers. Hence, efforts are
being made to expand the functions of traditional packaging, e.g.
through fortification thereof with food preservatives whose action and/
or release from the packaging take place in a controlled manner.

The depletion of crude oil resources generates increasing pressure
from environmentalists aimed at the replacement of plastic packaging
with materials made of natural biodegradable polymers. Cellulose and

* Corresponding author.
E-mail address: dariusz.kowalczyk@up.lublin.pl (D. Kowalczyk).

https://doi.org/10.1016/j.foodhyd.2021.107179

starch are abundant and cheap biopolymers that can serve as more eco-
friendly alternatives to synthetic polymers. Both these polymers have
numerous derivatives with modified functionalities, which can be used
to produce packaging materials with desired properties. Films produced
from cellulose derivatives (e.g. carboxymethyl cellulose (CMC), meth-
ylcellulose, or hydroxypropyl methylcellulose) are highly transparent,
mechanically strong, and easily soluble in water (Bourtoom, 2008). In
turn, hydrophobised starch, such as octenyl succinic anhydride starch
(0SA), is an effective film-forming emulsifier and encapsulation agent
for active substances (Ackar et al., 2015; Lupina, Kowalczyk, & Dro-
ztowska, 2020).
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Polymer blend composites are versatile materials offering synergism
in properties for a wide array of phenomenal applications, including
packaging and controlled release purposes. Previous studies (Kowalc-
zyk, Kordowska-Wiater, et al., 2020; Kowalczyk, Pytka, et al., 2020;
Lupina et al., 2020) have shown that a combination of some poly-
saccharides and gelatin (GEL) yields materials with improved properties
and modified profiles of active compound release. For instance, the
CMC/GEL films offered the quick release of active substances (‘burst
effect’) (Kowalczyk, Pytka, et al., 2020). In turn, the OSA/GEL blend
system ensured the encapsulation of active compounds through the
formation of complex coacervates (Zhao et al., 2019).

Since food products contain many oxidation-susceptible substances,
packaging materials with incorporated antioxidants arouse great inter-
est. Carotenoids are pigments that perform a variety of critical functions
in plants including the protection against photooxidative processes
(Stahl & Sies, 2003). For industry needs, carotenoids are obtained by
chemical synthesis or extraction from plants or algae. Natural caroten-
oids exhibit low stability, variable dye composition (it is not easy to
standardize their color), the specific taste and smell, and auxiliaries.
These disadvantages can be avoided by the use of synthetic dyes, which
exhibit significantly higher resistance and dye strength. In addition,
chemical synthesis does not require a large amount of raw material. Of
the nearly 700 naturally occurring carotenoids, only a few (lycopene,
canthaxanthin, astaxanthin (ASX), p,B-carotene, f-apo-8'-carotenal,
B-apo-8'-carotene, and cytranaxanthin) are synthesized on an industrial
scale (Bogacz-Radomska & Harasym, 2018). Among them especially
ASX is gaining enormous popularity because of reports on its multidi-
rectional biological activity, in particular the high antioxidant effect,
which (in the case of natural ASX) can be up to 100 times greater than
that of a-tocopherol (Ambati, Moi, Ravi, & Aswathanarayana, 2014).

ASX (3,3'-dihydroxy-p,p’-carotene-4,4’-dione) comprises a non-polar
polyene carbon chain terminated on both sides by p-ionone rings. The
structure of the pigment is very similar to that of other carotenoids;
however, the presence of hydroxyl and ketone groups in each ring is
responsible for its partially hydrophilic nature. Its polar ends provide the
molecule with esterification capacity, an affinity for phospholipids, and
higher antioxidant activity. The specific polar-non-polar structure of
ASX is analogous to the structure of the cell membrane, which facilitates
the removal of reactive oxygen species and free radicals both on the
outer and inner membrane surface (Santos-Sanchez, Hernandez-Carlos,
Torres-Arino, & Salas-Coronado, 2020). The ASX molecule has two
asymmetric carbon atoms in positions 3,3 of the f-ionone ring; hence,
the pigment can exist as two enantiomers (3R, 3'R, and 3S, 3'S) and a
meso compound (3R, 3'S) (Ye, Fan, Keen, & Han, 2019). The thirteen
conjugated double bonds present in the ASX molecule are responsible for
its red colour and, to some extent, for its antioxidant activity (Higuer-
a-Ciapara, Félix-Valenzuela, & Goycoolea, 2006; Santos-Sanchez et al.,
2020).

Microalgae (mainly Haematococcus pluvialis) is expected to be one of
the largest and fastest-growing natural sources of ASX. These organisms
are at the base of the food web of marine species; hence, the pigment is
eventually accumulated in tissues of various fish species (salmon, trout,
red bream) and crustaceans (shrimp, lobster). Natural ASX is highly
susceptible to degradation during processing and storage, i.e. it is
decomposed upon contact with oxygen, light, low pH, some enzymes, or
certain food ingredients (Liu, Zhang, McClements, Wang, & Xu, 2019).
ASX degradation has been reported to be reduced by the addition of
other antioxidants (Martinez-Delgado, Khandual, & Villanue-
va-Rodriguez, 2017). Meléndez Martinez, Vicario Romero, and Heredia
Mira (2004) have found that carotenoids are better preserved in
tocopherol- and vitamin C-containing foods; hence, the presence of these
antioxidants in ASX-rich formulations seems to be advisable. A com-
plimentary form of ASX protection against degradation is microencap-
sulation (e.g. in the chitosan matrice, OSA/GEL coacervates,
polymer-based nanospheres, emulsions, and liposomes) or formation
of complexes with p-cyclodextrins.
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Despite the possibilities of enhancing the stability of the natural ASX,
the most serious obstacle preventing its industrial-scale application is
associated with its high production costs. The market value of natural
ASX varies usually from $2500-7000/kg, while synthetically derived
ASX costs around $1000/kg (Panis & Carreon, 2016). Additionally, the
natural ASX is very poorly soluble in water, which also considerably
limits its application. Natural and synthetic ASX is not exactly the same,
as they differ in the esterification degree and stereochemistry. Currently,
two forms of synthetic ASX can be produced: disodium disuccinate ASX
(DDA) and Cardax’s proprietary ASX prodrug (CDX-085). DDA is a
mixture of three isomers. This form is used in studies on cardiovascular
system diseases. It can be served by the oral or intravenous route and its
advantage is good water solubility. The CDX-085 ASX has better
dispersion in water and greater bioavailability than the DDA. The
modified structure makes synthetic ASX much more convenient for
commercial use. However, a significant drawback of chemically pro-
duced ASX is its lower antioxidant activity, in comparison with that of
the natural pigment. It also raises controversial issues related to the
production technique thereof (Capelli, Bagchi, & Cysewski, 2013).
Nevertheless, it is estimated that the synthetic compound accounts for
approximately 95% of ASX contained in various types of formulations
available on the global market (Panis & Carreon, 2016; Shah, Liang,
Cheng, & Daroch, 2016; Sieradzka & Kotodziejczyk-Czepas, 2016). ASX
is available in the form of biomass, oils, extracts, powders, capsules,
gels, and tablets (Ambati et al., 2014).

Both natural and synthetic ASX has been assessed for safety and
found safe for human consumption in a number of jurisdictions and in
various regulatory categories (Brendler & Williamson, 2019). European
Food Safety Authority (EFSA) estimated the acceptable daily intake of
natural ASX at 0.034 mg/kg body weight, i.e. approximately 2 mg per
day for an adult with a bodyweight of 60 kg (an analogous dose was
established for synthetic ASX) (EFSA, 2014).

So far, limited studies were conducted on the fabrication of ASX-
added packaging materials. Colin-Chavez, Soto-Valdez, Peralta,
Lizardi-Mendoza, and Balandran-Quintana (2013b) incorporated Aztec
marigold (Tagetes erecta) extract (source of ASX) into the polyethylene
active packaging films in order to assess the ASX migration into a fatty
food stimulant (95% ethanol) at different temperatures (10, 23, 30, and
40 °C). As expected, the increase in temperature resulted in higher ASX
diffusion coefficients. In another study, Gomez-Estaca, Calvo,
Sanchez-Faure, Montero, and Gomez-Guillén (2015) obtained the
shrimp muscle protein film incorporated with an oil extract of shrimp
wastes (source of ASX). The active film exhibited a faster release of
carotenoids and, consequently, higher antioxidant activity as compared
to the films containing tomato extract (source of lycopene) or f-caro-
tene. Furthermore, ASX showed the slowest degradation during storage.
The addition of the extract caused a significant improvement of water
vapour barrier properties of the film, but at the same time worsening the
opacity, which was due to the presence of the emulsified lipid phase in
the film matrix.

In this study, synthetic ASX was used not only to reduce the costs of
active film production but also to avoid incorporation of the solvent (oil)
into biopolymer carriers, which could prevent the formation of coherent
films or yielded emulsion materials with reduced functional properties.
Therefore, a commercial AstaSana™ 5% CWS/S-TG (AST) formulation
containing water-soluble ASX was used in the experiments. The main
objective of this study was to characterise the physicochemical, release
and antioxidant properties of binary 75/25 carboxymethyl cellulose/
gelatin (CMC75/GEL25) and 75/25 octenyl succinic anhydride starch/
gelatin (OSA75/GEL25) blend films supplemented with increasing
concentrations (0, 0.25, 0.5, 1%) of AST. The release properties are
discussed in terms of the microstructure and water affinities (dissolution
and swelling) of the films.



K. tupina et al.

2. Materials and methods
2.1. Materials

The following commercial food-grade biopolymers were used in this
study: sodium CMC WALOCEL CRT 30 GA (with substitution degree of
0.82-0.95; Dow Wolff Cellulosics, Germany), starch sodium octenyl
succinate Purity Gum® 2000 (Ingredion, Germany), and pork GEL (with
bloom strength of 240; McCormick-Kamis S.A., Poland). AstaSana™ 5%
CWS/S-TG (containing astaxanthin, modified food starch, corn starch,
glucose syrup, sodium ascorbate, and DL-a-tocopherol) was gifted by
DSM Nutritional Products (Netherlands). Glycerol and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were
purchased from Sigma Chemical Co. (USA).

2.2. Film preparation

Films were obtained from aqueous solutions containing the poly-
saccharide/GEL blend (5% w/w), glycerol (1% w/w), and increasing
amounts of AST (0.25, 0.5, 1% w/w). The film-forming solution (FFS)
without added AST served as the control. Powder blends of poly-
saccharides with GEL at the ratio of 75/25 were mixed with water and
glycerol and then heated in a water bath at 90 °C for 1 h with constant
stirring. The FFSs were allowed to cool (to ~40 °C) and the AST was
subsequently added (Fig. 1). The degassed FFSs were placed on the
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polycarbonate trays with an area of 144 and 4 cm?. A constant amount of
total solids (0.0125g/1 sz) was placed on the trays in order to maintain
film thickness. The FFSs were dried at 25 + 2 °C and 50 + 5% relative
humidity (RH) for 24 h. The films were peeled from the trays, cut into
sample pieces, and conditioned.

2.3. pH

A glass electrode (Elmetron ERH-11S, Poland) connected to a pH
meter (Elmetron CPC 401, Poland) was used for measurement of pH of
the FFSs at 40 °C. The tests were performed in triplicate.

2.4. Film thickness and conditioning

The thickness of the film samples was determined using a 547-401
ABSOLUTE digimatic thickness gauge (Mitotuyo, Japan). The samples
were conditioned (50% RH, 25 °C, 48 h) in a test chamber (MLR-350,
Sanyo Electric Biomedical Co. Ltd., Japan).

2.5. Microscopy

The morphology of the FFSs was examined using an inverted mi-
croscope (CKX53, Olympus, Japan) at 40 °C as well as a Carl Zeiss Ultra
Plus scanning electron microscope (Oberkochen, Germany) using a cryo-
scanning electron microscopy (cryo-SEM). Additionally, the 1% aqueous

Powder blends:
CMC (3.5g) + GEL (1.59)

Powder blends:
OSA (3.5¢9) + GEL (1.59)

€——— H,0(93-94g) ——>
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f—

-

-

Shaking + Heating (90°C, 1h)

v

v

Cooling (to ~40°C)

AST
(0g, 0.25¢g, 0.5g, 19)

Shaking + Degassing
+ Casting + Drying

v

v

Films:
CMC75/GEL25 AST 0%
CMC75/GEL25 AST 0.25%
CMC75/GEL25 AST 0.5%
CMC75/GEL25 AST 1%

Films:
OSA75/GEL25 AST 0%
OSA75/GEL25 AST 0.25%
OSA75/GEL25 AST 0.5%
OSA75/GEL25 AST 1%

Fig. 1. Schematic diagram showing the procedure for obtaining the 75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25) and 75/25 octenyl succinic anhydride

starch/gelatin (OSA75/GEL25) blend films.
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solution of AST was observed using these microscopes and a polarised
light microscope LEICA 5500B (Leica Microsystems GmbH, Germany).
Moreover, SEM was used for inspection of the surface of the AST
powder.

2.6. Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR)
Spectroscopy

ATR-FTIR tests were carried out by using a Thermo Nicolet 8700
FTIR spectrometer with a Smart Orbit accessory.

2.7. Color and opacity

Lightness (L*), chroma (C*), and hue angle (h) of the film samples (1
x 4 cm) were measured with a colorimeter (NH310, 3nh, China) on the
white background (L* = 93.84, C* = 10.42, h = 271.96°). The opacity
(Op) of the film samples (1 x 4 cm) was measured at 600 nm using a
spectrophotometer (Lambda 40,Perkin-Elmer, USA), and calculated
with the following formula (Han & Floros, 1997):

Op = A600 /x (1)

where Agqg is the absorbance at 600 nm and x is the film thickness (mm).
The optical analyses were performed in fivefold.

2.8. Mechanical properties

The mechanical properties of films were evaluated using a TA-XT2i
texture analyzer equipped with a 50 kg load cell (Stable Micro Sys-
tems, UK). A steel ball-ended (2 mm diameter) probe was moved
perpendicularly at the film surface at a constant speed (1 mm s~ ) until it
passed through the film. The puncture strength (PS, MPa) was calculated
by Eq. (2):

PS= F/A 2)

were F is the maximum force (N) and A is the cross-sectional area of
the probe (films thickness x diameter of the opening of film holder,
mmz).

A puncture deformation (PD, mm) was read at the sample breaking
point.

2.9. Contact angle (CA)

The water wetting properties of the samples were measured using a
goniometer (Phoenix Mini, Surface Electro Optics, Korea). A droplet of
distilled water was deposited on the film surface. The CA measurements
were carried out on the “air-side” of the films. The measurements were
performed at least three times at random positions on samples.

2.10. Swelling (Sw) and total soluble matter (TSM)

Sw was evaluated by immersing the pre-weighed films (4 cm?) into
25 ml of distilled water at 30 & 1 °C for 1 min. The weight of the swollen
films was measured after blotting the surface gently with filter paper
until equilibrium was reached. Sw was calculated as the percentage of
water absorbed by the sample. TSM was expressed as the percentage of
film dry matter solubilised after immersion in water. The film specimens
4 cmz) were weighed (£0.0001 g) and shaken (Shaking Incubator ES-
60, MIULAB, China) in 25 ml of distilled water at 30 + 1 °C and 170
rpm. Then, undissolved residues taken at 10 different time points were
removed from the water and dried (105 °C, 24 h). The initial dry matter
content of the films, necessary for the calculation of TSM, was deter-
mined by drying at 105 °for 24 h. The tests were performed in triplicate.
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2.11. Water vapour permeability (WVP)

The WVP (g mmm 2 d~! kPa~') was calculated as:
WVP= (WVTR x L)/Ap 3

where WVTR is the water vapour transmission rate of film (g m2dhH
measured gravimetrically based on ISO 2528 (1995) method, L is the
mean of film thickness (mm), Ap is the water vapour pressure difference
(kPa) between two sides of the film.

The permeation cell (poly(methyl methacrylate)) cups had an in-
ternal diameter of 7.98 cm (exposed film area = 50 c¢m?) and an internal
depth of 2 cm. Distilled water (30 ml) was added into each test cup and
film samples were placed over the circular opening and secured by a
screw top. The cups were placed in the test chamber set at 25 °C and 50%
RH. The weight loss from the samples with 3 replicates was monitored
for 10 h period with weights recorded at 2 h intervals.

2.12. Oxygen transmission rate (OTR)

OTR was measured using a MultiPermeO,-CO, (Extra Solution In-
strument, Italy) instrument. Permeability measurements through film
area (50 cm?) were conducted at 23 °C and RH 50 + 3%. The test gas was
oxygen (purity >99.95%), while the carrier gas was a nitrogen (5.0)
containing 1% of hydrogen. The tests were done by obtaining a steady
line for transmission rate. Three samples were tested for each type of
material and average results of OTR (expressed as the volume of per-
meant passing through a film, per unit area and time, normalized on the
thickness (cm3 pm/(m2 d)) are presented.

2.13. Release test

The film discs (4 cm?) were immersed in 25 ml of distilled water at
30 + 1 °C and shaken (170 rpm; 30 £+ 1 °C) in a shaking incubator.
Samples of the release media (250 pl) were taken at different time
points, and the absorbance was read at 464 nm using a microplate
spectrophotometer (EPOCH 2 Microplate Spectrophotometer, BioTek,
USA). The tests were performed in triplicate. The AST release kinetics
was modeled using DDSolver: add-in software for Microsoft Excel.
Several mathematical models were chosen to fit the data (Table S1). The
adjusted coefficient of determination (Rzadjusted) was used for the se-
lection of the optimal model. On the basis of the best-fitted model, the
quarter- and half-release time values (tas, and tsgy) were calculated
(Zhang et al., 2010).

2.14. ABTS free radical scavenging ability

The film discs (4 sz) were immersed in 25 ml of the ABTS reagent at
30 °C and mixed using a laboratory shaker (170 rpm). The mixture
samples (250 pl) were taken at different time points, and the absorbance
was read at 734 nm using a spectrophotometer (Lambda 40, Per-
kin-Elmer, Shelton, CT, USA) in order to determine the degree of
scavenging of ABTS free radicals. The absorbance was measured until
the reaction reached a plateau. The ability of the films to quench ABTS
free radicals was calculated using Eq. (4).

Scavenging% = [1 — (Abs/Absapts)] x 100 4)

where Abs is the absorbance of the sample and Abspprs is the absorbance
of the ABTS solution (0.70 + 0.05). The tests were performed in
triplicate.

2.15. Statistical analysis

Differences among the mean values of the data were tested for sta-
tistical significance at the p < 0.05 level using analysis of variance
(STATISTICA 13.1, StatSoft Inc., Tulsa, USA) and Fisher’s test.
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Additionally, the data were evaluated using Pearson’s correlation co-
efficients to identify relationships between the TSM, the AST release,
and the ABTS free radical scavenging ability.

3. Results and discussion
3.1. Microstructure

The micrographs (prepared both using a cryo-SEM technique and an
optical microscope) of the CMC75/GEL25 FFSs revealed the presence of
spherical structures with various diameters (11-68 pm, Fig. 2A and B).
As demonstrated in a previous study (Kowalczyk, Pytka, et al., 2020),
the microspheres (rich in GEL) are indicator of the phase separation
between the polymers. The OSA-based FFSs had a sandy structure
(Fig. 2B), which supports our earlier findings (L.upina et al., 2020). The
observed inhomogeneity of this system may be explained by the fact that
anionic OSA and cationic GEL form complex coacervates through elec-
trostatic interactions (Wu & Mecclements, 2015; Zhao et al., 2019).
Fig. 2C-a shows that AST consists of free-flowing particles. The round
objects with different sizes (8-48 pm) were found both in the
AST-supplemented FFSs (Fig. 2B) and the aqueous AST solution
(Fig. 2C-b). Since starch is the carrier in the AST formulation, it is easy
to conclude that the observed particles were starch granules. The
observation of the AST solution under a polarised optical microscope
revealed the presence of Maltese crosses, which are characteristic of
starch granules (Fig. 2C—c). It is worth mentioning here that it was hard
to detect the starch granules in the samples using the SEM technique
(Fig. 2A; Fig. 2C-a; Fig. 2C-d). which may be explained by the fact that
only a small part of the samples was analysed at higher magnifications.

3.2. ATR-FTIR Spectroscopy

Fig. 3 shows the ATR-FTIR spectra of the control and 1%AST-sup-
plemented films. Strong broadband at 3272-3287 cm™! resulting from
amide A (-OH and/or -NHy) stretching can be seen in the spectra of all
samples. The absorption peaks at ~2930 and ~2880 cm ™! (in the Amide
B band) are related to CHy asymmetrical and CHy symmetrical stretch-
ing (Lupina et al., 2019). The peak in the 1633-1646 em! region
originates from C—O stretching vibration in the Amide 1 band
(Kowalczyk, Pytka, et al., 2020). According to the previous study
(Lupina et al., 2019), the peak at 1630-1695 cm™! is characteristic for
the -CONH;, group and its occurrence suggests that the polysaccharides
and GEL were strongly associated in the blend films. The peaks centered
at 1589, 1410, and 1321 cm ! are attributed to the COO~ (carboxyl)
group in the CMC (Kowalczyk, Pytka, et al., 2020). In the case of the
OSA-based films, the asymmetric stretching vibration of carboxylate
appeared at 1555 cm ™. The signal at 1148 cm™! in the spectrum of the
OSA75/GEL25 film is related to C-O stretching present both in the
structure of starch (Hejna, Lenza, Formela, & Korol, 2019) and in GEL
(Jafari, Emami, Samadikuchaksaraei, Bahar, & Gorjipour, 2011). The
spectra of all films showed a strong absorption band at ~1020 cm™!
indicating the presence of the C-N group (Coates, 2006). The locations
of peaks in the spectra of the 1%AST-supplemented films were similar to
those of the control (Fig. 3), which could be explained by the relatively
low quantity of AST in the systems. These results support evidence from
previous observations (Yuan, Jin, & Xu, 2012). Generally, no new peaks
occurred in the spectra. Nevertheless, it was found that the presence of
AST in the film matrix slightly increased the intensity of peaks located at
1647-1100 cm™!, which may have resulted from some AST/polymer
interactions. To date, limited data are available on the possible in-
teractions of the water-soluble (synthetic) ASX with biopolymers.
Nevertheless, the specific interactions between natural ASX and CMC as
well as proteins (bovine serum albumin) have been previously suggested
(Feng, Li, Wang, & Zhu, 2018; Y.; Liu et al., 2020).
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3.3. Optical properties

The AST-free CMC- and OSA-based films were colourless to the
naked eye (Fig. S1) and had similar L*C*h coordinates, according to
which were bright (L* ~ 94) with a blue shade (h =~ 270°) of very low
saturation (C* ~ 9) (Table 1). Likely due to the presence of phase-
separated microspheres (Fig. 2A and B), the CMC75/GEL25 films
exhibited higher Op than the OSA-based counterparts (p < 0.05,
Table 1). The incorporation of AST resulted in the red-colour and less
transparent films (Fig. S1, Table 1). AST decreased the L*C*h parame-
ters in a concentration-dependent manner (Table 1); i.e. the color of the
films became darker, less deep (more neutral), and more shifted toward
red hue (h = 0°). Furthermore, with an increase in the AST concentra-
tion, the gradual decrease in film transparency was observed (Table 1),
which could be primarily explained by the increasing number of starch
granules (from the AST formulation (Fig. 2B)), that could reflect or
scatter a significant amount of light. Surprisingly, the 0.25%AST-added
films exhibited the most intense colour saturation (the highest C* values,
Table 1). This result can be attributed to the fact that among all AST-
supplemented films, these films were the most transparent and, conse-
quently, the lightest (Table 1). Because of higher ASX content, the films
obtained in our study (the amount of pure ASX added was 0.0025-0.01
g/g polymer fraction) were nearly two times darker and approximately
two to four times more red (based on L* and h values) as compared to the
shrimp protein-based film enriched with shrimp extract (0.001g ASX/g
protein) (Gomez-Estaca et al., 2015).

3.4. Mechanical properties

According to the PS test, the CMC-based films were ~4-5 times
stronger than the OSA-based counterparts (8.75-11.80 vs 1.96-2.32
MPa, Table 2). The possible causes for this behavior have been suggested
previously (Kowalczyk & Baraniak, 2014; fupina et al., 2019). Briefly,
the linear backbone of cellulose results in more extensive hydrogen
intermolecular bonds than in starch, which is a mixture of branched
amylopectin and linear amylose. Branches make it difficult for the
amylopectin molecules to pack in a regular array and therefore make the
starchy network less tough. The presence of AST did not affect the PS of
OSA-based films, whereas contributed to a significant decrease of the
mechanical strength of the CMC-based film (Table 2). This result sup-
ports evidence from previous observations (Kowalczyk & Biendl, 2016),
which showed that the less organized network of oxidised potato
starch-based film was not susceptible to mechanical changes in the
presence of hop phytoconstituents, while the more cohesive network of
the CMC-based film was weakened, likely due to interruption of
hydrogen bonding networks of the polysaccharide by the active
compounds.

The OSA-based films were at least two times more deformable
compared to the CMC-containing films (Table 2). This result reflects
earlier studies (Kowalczyk et al., 2021; Lupina et al., 2019), which
showed that OSA/GEL blends form several times more stretchable films
than the methylcellulose/GEL or CMC/GEL blends. It was found that at
the smallest addition level (0.25%), AST significantly increased the
elasticity of the CMC75/GEL25 film (Table 2). It shows that when
incorporated into the CMC/GEL blend system at low concentration, AST
can increase the free volume between the polymer segments which al-
lows for increased movement of chain chains with respect to each other,
consequently, increasing the film ability for being stretched.

3.5. pH, CA, Sw, and TSM

The FFSs based on CMC (more exactly: the sodium salt of CMC)
exhibited higher pH values than the FFSs based on OSA (more exactly:
starch sodium octenyl succinate) (6.10-6.35 vs. 4.80-4.89, Table 2).
This finding was unexpected since both polysaccharides contain an al-
kali metal in the structure. However, the higher acidity of OSA-based
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Fig. 2. Images of 75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25) and 75/25 octenyl succinic anhydride starch/gelatin (OSA75/GEL25) film-forming so-
lutions with and without Astasana (AST) addition examined using the cryo-SEM technique (A) and the light microscope (B). Microstructure of AST powder (C-a).
Images of the 1% (w/v) aqueous solution of AST taken with the light microscope (C-b), the polarising microscope (C-c), and the cryo-SEM technique (C-d).
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Fig. 3. Attenuated Total Reflection Fourier Transform Infrared spectra of the 75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25) and 75/25 octenyl succinic
anhydride starch/gelatin (OSA75/GEL25) blend films with and without Astasana (AST) addition.

Table 1

The effect of Astasana (AST) concentration on the color parameters (L*C*h) and
opacity (Op) of the 75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25) and
75/25 octenyl succinic anhydride starch/gelatin (OSA75/GEL25) films.

Film AST L* c* h Op (Asoo/
(%) mm)
CMC75/ 0 93.74 + 8.21 + 270.17 + 1.38 +
GEL25 0.11f 0.08a 0.65f 0.06b
0.25 44,01 + 55.64 + 27.56 + 5.82 +
0.46° 0.28" 0.40° 0.424
0.5 38.80 + 47.83 + 21.44 + 9.62 +
0.57¢ 0.75F 0.98° 0.69°
1 33.79 + 35.37 + 15.00 + 16.74 +
0.33° 1.04¢ 0.40° 0.77"
OSA75/ 0 94.15 + 9.69 + 272.61 + 0.61 +
GEL25 0.20f 0.20° 0.728 0.05°
0.25 43.14 + 54.63 + 25.54 + 4.42 +
0.63¢ 0.778 0.68¢ 0.36°
0.5 38.06 + 44.16 + 18.87 + 8.12 &
0.12° 0.32° 0.14° 0.20°
1 34.09 + 32.40 + 14.47 + 14.54 +
0.37° 0.57¢ 0.40° 0.168

#h yalues with the different superscript letters within one column are signifi-
cantly different (p < 0.05).

FFSs could be explained by the presence of acid anhydride residues. In
the case of all FFSs, the pH value was reduced after the incorporation of
AST.

The wetting properties of the solid surface can be identified by
analysis of the value of the CA. Materials with CAs <90° are defined as
hydrophilic; in turn, the CAs>90° reflect the hydrophobic properties. It
was found that the control films did not differ in terms of wetting
properties (Table 2). In the case of CMC-based film the addition of AST at
the level of 0.25-0.5% decreased the CA; i.e. made the surface more
wettable. In turn, in the case of OSA-based film, the incorporation of AST
at the level of 1% increased the surface hydrophobicity.

Since the obtained films were water-soluble (Fig. 4), their Sw values
were determined only for the first 1-min contact with water. The control
CMC film exhibited significantly higher Sw (831.60%) than the OSA-
based carrier (146.17%) (Table 2). This result confirms that the CMC/
GEL blend films are highly hydrophilic and can absorb substantial
amounts of water before they start to dissolve (Kowalczyk, Pytka, et al.,
2020). The low Sw of the OSA-based films could be partially attributed
to the presence of hydrophobic octenyl side chains in the polysaccharide
(Tesch, Gerhards, & Schubert, 2002), which limited the permeation of
water into the polymeric matrix. In the case of the CMC75/GEL25 car-
rier, the incorporation of AST yielded films with reduced Sw. A possible
explanation for this is that starch granules present in the films (Fig. 2B)
slowed down the access of water molecules to the polymer matrix.
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Table 2

The effect of Astasana (AST) concentration on the pH of film-forming solutions
(FFSs), puncture strength (PS), puncture deformation (PD), contact angle (CA),
swelling (Sw), and water vapour permeability (WVP), of the 75/25 carbox-
ymethyl cellulose/gelatin (CMC75/GEL25) and 75/25 octenyl succinic anhy-
dride starch/gelatin (OSA75/GEL25) films.

Film AST  pHof PS PD CAC) Sw(®%)  WVP
(%) FFSs (MPa) (mm) @]
CMC75/ 0 6.35 11.80 5.55 69.2 831.60 51.07
GEL25 + + + + + +
0.02f  1.34° 0.34°°  0.42¢  28.68° 1.07°
025  6.26 9.43 7.16 47.25 557.58 51.25
+ + + + + +
0.03°  1.00° 0.96° 0.35° 21.47¢ 1.13%®
0.5 6.29 8.67 6.78 55.50 557.06 52.20
+ + + + + +
0.01°  0.83° 0.69>  0.71° 11.03¢ 1.73%
1 6.10 8.75 5.40 63.25 524.76 52.09
+ + + + + +
0.01¢  0.45° 0.71° 1.77¢ 22.64° 1.74%
0SA75/ 0 4.89 2.20 14.85 64.25 146.17 54.27
GEL25 + + + + + 4.35% +
0.01°  0.29° 1.114 1.06° 0.61°
025  4.86 1.96 14.95 68.40 186.51 52.25
+ + + + +3.45° +
0.00°>  0.09 1.114 0.85¢ 2.44
0.5 4.85 2.16 14.74 64.25 178.27 51.92
+ + + + + +
0.01°>  0.22 0.73¢ 1.06° 14.00° 0.52%°
1 4.80 2.32 14.50 73.09 182.45 51.11
+ + + + + +

0.01* 0172 1.05¢ 2.83¢ 10.17° 1.82%

af values with the different superscript letters within one column are signifi-
cantly different (p < 0.05).
2 (gmmm 2dkpah).

Moreover, it can be hypothesised that AST components may have
interfered with the polymer network packaging, e.g. through the
development of polymer-ASX hydrogen bonds (Liu et al., 2020), which
inhibited the formation of polymer-water hydrogen bonds and conse-
quently resulted in limited water absorption ability.

Contrary to the CMC-based system, the AST increased the Sw value in
the OSA-containing film (Table 2). This result is difficult to explain, but
it might be related to the initially low Sw of the OSA75/GEL25 system. It
is possible that, in this case, the AST ingredients caused the films to be
more porous (less coherent), thus larger amounts of water molecules
were immobilised in the film matrix.

All the films obtained were totally water-soluble (Fig. 4). This
outcome is in contrast to results reported in previous studies (Kowalc-
zyk, Pytka, et al., 2020; Lupina et al.,, 2019), which demonstrated
incomplete solubility of the polysaccharide75/GEL25 systems. This
inconsistency may be easily explained by the differences in the sample
incubation conditions (30 °C vs. 25 °C), i.e. the temperature closer to the
GEL melting point (~32 °C) (Ninan, Joseph, & Aliyamveettil, 2014)
favoured the dissolution of the samples. A comparison between the
control samples showed that the time required for 100% solubility of the
CMC- and OSA-containing films were ~10 min. The initial dissolution
profiles (up to 5 min) revealed that the CMC-based films were more
soluble than the OSA-containing samples. The strong affinity of the
CMC-based film for water (the highest Sw and the fastest solubility)
could be explained by the presence of numerous hydrophilic carboxyl
groups in the polymer (Kowalczyk & Baraniak, 2014). The presence of
the AST in the OSA-containing films reduced the TSM (Fig. 4), which
might be related to the fact that insoluble starch granules hindered the
penetration of water molecules between the polymeric network. It
should be mentioned here that, although 100% solubility was estimated
for the AST-supplemented OSA-based films, the visual observations of
the aqueous medium revealed that the samples were not fully solubilised
but disintegrated into small-size insoluble particles, which were

Food Hydrocolloids 123 (2022) 107179

sediment-prone (Fig. S2). Nevertheless, in the TSM test, these particles
were considered as the dissolved fraction. In general, the higher the AST
content, the lower the solubility was observed. It was found that the AST
was ineffective in the reduction of the TSM of CMC-containing film. A
similar result was reported for CMC films incorporated with candelilla
wax (Kowalczyk & Baraniak, 2014). This indicates that it is difficult to
reduce the water affinity of such a rapidly soluble material as CMC.
Interestingly, this study showed that the AST acted as a solubility
enhancer for the CMC-based film (Fig. 4); however, an increase in the
AST concentration resulted in less soluble films.

It should be noted here, that the TSM results partially support the
findings of CA analyses; i.e. the AST increased wettability and, conse-
quently, the solubility of the CMC-based carrier, while the opposite
possibility was observed for the OSA-based film (Table 2, Fig. 4).

In summary, the differential effect of AST on the CA, Sw, and TSM of
CMC- and OSA-containing films suggests that native starch could show
both binder and disintegrant action in a carrier (Builders & Arhewoh,
2016).

3.6. Water vapour/oxygen barrier properties

The comparison of the WVP values revealed that the control CMC75/
GEL25 film exhibited slightly better water vapour barrier properties
than the control OSA75/GEL25 carrier (51.07 vs. 54.27 g mm m24d!
kPa~!, Table 2). A possible explanation for this might be that the CMC-
based film, due to its excellent water absorption capacity (Table 2),
could just immobilize passing aqueous vapour, thus WVP seemed
reduced. The incorporation of AST did not affect the WVP of the films.
This outcome is contrary to that of Gomez-Estela et al. (2015). As
mentioned in Section 1, the decrease in WVP observed by the cited
authors was primarily due to the incorporation of the oil phase (used for
extraction of ASX from shrimp wastes) into the film matrix. In accor-
dance with the present results, a previous study (Queiroz Assis, D’An-
gelo Rios, de Oliveira Rios, & Olivera, 2020) has demonstrated that the
presence of norbixin (a water-soluble carotenoid) at the level of
0.03-0.05% had no significant effect on the WVP of cellulose acetate
film; nevertheless, the bulky amounts of the carotenoid (0.1%)
contributed to a greater diffusion of water vapour through the film.

Table 3 demonstrates the OTR of the CMC75/GEL25 films (control
and film containing the maximum level of AST). Unfortunately, it was
impossible to obtain reliable data on the OTR of the OSA75/GEL25
films. The reason was a significant deformation of the films during the
test; i.e. the samples were extremely stretched under the gas flow and,
consequently, clogged the oxygen detector of the instrument. It was
found that the incorporation of AST resulted in about a 5-fold reduction
in OTR of the CMC-based film. It clearly shows that AST contains sealing
and/or oxygen scavenging agents. It is possible that the starch granules
and/or ASX molecules, acting as a filler between the immiscible polymer
phases, hindered the oxygen molecules permeation across the non-
homogenous blend matrix. Moreover, results from previous studies
showed the incorporation of ascorbic acid and its salts (Brody, Stru-
pinsky, & Kline, 2001; Janjarasskul, Min, & Krochta, 2013) or tocoph-
erol (Scarfato, Avallone, Galdi, Di Maio, & Incarnato, 2015), i.e. the
antioxidants that are present in the AST formulation, can induce the
oxygen-scavenging function of the biopolymeric materials.

3.7. Release of AST

The preliminary release tests (data not shown) and other research
(Colin-Chavez, Soto-Valdez, Peralta, Lizardi-Mendoza, & Balandran--
Quintana, 2013a) have shown that the migration of the ASX from the
polymeric carriers to the acceptor solution at 25 °C is a several-day long
process. Therefore, in this work, accelerated release testing conditions
with elevated temperature (30 °C) were employed. Fig. 5 and Fig. S3
show cumulative (mg/cm?) and percentage amounts of AST released
from the composite films as a function of time, respectively. Depending
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Fig. 4. Effect of increasing Astasana (AST) concentration on the kinetics of total soluble matter (TSM) of the 75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25)

and 75/25 octenyl succinic anhydride starch/gelatin (OSA75/GEL25) films.

Table 3

The effect of Astasana (AST) addition on the oxygen transmission rate (OTR) of
the 75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25) and 75/25 octenyl
succinic anhydride starch/gelatin (OSA75/GEL25) films.

Films AST (%) OTR (cm® pm/(m? d))
CMC75/GEL25 0 174.12 + 24.83°

1 34.06 + 7.25°
0SA75/GEL25 0 n.d.

1 n.d.

af values with the different superscript letters within one column are signifi-
cantly different (p < 0.05).
n.d. - no data (the films were deformated during the test and clogged the oxygen
detector of the instrument).

on the carrier type and AST concentration, ~35-100% of the AST was
released from the films during the 4-h dissolution test. Since the release
of AST from the OSA75/GEL25 carrier was incomplete, it was impos-
sible to predict the tsgy, for the 0.5%AST- and 1%AST-supplemented
systems. The tys0, values ranged from 1.20 to 19.86 min (Table 4). The
rapid diffusion process (‘burst effect’) was observed for the
CMC-containing films (ta50, = 1.20-1.74 min). This finding is consistent
with that reported by Kowalczyk, Pytka, et al. (2020), who analysed the

migration of iso-a-acids from films based on the CMC/GEL blends. These
results are likely to be related to the fast disintegration of the
bi-polymeric matrix in contact with water (Fig. 4). In the case of the
OSA-based carrier, the lag time was observed for the AST release
(Fig. 5). The comparison of the tyso, values showed that, at the 1% AST
incorporation level, the OSA-based film exhibited more than 10 times
slower release of AST compared to the CMC-based carrier. As suggested
by Zhao et al., (2019), the incomplete release of ASX from the OSA/GEL
system (~35-63%, depending on the AST concentration (Fig. S3)) may
be related to the partial encapsulation of this carotenoid in the complex
bi-polymeric  coacervates. As mentioned previously, the
AST-supplemented OSA75/GEL25 films did not dissolve completely, i.e.
they were disintegrated into fine solid particles (Fig. S2). This finding is
partially consistent with that shown by Wu and Mcclements (2015), who
observed that mixing of OSA with GEL resulted in hydrogel particles
with a mean diameter ranging from 5 to 13 pm. Therefore, it is possible
that, despite the complete erosion of the film matrix, the AST was
permanently immobilised in the hydrogel coacervates and, therefore,
the release process reached a plateau, although it was incomplete
(Fig. 5; Fig. S3). Wu and Mcclements (2015) suggested that OSA/GEL
coacervates may be used to encapsulate functional ingredients. The
result of the present work indirectly confirms this assumption.

In contrast to the CMC-based carrier, the increasing AST
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Fig. 5. Kinetics of cumulative release (mg/cmz) of Astasana (AST) from the 75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25) and 75/25 octenyl succinic

anhydride starch/gelatin (OSA75/GEL25) blend films.

Table 4

Times required for 25% (tas0,) and 50% (tsqe,) Astasana (AST) release from the
75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25) and 75/25 octenyl
succinic anhydride starch/gelatin (OSA75/GEL25) films obtained from the best
fitting mathematical models.

Film AST (%) tase, (min) ts09, (min)
CMC75/GEL25 0 - -

0.25 1.56H) 3.48H)

0.5 1.20(17-0 Fmax) Z‘SS(F'O Fmax)

1 1.74H0) 4,08
0SA75/GEL25 0 - -

0.25 20.04%2 33.9¢r2)

0.5 12.361°2 n.d. €2

1 19.86(}’—5 Tlag) n‘dA (P-S Tlag)

(F-0 Fmax) pirst order with Fiax model.
(#9) Korsmeyer—Peppas with Tiag model.
(P-5 Tlag) peppas-Sahlin 1 with T,y model.
o 2) [ ogistic 2 model.

®r 2) probit 2 model.

n.d. — no data.
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concentration tended to slow down the release rate in the OSA-based
system (Fig. S3; Table 4), which could be explained by the gradually
decreasing solubility (Fig. 4). As can be seen from Fig. 54, there was a
strong positive correlation (R? = 0.78) between the AST release rate and
the TSM. Since the AST concentration strongly affected the release
profiles, various mathematical models were required to predict the rate
of AST release from the CMC- and OSA-based films (Fig. 6).

Eight mathematical equations (Table S1) were used for the quanti-
tative interpretation of the data obtained from the ASTA release assay.
The Rzadjusted and parameter values estimated for the models are pre-
sented in Tables S2, S3, and S4. It was impossible to fit one optimal
model to describe the migration of AST from the particular carrier types;
however, based on Rzadjusted averages, the Probit 2 (Pr 2) model pro-
vided the best fit for all release series data (Rzadjusted mean = 0.9915). It
was found that, in the case of the CMC-based carrier, two-parameter
models: Fist order with F,5x (F-O Fp,,x) and Hopfenberg (Ho) approxi-
mated the experimental points better than the three- and four-parameter
equations (Table S2). A possible explanation for this result may be the
lack of time lag for these systems. The F-O model describes the disso-
lution of a drug that is not effectively enclosed in the polymeric matrix
and is ready to dissolve from the carrier surface intermediately after
contact with the release medium. In turn, the Ho model correlates the
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Fig. 6. Fraction (F) of Astasana (AST) released from the 75/25 carboxymethyl
cellulose/gelatin (CMC75/GEL25) and 75/25 octenyl succinic anhydride
starch/gelatin (OSA75/GEL25) films according to the First order with Fpay
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theoretical data (lines).
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substance release from surface eroding polymers (Paarakh, Jose, Setty,
& Peter, 2018). The Ho model, for example, has been used for successful
modeling the release of amoxicillin from erodible hydroxypropyl
methylcellulose tablets (Katzhendler, Hoffman, Goldberger, & Fried-
man, 1997). The release profile obtained for the OSA-based system was
an “S-shaped” curve (Fig. 5; Fig. S3). Consequently, in the case of this
carrier system, the more complex models (i.e. with at least three pa-
rameters) approximated the experimental points better than the
two-parameter ones (Table S2).

According to the Korsmeyer-Peppas with Tjag (K-P Tjag) model, the n
values were below 0.5 (n = 0.006-0.082, Table S4), which shows that
the AST was transported via a quasi-Fickian diffusion-controlled
mechanism (Malekjani & Jafari, 2021). This finding is consistent with
that reported by Colin-Chavez et al., (2013a), who analysed the diffu-
sion of natural ASX from polyethylene active packaging films into
ethanol.

3.8. Antioxidant properties

So far, ASX has two main potential technological applications, i.e. in
food colouring and antioxidant protection. It was found that the control
polysaccharide/GEL films (without AST) showed relatively high ABTS**
scavenging activity (~62-77% at 180 min of incubation; Fig. 7). Since
the films based only on the polysaccharides have poor antioxidant po-
tential (Kowalczyk & Biendl, 2016), this result may be ascribed to the
presence of the GEL fraction in the carriers. As suggested previously
(Kowalczyk et al., 2021), some amino acid residues of GEL (including
glycine and proline) could donate electrons and neutralise free radicals.
The control CMC-based film exhibited higher antiradical ability than the
OSA-based carrier, which might be related to its faster initial dissolution
(Fig. 7). As expected, the increasing level of AST in the films resulted in a
gradual increase in the ABTS'* scavenging capacity (Fig. 7). The
CMC75/GEL25 system, regardless of the AST concentration, offered
higher antioxidant activity than the OSA75/GEL25 film. This result can
be explained in terms of the release profiles of the films (Fig. 5). As can
be seen from Table S5, a high positive correlation was found between the
cumulative AST release (mg/cm?) and the ABTS scavenging (R? =
0.78-0.91).

4. Conclusion

Although CMC75/GEL25 and OSA75/GEL25 are immiscible phase-
separated systems, they possess good film-forming abilities. The com-
parison of the physicochemical properties of the films revealed that the
AST-supplemented CMC75/GEL25 and OSA75/GEL25 films had similar
color; nevertheless, the CMC-containing films were stronger, less
stretchable, and more opaque, than the OSA-based films. A five-fold
decrease in the oxygen permeability of the CMC75/GEL25 film, as a
result of AST incorporation (at a level of 1%) was observed. It suggests
that the obtained film could protect the food against oxidation as
effective oxygen barrier material.

The droplet-type microstructures (likely coacervates) formed by the
OSA-based system showed the AST encapsulation efficiency, as indi-
cated by the incomplete AST release (with a lag time) and the particle
sedimentation behaviour. The slower release of AST from the OSA-based
carrier, compared to the CMC-containing systems, was mainly influ-
enced by its slower initial dissolution rate. Nevertheless, the sigmoid
release profile observed for the OSA-containing carrier might be
considered beneficial. It can be assumed that when this system is used as
the coating material for high-moisture food, the major dose of the
antioxidant will be maintained on the food surface, where the oxidation
reactions mainly occur. In turn, the released AST fraction will inhibit
oxidation in the surface layer of the product, which is also favourable. By
that logic, the rapid release (‘burst effect’) of AST from the CMC75/
GEL25 carrier is not advantageous, as it may lead to quick depletion of
the protective action of the antioxidant on the surface.
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Fig. 7. Effect of increasing Astasana (AST) concentration on the kinetics of antiradical activity of the 75/25 carboxymethyl cellulose/gelatin (CMC75/GEL25) and

75/25 octenyl succinic anhydride starch/gelatin (OSA75/GEL25) films.

In summary, the 1%AST-supplemented OSA75/GEL25 films offered
controlled diffusion-limited release and simultaneously maximised the
antioxidant potential of AST. The AST-added films, owing to their red
color, good oxygen barrier and enhanced free radical scavenging prop-
erties could be a preferred choice for the active antioxidant packaging
development for specific applications, e.g. edible coatings for cheese,
nuts, red meat, surimi sticks, etc.
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ATR-FTIR attenuated total reflection Fourier transform infrared
CA contact angle
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CDX-085 Cardax’s proprietary astaxanthin prodrug
CMC carboxymethyl cellulose
cryo-SEM cryogenic scanning electron microscopy

DDA disodium disuccinate astaxanthin
EFSA European Food Safety Authority

FFS film-forming solution

F-O Fpax First order with Fp,x model

GEL gelatin

Go 4 Gompertz 4 model

Ho Hopfenberg model

K-P Tj5g Korsmeyer-Peppas with time lag model
Lo 2 Logistic 2 model

RH relative humidity

M-B Tj5; Makoid-Banakar with time lag model
Op opacity

OSA octenyl succinic anhydride starch
OTR oxygen transmission rate

PD puncture deformation

Pr2 Probit 2 model

PS puncture strength

P-S Tjg Peppas-Sahlin 1 with time lag model
SEM scanning electron microscopy

Sw swelling

TSM total soluble matter

WVP water vapour permeability
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Fig. S1. Photographs of the 75/25 carboxymethyulmede/gelatin (CMC75/GEL25) and 75/25 octenyl $oicc
anhydride starch/gelatin (OSA75/GEL25) films inaorgted with increasing concentration of Astasan@TA

OSA75/GEL25 CMC75/GEL25



Fig. S2. Images of the 0.5% Astasana-added 75/%yicsuccinic anhydride starch/gelatin film (4%cam25 ml

of water) captured 0 min (a), 45 min (b), and 2Z4)hafter the end of the dissolution test.
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Fig. S3. Kinetics of cumulative release (%) of Astaa (AST) from the 75/25 carboxymethyl cellulos&dtin
(CMC75/GEL25) and 75/25 octenyl succinic anhydsthrch/gelatin (OSA75/GEL25) films.
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Table S1. Mathematical models used to describdigs®lution curves (Zhang et al. 2010).

Model Equation Parameters
First order with Fax(F-O Fina) F=F, (1-e*? K, Frrex
Korsmeyer-Peppas withag (K-P Tiag) F=kygp (t— Tlag)n kkp, N, Tiag
Hopfenberg (Ho) F=100 - [1—(1—kyg )" Keg, N
Makoid-Banakar with g (M-B Tiag) F = kyp " (t — Tigg)" " Exp[—k - (t — Tigg)] kve, N, K, Tiag
Peppas-Sahlin 1 withigf; (P-S Tag) F=k(t— T,ag)m +ky - (t— Tlag)zm K, k2, m, Tiag
Logistic 2 (Lo 2) [eaw.log(t)] F

g F = Fmaxm a, ﬂv max
Gompertz 4 (Go 4) F=E,,, ePF" K, B, Frnax
Probit 2 (Pr 2) F = Epgy - Pla + B - log(t)] a, B, Frrex

F is the fraction (%) of drug released in tine

ki is the first-order release constant

Fmax is the maximum fraction of the drug released fuiite time

Tiag is the lag time prior to drug release

kkp is the release constant incorporating structurdlgeometric characteristics of the drug-dosagm;faris the diffusional exponent indicating the drutgase mechanism

kus is the combined constant in Hopfenberg model=ko/(Coxag), where k is the erosion rate constant, i€ the initial concentration of drug in the matrnd a is the
initial radius for a sphere or cylinder or the haitkness for a slal is 1, 2, and 3 for a slab, cylinder, and sphespectively

kms, N, andk are empirical parameters in Makoid-Banakar mokial, (h, k>0)

ki is the constant related to the Fickian kinetigss the constant related to Case-Il relaxationtiisem is the diffusional exponent for a device of angmetric shape

which inhibits controlled release

a is the scale factor in Logistic 1 and 2 modglis the shape factor in Logistic 1 and 2 models

[ is the scale factor in Gompertz 4 modek the shape factor in Gompertz 4 model

@ is the standard normal distributianis the scale factor in Probit modglis the shape factor in Probit model



Table S2. Comparison of the adjusted coefficierdei&rmination (Rajusted values obtained from fitting experimental datahe different release models.

Film AST (%) F-O Fax K-P Tiag Ho M-B Tiag P-S Tag Lo 2 Go4 Pr2 Best fit
0.25 0.9910 0.9160 0.9952 0.9343 0.9443 0.9823 86.98 0.9838 Ho
CMC75/GEL25 0.5 0.9914 0.9339 0.9821 0.9640 0.9706 0.9899 0.979  0.9902 F-O Rax
1 0.9943 0.9200 0.9945 0.9514 0.9587 0.9889 0.9890 0.9894 Ho
0.25 0.9392 0.9857 0.6678 0.9939 0.9943 0.9956 5@.99 0.9966 Pr2
OSA75/GEL25 0.5 0.9509 0.9873 0.3178 0.9654 0.9915 0.9920 Q.990 0.9911 Lo 2
1 0.9192 0.9992 0.3135 0.9997 0.9998 0.9981 0.9982 0.9978 P-S g
Average 0.9643 0.9570 0.7118 0.9681 0.9765 0.9911 0.9901 99186. Pr2
Table S3. Parameters obtained from fitting expentialedata to the release models Withy parameter.
- AST F-O Eren Lo 2 Go4 Pr 2
Film (%) K
(1/min) P “ B Fmax k B Frrex ot B F e
0.25 13.286 100.539 4.860 3.776 101.227 21.933 92.56100.288 2.927 2.258 100.750
CMC75/GEL25 0.5 15.049 97.169 4.129 2.991 98.744 22563 2.2336.93@ 2.535 1.826 97.994
1 10.310 100.207 4.108 3.471 101.475 17.391 2.5119.849 2.473 2.072 100.817
0.25 1.938 64.609 3.486 8.218 62.397 6.621 8.717 .03382 2.051 4.832 62.219
OSA75/GEL25 0.5 2.970 49.637 5.404 7.753 48.157 13.556 10.1207.818 3.263 4.677 48.025
1 2.392 36.161 7.706  14.278  34.698 14.686 45.899 .6824 4.449 8.179 34.667




Table S4. Kinetic parameters obtained from modeliitout Frax parameter.

Film AST Ho K-P Tiag M-B Tiag, P-S Tag,
(%) Kus n kip n Tiag kvis n k Tiag kq kz m Tiag
0.25 4379 2354 97.282 0.0510.050 114.028 0.173 0.107 0.017 184.585-82.130 0.264 0.017
CMC75/GEL25 0.5 0.006 2236.480 93.319 0.08D.017 106.377 0.148 0.080 0.017 174.082-75.805 0.238 0.017
1 1.092 8.920 95.543 0.0790.050 115.907 0.225 0.130 0.017 175.899-74.318 0.307 0.016
0.25 0.000 5041.121 59.327 0.06D.330 69.974 0.215 0.120 0.319 106.128-44.169 0.310 0.313
OSA75/GEL25 0.5 0.000 2046.785 45.349 0.070.170 58.819 0.396 0.203 0.091 68.554 -21.622 0.103 0.170
1 0.000 1773.119 34.396 0.026).330 35.823 0.060 0.029 0.328 63.175 -28.350 0.149 0.320

Table. S5. Correlations fRbetween the cumulative release (mgfcaf AstaSana (AST) and the antiradical activityth 75/25 carboxymethyl cellulose/gelatin

(CMC75/GEL25) and 75/25 octenyl succinic anhydstirch/gelatin (OSA75/GEL25) films.

Polysaccharide/GEL

blend ratio AST (%) R
0.25 0.87
CMCT75/GEL25 0.5 0.82
1 0.78
0.25 0.91
OSA75/GEL25 0.5 0.87
1 0.87
All formulations 0.73
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Abstract: Edible films were obtained from the aqueous binary 75/25 blends of polysaccharides
(carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride starch (OSA),
and water-soluble soy polysaccharides (WSSP)) and gelatin (GEL) supplemented with increasing
concentrations (0, 0.25, 0.5, and 1% w/w) of water-soluble AstaSana (AST) astaxanthin. The AST-
loaded films were red and exhibited a grainy microstructure and reduced transparency. The CMC-
and WSSP-based films were the best UV-C blockers. After the incorporation of 1% AST, the antiradical
activity of the films increased by 1.5 times (~25 percentage points) compared to the controls. The
tensile strength (TS) of the CMC-containing films was much higher than those of the other films
(36.88-43.04 vs. 2.69-15.62 MPa). AST decreased the TS of the CMC/GEL film (by ~11-14%) but
improved the mechanical cohesiveness of the GAR/GEL film (by ~50%). The storage test (at 25 °C
and 60 °C, no light access) revealed that the CMC- and GAR-based films exhibited the lowest
colour change. Furthermore, at the elevated temperature, the films with higher AST concentration
exhibited a better ability to maintain their colour. The WSSP/GEL films were the most prone to
darkening and yellowing, possibly due to the Maillard reaction. Moreover, these films had the
weakest antiradical activity.

Keywords: edible films; polysaccharides; gelatin; astaxanthin; colour stability; antioxidant activity

1. Introduction

Active packaging refers to the incorporation of certain additives into packaging to
maintain and extend product shelf life. As there are many oxidation-susceptible com-
ponents in food, packages with an antioxidant effect are an important group of active
packaging. In response to the growing problem with the disposal of used plastic packaging,
many formulations of active packaging materials obtained from renewable raw materials,
e.g., polysaccharides and proteins, have been developed. Depending on the method used,
such packaging is biodegradable and edible, which creates a new application potential
(e.g., edible coatings, casings, capsules, and microcapsules). Antioxidants introduced into
food and edible packaging should primarily be highly effective (i.e., active at low concentra-
tions), acceptable to consumers, and cheap. The current antioxidant market is very rich and
offers newer and stronger substances. One of the most effective antioxidants is astaxanthin
(ASX), i.e., a red carotenoid extracted from Haematococcus pluvialis algae or obtained with
the use of synthetic methods due to the high demand. Studies have shown that natural
astaxanthin is 54 times more potent than 3-carotene, 65 times more potent than vitamin
C, and 500 times more active than vitamin E and coenzyme Q10 [1]. With its antioxidant
properties, ASX exerts a positive effect on human health [2—4]. Its values are appreciated by
an increasing number of industries, including the research and development sector of the
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packaging industry [5-7]. It can be assumed that, owing to its red colour and antioxidant
properties, ASX-supplemented packaging may be suitable for specific applications, e.g., red
coatings for cheese, nuts, pork, beef, and surimi sticks [8].

As ASX is commercially available as a hydrophobic (e.g., oleoresin) as well as a hy-
drophilic (e.g., ASX derivatives) compound, the dual hydrophobic-hydrophilic behaviour
of the carrier material could be a rational approach to the development of active packag-
ing systems. Consequently, in this study, the polymers with emulsion-stabilizing effects
were used as the ASX carriers. Due to certain advantages, AstaSana (AST)—a commercial
formulation of water-soluble ASX—was used as the active ingredient.

In materials science, a polymer blend, or a polymer mixture, is a member of a class of
materials with extended useful properties beyond the range that can be obtained from a
single polymer. Previous studies [9,10] have shown that a combination of polysaccharides
and gelatin (GEL) yields materials with modified properties, including changed profiles
of active compound release, which is extremely important for the efficiency of the active
packaging. Our recent study showed that blend films based on carboxymethyl cellulose
(CMC) and GEL offered quick release of ASX (‘burst effect’), while the octenyl succinic
anhydride starch (OSA)/GEL system ensured ASX release with a time lag [8]. Another
study showed that films based on water-soluble soy polysaccharides (WSSPs) and GEL
demonstrated a more proportional ASX release rate in comparison to the gum Arabic
(GAR)/GEL system. As oxidation reactions occur mostly on food surfaces, the controlled
release of ASX may be beneficial, as the antioxidant will persist on the food surface (where
it is most needed) for an extended period of time [11]. Depending on the concentration, the
active substances incorporated into biopolymer-based packaging materials may improve
or worsen their functionality. Furthermore, the different packaging materials may ensure
various degrees of stability of active ingredients.

Therefore, this study aimed to assess the influence of carrier type (75/25 blends of
CMC/GEL, GAR/GEL, OSA/GEL, and WSSP/GEL) and AST concentration (0, 0.25, 0.5,
and 1% w/w) on the functional (light transmission, tensile properties, stability of colour,
and stability of antioxidant activity) characteristics of the resulting edible active films. The
data given here complement the previous publications [8,11], which mainly focused on the
kinetics and mechanisms of AST release from the films.

2. Materials and Methods
2.1. Materials

The following food-grade polymers were used in this study: sodium CMC WALOCEL
CRT 30 GA (viscosity: 25-35 cP (2% solution 25 °C), a substitution degree of 0.82-0.95; Dow
Wolff Cellulosics, Bomlitz, Germany), GAR Agri-Spray Acacia R (Agrigum International,
High Wycombe, UK), waxy maize starch sodium octenyl succinate Purity Gum® 2000
(Ingredion, Hamburg, Germany), WSSP (Gushen Biological Technology Group Co., Dezhou,
China), and pork GEL type A (pI =~ 9, moisture content: 10.5%) with a Bloom strength of 240
(McCormick-Kamis S.A., Stefanowo, Poland). The AstaSana™ 5% CWS/S-TG formulation
(containing astaxanthin, modified starch, corn starch, glucose syrup, sodium ascorbate, and
DL-a-tocopherol) was supplied by DSM Nutritional Products (Venlo, The Netherlands).
Glycerol (purity > 99%, used as a plasticizer) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) were obtained from Sigma-Aldrich (Saint Louis,
MO, USA).

2.2. Film Preparation

Films were prepared from aqueous biopolymer solutions containing a mixture of
polysaccharides (3.75% w/w), GEL (1.25% w/w), glycerol (1% w/w), and increasing
amounts of AST (0, 0.25, 0.5, and 1% w/w). Initially, powder blends of polysaccharides with
GEL were weighed in ratios of 75/25, dissolved in water, and mixed with glycerol. The
obtained film-forming solutions (FFSs, 150 g) were heated in closed 250 mL glass bottles
placed in a water bath at 90 °C for 1 h with regular mixing by vigorous manual shaking.
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After removing from the bath, the FFSs were continuously shaken (200 rpm, Heidolph
Unimax 1010, Schwabach, Germany) to cool them down to ~40 °C. Then, the AST was
introduced and the FFSs were mixed (30,000 rpm, 2 min) using an MT-30K hand-held
homogenizer (Hangzhou Miu Instruments Co., Ltd., Hangzhou, China). Afterward, the
FFSs were degassed (with 115-mesh stainless-steel sieve) and placed on polycarbonate
trays with the area of 144 and 4 cm?. A constant amount of total solids (0.0125 g/cm?)
was cast and placed on the trays. The FFSs were dried at 25 £ 2 °C and 50 + 5% relative
humidity (RH) for 24 h. Then, the films were cut into samples and conditioned (25 °C,
50 RH, 48 h; MLR-350, Sanyo Electric Biomedical Co., Ltd., Oizumi-machi, Japan).

2.3. Microscopic Analysis
The microstructure of the films was observed using a light microscope (Leica5500B

Microsystems GmbH, Wetzlar, Germany) with the use of a differential interference contrast
(DIC) optical system and polarised light.

2.4. Moisture Content (MC)

The specimens (4 cm?) were dried in an oven at 105 °C for 24 h. The MC was calculated
as the percentage of water removed from the system.

2.5. Mechanical Properties

Tensile strength (TS), elongation at break (E), and elastic modulus (EM) were deter-
mined using a TA-XT2i texture analyser equipped with a 50 kg load cell (Stable Micro
Systems, Godalming, UK). Film samples (20 mm x 50 mm) were mounted on the analyser
with an initial grip separation at 30 mm and stretched with a speed of 1 mm s~!. TS (MPa),
E (%), and EM (MPa) were calculated using Equations (1)—(3), respectively:

TS = Frax/A (1)

where Fpax is the maximum load for breaking the film (N) and A is the initial specimen
cross-sectional area (thickness x width, mm?).

E=(AL/L) x 100 @)

where L is the initial gage length (mm) and AL is the difference in the length at the moment
of fracture.
EM = (02 — 01)/(e2 — €1) ®)

where ¢4 is a strain of 0.2 (0.67%), ¢; is a strain of 0.4 (1,33%), o1 (MPa) is the stress at ¢1,
and o, (MPa) is the stress at ¢,.

2.6. Light Transmission (T)

The T (%) of films (10 mm x 50 mm) was measured in the wavelength range of
200-700 nm using a spectrophotometer (Lambda 40, Perkin-Elmer, Shelton, CT, USA). Five
replicates of each film type were tested for the determination of T.

2.7. Colour Stability

Films (10 mm x 50 mm) were stored without light at 25 4+ 1 °C and ~50% RH for
60 days in the test chamber (MLR-350, Sanyo Electric Biomedical Co., Ltd., Oizumi-machi
Japan). The colour parameters (L*a*b*) of the films were measured with a colorimeter
(NH310, 3nh, China) at three different time points (0, 30, and 60 days) using a white
background (L* = 93.83, a* = 0.34, b* = —10.41). Moreover, the accelerated storage condition
(at 60 °C, three time points: 0, 15, and 30 days) was employed. The analyses were performed
in five replications.
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Changes in the total colour differences (AE) of the films during storage were calculated
using Equation (4).

AE = \/ (AL)? + (Aa)® + (Ab)? 4)

2.8. Impact of Storage on the Antioxidant Activity of the Films

The antiradical activity of the films (4 cm?) during storage (without light, 25 + 1 °C,
50% RH; three time points: 0, 30, and 60 days) was determined according to a modified
procedure proposed by Re et al. [12]. Fifty milligrams of film were dissolved in 1.5 mL
of HyO (40 °C). An amount of 40 pL of the sample solution was added to 1.96 uL of the
ABTS** solution and the absorbance was measured using the spectrophotometer (Lambda
40, Perkin-Elmer, Shelton, CT, USA) at 734 nm after 60 min. ABTS** scavenging was
calculated according to Equation (5).

Scavenging (%) = [1 — (Abs/Absapts)] x 100 5)

where Abs is the absorbance of the sample and Absagrs is the absorbance of the ABTS**
solution (0.70 £ 0.05). The tests were performed in triplicate.

2.9. Statistical Analysis

Differences among the mean values of the data were tested for statistical significance
at the p < 0.05 level using analysis of variance (STATISTICA 13.1, StatSoft Inc., Tulsa, OK,
USA) and Fisher’s test.

3. Results and Discussion
3.1. Microstructure

Figure 1 shows micrographs of the control and 1% AST-supplemented films. The
microstructures of the AST-free GAR- and OSA-based films were homogeneous and smooth
(Figure 1A), which indicates a good compatibility between the polysaccharides and GEL. In
turn, the CMC- and WSSP-based films exhibited rough topography. The inhomogeneity of
the CMC/GEL film can be attributed to the immiscibility of its biopolymeric components
manifested as phase-separated GEL-rich microspheres [8,10].
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Figure 1. Microtopographies of AstaSana astaxanthin (AST)-free (A) and 1% AST-supplemented
films (B,C) obtained from the 75/25 blends of polysaccharides (carboxymethyl cellulose (CMC),
gum Arabic (GAR), octenyl succinic anhydride starch (OSA), and water-soluble soy polysaccharides
(WSSP)) and gelatin (GEL). (A,B)—unpolarized light; (C)—polarized light.
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In turn, the grainy structure of the WSSP-based film reflects the presence of micro-sized
polymer particles in the solution (Figure S1). In spite of nearly 100% solubility (Figure S2),
the dissolved fraction of WSSP existed as microparticles (maximum diameter ~ 4 um).
Moreover, it was found that the presence of GEL slightly decreased the solubility of WSSP
(Figure S1), which could be the result of the association of WSSP with GEL [13], manifested
by the formation of microscopic agglomerates (Figure S2). To support this observation, our
previous study also showed that the blend WSSP/GEL film was more rough than the neat
WSSP film [14].

The AST-containing films were intensively red (Figure 1B). Moreover, the active films
were uneven (Figure 1B) as a result of the presence of starch granules in the AST formulation
(as evidenced by the occurrence of Maltese crosses, Figure 1C).

3.2. MC

As can be seen from Table 1, the CMC- and OSA-containing films had a higher MC
(~14%) than the GAR- and WSSP-based carriers (~11%), which is partially consistent
with the result of a previous study [14]. Regardless of the carrier type, the increasing
concentration of AST tended to reduce the MC value. Considering the fact that all films
were obtained from the same amount of total solids (to achieve the same film thickness),
this result cannot be explained by the increasing dry mass content in the films. Based on
the results of a previous study [15], it can be speculated that AST affected the moisture
retention in the carriers through the development of hydrogen bonds between the polymers
and the AST constituents, which inhibited the formation of polymer-water hydrogen bonds
and, consequently, resulted in limited MC. Among the AST-supplemented samples, the
CMC-based films had the highest MC. This result may be attributed to the presence
of numerous hydrophilic groups (hydroxyl and carboxylic) in the CMC structure. The
excellent water binding and moisture sorption properties of CMC-based films have been
proved previously [10,16].

Table 1. The effect of Astasana (AST) concentration on the moisture content (MC), tensile strength (TS),
elongation at break (E), and elastic modulus (EM) of 75/25 blend films obtained from polysaccharides:
carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl-succinic-anhydride-modified starch
(OSA), water-soluble soy polysaccharides (WSSP), and gelatin (GEL).

Films AST (%) MC (%) TS (MPa) E (%) EM (MPa)
0 14.28 +0.211 43.04 +£3.81N 22.59 + 6.53P 1242.68 + 179.48 f&
CMC/GEL 025 13624+ 031" 3836+ 1.618 20.51 £7.06 % 1302.23 4 112.87 8
0.5 12.78 +£0.24 8 3751+ 2878 25.20 + 4.93 be 1171.33 + 135.84 ¢
1 1203 £0.24f 36.88 +2.78 & 12.57 £2.94 b 1216.89 + 146.18 ¢f
0 11.58 + 0.46°f  10.31 -+ 2.06 bed 15.31 + 4.46 2 314.90 + 96.39 b
GAR/GEL 025 1118 £ 0439 9,09 +£2.05P 10.21 4 4.07 231.01 +98.31°
0.5 1095+ 0249 1028 4 3.61 bed 8.89 +4.312 42341 + 11467 ¢
1 10.14 £ 021 1562 +1.57f 14.16 + 4.13 b 673.45 + 80.14 4
0 14.62 £ 0211 326 +0.532 139.21 + 25218 16.48 £5.772
OSA/GEL 0.25 12.66 + 0.64 8 3.07 £0.362 132.08 4+ 14.49 f8 16.16 +£4.312
0.5 11.81 4+ 0.66 f 3.17+0.602 124.53 +£ 2243 f 19.55 + 4.872
1 10.69 + 0.48 <d 2.69 +0.262 108.08 + 14.75 ¢ 22.98 + 4.08 2
0 11.01 + 0.48 de 13.05 £ 147 ¢ 39.36 + 8.07 4 497.80 4 125.45 ¢
WssP/GEL ~ 0.25 10.01 £ 050"  11.63 4 2.26 <de 34.56 + 11.45 <4 49557 + 148.84 ¢
0.5 930 £0.312 13.03 £2.03 ¢ 39.33 +£9.454 421.01 + 86.66
1 9.33 £0.532 12.12 + 1.63 d¢ 32.88 4+ 8.92<d 412.73 4+ 43.07 ©

a7 Values with the different superscript letters within one column are significantly different (p > 0.05).

3.3. Mechanical Properties

Regardless of the AST concentration, CMC yielded films with the best mechanical
strength and stiffness (Table 1), which partially supports the evidence from previous
observations [8]. Specifically, compared to the WSSP-, GAR-, and OSA-based samples,
the TS of the CMC/GEL films was approx. 3, 3.5, and 13 times higher, respectively. This
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result can be easily explained by differences in the three-dimensional arrangements of the
polysaccharides used for preparation of the films. It is well known that linear polymers,
such as cellulose and its derivatives, form intra- and interchain H-bonds, which cause them
to adhere strongly, resulting in a highly cohesive matrix [8,17]. In contrast, the branched
polymers (in this study, GAR, waxy OSA, and WSSP) offer reduced packing efficiency [18].
Apart from that, the weak mechanical strength of GAR- and WSSP-based films can be
attributed to the heterogeneous characteristics of these polysaccharides. GAR is a mixture
of long and short chains of sugars (arabinogalactan, oligosaccharides, and polysaccharides)
and glycoprotein [19], while WSSP is primarily a mixture of rhamnogalacturonans and
arabinogalactans [20]. It has been suggested that, similar to polymer branching, the polymer
heterogeneity can also give a material with reduced cohesiveness [14].

It is known that amorphous and crystalline polymers have irregularly and uniformly
packed molecules, respectively. Therefore, compared to amorphous materials, crystalline
materials are harder. As has been verified by wide X-ray diffraction analysis, GAR-, OSA-,
and WSSP-containing films are amorphous [14], while CMC-containing films exhibit a semi-
crystalline structure [21]. These structural differences provide an additional explanation
for the tensile behaviour of the films (Table 1).

It should be mentioned that despite the phase-separated morphology of the CMC/GEL
films [14], their mechanical resistance was better than other blend materials (Table 1). It can
be ascribed to the fact that CMC as a predominant (continuous) matrix component ensured
the strong polysaccharide—polysaccharide interactions, so the local presence of a dispersed
phase (GEL) was of secondary importance.

The effect of AST on the mechanical properties was dependent on the type of carrier
(Table 1). It was found that only in the case of the CMC/GEL film, AST reduced the TS
value, suggesting that it interfered in the formation of a coherent matrix. In turn, AST
did not affect the TS and EM of the OSA- and WSSP-based films (Table 1). These results
indicate that a less organized network (created by the branched polymers) is not susceptible
to mechanical changes caused by the presence of the active compound, while the more
ordered network of CMC is weakened, possibly due to the interruption of hydrogen
bonding between the polymer chains [8]. Regarding the GAR-based films, the low (0.25%)
and moderate (0.5%) AST concentrations did not affect the TS values; however, the inclusion
of AST at the highest level (1%) caused the mechanical strength of the carrier to increase
(from 10.31 to 15.62 MPa). Moreover, an accompanying increase in EM was observed. It
is difficult to explain this result, but it might be attributed to the binding/filling action
of the bulky amounts of AST. Such an effect has been suggested previously to explain
the decreased solubility of an AST-supplemented GAR-based film [11]. The possibility of
enhancing mechanical strength may be related to the fact that GAR forms very frangible
films that do not have sufficient mechanical resistance to be applied [14,22]. The mixing of
GAR with GEL (at a ratio of 3:1) significantly improves the cohesiveness of films; however,
the material durability is still relatively low [14]. In accordance with the present results,
previous studies on ascorbyl-palmitate-supplemented films have also demonstrated that it
is possible to improve the mechanical integrity of the GAR/GEL matrix [9].

Consistent with the previous studies [9,14], OSA yielded the most stretchable films
with the lowest resistance to deformation (E = 108.08-139.21%, EM = 16.16-22.98 MPa;
Table 1). This result may be ascribed to the strong plasticizing action of octenyl succinic
groups on amylopectin chains. Usually, films obtained from glycerol-plasticized unmodified
waxy maize starch exhibit several times lower E [23] and tens of times greater stiffness [24].

34. T

Considering the transparency to visible light, the control samples were ranked in the
following order: OSA/GEL > GAR/GEL >WSSP/GEL > CMC/GEL films (Figure 2). These
differences reflect primarily the microstructural features of the films. As the OSA- and
GAR-based films were fairly homogenous (Figure 1), they offered the highest transparency.
In turn, the roughness of the CMC- and WSSP-based films was responsible for their
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partial opaqueness. The CMC-based film had the lowest Tas00-700 (57.96-78.90%, Figure 2),
probably due to the presence of phase-separated microspheres [8,10], which scattered,
reflected, or absorbed light. As a result of the inhomogeneous microstructure, the CMC-
and WSSP-based films exhibited the best UV-C barrier properties. Namely, at A = 280, the
T values of the WSSP-, CMC-, GAR-, and OSA-based films were approx. 8%, 11%, 32%,
and 39%, respectively (Figure 2). The better UV blocking properties of the WSSP/GEL
film compared to the CMC/GEL film may be ascribed to the fact that WSSP contains a
small fraction (~5-14%) of protein [25,26]. Regardless of the polysaccharide type, all blend
films completely blocked UV light below A ~ 240 nm, which can mainly be related to the
excellent UV protection property of GEL [27,28].

100
CMC75/GEL25 GAR75/GEL25 OSA75/GEL25 WSSP75/GEL25
90 I AST 0% I I i
80 | AST 0.25% i
= — AST 0.5 %
& 70 | — AST 1% . :
8 60 | : ! :
50 | ! i
& 40 | I [
&
= 30 - -
20 | ! i i
10 | L i
0 J o e N - L “n & 1 M0 o L ) p———— A L
200 350 500 650 200 350 500 650 200 350 500 650 200 350 500 650

Wave lenght (nm)

Wave lenght (nm) Wave lenght (nm) Wave lenght (nm)

Figure 2. Effect of the increasing concentration of AstaSana astaxanthin (AST) on the light transmis-
sion of the films obtained from the 75/25 blends of polysaccharides (carboxymethyl cellulose (CMC),
gum Arabic (GAR), octenyl succinic anhydride starch (OSA), and water-soluble soy polysaccharides
(WSSP)) and gelatin (GEL).

Generally, as the AST concentration increased, the T value successively decreased
(Figure 2). This result may be partially explained by the presence of the increasing content of
starch granules (from the AST formulation (Figure 1C)) that reflected /scattered a significant
amount of light. In the spectra of the 0.25 and 0.5% AST-supplemented films, the observed
transmittance band centred at A ~ 355 nm (Figure 2) was a consequence of light absorption
in the region A ~ 450-500 nm (data not shown). This finding is not surprising, considering
the fact that the absorption maxima of ASX are situated between 409 and 476 nm [29]. It
was found that the 1% AST-supplemented films effectively blocked the light <A ~ 580 nm.
This outcome can be easily explained by the intense dark colour of these films (Figure S3).

3.5. Colour Stability at Room Temperature

To evaluate the colour stability of the obtained films, the storage experiment (25 °C for
60 days, without light) was conducted. Among the AST-free films, the WSSP-based carrier
was the most prone to colour change (AEgyqays = 3.70). It is difficult to explain this finding;
however, it should be mentioned that the WSSP/GEL film was initially the most yellow
and dark (Figures S3-S5). Therefore, it is possible that the colour change was caused by
the darkening of the pigments present in the polysaccharide fraction. Among the control
samples, the best colour stability was observed for the CMC- and GAR-based films.

The AST-supplemented samples were darker, redder, and more yellowish than the
controls (Figures S3-5S5). The gradual increase in the AST concentration resulted in a
gradual reduction in the lightness of the films (Figure S3). Surprisingly, the highest values
of the a* (redness) and b* (yellowness) parameters were observed for the 0.25% AST-
supplemented films (Figures S4 and S5), which agrees with our earlier observations [11].
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As mentioned previously, these films were not overloaded with dye; thus, they exhibited
the purest bright red colour. The CMC/GEL films incorporated with the higher level of
AST (0.5-1%) exhibited the highest redness among all samples.

Regardless of the AST concentration, the AST-supplemented CMC- and GAR-based
films exhibited the lowest colour change after 60 days of storage (AE < 2, Table 2). Such a
small colour difference could be noticed only by an experienced observer [30]. Regarding
the OSA/GEL films, in some cases, AE exceeded 2, which also means that an inexperienced
observer can notice the difference. A clear colour change was observed in the WSSP/GEL
films (in some cases, AE exceeded 3.5, Table 2). The high AE values of the WSSP-based
films were mainly caused by the decrease in the L* and a* parameters (Figures S3 and S4).
This result suggests that ASX was the least stable in the WSSP/GEL carrier.

Table 2. The total colour differences during storage (AE) of 75/25 blend films obtained from polysac-
charides: carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride-modified
starch (OSA), water-soluble soy polysaccharides (WSSP), and gelatin (GEL) incorporated increasing
Astasana (AST) concentration.

) AST 25°C 60°C
Films ST (%) 30 Days 60 Days 30 Days 60 Days
0 0.88 + 0.12 abc 0.98 =+ (.21 abede 22440242 2.734+0.382
cMc/GEL 025 0.91 4 0.11 2bed 1.24 4 0.20 <defs 11.10 + 0.34 4 13.40 + 0.56 °P
0.5 1.45 + 0.32 fghi 1.56 =+ 0.23 8hij 5.26 4 0.37 b¢ 5.38 + 0.49 be
1 1.11 + 0.30 cdefg 0.94 + (.16 2bede 6.23+0.31 6.79 + 1.08 de
0 0.60 & 0.14 2 1.09 + 0.18 bedef 7.72 £ 0.40 o 10.59 + 0.75 ik
GAR/GEL 025 0.64 + 0.17 % 1.66 4 0.19 N 11.89 & 0.16 '™ 13.67 + 0.96 °P4
0.5 0.58 +0.16 2 1.37 + 0.20 bed 11.25 4+ 0.23 4 11.99 + 0.48 m
1 1.16 + 0.23 cda 1.13 £0.18 2 7.95 + 0.71 °fg 824 4+ 0.59 f8
0 1.35 + (.07 defgh 1.88 + 0.12 ik 478 +£ 059" 9.06 + 0.40 81
OsA/GEL 025 1.46 £ 0.13 f8hi 2.31+£023K 12.76 + 0.27 ™n° 15.50 £ 0.71F
0.5 1.45 + 0.47 fshi 254 4 0.16! 11.10 + 0.31 14.31 + 0.57 P
1 1.25 + 0.2 cdefg 1.91 £ 0255 12.10 £ 0.39 Imn 14.34 4+ 1.11 9"
0 257 +0.17! 3704+ 0.14™ 7.23 4 0.63 def 9.73 4+ 1.47hi
wssp/GEL 0-25 2.70 +0.34! 1.20 + 0.20 cdefg 17.20 + 0.36 5 1952 +1.02¢
0.5 3.67 £031™ 254+0.168 13.30 + 0.37 "°P 14.65 + 091 T
1 44140340 4.02 £ 0.20 ™0 9.74 + 0.37 hi 10.03 + 1.63 i

3t Values with the different superscript letters within one column are significantly different (p > 0.05).

3.6. Accelerated Colour Stability Test

As relatively small changes in the colour of the samples (AE < 5, Table 2) were detected
after storage at 25 °C, the accelerated colour stability test (at 60 °C) was employed in
order to gain better insight in colour retention in the particular carriers. As expected, the
obtained AE values were much higher (Table 2). Similar to the room storage test, the control
CMC-based film was the most stable in terms of colour changes (AE < 3). This was mainly
related to the fact that this film was the least darkened and yellowed (Figures S6 and S8)
during storage.

In the case of the other control samples, the colour changes were more noticeable
(AE15days = 4.78-7.72) and deepened over time (AE3pqays = 9.06-10.59, Table 2). The weak
colour changes observed in the control CMC/GEL film may be explained by the immis-
cibility of its constituents (Figure 1A). It can be assumed that, in the phase-separated
polysaccharide/protein blend system, the intensity of the Maillard reaction was lower than
in the other obtained carriers. The possibility of occurrence of the Maillard reaction between
GAR and proteins, as well as WSSP and proteins, has been previously proved [31,32]. The
available literature does not provide data on the possibility of participation of OSA in
Maillard reactions; however, the results of this research indicate such an interaction.

As can be seen from the data in Table 2, with the increasing concentration of AST, the
susceptibility to colour change tended to decrease. This indirectly indicates that the higher
the ASX amount in the films, the better its stability. Moreover, it may be concluded that,
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when AST was incorporated at the lowest level, the colour changes were easier to detect
than in the films overloaded with the pigment. Among the 0.25% AST-supplemented films,
the weakest colour stability (AE3pgays = 19.52, the highest L* and b* values) was observed
for the WSSP-based film. In turn, at the highest AST addition level (1%), the CMC/GEL
film tended to be the best carrier in terms of colour stability (Table 2). These results suggest
that the type of the polysaccharide-based carrier affects the stability of ASX during storage.

3.7. Impact of Storage on the Antioxidant Activity of the Films

As can be seen in Figure 3, the control polysaccharide/GEL films (after complete dis-
solution in water at 40 °C) showed a relatively high ABTS** scavenging activity (~42-46%
at 60 min of incubation). Considering the fact that purified polysaccharide fractions have
slight antioxidant potential [33], the observed result may be associated with the presence
of the GEL fraction in the films. As reported in previous studies, the high glycine and
proline contents in GEL are responsible for its good neutralisation of free radicals [34,35].
Regardless of the carrier type, the storage time (25 °C, 60 days) did not affect the antioxidant
properties of the control samples. Generally, the increase in the AST concentration resulted
in the increased antioxidant potential of the films. After the incorporation of 1% AST, the
antiradical activity of the films increased by 1.5 times (~25 percentage points) compared to
the controls. This result is not very impressive. However, it should be mentioned that the
AST used in this study contains approx. 5% of ASX (DSM, 2014), so the real concentration
of ASX in the FFSs at the highest AST addition level was only 0.05%.
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Figure 3. Effect of storage (25 °C, 50% relative humidity) on the antiradical activity of AstaSana
astaxanthin (AST)-free (A) and AST-supplemented films obtained from the 75/25 blends of polysac-
charides (carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride starch
(OSA), water-soluble soy polysaccharides (WSSP)) and gelatin (GEL). a—x Values with the different
superscript letters within one column are significantly different (p > 0.05).

Regardless of the AST concentration, the WSSP-containing films had the weakest
antiradical activity. It is difficult to explain this result, but it might be related to the
faster nonenzymatic browning rate in this system, as evidenced by the intensive colour
change (Table 2), especially darkening of the samples (decrease in L* values) during storage
(Figures S3 and S6). The possibility of occurrence of the Maillard reaction between WSSP
and proteins (at 55-65 °C, for 36-96 h) has been previously proven [32]. It can be speculated
that the blocking of the amino groups of GEL by the formation of polysaccharide/GEL
conjugates resulted in weaker antioxidant activity of the obtained materials.

Generally, it was found that the films with the lowest and highest AST contents were
the most and least stable in terms of antioxidant potential, respectively.

4. Conclusions

The CMC/GEL films exhibited at least twice as high TS as the GAR/GEL and
WSSP/GEL films, and ten times higher TS than the OSA /GEL films. This outcome may
be ascribed to the linear structure of CMC, which facilitated the formation of a more co-
hesive matrix, compared to the mixture of GEL with the branched polysaccharides. The
more ordered network of the CMC-based film, however, was susceptible to mechanical
weakening in the presence of AST (the TS value was reduced by ~14%). In turn, the bulky
amounts of AST (1%) acted as a binder/filler that improved the TS of the GAR-based film.
The increasing concentration of AST resulted in a decline in the transparency of the films,
which may be associated with the presence of starch granules (carrying component) in the
AST formulation.

Generally, the increase in the AST concentration resulted in darker films. As a result,
the films with the lowest AST content (0.25%) were the most red. As expected, the films
with the highest AST concentration (1%) exhibited the best antiradical capacity. The 0.25%
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AST-supplemented films were the most stable in terms of the antioxidant potential, while
the 1% AST-supplemented films were the most prone to deterioration of the antiradical
activity during storage.

Despite their high transparency, the excessive plasticity (mechanical weakness) of
the OSA-based films could make their application difficult. Considering their weakest
colour stability and the weakest antiradical capacity, the WSSP-based film is the least
desirable carrier for AST. In turn, the CMC/GEL film exhibited the most stable colour
during storage (the lowest rate of darkening and yellowing) at both room and elevated
temperatures. This result may be associated with the fact that GEL and CMC are immiscible
polymers, as verified by microscopic observations, which probably limited the possibility
of occurrence of the Maillard reaction. However, a serious drawback of the CMC/GEL
AST-supplemented films was their low light transparency (due to the surface roughness).
The GAR/GEL system was devoid of this disadvantage and was also quite stable during
storage; therefore, it can be taken into account for some food packaging purposes that do
not require high mechanical strength (e.g., coatings).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14194001/s1, Figure S1: Solubility of water-soluble soy
polysaccharides (WSSP) in water as a function of its concentration, without (dark blue line) and with
the presence of gelatin (GEL) (orange line). The WSSP solutions and 75/25 WSSP/GEL blends (25 mL)
were heated (90 °C, 1 h), cooled to 25 °C, and centrifuged (30 min, 6963 x g, 25 °C). After removing the
supernatant, the pellet was dried (45 °C) until a constant mass. In order to calculate the solubility, the
mass of the solubilized WSSP was divided by the initial mass of the solvent and then multiplied by 100.
Figure S2: Microscopic images of the supernatants obtained by the centrifugation (30 min, 6963x g,
25 °C) of the 3.75% water-soluble soy polysaccharides (WSSP) solution (A) and WSSP/gelatin 75/25
(3.75% WSSP and 1.25% gelatin) blend solution (B). Figure S3: Effect of storage (25 °C, 50% relative
humidity) on the lightness (L*) of AstaSana astaxanthin (AST)-free (A) and AST-supplemented films
obtained from the 75/25 blends of polysaccharides (carboxymethyl cellulose (CMC), gum Arabic
(GAR), octenyl succinic anhydride starch (OSA), and water-soluble soy polysaccharides (WSSP))
and gelatin (GEL); Figure S4: Effect of storage (25 °C, 50% relative humidity) on the redness (a*) of
AstaSana astaxanthin (AST)-free (A) and AST-supplemented films obtained from the 75/25 blends of
polysaccharides (carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride
starch (OSA), and water-soluble soy polysaccharides (WSSP)) and gelatin (GEL); Figure S5: Effect of
storage (25 °C, 50% relative humidity) on the yellowness (b*) of AstaSana astaxanthin (AST)-free (A)
and AST-supplemented films obtained from the 75/25 blends of polysaccharides (carboxymethyl
cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride starch (OSA), and water-soluble soy
polysaccharides (WSSP)) and gelatin (GEL); Figure S6: Effect of storage (60 °C) on the lightness (L*)
of AstaSana astaxanthin (AST)-free (A) and AST-supplemented films obtained from the 75/25 blends
of polysaccharides (carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride
starch (OSA), and water-soluble soy polysaccharides (WSSP)) and gelatin (GEL); Figure S7: Effect of
storage (60 °C) on the redness (a*) of AstaSana astaxanthin (AST)-free (A) and AST-supplemented
films obtained from the 75/25 blends of polysaccharides (carboxymethyl cellulose (CMC), gum Arabic
(GAR), octenyl succinic anhydride starch (OSA), and water-soluble soy polysaccharides (WSSP)) and
gelatin (GEL); Figure S8: Effect of storage (60 °C) on the yellowness (b*) of AstaSana astaxanthin
(AST)-free (A) and AST-supplemented films obtained from the 75/25 blends of polysaccharides
(carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride starch (OSA), and
water-soluble soy polysaccharides (WSSP)) and gelatin (GEL).
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Figure S1: Solubility of water-soluble soy polysaccharides (WSSP) in water as a function of its
concentration, without (dark blue line) and with the presence of gelatin (GEL) (orange line).
The WSSP solutions and 75/25 WSSP/GEL blends (25 mL) were heated (90 °C, 1 h), cooled
to 25 °C, and centrifuged (30 min, 6963 x g, 25 °C). After removing the supernatant, the pellet
was dried (45 °C) until a constant mass. In order to calculate the solubility, the mass of the
solubilized WSSP was divided by the initial mass of the solvent and then multiplied by 100.

Figure S2: Microscopic images of the supernatants obtained by the centrifugation (30 min, 6963
X g, 25 °C) of the 3.75% water-soluble soy polysaccharides (WSSP) solution (A) and
WSSP/gelatin 75/25 (3.75% WSSP and 1.25% gelatin) blend solution (B).
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ARTICLE INFO ABSTRACT

Keywords: Curcumin (CUR; 0, 0.005, 0.01, 0.02 %) was loaded into binary 75/25 blend films based on polysaccharides
Carboxymethyl cellulose (carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride modified starch (OSA), water-
Gum Afabic_ ) ) " soluble soy polysaccharides (WSSP)) and gelatin (GEL). The GAR-based system was the least rough and,
Sg;e;ﬁyss;zf:ﬁrci;:shy‘mde modified starch consequently, the most transparent of the films. An opposite result was found for the WSSP-based film. Despite
Gelatin the phase separation, the CMC75/GEL25 film exhibited excellent mechanical strength and stiffness. CUR
Curcumin improved the UV/VIS light-barrier characteristics of the films, but did not affect most of other physiochemical

properties. X-ray diffractograms revealed that CUR provoked the rearrangement of the triple helical structure of
GEL. As highly erodible, the CMC75/GEL25 carrier ensured the fastest and the most complete release of CUR.
The OSA75/GEL25 system exhibited an opposite behavior. The kinetic profiles of the antiradical activity of the
films did not reflect CUR release. A comparison of 2,2-diphenyl-1-picrylhydrazyl (DPPH*) scavenging on the
plateau revealed that the CUR-supplemented films had quite comparable antiradical potential. The CMC75/
GEL25 system exhibited the highest colorimetric stability, likely as a result of complete encapsulation of CUR in

the GEL-rich microspheres. Weak symptoms of physical aging (enthalpy relaxation) were found in the films.

1. Introduction

Elimination of plastic packaging from production and distribution,
even if only partially, is regarded as a great success and a contribution to
reduction of the negative impact of plastic on the environment. Bio-
polymers are considered an inevitable alternative to synthetic polymers
obtained from the declining oil deposits. Future packaging must be
biodegradable and serve additional functions, e.g. antimicrobial and/or
antioxidant activity. Oxidation is one of the main causes of food dete-
rioration. Controlled release of antioxidants from the packaging mate-
rial limits their amount in the finished product and directs their action
towards the surface layers of the product, which are most exposed to
contact with oxygen. In contrast to synthetic food additives, the use of
natural ingredients does not give rise to consumer concerns. Conse-
quently, active antioxidant packaging materials are most often obtained
through incorporation of plant extracts, natural polyphenolic com-
pounds, vitamins C and E, and carotenoids [1,2].

Curcumin (CUR) is a yellow polyphenol pigment extracted from
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turmeric (Curcuma longa) roots. The compound represents the group of
p-diketones and can exist in two tautomeric forms: keto (dominant in
neutral and acidic environments) and enol (present only in alkaline
environments). As a hydrophobic compound, CUR is practically insol-
uble in water (max. solubility= 3.12 mg/L at 25 °C) [3]. Aqueous CUR
solutions, however, can be obtained by addition of some biopolymers,
surfactants, lipids, or cyclodextrins. Alcohols, acetonitrile, and acetone
are the primary solvents and cosolvents for CUR [4]. Ethanol has been
found to be the most preferred dissolvent for CUR (max. solubility= 10
mg/mL at 25 °C) [5]. CUR is resistant to high temperatures (<120 °C)
but is quickly degraded under the influence of such factors as changes in
pH and the presence of oxygen, light, and SO,. It exhibits the greatest
stability in acidic solutions (pH = 2.5 to 6.5), where it is intense yellow,
and turns red-brown in neutral and alkaline environments where the dye
undergoes degradation [6,7].

CUR is commonly used as a food additive (E100). It has a status of
Generally Recognized as Safe (GRAS). The acceptable daily intake of
CUR is 3 mg/kg bw/day [8,9]. CUR is a powerful antioxidant. Its free
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radical scavenging activity may arise from the presence of either the
phenolic OH group or the CHy group of the p-diketone moiety. A free
radical can undergo electron transfer or abstract H-atom from either of
these two groups [10]. CUR exhibits a pleiotropic spectrum of health-
enhancing properties, e.g. anti-cancer, anti-inflammatory, anti-
microbial, and anti-viral activity. It is recommended to be used in the
treatment and prophylaxis of cancers and for prevention of neurode-
generative diseases such as Alzheimer's disease and Parkinson's disease
[8,11]. The major drawback of CUR is its very poor bioavailability due
to its poor absorption, rapid metabolism, chemical instability, and rapid
systemic elimination [12]. Currently, extensive scientific research is
focused on improvement of the bioavailability and stability of CUR
through encapsulation of the compound in a biopolymer matrix or
making polymer-based solid dispersions [13].

The unique properties of CUR are increasingly being used for pro-
duction of active and intelligent (pH sensitive) packaging materials
[14]. Various biopolymers, including polysaccharides, proteins, poly-
lactide, and polysaccharide/polyvinyl alcohol blends, have been used as
carriers of CUR. The materials obtained, however, have rarely been
compared in a single study (using the same experimental methods) to
reveal their advantageous or disadvantageous load-carrying properties.
The selection of the carrier should be a starting point in the design of
active materials with optimal physicochemical parameters and desired
diffusion mobility. Furthermore, simultaneous comparative analysis of
the structural, optical, barrier, mechanical, antioxidant, and release
properties of CUR-supplemented films can help to expand, verify, and
systematize the knowledge on processes and factors affecting the quality
of active packaging systems.

Since CUR is a non-polar antioxidant, it can be assumed that the use
of polysaccharides with emulsion-stabilizing properties as film-forming
biopolymers will yield homogeneous materials without the necessity to
use additional emulsifiers. The most popular polysaccharide emulsifiers
are gum Arabic (GAR), octenyl succinic anhydride starch (OSA), and
water-soluble soy polysaccharides (WSSP) [15]. Also, carboxymethyl
cellulose (CMC) is a hydrocolloid with surface activity that can act as an
emulsifier in oil-in-water emulsions; however, its principal role is to act
as a structuring, thickening, or gelling agent in the aqueous phase [16].
As reported in previous studies [17], films obtained from some of the
aforementioned polysaccharides have limited functional properties (e.g.
the GAR film is excessively brittle and the OSA-based film is excessively
adhesive). To improve their functional properties, these polymers have
been proposed to be doped with gelatin (GEL) [17], which has excellent
film-forming and emulsion-stabilizing properties [18,19]. Generally, 25
% replacement of part of the polysaccharide with GEL helps to
strengthen the film matrix as a whole [17].

Active packaging can be classified into two main groups: active
release packaging allowing controlled migration of the active agent and
non-migratory active packaging acting without intentional migration
[20]. The immobilization of additives is desirable if the migration of the
active compound from packaging (e.g. wrapping, sachets, casings,
coatings) could negatively alter the sensory profile of the product.
Modeling of controlled release is highly desirable, as rapid release
causes fast consumption of the antioxidant on the food surface; on the
other hand, oxidative reactions may start if the release of the antioxidant
from the packaging film is too slow [21]. To date, there are several
approaches to achieve different release rates of the active agent from the
packaging material, e.g. incorporation of compounds at different con-
centrations [22-26], encapsulation of active compounds into the poly-
mer matrix [27,28], or development of polymer blends with different
morphologies [23,29].

The aim of the present study was to compare the microstructural,
thermal, optical, mechanical, release, and antioxidant properties of
edible 75/25 blend films based on polysaccharides (CMC, GAR, OSA,
WSSP) and GEL incorporated with increasing CUR contents (0.005, 0.01,
and 0.02 %).
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2. Materials and methods
2.1. Materials

Pork GEL (with bloom strength of 240; McCormick-Kamis S.A.,
Poland), sodium CMC WALOCEL CRT 30 GA (with a substitution degree
of 0.82-0.95; Dow Wolff Cellulosics, Germany), GAR Agri-Spray Acacia
R (Agrigum International, United Kingdom), waxy maize starch sodium
octenyl succinate Purity Gum 2000 (Ingredion, Germany), and WSSP
(Gushen Biological Technology Group Co., LTD, China) were used in this
study. CUR (from Curcuma longa), glycerol, and 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) were purchased from Sigma Chemical (USA).

2.2. Film preparation

Films were obtained from ethanol aqueous solutions (4 %) contain-
ing polysaccharides (3.75 % w/w), GEL (1.25 % w/w), glycerol (1 % w/
w), and increasing amounts of CUR (0, 0.005, 0.01, and 0.02 % w/w).
The biopolymer concentration levels were based on our previous work
[17]. Briefly, blends of polysaccharides with GEL at the ratio of 75/25
were mixed with water and glycerol and then heated in a water bath at
90 °C for 1 h with constant stirring (100 rpm) in order to ensure com-
plete dissolution. The film-forming solutions (FFSs) were allowed to cool
(to ~40 °C) and the CUR ethanolic solution (or pure ethanol in the case
of the control) was subsequently added. The mixtures were stirred (800
rpm, 10 min), degassed, and placed on polycarbonate trays with an area
of 144 or 4 cm?. A constant amount of total solids (0.0125 g/cm?) was
placed on the trays in order to maintain film thickness. The FFSs were
dried at 25 + 2 °C and 50 + 5 % relative humidity (RH) for 48 h. The
films were peeled from the trays, cut into sample pieces, and
conditioned.

2.3. Film thickness and conditioning

The film thickness was determined using a Mitotuyo 547-401 digital
thickness gauge (Mitotuyo, Tokyo, Japan). Before testing, the films
samples were maintained in an MLR-350 climatic test chamber (Sanyo
Electric Biomedical Co. Ltd., Japan) for 48 h at 25 °C and 50 % RH.

2.4. Analyses of FFSs

The morphology of the FFSs was examined using an inverted mi-
croscope (CKX53, Olympus, Japan) and a Leica 5500B microscope
(Leica Microsystems GmbH, Germany) equipped with a differential
interference contrast (DIC) optical system. Additionally, cryo-scanning
electron microscopy (cryo-SEM) observations were conducted using a
Carl Zeiss Ultra Plus scanning electron microscope (Oberkochen, Ger-
many). A glass electrode (Elmetron ERH—11S, Poland) connected to a
pH meter (Elmetron CPC 401, Poland) was used for measurement of pH
of the FFSs at 40 °C (in order to avoid gelatinization). The tests were
performed in triplicate.

2.5. Microscopy of films

The surface of the films was examined using a Leica 5500B micro-
scope equipped with a DIC optical system. The obtained 2D photos were
converted into 3D topographies (ImageJ software) in order to calculate
the film surface roughness (root-mean-square roughness, Rq) [30].
Furthermore, the topography of the films was visualized by the SEM
technique.

2.6. Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy

The analysis of the structural links of the control and 0.02 % CUR-
supplemented films was performed using a Thermo Nicolet 8700 FTIR
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spectrometer with a Smart Orbit™ diamond ATR accessory and a
deuterated triglycine sulphate (DTGS) detector (Thermo Scientific,
Waltham, MA, USA). No special sample preparation was required for the
analysis. The tests were carried out at room temperature in the wave-
number range of 4000-400 cm ™! with the spectral resolution of 4 cm ™.
A total of 64 scans were made for each spectrum. The collected spectra
were subjected to ATR correction, automated baseline correction, and
normalization using the Omnic Specta™ software. Each sample was
scanned twice and good reproducibility was observed.

2.7. Wide-angle X-ray diffraction (WAXD)

WAXD patterns of the control and 0.02 % CUR-supplemented films
were obtained on a URD 6 Seifert X-ray diffractometer (FPM-Seifert,
Freiberg, Germany) with a Cu Ko radiation source. The operating pa-
rameters were as follows: 30 mA, 40 kV, 20 scanning from 2° to 50° with
a step size of 0.1°, scanning speed of 0.1° per 15 s, ~ 25 °C.

2.8. Differential scanning calorimetry (DSC)

DSC thermograms were obtained using an MDSC 2920 differential
scanning calorimeter (TA Instruments, New Castle, DE, USA) equipped
with an intracooler. The instrument was calibrated with melting tem-
perature and enthalpy of the indium standard (156.6 °C and 28.45 J/g,
respectively). The samples were weighed, transferred to hermetically
sealed aluminum pans, and heated at a rate of 10 °C/min over a range of
20-300 °C, allowing for 5 min of isotherm at the beginning and end of
the heating run. An inert atmosphere was maintained by purging ni-
trogen at a rate of 40 mL/min.

2.9. Moisture content (MC), solubility (So), and swelling (Sw)

Film specimens (4 cm?) were dried in an oven at 105 °C for 24 h [31].
The weight loss of each sample was determined and MC was calculated
as follows:

MC (%) = =% 1007 @

Wi

where: wj is the initial weight of the sample and wy is the weight of the
dry sample.

So was expressed as the percentage of film solubilized after immer-
sion in an aqueous-ethanolic solution (50 %) (Eq. (2)).

Wi —

So =

W 100% ®)

i

where: wj is the initial weight of the sample and w,, is the weight of the
undissolved sample residue.

Briefly, the film specimens (4 cm?) were weighed and mixed using a
magnetic stirrer (170 rpm) in 20 mL of the aqueous-ethanolic solution at
25 + 2 °C. Then, undissolved residues taken at 5 different time points
were removed from the solutions and conditioned (at 25 + 2 °C and 50
+ 5 % RH for 72 h) to determine the solubilized dry matter.

To determine Sw, the film samples (4 cm?) were weighed and
immersed in 20 mL of the 50 % aqueous-ethanolic solution at 25 + 2 °C.
The weight of swollen films was measured after gentle blotting the
surface with filter paper after 5, 10, 30, 60, and 120 min of the test. Sw
was calculated as the percentage of water absorbed by the sample (Eq.
(3.

Sw = (w; — wy) x 100% 3
where: wj is the initial weight of the sample and wy is the weight of the

sample after swelling.
The tests were performed in triplicate.
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2.10. Water vapor permeability (WVP)

The WVP (g mmm 2 d~! kPa~1) was calculated as follows:

WVP = (WVTR x L)/Ap @

where: WVTR is the water vapor transmission rate of the film (g m™2
d™1) measured gravimetrically based on the ISO 2528 [32] method, L is
the mean film thickness (mm), and Ap is the difference in the water
vapor pressure (kPa) between two sides of the film.

The permeation cell (poly(methyl methacrylate)) cups had an in-
ternal diameter of 7.98 cm (exposed film area = 50 cm?) and an internal
depth of 2 cm. Distilled water (30 mL) was added into each test cup and
the film samples were placed over the circular opening and secured by a
screw top. The cups were placed in the test chamber at 25 °C and 50 %
RH. The weight loss from the samples with 3 replicates was monitored
for 10 h with weights recorded at 2 h intervals. The slopes of the steady
state (linear) portion of the weight lost versus the time curves were used
to calculate WVTR.

2.11. Optical parameters

The light transmission of the film samples (1 x 4 cm) was measured
using a spectrophotometer (Lambda 40, Perkin-Elmer, Shelton, CT,
USA) at selected wavelengths between 200 and 700 nm. The opacity
(Op) of the film samples was calculated with the following formula [33]:

Op = Ago/x 5)

where: Aggo is the absorbance at 600 nm and x is the film thickness
(mm).

The color values (CIE L*a*b*) of the film samples (1 x 4 cm) were
measured with a colorimeter (NH310, 3nh, China) on a white back-
ground (L* = 93.74, a* = 0.23, b* = —10.08). The color of the film
specimens was analyzed immediately after conditioning and after 30
and 60 days of storage in the test chamber (without light, at 25 + 1 °C
and RH ~ 50 %). The total color difference (AE) between the initial color
of the sample (time zero) and the color of the stored sample was
calculated with the use of Eq. (6).

AE = \/ (AL)* + (Aa)* + (AD)? ©)

where: AL*, Aa*, and Ab* are the differences between the L*, a*, and b*
values of two analyzed samples, respectively.
All optical analyses were performed fivefold.

2.12. Mechanical properties

The mechanical properties of the films were determined using a TA-
XT2i texture analyzer equipped with a 50 kg load cell (Stable Micro
Systems, UK). To perform the tensile test, the initial grip separation was
set to 30 mm, and the film samples (2 x 5 cm) were stretched at a speed
of 1 mm s~ . Tensile strength (TS, MPa), elongation at break (E, %), and
elastic modulus (EM, MPa) were calculated using Egs. (7), (8), and (9),
respectively:

TS = Foux /A %)
where: Fpax is the maximum load for breaking the film (N) and A is the
initial cross-sectional area (thickness x width, mmz) of the specimen.
E = (AL/L) x 100 (8
where: L is the initial gage length (mm) and AL is the difference in the
length at the moment of fracture.

EM = (6, —06,)/(e; — &) 9

where: g7 is a strain of 0.2 (0.67 %), €5 is a strain of 0.4 (1.33 %), 61



K. tupina et al.

(MPa) is the stress at g1, and 65 (MPa) is the stress at e-.

To perform the puncture strength (PS, MPa) test, a steel ball-ended
(2 mm diameter) probe was moved perpendicularly at the film surface
at a constant speed (1 mm s’l) until it passed through the film. PS was
calculated with Eq. (10):

PS = F/A 10$)

where: F is the maximum force (N) and A is the cross-sectional area of
the probe (films thickness x diameter of the opening of the film holder,
mmz).

The mechanical analyses were performed at least ten times.

2.13. Release test

The film discs (4 cm?) were immersed in 20 mL of the 50 % aqueous-
ethanolic solution (food simulant able to extract fat-soluble substances,
assigned for foods that have a lipophilic character, including dairy and
non-dairy fatty products) at 25 °C and mixed using a magnetic stirrer
(170 rpm). The absorbance of the acceptor solution was monitored (at
425 nm) as a function of time using a set of flow-through cuvette with a
peristaltic sipper (“PESI” B2190036, Perkin-Elmer, USA) connected to
the spectrophotometer at a flow rate of 120 min~*. The tests were per-
formed in triplicate. The CUR release kinetics was modeled using
DDSolver: add-in software for Microsoft Excel. Eight mathematical
models were chosen to fit the data (Table S1). The values of the adjusted
coefficient of determination (Rﬁdjusted) were used for the selection of the
optimal model. On the basis of the best-fitted model, the half-release
time values (tsgy) were calculated [34]. However, if the optimal
model was unable to determine the tsgy, the next in order best-fitting
model was used for the calculation.

2.14. Antioxidant properties

The film discs (4 cm?) were immersed in 20 mL of a DPPH-50 %
ethanol solution at 25 °C and mixed using a magnetic stirrer (170 rpm).
The absorbance of the acceptor solution was monitored as a function of
time using a set of flow-through cuvette with a peristaltic sipper (“PESI”
B2190036, Perkin-Elmer, USA) connected to the spectrophotometer at a
flow rate of 120 min~'. The absorbance at 517 nm was measured until
the reaction reached a plateau. The ability of the films to quench DPPH
free radicals was calculated using Eq. (11).

DPPH scavenging (%) = [1 — (Abs/Abspppy) | X 100 an

where: Abs is the absorbance of the sample and Abspppy is the absor-
bance of the solution of DPPH (0.77 + 0.05). The tests were performed
in triplicate.

The Weibull_1 model (Wb_1, Table S1) was used to determine the
time values needed to reduce the DPPH* concentration by 50 % (tso
pppu) as described in Section 2.13.

2.15. Statistical analysis

Differences among the mean values of the data were tested for sta-
tistical significance at the p < 0.05 level using analysis of variance
(Statistica 13.1, StatSoft Inc., Tulsa, USA) and Fisher's test. Additionally,
the relationship between the tsgy, and tsoypppn Was evaluated using
Pearson's correlation.

3. Results and discussion
3.1. Microstructure
A proper microscopic analysis of FFSs provides a better insight into

the surface morphology of the resultant films [30]. Therefore, in this
study, three different microscopy techniques were applied and

International Journal of Biological Macromolecules 236 (2023) 123945

compared. It was found that the conventional light and DIC micros-
copies (Fig. 1 A-B) provided more useful information than the cryo-SEM
method (Fig. 1C). Primarily, the observations of cryogenically fixed
samples, regardless of the magnification (data not shown), did not reveal
a heterogeneous microstructure of the WSSP- and OSA-containing FFSs
(Fig. 1C). On the basis of the previous studies [17,22,24], the graininess
of the WSSP75/GEL25 blend was the result of the limited solubility of
the soybean hemicellulose. In turn, the slight structural heterogeneity of
the OSA75/GEL25 mixture (Figs. 1-2) could be attributed to the for-
mation of electrostatic coacervates [35]. Consistent with the literature
[36], the blending of CMC with GEL generated a completely non-
miscible system in which the GEL-rich hydrogel microspheres were
anchored in the CMC-rich matrix (Figs. 1-2). The microspheres, likely
due to their relatively large sizes (~11-47 pm), were finely visualized by
all microscopy techniques (Fig. 1). Interestingly, compared to the pre-
vious study [23], the microspheres of the CMC75/GEL25 system seemed
to be more numerous. This suggests that the presence of ethanol
(cosolvent for CUR) in the FFSs intensified the immiscibility of the
polymers. Among the obtained blends, the GAR75/GEL25 system was
the most homogenous (Fig. 1), indicating good compatibility of the
components.

The film topographies (Fig. 2) reflected the observations of the FFSs
to a certain extent. One unanticipated finding was that the CMC75/
GEL25 film, even in spite of the phase separation, was less rough (Rq =
16.23) than the WSSP75/GEL25 film (Rq =21.18, Fig. 2B). The control
GAR75/GEL25 film was the smoothest (Rq = 4.59, Fig. 2B) of the ob-
tained materials, which is consistent with the previous study [24].

Surprisingly, in the CMC75/GEL25 system, CUR was strictly
distributed into the GEL-rich microspheres (Fig. 1A-B). This finding may
be explained in terms of the hydrophobic bounding of CUR with the
hydrophobic regions of GEL. The result partially supports the evidence
from previous observations reported by Roy and Rhim [37], who
demonstrated some microstructural incompatibility between CUR and
CMC. Interestingly, in the CUR-supplemented CMC75/GEL25 FFS, the
microspheres tended to be bigger (max. diameter ~ 80 pm) than those
found in the control (max. diameter ~50 pm, Fig. 1A). A possible
explanation for this finding might be that the CUR-attached GEL became
more hydrophobic and, consequently, less miscible with the CMC.
Regarding the other FFSs, the CUR was relatively uniformly distributed
in the blends (Fig. 1A-B), which can be attributed to the amphiphilic
character of the GAR, OSA, and WSSP. Possibly, due to its low level
(0.005-0.02 %), the presence of CUR, did not significantly affect the
topography of most films (Fig. 2). An exception was the clearly reduced
roughness of the CMC75/GEL25 film (Fig. 2B).

3.2. FTIR

The FTIR spectra of the control and the 0.02 % CUR-supplemented
films are presented in Fig. 3. The spectra of all samples showed peaks
at ~3290-3296 cm ', which are attributed to amide A (-OH and/or
-NH,) stretching. Moreover, there were bands at ~2878-2933 cem !
attributed to Amide B stretching vibrations of asymmetric and sym-
metric methyl groups (CHy). The spectra of the GAR-, OSA-, and WSSP-
based films exhibited an absorption peak at 1648 cm ™!, corresponding
to the Amide I band (stretching vibrations of the C=0 and C—N groups).
Interestingly, the separated protein-rich regions of the CMC75/GEL25
film were manifested by a small peak at 1629 em ! (Amide I band) [25].
The set of vibrations associated with the carboxylate group was posi-
tioned at 1591 cm ™' (the CMC75/GEL25 film), 1556-1558 cm ! (the
GAR-, OSA-, and WSSP-based films), and 1409-1413 cm ! (all films).
The bands found between 1016 and 1149 cm™! represent C-O-C pyra-
nose ring stretching vibrations.

For all types of carriers, the locations of peaks in the spectra of the
0.02 % CUR-containing films were identical to those of the control
(Fig. 3). Considering the low addition level, the peaks of CUR might be
suppressed by the predominant amount of polymers. Yang et al. [38]
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CMCTS/GEL2S CUR 0.02%

CUR 0.02%

WSSPTSIGEL25 CUR 0%

Fig. 1. Optical microscopy (A), DIC microscopy (B), and cryo-SEM (B) images of the curcumin-free and 0.02 % curcumin-added film-forming solutions based on 75/
25 blends of polysaccharides (carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride starch (OSA), water-soluble soy polysaccharides

(WSSP)) and gelatin (GEL).

. M CMC75/GEL2S CUR 0%
R = 16.23

CMC75/GEL25 CUR 0% CMC75/GEL25 CUR 0.02%

GARTSIGEL2S CUR 0%
Rq = 4,59

0SA75(GEL25 CUR 0.02%

CMC7S/GEL25 CUR 0.02%
Rq = 12.33

CMC75/GEL25 CUR 0% CMC75/GEL25 CUR 0%

GARTSIGEL25 CUR 0.02
Rq = 6,46

GAR7S/GEL2S CUR 0%

OSA75/GEL25 CUR 0.02%
Rq = 8,87

OSA75(GEL25 CUR 0%

0SA75(GEL25 CUR 0.02%

PTSIGEL2ZS CUR 0% WSSPTS/0EL25 CUR 0,02%

Fig. 2. DIC microscopy (A), 3D images (B) with calculated root-mean-square roughness (Rq), and SEM images (C) of the curcumin-free and 0.02 % curcumin-added
films based on 75/25 blends of polysaccharides (carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride starch (OSA), water-soluble soy

polysaccharides (WSSP)) and gelatin (GEL).

concluded that small bioactive molecules such as CUR are bounded to
GEL mainly through non-covalent interactions, which cannot be re-
flected in FTIR. Also, Taghinia et al. [39] reported no change in the FTIR
spectrum of Lallemantia iberica seed gum film after CUR incorporation,
suggesting the formation of physical interactions between the

polysaccharide and CUR. In agreement with the present results, other
previous studies have demonstrated that the incorporation of low
amounts of active molecules did not induce significant changes in FTIR
spectra of biopolymeric films [23,24,26,40]. Relatively high amounts of
CUR (1-20 %) are necessary to provoke changes in the FTIR spectrum of
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the carrier [41].

3.3. WAXD

Two characteristic peaks in the diffractograms (Fig. 4) revealed a
semi-crystalline structure of the films, which agrees with previous
findings [17,36]. In contrast to earlier observations [36], however, the
CMC75/GEL25 system exhibited negligible crystallization peaks at a low
angle. Considering that for all films, the peak at 20 ~ 8" is a GEL-origin
(it represents a partial reversion of GEL to triple helical segments of
collagen [17,36,42]). This inconsistency might indicate that the pres-
ence of ethanol (cosolvent) limiting the extent of GEL renaturation. This
hypothesis is based on previous findings [43,44], which showed that
alcohol had a negative effect on the formation of H-bonds (intermolec-
ular and/or water-mediated) stabilizing the triple helix. The speculation
is, however, limited since the GEL-origin peak was clearly visible in the
WAXD patterns of other films. Therefore, another possible explanation
for the non-consistent results could be a non-uniform distribution of
GEL-rich microspheres in the CMC-rich matrix (Fig. 2), which did not
ensure reproducibility of the WAXD data.

CUR is a highly crystalline compound, i.e. its X-ray diffraction
pattern consists of a series of sharp peaks [45]. The lack of these peaks
(Fig. 4) suggests therefore the existence of CUR in an amorphous state.
Interestingly, in the case of all films, the intensity of the peak at 26 ~ 20°
increased after the addition of CUR. It is difficult to explain this result,
but it might be related to the recrystallisation of some portion of CUR. By
that logic, the GAR75/GEL25 system was the best anti-crystallizing
carrier matrix for CUR. Consistent with the literature, the addition of
CUR provoked changes in the intensity of the first crystalline peak,
which could be attributed to the rearrangement of a triple helical
structure [46].

3.4. Thermal properties

First of all, it should be mentioned that, in the case of the moisture-
containing-samples, the DSC pan type (open vs. sealed system) strongly
affects the experimental results and their further interpretation. For
example, while the endothermic peak at around 100 °C in open pans is
attributed to moisture evaporation, a similar thermal event appearing in
hermetically sealed pans is assigned to the polymer melting transition
[47]. Since the film samples were hermetically sealed in this study, the
DSC results were discussed only with data obtained in the same way.

All the thermograms showed a weakly pronounced endothermal
peak located in the range of 73-98 °C, depending on the film type
(Fig. 5). Its presence is probably an indicator of physical aging of the
films [48-50]. This process occurs in glassy or partial glassy polymers
stored below their glass transition temperature (Tg). Over time, the
polymer molecules slowly adapt their conformation to a new tempera-
ture. The gradual rearrangement causes an increase in packing density
and a reduction in free volume and enthalpy within the polymer, which
may reduce molecular mobility, resulting in more brittle material. The
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aged polymer recovers the lost free volume at a temperature above T,
presenting an endothermic peak. This phenomenon is called enthalpy
relaxation/recovery [51]. Unfortunately, the aging peak commonly
overlaps the polymer Tg, which causes a problem in determining its
precise location. In this case, a modulated temperature DSC (MTDSC) is
necessary to separate the enthalpy relaxation and glass transition events
[52]. Nevertheless, considering the location of the aging peaks (Fig. 5),
it can be speculated that the OSA- and GAR-based systems exhibited the
smallest and the highest Tq values, respectively.

The melting transition of the control films was found at 192 °C
(GAR/GEL), 214 °C (WSSP/GEL), and 224 °C (CMC/GEL and OSA/GEL)
(Fig. 5). These melting temperatures (Ty,) are higher than previously
observed for pure GEL (~170 °C) [53] and CMC films (~102 °C). A note
of caution is due here since the Ty, of biopolymeric films depends on
many factors, including the plasticizer content [54]. The incorporation
of the CUR raised the Ty, of the films. Since the melting range of CUR
crystals lies between 179 and 182 °C [55], this finding was unexpected
and suggested occurrence of heat-induced chemical interactions be-
tween the biopolymers and the CUR, which resulted in formation of
more densely linked systems.

Clearly visible exothermic peaks were found for the CMC- and WSSP-
based films at temperatures around 250-265 °C (Fig. 5). These thermal
events might be primarily ascribed to the depolymerization and
decomposition of the polysaccharide fraction [56]. The further sudden
release of heat at ~300 °C is a subsequent indicator of pyrolysis/
carbonization of the film-formers [56-59] and presumably glycerol
[60]. It was observed that CUR caused a marginal decrease in the
thermal stability of the CMC75/GEL25 film. Consistent with the litera-
ture [61,62], no CUR-origin exothermic peaks were observed in the DSC
patterns of the CUR-supplemented films (Fig. 5). This could be ascribed
to the fact that the total decomposition of CUR occurs at >400 °C [63].
The noisy peaks observed at the end of heating of some films can be
ascribed to the mechanical movements of the pans as a result of self-
pressurization of the hermetically sealed specimens.

3.5. MC, So, Sw, and WVP

Consistent with the previous study [17], the OSA75/GEL25 films
exhibited the highest MC among the obtained materials (Table 1).
Interestingly, the incorporation of CUR significantly reduced the MC
only in the case of the OSA75/GEL25 system. It is difficult to explain this
result, but it might be speculated that the hydrogen bonding and hy-
drophobic interactions between CUR and OSA [64,65] restricted the
formation of polymer-water H-bonds, which reduced the equilibrium
water content in the films.

Since the So and Sw values of the carrier are one of the most
important parameters controlling the release rate of active substances,
50 % ethanol (food simulant for the release test) was used in the
dissolution tests to provide a more comprehensive understanding of the
CUR release mechanism. After the 2-h test, the So of the films ranged
from ~18 to 100 %, depending on the film type (Fig. 6A). Only the
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Table 1

The effect of curcumin (CUR) concentration on the pH, moisture content (MC),
water vapor permeability (WVP), and opacity (Op) of 75/25 blend films ob-
tained from polysaccharides (carboxymethyl cellulose (CMC), gum Arabic
(GAR), octenyl succinic anhydride modified starch (OSA), water-soluble soy

polysaccharides (WSSP)) and gelatin (GEL).

Film CUR pH MC (%) WVP (%) Op (Aso0/
(%) mm)
CMC75/ 0 6.31 + 13.33 + 57.01 + 0.95 +
GEL25 0.02¢ 0.45%0cd 0.70° 0.06%
0.005 6.30 + 13.61 + 56.22 + 1.04 +
0.03¢ 0.10¢ 1.43% 0.02°
0.01 6.32 + 13.52 + 54.12 + 1.03 +
0.01¢ 0.09¢de 1.44° 0.04°
0.02 6.29 + 13.93 + 48.80 + 1.54 +
0.05¢ 0.15%f 3.31% 0.09°
GAR75/ 0 5.29 + 13.01 + 48.48 + 0.51 +
GEL25 0.05° 0.523b<d 3.85% 0.01°
0.005 5.27 + 12.39 + 48.80 + 0.76 +
0.01¢ 0.45%° 1.51¢¢ 0.12°¢
0.01 5.28 + 12.33 + 49.83 + 0.65 +
0.04° 0.99° 1.34° 0.04%
0.02 5.25 + 12.79 + 49.75 + 0.88 +
0.04¢ 0.17°¢ 3.99¢ 0.05¢de
0SA75/ 0 493 + 17.78 + 50.06 + 0.75 +
GEL25 0.02% 0.431 1.69° 0.05>4
0.005 491 + 16.46 + 49.98 + 0.76 +
0.02° 0.32" 1.21¢ 0.12b¢d
0.01 491 + 15.89 + 49.71 + 0.71 +
0.06° 0.798" 2.11¢ 0.06°>
0.02 4.92 + 14.97 + 48.24 + 1.04 +
0.01% 0.32% 3.45¢ 0.14°
WSSP75/ 0 5.10 + 14.34 + 47.02 + 2.70 +
GEL25 0.03° 0.33%f 2,31 0.19"
0.005 5.05 + 13.82 + 46.78 + 2.08 +
0.04° 0.21° 2.62% 0.408
0.01 5.08 + 14.24 + 46.44 + 3.06 +
0.03° 0.09%f 1.019% 0.30'
0.02 5.09 + 13.48 + 46.15 + 5.66 +
0.02° 0.485de 0.73% 0.39

ahyalues with the different superscript letters within one column are signifi-
cantly different (P > 0.05).
*¢mmm 2d ! kPa .

CMC75/GEL25 system was completely dissolved in the acceptor solu-
tion. This result may be explained by the fact that the CMC can be sol-
ubilized in water-miscible solvents, such as ethanol (up to 50 %) [66]. In
accordance with the present results, previous studies have also
demonstrated a highly dissolvable character of CMC films [19,25]. The
limited So values observed for the GAR, OSA, and WSSP- based films
(Fig. 6A) supports the evidence from a previous study conducted using

pure water [17]. However, since the aforementioned polysaccharides
are insoluble in ethanol [67,68], the So values obtained in this study
were lower. Furthermore, the So of the GAR, OSA, and WSSP-based films
was relatively time-independent (after exceeding 5 min of dissolution)
(Fig. 6A). The weaker So of the GAR- and WSSP-containing films,
compared to the OSA-based material, might be an indicator of their
more extensive aggregation in contact with 50 % ethanol, i.e. the alcohol
could generate stronger adhesive forces in the hemicelluloses than in the
modified starch.

The Sw abilities of the films (Fig. 6B) reflect the value rank order
observed in previous studies conducted using an aqueous medium
[23,24]. Certainly, due to the presence of ethanol, the Sw values of the
films were significantly lower. In the initial soaking period, the Sw ca-
pacity of the CMC75/GEL25 films was ~4-6 times higher compared to
the other carriers (Fig. 6B); nevertheless, since the CMC-based films
were prone to disintegration (Fig. 6A), their Sw capacity could only be
determined for up to 5 min. The high Sw of the CMC/GEL system can be
attributed to the immobilization of water in the crevices of the film
network structure, which was loosened by leaching of the highly
dissolvable polysaccharide fraction. In most cases, the incorporation of
CUR, regardless of the concentration, did not change the So and Sw
capacity of the films (Fig. 6A-B). An exception was the reduced Sw of the
CMC75/GEL25 film loaded with the highest CUR level.

Among the control films, the CMC-based system was the most
permeable to water vapor (Table 1). This finding, however, is contrary
to a previous study [23], which showed that the CMC75/GEL25 film
ensured lower WVP than the OSA75/GEL25 film. The inconsistency may
be explained by the fact that, in this work, the FFSs contained the
cosolvent for CUR (i.e. ethanol in the concentration of 4 %). It is,
therefore, possible that alcohol molecules affected the cohesiveness of
the film matrix, e.g. by partial aggregation of the polysaccharide fraction
and/or denaturation of GEL. For example, Musso et al. [69] demon-
strated that, in comparison to the aqueous solution, GEL dissolved in the
ethanolic solution (~50 %) produced films with a lower degree of
compactness, suggesting different protein chain molecular unfolding or
crosslinking within the film network. This phenomenon can be
explained by the disruption of the side-chain intramolecular hydrogen
bonding and the formation of new H-bonds between ethanol molecules
and GEL side-chains. As discussed in Section 3.3, this assumption is
based on the comparison of the WAXD pattern of the CMC75/GEL25 film
obtained in this study (Fig. 4) with the analogous film cast from an
aqueous solution [36].

In most cases, the WVP of the films was not affected by CUR. An
exception was the reduced WVP of the CMC75/GEL25 film loaded with
the highest CUR level. It is difficult to explain this result, but it is possible
that the water vapor molecules slowly passed through this film matrix
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due to the tortuosity effect generated by the presence of larger GEL-rich
microspheres formed as a result of CUR incorporation (Fig. 1A). Many
recent studies [70-72] have shown that, as a hydrophobic compound,
CUR has the ability to reduce the WVP of films both based on proteins
and polysaccharides. Nevertheless, some studies [69,73] reported no
effect of CUR on the film WVP, which was attributed to its low con-
centration (i.e. 0.2 %).

3.6. Optical properties

The Op of the control films increased in the following ranked order:
GAR/GEL<OSA/GEL<CMC/GEL<WSSP/GEL (Table 1). This result
primarily reflects the differences in the microstructural features of the
films, i.e. since the WSSP- and CMC-containing films exhibited high
morphological heterogeneity (Fig. 2), they offered higher Op than the
more homogenous GAR-and OSA-based films. As a result of the excellent
UV-absorbing properties of GEL (due to the presence of aromatic amino
acids, S—S bonds, and carbonyl groups of peptide bonds [17]), all the
films were excellent barriers against UV-C radiation (<280 nm, Fig. 6C).
In the whole UV region, the WSSP75/GEL25 film exhibited the best
barrier properties, which may be explained by the presence of tightly
packed non-solubilized polysaccharide particles (Fig. 1-2), which scat-
tered, reflected, or absorbed light. Since CUR displays an excellent UV-
light absorption capacity [74], its addition improved the light-barrier
characteristics in the films, especially in the UV-A region (315-400
nm). All spectra of the CUR-supplemented films exhibited a trans-
mittance band centered at A ~ 346 nm (Fig. 6C), which was a

consequence of the CUR absorbance peak at Apax ~ 430 nm (data not
shown) [74].

3.7. Color stability

Among the control samples, the WSSP/GEL film was the darkest and
the most yellow (Fig. 7), which reflects the color of the WSSP-based FFS
(Fig. S1). The high transparency of the GAR- and OSA-based films
(Table 1) resulted in their high lightness. The L* parameter of the films
tended to decrease with the increasing CUR content. The CUR-added
films were intensively yellow; however, there were no differences in
the b* parameter of the 0.01 and 0.02 % CUR-supplemented films (p >
0.05). Interestingly, the incorporation of CUR at the low level (0.05 %)
decreased the redness of the films (especially the transparent ones),
while the further increase in the CUR concentration contributed to a
higher redness value of the films (Fig. 7). It was found that, at the highest
CUR concentration, the CMC-based film had the highest a* parameter.
This result can be explained by the fact that this carrier had higher pH
than the other systems (6.31 vs. 4.93-5.29, Table 1), which probably
favored the occurrence of a larger amount of the bright red enol form of
CUR [75]. This result supports the evidence from previous observations
[76], which reported significant differences in the color of the CUR so-
lution at the pH values of 5 and 6.

The storage experiment (25 °C for 60 days, 50 % RH, without light)
was conducted to determine the color stability of the films. Both the
control and the CUR-added films were prone to color change. The longer
the storage time was, the more extensive the changes in color



K. tupina et al.

International Journal of Biological Macromolecules 236 (2023) 123945

o CUR 0% o CUR0.005% CUR 0.01% . CUR 0.02%
90 f 90 —% —4 w0 | 90
~+-CMC75/GEL25 , e 4 .
-85 -=-GAR75/GEL25 85 T w85 i85 \ 1
-+0SA75/GEL25 - by
80 -»-WSSP75/GEL25 80 80 | 80 - ~>
75 75 75 75
0 30 60 0 30 60 0 30 60 0 30 60
Time (days) Time (days) Time (days) Time (days)
1 20 20 20
15 15 | 15
0 e — 10 10 10 l‘:
* * 5 * 5 * 5 / \-
] - ® g & Y ~ " ®o
el V ST S g 5
-10'% 0 10
2 L 15 15 15
0 30 60 0 30 60 0 30 60 0 30 60
Time (days) Time (days) Time (days) Time (days)
0 . 90 %0 90
;. ' > e o ——-
2 N 80 80 i 4 8T
3§ 75 75 ® 5
s 25T o« 70 W 70 o 70
@zl Qs Qg5 Qg5
7 60 60 60
8 1 55 55 55
9 F 50 50 50
-10 45 45 45
0 30 60 0 30 60 0 30 60 0 30 60
Time (days) Time (days) Time (days) Time (days)

Fig. 7. Color stability of 75/25 blend films obtained from polysaccharides (carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride modified
starch (OSA), water-soluble soy polysaccharides (WSSP)) and gelatin (GEL), incorporated with increasing amounts of curcumin (CUR).

parameters were found (Figs. 7 and 8). Among the CUR-free films, the
WSSP-based carrier was the most prone to the time-induced color
changes (AEgodays = 3.55; Fig. 8), which can be ascribed to the dark-
ening (Fig. 7) of the WSSP pigments. The AE values of the CMC- and
OSA-based controls were < 2, which means that the color difference was
perceptible only through close observation [77]. Regardless of the CUR
concentration, the CMC-based film ensured the highest colorimetric
stability (AE < 1.60). This result may be explained by the fact that, in
this carrier system, the CUR molecules were completely entrapped in the
GEL-rich microparticles, which presumably limited their oxygen-
triggered degradation. It is also possible that the antioxidant potential
of GEL plays a significant role in protecting CUR molecules against
chemical degradation [78]. Numerous studies have shown that encap-
sulation of CUR with biopolymeric (including protein-based) nano-
particles remarkably improves its storage stability [79-82], most likely
by arresting spontaneous autoxidation.

It should be mentioned that relatively good color stability was also
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found for all the CUR-added WSSP-based films (AEgodays = 2.42-4.53)
and the 0.01-0.02 % CUR-added GAR-based films (AEgodays =
2.63-3.19) (Fig. 8). In turn, the highest values of AE (caused by the
increased redness and/or decreased yellowness; Fig. 7) were noticed for
the OSA-based system, suggesting its weakest protective action towards
CUR. This finding was unexpected since OSA has been successfully used
for stabilization of CUR [64]. A note of caution is due here, since the OSA
loaded nanocurcumin in the previous work was stored in the dry form in
an airtight container. Here, it is also essential to mention that CUR has
low stability in the aqueous phase [83], as it becomes fragmented by the
OH™ ion of water into vanillin, acetone, feruloylmethane, and ferulic
acid [84]. In the light of this information, it is possible that the notice-
able changes in the color of the CUR-added OSA75/GEL25 films (Fig. 8)
were in part stimulated by their higher (p < 0.05) MC (14.97-16.46 vs.
12.33-14.34, Table 1).

It was found that the films with the lowest CUR content were more
susceptible to the color change than the 0.01-0.02 % CUR-added
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Fig. 8. Effect of storage (25 °C, 50 % RH, no light) on the total color difference (AE) of 75/25 blend films obtained from polysaccharides (carboxymethyl cellulose
(CMC), gum Arabic (GAR), octenyl succinic anhydride modified starch (OSA), water-soluble soy polysaccharides (WSSP)) and gelatin (GEL), incorporated with

increasing amounts of curcumin (CUR).
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systems (Fig. 8). It is possible that, at the lower concentration, the CUR
degradation was more visible than in the intensely pigmented samples.

3.8. Mechanical properties

The CMC75/GEL25 films, despite the phase separation, exhibited the
best mechanical strength and stiffness (Table 2). This result can be
attributed to the regular arrangement of the hydroxyl and carbox-
ymethyl groups along the linear CMC chain (Fig. S2A; [85]) which
facilitated the formation of H-bridges and therefore a highly packaged
polymer-polymer structure of the film matrix. It can be assumed that the
local presence of the GEL microspheres did not affect the mechanical
adhesion of CMC molecules [36]. Evidently, due to the branched
structure (Fig. S2B, S3, S4; [68,86,87]) the intermolecular bonds be-
tween the other polysaccharides were weaker, thus these materials were
less cohesive and exhibited weaker mechanical strength. Specifically,
the TS of the CMC-based films was 2 times higher than that of the GAR-
and WSSP-based samples and ~ 8 times higher than that of the OSA-
based films (Table 2). OSA yielded both the weakest and the most
stretchable films (114.73-133.55 %, Table 2). This result can be
ascribed to the limited adherence of amylopectin backbone structures of
the modified waxy starch due to the presence of octenyl succinic groups
[88] (Fig. S2B). In support of this hypothesis, previous findings [89,90]
showed that glycerol-plasticized amylopectin (unmodified) yielded
restrainedly stretchable films (25-29 %). Furthermore, the observed
high stretchability of the OSA-containing films might be attributed to
their more hydrated state (Table 1). It is known that water acts as a very
potent plasticizer for polysaccharides and proteins [91]. Interestingly,

Table 2

The effect of curcumin (CUR) concentration on the tensile strength (TS), elon-
gation at break (E), elastic modulus (EM) and puncture strength (PS) of 75/25
blend films obtained from polysaccharides (carboxymethyl cellulose (CMC),
gum Arabic (GAR), octenyl succinic anhydride modified starch (OSA), water-
soluble soy polysaccharides (WSSP)) and gelatin (GEL).

Film CUR TS (MPa) E (%) EM (MPa) PS (MPa)
(%)
CMC75/ 0 42.34 + 30.90 + 1357.73 + 12.78 +
GEL25 452f 8.66 ° 95.26 ¢ 1.71°
0.005  42.07 + 29.29 + 1358.65 + 12.95 +
5.23f 9.03° 145.714 2.05°
0.01 41.79 + 28.42 + 1261.09 + 1250 +
3.54° 10.49° 145.75¢ 2.01¢
0.02 40.31 + 29.25 + 1296.89 + 13.56 +
4,06 8.96" 137.79¢ 1.14¢
GAR75/ 0 2453 + 9.97 + 891.48 + 5.58 +
GEL25 1.86% 5.00° 47.92¢ 0.33%¢
0.005 2437 + 6.27 + 878.99 + 5.03 +
2.97¢de 3.43° 105.52¢ 0.44°
0.01 26.08 + 6.03 + 917.79 + 5.07 +
3.97¢ 3.01° 126.97¢ 0.70%
0.02 23.45 + 4.94 + 963.26 + 5.20 +
3.84Pcde 2127 104.96° 0.61%¢
OSA75/ 0 4.99 + 125.14 + 52.83 + 332+
GEL25 0.59° 18.41° 9.69° 0.14°
0.005 521+ 129.00 + 51.26 & 3.21 +
0.71° 18.00° 6.00° 0.12°
0.01 5.48 + 133.55 + 53.96 + 3.55 +
0.95° 23.78¢ 9.32° 0.30°
0.02 5.65 + 124.73 + 58.53 + 3.38 +
0.83° 17.84° 12.82° 0.42°
WSSP75/ 0 21.80 + 30.96 + 694.28 + 5.96 +
GEL25 1.49% 5.18° 84.48° 0.52b¢d
0.005  21.20 + 32.32 + 677.54 + 6.73 +
1.55° 6.29° 47.87° 0.23¢
0.01 21.24 + 32.66 + 683.08 + 6.73 +
1.96° 7.05° 79.55" 0.31¢
0.02 22.52 + 33.82 + 745.75 + 6.32 +
1.89bd 5.21° 66.28" 0.42

af values with the different superscript letters within one column are signifi-
cantly different (P > 0.05).
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the level of E of the OSA75/GEL25 films observed in our investigation is
far above that observed for pure octenyl succinylated potato starch-
based films [92].

In accordance with previous results [17,22,24], the system based on
GAR was the least extensible (<10 %, Table 2), which reveals a fragile
character of this polysaccharide caused by its highly branched structure
and heterogeneous composition (Fig. S3).

The CUR incorporated at the concentrations studied did not affect
the mechanical properties of the films. These results partially corrobo-
rate the findings of some previous works. For example, Musso et al. [69]
found that CUR (0.04 % w/v) did not change TS and E of GEL films.
Nevertheless, the GEL film incorporated with CUR exhibited a signifi-
cantly decreased EM (at least by 50 %). In turn, Rubini et al. [93] re-
ported that CUR (0.02-0.1 % w/v) did not affect the TS but contributed
to stiffening of the GEL film when used at higher concentrations. In
another study, Roy and Rhim [37] demonstrated that the ~0.013 % (w/
v) CUR level did not change the mechanical properties of CMC-based
films; however, its doubled concentration caused a reduction in the TS
and EM, but an increment in the E value. It could be speculated that, by
loosening the polymer network, the large number of CUR molecules
exerted a weakening/plasticizing effect on the CMC film. In another
work on k-carrageenan film, it was found that as CUR concentration
exceeded 3 %, the TS and EM decreased probably due to the poor
dispersion of the agglomerated CUR [94].

3.9. Release properties

Fig. 9 presents experimental and model-predicted data of the per-
centage cumulative release of CUR from the films. As can be seen, the
release process can be divided into two stages: (i) an initial heightened
rate and (ii) a slow-release afterward. Depending on the CUR concen-
tration and film type, ~42-98 % of CUR was released during the 30 min
dissolution test (Fig. 9). In this period, the release of CUR reached a
plateau for most carriers. Regardless of the carrier type, the release of
CUR increased gradually with an increase in its concentration (Table 3).
This result may be explained by the fact that the increase in the CUR
content increased the concentration gradient and, consequently, stim-
ulated diffusion into the surrounding medium. It seems also possible that
the capture of CUR within the polymeric network decreased as its con-
tent increased.

It was found that the CMC75/GEL25 film ensured the fastest (tsgo, =
4.13-5.61 min) and the most complete (83.36-98.18 %) release of CUR
(Fig. 9). This result can be related to the highly swellable character of
this system (Fig. 6B). It is known that as the penetrant solvent starts to
diffuse into the polymer matrix, the drug at the same time begins to
diffuse through the swollen part of the polymer. Due to the glass-to-gel
transition (relaxation), swelling loosens the matrix and the active agent
is able to diffuse out, with the release rate determined by the rate of
diffusion of the penetrant solvent [95,96]. It is possible, therefore, that
the rapid and abundant transport of the 50 % ethanol into the CMC75/
GEL25 matrix favored the release of CUR. It should also be noticed that
the CMC75/GEL25 system was the most prone to dissolution (Fig. 6A);
therefore, the release could be additionally driven by the progressive
erosion of the carrier. Interestingly, the encapsulation of CUR in the
GEL-rich microspheres was not a slow-down factor of the release. This
was probably related to the fact that CMC, which is highly hydrophilic,
was prone to swelling and dissolution in contact with water (despite the
presence of alcohol), which facilitated the leaching of the active com-
pound from the matrix [97].

Among the obtained carriers, the OSA75/GEL25 system ensured the
slowest (tsoy, = 4.58-97.95 min, Table 3) and the least complete
(42.11-61.61 %) release of CUR (Fig. 9). It was especially visible at the
0.005-0.01 % CUR addition levels; for example, at the lowest concen-
tration, the CUR release from the OSA75/GEL25 carrier was ~18, ~8,
and ~ 6 times slower than that in the CMC-, WSSP-, and GAR-based
systems, respectively (Table 3). This result might indicate the
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Fig. 9. Fraction (F) of curcumin (CUR) released from 75/25 blend films obtained from polysaccharides (carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl
succinic anhydride modified starch (OSA), water-soluble soy polysaccharides (WSSP)) and gelatin (GEL), according to the Baker-Lonsdale (B-L), First order with Fy,x
(F—O Fpax), Korsmeyer-Peppas with Fy (K-Pgg), and Weibull_ 4 (Wb_4) models; experimental (points) and theoretical data (lines).

Table 3

Time values needed to 50 % curcumin (CUR) release (tsoe,) and reduce the
DPPH* concentration by 50 % (tsoopppr) Obtained from the best fitting math-
ematical models. Diffusional exponent (n) of the Korsmeyer-Peppas model.

Film CUR (%) ts09, (min) n tsoospppu (Min)
CMC75/GEL25 0 - 0.452 10,379,957.04"
0.005 5.61° 0.375 655.87"
0.01 4.94° 0.270 56.96"
0.02 4.13° 0.346 21.50°
GAR75/GEL25 0 - 0.258 905.94"
0.005 17.51° 0.230 153.77°
0.01 5.02° 0.176 116.94°
0.02 2.96° 0.248 11.40°
0SA75/GEL25 0 - 0.193 9365.49"
0.005 97.95" 0.365 281.54"
0.01 10.33° 0.303 77.49"
0.02 4,58° 0.282 12.72°
WSSP75/GEL25 0 - 0.452 9848.68"
0.005 13.02° 0.375 157.03"
0.01 7.08° 0.270 135.71°
0.02 4.19° 0.346 15.13"

2 Weidbull_4 model.
> Weidbull 1 model.

existence of strong binding between CUR and OSA. As suggested pre-
viously, various amphiphilic octenyl succinate-modified poly-
saccharides form a hydrophobic core that can immobilize hydrophobic
drugs, including CUR [64,98,99]. Another possible explanation for the
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high entrapping efficiency of the OSA-containing carrier may be the
encapsulation of CUR in the OSA/GEL coacervates. To support this hy-
pothesis, previous studies [100,101] have shown such a possibility for
different polysaccharide/protein complex coacervates. It should also be
mentioned that the OSA-containing carrier in contact with water be-
haves like sticky glue, which can ensure the adhesive entrapment of
CUR.

Among the eight mathematical models (Table S1) used for the
analysis of the kinetics of CUR release, the four-parameter model, i.e.
Weibull 4 (Wb_4) provided the best fit for all formulations (average
dejusted = 0.9952, Table S2). This confirms the rule that the multi-
parameter models, especially Wb_4, are better in release prediction
than the one- or two-parameter models [25,26,29]. The disadvantage of
the Wb_4 model, however, was that it did not calculate the tsgo, value of
the limited release system (<50 %), namely, the 0.005 % CUR-added
OSA75/GEL25 film. Therefore, for this formulation, the Wb_1 model
(i.e. the three-parameter equation, not taking into account the Fy,x) was
a better choice in terms of the numerical estimation of the release rate.

The ‘n’ release exponent in the Korsmeyer-Peppas (K—P) model is
used for general description of the main transport phenomena involved
in the release either by drug diffusion and/or polymer chain relaxation
during polymer swelling [102]. In our study, the K-Prp moderately
predicted the CUR release kinetics (average Rgdjusted = 0.8825,
Table S2). Nevertheless, according to the ‘n’ value (<0.5; Table 3), a
quasi-Fickian diffusion-controlled mechanism was mainly responsible
for the release of CUR from the carriers.
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3.10. Antioxidant properties

Various methods for evaluation of the antioxidant capacity of CUR
have been employed in literature. Several reports have highlighted the
DPPH* scavenging activity of CUR and CUR-functionalized materials
[93,103]. In our study, the film samples were directly added to the
antioxidant assay medium (i.e. DPPH-50 % ethanol solution). The
presence of alcohol was required to ensure the CUR release. CUR and
DPPH are equally soluble in ethanol (approximately 10 mg/mL)
[5,104]; therefore, it can be assumed that the DPPH method is more
favorable than the application of the 2,2'-azinobis(3-ethylbenzothiazo-
line-6-sulfonic acid) radical cation (ABTS"") assay. For comparison, the
solubility of ABTS in ethanol is limited to 1 mM (approximately 0.5 mg/
mL) [105]. The ferric reducing antioxidant power (FRAP) method was
not considered in this study because the FRAP reagent typically does not
contain any organic solvent.

Based on the tsgo,pppy Values, the antiradical activity of the CUR-free
films increased in the following ranked order: CMC/GEL<WSSP/
GEL<OSA/GEL<GAR/GEL (Table 3). The best antioxidant capacity
noticed for the control GAR-based film can be attributed to the fact that
this polysaccharide contains alcohol-extractable polyphenols [106,107].
The CMC75/GEL25 carrier showed negligible antioxidant activity (the
scavenging value for the DPPH radical was ~1.7 %, Fig. 10), which
supports evidence from previous observations [108,109]. Other studies
[23,36], however, showed that the CMC75/GEL25 system had a
considerable ability to scavenge the ABTS**, mainly due to the portion
of GEL, i.e. a protein with a documented antioxidant ability [36]. The
differences between DPPH and ABTS radical scavenging activities can be
ascribed to different reaction media, i.e. the DPPH assay uses alcohol or
an alcoholic solution as a solvent, whilst the ABTS assay is typically
carried out in the aqueous phase. It is possible that the ethanol-
precipitated GEL molecules had almost no DPPH* radical scavenging
activity [110,111].

The antiradical potential of the films increased with the increasing
concentration of CUR (Fig. 10, Table 3). At the end of the test (120 min),
the antiradical activity of the 0.02 % CUR-added films was ~4-40 times
greater than that of the control samples. The highest increment was
observed for the carrier with the lowest initial antioxidant activity (i.e.
the CMC75/GEL25 film). The antioxidant activity did not reflect the
CUR release abilities of the carriers, as a weak positive correlation R%=
0.26) was found between the tsgy, and tsgo,pppy values (Fig. S5). This was
likely because the free radicals were scavenged by CUR released, non-
released, as well the carrier itself. Interestingly, despite the fact that
carrier type affected the tsgo,pppy values (Table 3), in the plateau stage,
the DPPH* scavenging abilities of the films were quite comparable
(Fig. 10). Since the DPPH* scavenging profiles of the particular carrier
systems were strongly dependent on the CUR concentration, it was
impossible to indicate one carrier system ensuring the distinguished
antioxidant potential.

4. Conclusion

CUR (0.005-0.02 %) significantly improved the antiradical capacity
and UV barrier properties (especially in the UV-A region) of the poly-
saccharide/GEL films. At the same time, no bigger changes in the
morphology, mechanical properties, and most physicochemical param-
eters of the films were observed. The CUR-supplemented films were
intensively yellow.

It was found that the CUR release and antioxidant profiles of the
obtained systems could not be accurately explained in terms of their
soaking behavior (i.e. dissolution and solvent uptake). The tests per-
formed in 50 % ethanol (a fatty food simulant) revealed that the
CMC75/GEL25 carrier ensured in general the fastest (tsoo, = 4.13-5.61
min) and the most complete release of CUR (83.36-98.18 %). In turn,
the OSA75/GEL25 film was the weakest releasing system (tsgy, =
4.58-97.95 min, CUR release = 42.11-61.61 %). This outcome proves
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Fig. 10. Kinetics of the antiradical activity (against DPPH*) of 75/25 blend
films obtained from polysaccharides (carboxymethyl cellulose (CMC), gum
Arabic (GAR), octenyl succinic anhydride modified starch (OSA), water-soluble
soy polysaccharides (WSSP)) and gelatin (GEL), incorporated with increasing
amounts of curcumin (CUR).

that the selection of the biopolymeric carrier is a simple and efficient
way for manipulating the rate of release of the active compound.
Nevertheless, it should be noted that all the proposed carriers released
CUR via the same quasi-Fickian diffusion-controlled mechanism.
Consequently, the initial release proceeded at an increased rate followed
by a plateau at a reduced rate. Such a migration profile can be beneficial,
as the release process can start immediately after contact of the pack-
aging with the food. However, it should be mentioned that the release of
the active compound to real foods is much slower than to liquid
acceptor. Therefore, the presented kinetic models are not reliable in the
prediction of the migration of CUR into real-food products, as these are
much more complex [112]. Nevertheless, where it is recommended to
retain CUR in packaging over a longer period, e.g. because of the un-
favorable interaction of CUR with food, the OSA-containing film may be
the most useful material. The disadvantage of this system, however, was
it susceptibility to color changes, suggesting weak stability of CUR.
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Moreover, its weak mechanical resistance and stretchable character
should also be taken into account in the practical application.

Contrary to expectations, the GEL-rich microspheres of the phase-
separated CMC75/GEL25 carrier did not contribute to delayed release
of CUR (no lag period). This was related to the bulk-erodible character of
this carrier driven by the highly soluble character of CMC. The encap-
sulation, however, had a presumably protective effect on CUR, as indi-
rectly proved by the high color stability of this system.
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AE total color difference

ABTS 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
ATR-FTIR attenuated total reflection Fourier transform infrared
B-L Baker-Lonsdale model

CMC carboxymethyl cellulose

cryo-SEM  cryogenic scanning electron microscopy

CUR curcumin
DPPH  2,2-diphenyl-1-picrylhydrazyl
DSC differential scanning calorimetry

E elongation at break

FFS film-forming solution

EM elastic modulus

F-Opmax  First order with Fy,x model
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GAR gum Arabic

GRAS Generally Recognized as Safe

ISO International Organization for Standardization
K-P Korsmeyer—Peppas model

K-Pgo Korsmeyer-Peppas with Fy model
MC moisture content

RH relative humidity

Op opacity

OSA octenyl succinic anhydride starch
PS puncture strength

Rgdjusted adjusted coefficient of determination
SEM scanning electron microscopy

So solubility
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Tg glass transition temperature

Tm melting temperature
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WAXD  wide-angle X-ray diffraction
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WB_4 Weibull with Fp,,x model
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WVTR  water vapor transmission rate
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Table S1. Mathematical models used to describe the dissolution curves [34].

Model Equation Parameters
First-order (F-O) F=100-(1—-ef'% ki
3 F\*?1 F
Baker-Lonsdale (B-L —[1- (1 - —) ———=kg, -t k
B-L) 2 [ 100 100 P B
First order with Frax(F-OF max) F=F,, (1—e?) K1, Frmax
Gompertz_1(Go) F =100-e @ ¢ #o8® a, B
t-T)B
Weibull_1 (Wb_1) F=100- [1 —e @ ] a B Ti
Korsmeyer—Peppas with Fo (K-Pro) F=Fy+ kgp-t" Kkp, N,Fy
Makoid-Banakar(M-B) F=kyg-tt-e k't Kwms, N, K,
(t-Ti)B
WEibU”_4 (Wb_4) F = Fmax " [1 - e_ a ] a, ﬂ, Tl, Fmax

F is the fraction (%) of drug released in time t

ki is the first-order release constant

ksLis the combined constant in Baker—Lonsdale model, kBL=[3xDxCs/(r¢> xCo)], where D is the diffusion
coefficient, Cs is the saturation solubility, ro is the initial radius for a sphere or cylinder or the half-thickness for
aslab, and Cy is the initial drug loading in the matrix |

Fmax is the maximum fraction of the drug released at infinite time

a is the scale factor in Gompertz 1 and 2 models; f is the shape factor in Gompertz 1 and 2 models

o is the scale parameter which defines the time scale of the process; £ is the shape parameter which characterizes
the curve as either exponential (=1; case 1), sigmoid, S-shaped, with upward curvature followed by a turning
point (B>1; case 2), or parabolic, with a higher initial slope and after that consistent with the exponential (B<1;
case 3)

Ti is the location parameter which represents the lag time before the onset of the dissolution or release process
and in most cases will be near zero

kkp is the release constant incorporating structural and geometric characteristics of the drug-dosage form; n is the
diffusional exponent indicating the drug-release mechanism

Fo is the initial fraction of the drug in the solution resulting from a burst release

kms, N, and k are empirical parameters in Makoid—Banakar model (kwvs, n, k>0)



Table S2. Comparison of R2gjusted Values obtained from fitting experimental data to the different release models.

Films CUR Il " v
(%) F-O B-L  F-Ormx  Go Wb 1  K-Pg M-B Wb 4

0.005 0.991 0948 0991 0981 0994 0951 0987  0.995
CMC75/GEL25 001 0.968 0940 0993 0991 0989 0900  0.992  0.997
0.02 0.803 0866 0989 0973 0955 0.841  0.980  0.995

0.005 0.488 0914 0980 098  0.992 0937 0977  0.99
GAR75/GEL25 001 0.294 0.803 0982 0987 0976 0917 0981  0.997
0.02 0529 0799 0987 0991 0975 0903 0978  0.99

0.005 -1.449 0132 0978 0796 0919  0.732  0.930  0.990
OSA75/GEL25 001 -0.112 0730 0934 0977 0982 0937 0963  0.986
0.02 -0.627 0429 0993 0920 0961 0.839 0951  0.997

0.005 0.561 0878 0980 0958 0.986 0.878  0.965  0.998
WSSP75/GEL25  0.01  0.434 0846 0996 0971 0974 0.887 0981  0.999
0.02 0621 0.847 0992 0980 0973 0.867 0970  0.998

Average R#dustd 0 262 0.750 0.983 0959 0973 0.8825 0971  0.995*




CMC75/GEL25 GAR75/GEL25 OSA75/GEL25 WSSP75/GEL25
CUR 0% CUR 0% CUR 0% CUR 0%

Fig. S1. The appearance of the curcumin-free film-forming solutions based on 75/25 blends of polysaccharides
(carboxymethyl cellulose (CMC), gum Arabic (GAR), octenyl succinic anhydride starch (OSA), water-
soluble soy polysaccharides (WSSP)) and gelatin (GEL).
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Fig. S2. Structure of sodium carboxymethyl cellulose (A) [85] and waxy starch sodium octenyl succinate
(consisting almost exclusively of amylopectin) (B) [86].
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Fig. S3. Structure of gum Arabic [87].

a-L-Ara - Arabinose

B-D-Gal — Galactose
a-D-GalA — Galacturonic acid
a-L-Rha — Rhamnose
B-D-Fuc — Fucose

a-D-Xyl — Xylose

I - main backbone (non-reducing end)
[-4)-a-D-GalA-(1],—> 2)-a-L-Rha-(1— 4)-a-D-GalA-(1—>
=70r9

Il - Rhamnogalacturonan with side chains
[-4)-a-D-GalA-(1 — 2)-a-L-Rha-(1-],
»=15, 20, 100

111 - Galacturonan with xylan
a-D-Xyl

y
[a-D-Xyl]-a-D-Xyl-a-D-Xy|
4

[-4)-a-D-GalA-(1 — 4)-a-D-GalA-(1 —> 4)-[a-D-GalA~(1-].
=4

=2

Fig. S4. Schematic representation of the structure of water soluble soy polysaccharides [68].
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Food Hydrocolloids, 96, 535-367, wynosil 25% i polegal na wspélopracowaniu koncepeji
i metodologii badan; wykonaniu analiz laboratoryjnych (oznaczenie pH i zawartosci
wody), wspolinterpretacji wynikow, wspolprzygotowaniu manuskryptu.
wspolprzygotowaniu  odpowiedzi na recenzj¢ oraz pelnieniu  roli autora

korespondencyjnego,

Qéwiadczam, Ze mdj udzial w pracy: £upina K., Kowalezyk D., Drozlowska E.
(2020). Polysaccharvide/gelatin blend films as carriers of ascorbyl palmitate — A
comparative study. Food Chemistry, 333, 127465, wynosit 25% i polegal na wspdtudziale
w opracowaniu koncepcji badan i metodologii: wspolinterpretacji  wynikow,
wspolprzygotowaniu manuskryptu, wspolprzygotowaniu odpowiedzi na recenzje oraz

petnieniu roli autora korespondencyjnego,

Oswiadczam, ze moj udzial w pracy: Lupina K., Kowalczyk D., Kazimierczak W.
(2021). Gum Arabic/gelatin and water-soluble soy polvsaccharides/gelatin hlend films as
carriers of astaxanthin—A comparative study of the kinetics of release and antioxidant
properties. Polymers, 13(7), 1062., wynosil 25% i polegal na wspéludziale w opracowaniu
koncepcji badan i metodologii: wykonaniu analiz (modelowanie matematyczne kinetyki
uwalniania),  wspolinterpretacji  wynikow,  wspolprzygotowaniu  manuskryptu.
przygotowaniu odpowiedzi na recenzje oraz pehnieniu roli autora korespondencyjnego.

Odwiadczam, ze moj udzial w pracy: Lupina K., Kowalczyk D., Lis M., Raszkowska-

Kaczor A., Droziowska E. (2022). Controlled release of water-soluble astaxanthin from

carboxymethyl cellulose/gelatin and octenyl succinic anhydride starch/gelatin blend films.
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Food Hydramﬂoidx. 123, 107179, wynosil 25% i polegal na wspohudziale w opracowaniu
koncepcji badan 1 metodologii; wspolinterpretacji  wynikow, wspdlprzygotowaniu
manuskryptu, wspolprzygotowaniu odpowiedzi na recenzje oraz pelnieniu roli autora

korespondencyjnego.

Oswiadczam, ze mo] udzial w pracy: Lupina K., Kowalczvk D., Kazimierczak W.
(2022).  Functional properties and storage stability  of  astaxanthin-loaded
polysaccharide/gelatin  blend films—A comparative study. Polymers, 14¢19), 4001..
wynosit 25% 1 polegal na wspotudziale w opracowaniu koncepeji badan 1 metodologii.
wspolinterpretacji wynikow, wspolprzygotowaniu manuskryptu, pelnieniu roli autora

korespondencyjnego.

Oswiadczam, ze moj udzial w pracy: Lupina K., Kowalczvk D, Lis M., Basiura-
Cembala M. (2023). Antioxidant polysaccharide/gelatin blend films loaded with curcumin
— A comparaiive study. International Journal of Biological Macromolecules, 236,
123945., wynosil 25% 1 polegal na wspoludziale w opracowaniu koncepcji badan i
metodologii. wspolinterpretacji wynikéw badan, wspolprzyvgotowaniu  manuskryptu,

wspolprzygotowaniu odpowiedzi na recenzje.

rﬂﬂ?“}’f.‘ 2 //;;*. y(ﬁf,rf_

dr hab. inz. Dariusz Kowalczyk, prof. uczelni



mgr Emil Zicba Lublin, 07.06.2023 r.
Katedra Biomedycyny i Badan Srodowiskowvch

Katolicki Uniwersytet Lubelski Jana Pawtla [1

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, #e moj udzial w pracy: Lupina K., Kowalezyk D., Zigha E.,
Kazimierczak W., Mezviska M., Basiura-Cembala M., Wigcek A. E. (2019). Edible films
made from blends of gelatin and polysaccharide-based emulsifiers - A comparative study.
Food Hydrocolloids, 96, 555-567, wynosit 5% i polegal na wykonaniu fotografii
roztwordw filmotworczych (za pomocy kriogenicznego mikroskopu elektronowego) i folii
(za pomoca skaningowego mikroskopu elekironowego) oraz wspéludziale w wizualizaciji
wynikow badan mikroskopowych.
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' mgr Emil Zigba
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dr Waldemar Kazimierczak Lublin, 07.06.2023 r.
Katedra Biomedyeyny i Badan Srodowiskowych
Instytut Nauk Biologicznych

Katolicki Uniwersytet Lubelski Jana Pawla 11

OSWIADCZENIE WSPOLAUTORA

Oéwiadczam, Ze moj udzial w pracy: Lupina K., Kowalezvk D., Zieha E.,
Kazimierczak W., Mezviska M., Basiura-Cembala M., Wigeek A. E. (2019). Edible films
made from blends of gelatin and polyvsaccharide-based emulsifiers - A comparative study.
Food Hydrocolloids, 96, 555567, wynosit 5% i polegal na wykonaniu fotografii folii za
pomoca mikroskopu optycznego 7 wykorzystaniem Kontrastu  interferencyjno-

rozniczkowego oraz wspoludziale w wizualizac) wynikow badan mikroskopowych.

Oéwiadezam, ze moj udziat w pracy: Lupina K., Kowalczvk D.. Kazimierczak W.
2021). Gum Arabic/gelatin and water-soluble soy polvsaccharides/gelatin hlend films as
carriers of astaxanthin - A comparative studv of the kinetics of release and antioxidant
properties. Polymers, 13(7), 1062, wynosil 5% i polegal na wykonaniu fotografii
roztworow filmotworczveh (za pomocg kriogenicznego mikroskopu clektronowego i
mikroskopu polaryzacyjnego) oraz wspoludziale w  wizualizacji wynikow  badan

mikroskopowych.

Oswiadezam, ze moj udzial w pracy: Lupina K., Kowalczvk D., Kazimierczak W.
(2022).  Functional properties and storage stability  of  astaxanthin-loaded
polvsaccharide/gelatin blend films - A comparative study. Polymers, 14(19), 4001, wynosil
5% i polegal na wykonaniu mikrofotografii folii oraz wspoludziale w wizualizacji

wynikow badan mikroskopowych,

i & g (
llaldemat Koo MU vige—™ ¢
dr Waldemar Kazimierczak

{(podpis czytelny)



dr inz. Monika Mezvniska Szczecin, 07.06.2023 r.
Centrum Bioimmobilizacji 1 Innowacyjnych Materialow Opakowaniowych

Zachodniopomorski Uniwersytet Technologiczny w Szczecinie (do 2020 r.)

OSWIADCZENIE WSPOLAUTORA

O$wiadczam. ze mdj udzial w pracy: Lupima K. Kowalezyk D., Zigba E.,
Kazimierczak W., Meiyriska M., Basiura-Cembala M., Wigcek A. E. (2019). Edible films
made from blends of gelatin and polysaccharide-based emulsifiers - 4 comparative study.
Food Hydrocolloids, 96, 355-567. wynosil 5% i polegal na wykonaniu badan folii za
pomocy spektroskopii fourierowskiej w podezerwieni | wizualizacji uzyskanych wynikow

badan.

dr inz. Monika Mezyniska
omidee Met pmglig
(podpis czytelny



dr Monika Basiura-Cembala Bielsko=Biata. 07.06.2023 r.
Wydzial Inzynierii Materialowej. Budownictwa i Srodowiska

Akademia Techniczno-Humanistyczna w Bielsku-Bialej

OSWIADCZENIE WSPOLAUTORA

Os$wiadczam, 2e¢ md) udzial w pracy: Lupina K. Kowalezvk D., Zigha E.,
Kazimierczak W., Mezynska M., Basiura-Cembala M., Wigeek A. E. (2019). Edible films
made from blends of gelatin and polvsaccharide-hased emulsifiers - A comparative study.
Food Hydrocolloids, 96, 555-567, wynosil 5% i polegal na analizie folii za pomoca

szerokokatowe]j dyfraktometrii rentgenowskiej | wizualizacji uzyskanyeh wynikow badan.

Oswiadczam, ze mdj udzial w pracy: fupina K., Kowalczvk D., Lis M., Basiura-
Cembala M., (2023). Antioxidant polysaccharide/gelatin blend films loaded with curcumin
— A comparative study, International Journal of Biological Macromolecules, 236, 123943,
wynosil 5% 1 polegaf na analizie folii za pomoca szerokokatowej dyfraktometrii
rentgenowskie] oraz roznicowe] kalorymetrii skaningowej i wizualizacji uzyskanych

wynikow badan.

dr Monika Basiura-Cembala

(podpis czytelny)
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UNIWERSYTET MARII CURIE-SKLODOWSKIEJS W LUBLINIE

. A dr hab, Agnieszka Ewa Wigcek, prof. UMCS

Katedra Zjawisk Migdzyfazowych
Instytut Mauk Chemicenych

Lublin, 07.06.2023

Oswiadczenie wspélautora

W  zwigzku z  rozpoczgtym  postgpowaniem w  przewodzie doktorskim
mgr Katarzyny Lupiny oéwiadczam, ze moj udzial w pracy:
Lupina K., Kowalczyk D., Zigba E., Kazimierczak W., Mezyfiska M., Basiura-Cembala M.,
Wiacek A. E. (2019). Edible films made from blends of gelatin and polysaccharide-based
emulsifiers - A comparative study. Food Hydrocolloids. 96, 555-567, wynosit 5% i polegal na
analizie uktadow filmotworczych z wykorzystaniem techniki dynamicznego rozpraszania $wiatla
oraz mikroelektroforezy, a takze wizualizacji uzyskanych wynikow badan (m.in. wielkosci
czastek, rozkladu wielkosci czgstek, polidyspersyjnosci oraz wartosci potencjalu zeta).
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tel. +48 B1 537 56 54 L] -f -l:

e-miail; agnivsska widcek i mal umes pl




dr inz. Emilia Drozlowska Szczecin, 07.06.2023 r.
Centrum Bioimmobilizacji i Innowacyjnych Materialéw Opakowaniowych

Zachodniopomorski Uniwersytet Technologiczny w Szczecinie

OSWIADCZENIE WSPOLAUTORA

Oswiadezam, ze m6j udzial w pracy: Lupina K. Kowalezvk D.. Drozlowska E.
(2020). Polysaccharide/gelatin blend films as carriers of ascorbyl palmitate — A
comparative study, Food Chemistry, 333, 12746. wynosil 5% 1 polegal na wykonaniu
pomiardw kata zwilzania folii (w tym wizualizacji wynikéw pomiarow) oraz

wspolredagowaniu rozdzialu 3.2.

Oswiadczam, ze mdj udzial w pracy: Lupina K., Kowalezyk D., Lis M., Raszkowska-
Kaczor A., Droglowska E. (2022). Controlled release of water-soluble astaxanthin from
carboxymethyl cellulose/gelatin and octenvl succinic anhydride starch/gelatin blend films.
Food Hydrocolloids, 123, 107179, wynosil 5% i polegal na wykonaniu pomiaréw kata

zwilzania folii.

drinz. Emilia Drozlowska

(podpis czytelny)
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dr Magdalena Lis Lublin, 07.06.2023 r.
Katedra Biomedyeyny i Badan Srodowiskowych
Instytut Nauk Biologicznyeh

Katolicki Uniwersytet Lubelski Jana Pawla 11, Lublin

OSWIADCZENIE WSPOLAUTORA

Oswiadezam, ze moj udzial w pracy: Lupina K., Kowalezvk D., Lis M., Raszkowska-
Kaczor A., Drozlowska E. (2022). Controlled release of water-soluble astaxanthin from
carboxvmethyl cellulose/gelatin and octenvl suceinic anhvdride starch/gelatin blend films.
Food Hvdrocolloids, 123, 107179, wynosit 5% 1 polegal na wykonaniu fotografii
roztworow filmotworezyeh przy uzyeiu kriogenicznego mikroskopu elektronowego oraz

mikroskopu polaryzacyjnego.

Oswiadczam, ze moj] udzial w pracy: Lupina K., Kowalczvk D., Lis M., Basiura-
Cembala M. (2023). Antioxidant polvsaccharide/gelatin blend films loaded with curcumin
- A comparative study, International Journal of Biological Macromolecules, 236, 123945,
wynosil 5% 1 polegal na wykonaniu fotografii roztworéw filmotworczych 1 fohi (za
pomocg  kriogenicznego  mikroskopu  clekironowego,  skaningowego  mikroskopu
elektronowego. mikroskopu optyveznego 2 wykorzystaniem kontrastu interferencyjno-

rozniczkowego) oraz okresleniu chropowatosci powierzchni folit.

-;f:hati .":?*‘—{-."'KEJ&‘-:’ véj'
dr ﬁagdﬂ]ena Lis

(podpis ceytelny)



dr Aneta Raszkowska-Kaczor Torun. 07.06.2023 r.
Instvtut [nzynierii Materialow Polimerowych i Barwnikow

Sied Badawcza Lukasiewicz, Torun

OSWIADCZENIE WSPOLAUTORA

Oswiadezam, e moj udzial w pracy; Lupina K., Kowalczvk D., Lis M., Ruszkowska-
Kaczor A., Drozlowska E (2022), Conmrolled release of water-soluble astaxanthin from
carboxymerinv! cellulose/gelatin and octemyl succinic anbvdride starch gelatin blend films.
Food Hyvdrocolloids, 123, 107179, wynosil 5% i polegal na wykonaniu pomiardw

szvbkosci przenikania tlenu przez lolie.

dr Aneta Raszkowska-Kaezor

(podpis czytelny)
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