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Wykaz skrotow

EEP — etanolowy ekstrakt z propolisu

TS — wytrzymatos$¢ na rozcigganie

EB — wydluzenie przy zerwaniu

WVTR - szybko$¢ transmisji pary wodnej

OTR - szybko$¢ transmisji tlenu

CO:TR - szybko$¢ transmisji dwutlenku wegla
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2.  Streszczenie w jezyku polskim

Celem niniejszej rozprawy doktorskiej bylo opracowanie 1 charakterystyka
biodegradowalnych materialdow opakowaniowych na bazie chitozanu o polepszonych
wlasciwos$ciach fizycznych, mechanicznych i mikrobiologicznych w poréwnaniu z foliami
chitozanowymi bez dodatkéw. Na prac¢ badawcza skladaly si¢ trzy etapy. Pierwszy etap
badan dotyczyl zastosowania dodatkow do folii chitozanowych, takich jak nanoceluloza,
etanolowy ekstrakt z propolisu (EEP) oraz kofeina. Folie uzyskane na tym etapie badan
charakteryzowaly si¢ polepszonymi wlasciwosciami  barierowymi oraz wysoka
przeciwbakteryjna, szczegdlnie w przypadku materiatow z dodatkiem EEP, w poréwnaniu z
foliami chitozanowymi bez dodatkéw. W rugim etapie badan skupiono si¢ na mozliwosci
zastgpienia powszechnie wykorzystywanego rozpuszczalnika —kwasu octowego naturalnymi
rozpuszczalnikami, takimi jak roztwory kombuchy oraz octy owocowe, ktdre oprocz funkcji
rozpuszczalnika, stanowity réwniez zroédto zwigzkéw bioaktywnych. Folie przygotowane z
ich uzyciem, wykazaly zadowalajace wlasciwosci mechaniczne oraz silne dziatanie
przeciwdrobnoustrojowe i1 przeciwutleniajace. W ostatnim etapie badan przeprowadzono
badania aplikacyjne, ktdore obejmowaly powleczenie S$wiezych papryk roztworem
btonotworczym chitozanu. Uzyskane wyniki pokazaly, ze zastosowana powtoka ochronna
skutecznie przedluzyta trwato§¢ produktu i nie pogorszyla jego cech sensorycznych. Badania
potwierdzity potencjal wykorzystania folii chitozanowych z wymienionymi powyzej
dodatkami jako innowacyjnych i zrownowazonych materiatéw opakowaniowych m.in. w

przemysle spozywczym.



3.  Streszczenie w jezyku angielskim

The purpose of this dissertation was to develop and characterize biodegradable
chitosan-based packaging materials with improved physical, mechanical and microbiological
properties compared to chitosan films without additives. The research work consisted of three
stages. The first stage of the research involved the application of additives to chitosan films,
such as nanocellulose, ethanol extract of propolis (EEP) and caffeine. The films obtained at
this stage of the research were characterized by improved barrier properties and high
antimicrobial properties, especially for materials with EEP additives, compared to chitosan
films without additives. In the ruga stage of the research, the focus was on the possibility of
replacing the commonly used solvent—acetic acid with natural solvents, such as kombucha
solutions and fruit vinegars, which, in addition to their solvent function, also provided a
source of bioactive compounds. Films prepared with them, showed satisfactory mechanical
properties and strong antimicrobial and antioxidant activity. In the final stage of the study,
application tests were conducted, which included coating fresh peppers with a chitosan film-
forming solution. The results showed that the applied protective coating effectively prolonged
the shelf life of the product and did not deteriorate its sensory characteristics. The research
confirmed the potential of using chitosan films with the above-mentioned additives as

innovative and sustainable packaging materials in the food industry, among others.



4. Wstep

Zanieczyszczenie $rodowiska tworzywami sztucznymi jest problemem globalnym,
wystepujacym na calym $wiecie, a w szczegdlnosci dotyczacym takich miejsc jak pustynie,
gospodarstwa rolne, tereny gorskie i oceany. Emisja tworzyw sztucznych do §rodowiska caty
czas zwigksza si¢ 1 wedlug prognoz nadal bedzie rosta, nawet pomimo wprowadzanych
regulacji prawnych oraz podejmowanych prob jej ograniczenia, co stanowi powazny problem
(Borrelle i in., 2020). Wprowadzane dziatania, takie jak wdrozenie konwencji bazylejskiej
(EUR-Lex-21993A0216(02)), ktéra ma zapobiegaé transportowi odpaddéw z tworzyw
sztucznych do krajow, ktére charakteryzuja si¢ stabym systemem zarzadzania tego typu
odpadami, czy tez przej$cie Unii Europejskiej na gospodarke o obiegu zamknigtym wigzace
si¢ z recyklingiem wigkszej ilosci odpaddéw, wcigz nie sg wystarczajace, aby wplynaé na
zmniejszenie rocznej emisji plastiku (Borrelle i in., 2020; Lau i in., 2020). Tworzywa
sztuczne, ktore przedostaja si¢ do srodowiska, zaliczane sa do trwalych zanieczyszczen
charakteryzujacych si¢ niskg odwracalno$cig. Oznacza to, ze po uwolnieniu do ekosystemow
ich usunigcie jest bardzo trudne, a proces ich naturalnej degradacji moze trwaé od
kilkudziesigciu do nawet kilkuset lat, w zaleznos$ci od rodzaju polimeru oraz warunkéw
srodowiskowych. Ich dlugotrwata obecno$¢ w srodowisku prowadzi do ich akumulacji i moze
mie¢ powazne konsekwencje ekologiczne oraz zdrowotne (Chamas i in., 2020).

Odpowiedzig na obserwowang degradacje¢ srodowiska, zwigzang z zanieczyszczeniem
tworzywami sztucznymi oraz wzrostem $wiadomosci konsumentow w tym zakresie, jest
poszukiwanie nowych i naturalnych materiatoéw, ktoére z powodzeniem mogtyby zastapié
tworzywa sztuczne. Obecne badania skupiaja si¢ na poszukiwaniu materiatow wytworzonych
z naturalnych polimeréw takich jak np. polisacharydy, lipidy czy biatka (Teixeira-Costa,
Andrade, 2021). Jednym z polisacharydow, ktéry znalazt zastosowanie w produkcji
naturalnych materialow o r6znym zastosowaniu jest chitozan (Stefanowska i in., 2023; Tang i
in., 2023; Wang i Zhuang, 2022).

Chitozan jest pozyskiwany na drodze alkalicznej N-deacetylacji chityny, ktora zaraz po
celulozie stanowi drugi najpowszechniej wystepujacy w przyrodzie polisacharyd (Aranaz i
in., 2021). Chityne¢ pozyskuje si¢ z pancerzy skorupiakow, egzoszkieletow owadow, alg oraz
tez $cian komorkowych grzybow. Do wytwarzania chitozanu najcze¢$ciej wykorzystuje si¢
a-chityne, pozyskiwang z pancerzy zwierzat morskich, a rodzaj uzyskanego chitozanu, w tym
jego masa czgsteczkowa oraz stopien deacetylacji jest zwigzany z procesem otrzymywania

chitozanu w tym m.in. st¢zeniem uzytych rozpuszczalnikow, temperaturg oraz czasem reakcji



(Aranaz i in., 2021). Chitozan podobnie jak chityna jest polimerem nierozpuszczalnym w
wodzie, natomiast rozpuszcza si¢ w roztworach o odczynie kwasnym, o pH ponizej 6,3 (Yeul
i Rayalu, 2013). Zainteresowanie chitozanem i mozliwosciami jego wykorzystania, zwigzane
jest z jego licznymi i udowodnionymi witasciwo$ciami biologicznymi i1 technologicznymi
takimi jak: wlasciwo$ci przeciwzapalne, przeciwutleniajace, przeciwdrobnoustrojowe oraz
powtokotworcze (Aranaz i in., 2021; Stefanowska i in., 2023). Chitozan jest polimerem
wykorzystywanym do otrzymywania naturalnych powlok i charakteryzuje si¢ mozliwoscia
modyfikacji jego struktury oraz umozliwia wbudowanie w jego matryce réznych dodatkdéw, w
celu polepszenia wlasciwosci biologicznych, mechanicznych oraz barierowych uzyskanych
folii. Prowadzi to do uzyskania materialdw o pozadanych parametrach, a tym samym o
szerszym spektrum zastosowania (Stefanowska i in., 2023; Thambiliyagodage i in., 2023).

W ostatnich latach obserwuje si¢ rosngce zainteresowanie branzy opakowaniowej
materiatami naturalnymi, ktére moglyby z powodzeniem zastgpi¢ tworzywa sztuczne
szczeg6lnie w obrebie przemyshu spozywczego. Materiaty chitozanowe sa atrakcyjne
szczeg6lnie dla producentow Zywnosci poszukujacych ekologicznych rozwigzan
opakowaniowych ze wzgledu na to, Zze s3 to zazwyczaj materialy cienkie, przezroczyste i
elastyczne, a ich wilasciwosci mozna modyfikowa¢ poprzez zastosowanie odpowiednich
dodatkow czy tez odpowiednich rozpuszczalnikéw. Na potencjat aplikacyjny materiatéw
chitozanowych wskazuja rowniez zgloszenia patentowe. Przykltadem jest zgloszenie
patentowe KR20160119453A (2015), ktére opisuje material chitozanowy przeznaczony do
pakowania zywnosci, ktéry moze by¢ stosowany zaro6wno jako powloka na powierzchni
opakowan z tworzywa oraz jako samodzielny materiat opakowaniowy. Taki materiat pozwala
na przechowywanie réznych produktow spozywczych, takich jak owoce, warzywa, migso czy
pieczywo, przyczyniajac si¢ do przedtuzenia ich §wiezosci 1 okresu przydatnosci do spozycia.
Kolejnym przyktadem wykorzystania materiatu na bazie chitozanu jest zgloszenie patentowe
CN104610579A (2025), ktore opisuje materiat wytworzony ze skrobi oraz chitozanu, roéwniez
przeznaczony do pakowania zywnos$ci. Na rynku powstajg rowniez firmy oraz startupy, ktore
oferuja materialy oparte na chitozanie lub zajmuja si¢ ich modyfikacja. Przyktadem jest jedna
z amerykanskich firm (TémTex), tworzaca biodegradowalne materiaty z chitozanu, ktore
pierwotnie powstaly z my$la o zastgpieniu naturalnej skory. Jednak opracowana technologia
moze mie¢ zastosowanie rowniez w innych dziedzinach przemyshu.

Materiaty chitozanowe mozna modyfikowa¢ zmieniajagc w ten sposob ich wlasciwosci
poprzez zastosowanie réznych dodatkow oraz dobdr odpowiednich rozpuszczalnikow, do

najczesciej stosowanych, naturalnych dodatkéw majacych na celu polepszenie wlasciwosci



materialdow chitozanowych naleza: olejki eteryczne (Amor i in., 2021; Yuan i in., 2016),
ekstrakty roslinne (Kola i Carvalho, 2023; Ong i in., 2021) oraz inne polisacharydy (Zhang i
in., 2021). Szczegétowy przeglad literatury dotyczacy zastosowania chitozanu jako
biopolimeru do otrzymywania folii, a takze dodatkéw dodawanych do matrycy polimerowej
chitozanu zostal przedstawiony w pracy przegladowej (Stefanowska i in., 2023).

Badania wykonane w ramach rozprawy doktorskiej dotyczyly otrzymania filmow na
bazie chitozanu, do ktorego matrycy dodano substancje pochodzenia naturalnego, tj. etnolowy
ekstrakt z propolisu (EEP), roztwér kofeiny oraz nanoceluloze, a takze zastosowano
alternatywne do powszechnie stosowanego kwasu octowego, rozpuszczalniki chitozanu
bedace zrodlem zwigzkow bioaktywnych, takie jak roztwory kombuchy oraz octy owocowe.
Ponadto, w ramach niniejszej dysertacji przeprowadzono charakterystyke otrzymanych folii w
celu okreslenia mozliwos$ci ich zastosowania w opakowaniach przeznaczonych do pakowania
Zywnosci.

Jednym z zastosowanych dodatkow do folii chitozanowych byl etanolowy ekstrakt z
propolisu. Propolis jest naturalnym materiatlem zbieranym przez pszczoly miodne glownie z
materiatéw roslinnych. Od wielu lat, ekstrakty z propolisu, ze wzgledu na swoje szerokie
spektrum aktywnos$ci biologicznej, w tym aktywno$¢ przeciwbakteryjna, przeciwgrzybicza,
przeciwzapalng i przeciwutleniajaca, znajduje zastosowanie m.in. w medycynie naturalnej
(Irigoiti 1 in., 2021; Zulhendri i1 in., 2021). Propolis charakteryzuje si¢ bogatym sktadem
chemicznym, zawierajac m.in. zwigzki fenolowe takie jak flawonoidy, kwasy aromatyczne i
ich estry, alkohole, terpeny, enzymy, witaminy, aminokwasy, cukry oraz mineraty (Kasote 1
in., 2022).

Kolejnym z zastosowanych dodatkéw do folii na bazie chitozanu byta kofeina. Jest to
zwigzek organiczny wystepujacy m.in. w kawie, herbacie czy napojach energetycznych,
charakteryzuje si¢ wilasciwosciami przeciwdrobnoustrojowymi i przeciwutleniajacymi, co
sprawia, ze stanowi cenny dodatek do wielu produktow farmaceutycznych oraz
kosmetycznych (Van Dam i in., 2020). Analiza danych literaturowych pokazata, ze kofeina
wykazala dziatanie przeciwbakteryjne wobec Gram-ujemnej bakterii Escherichia coli
wyizolowanej z roznych produktow spozywczych (Ibrahim i in., 2006).

Wsréd dodatkow uzytych do wzbogacenia folii chitozanowych znalazla si¢ réwniez
nanoceluloza. Otrzymywana jest ona z celulozy, ktéra stanowi podstawowy element struktury
komorek roslinnych o charakterze budulcowym i nalezy do najbardziej rozpowszechnionych
na $wiecie polisacharydéw (Pennells i in., 2020). Nanoceluloz¢g w zaleznosci od sposobu

otrzymywania dzielimy na: celuloze nanokrystaliczng, celuloz¢ nanofibrylowang oraz



celuloze bakteryjng. Koncowy produkt procesu otrzymywania nanocelulozy, zalezy od
warunkow izolacji oraz zastosowania dodatkowej obrobki, takiej jak obrébka chemiczna (np.
hydroliza kwasowa), mechaniczna (np. homogenizacja, ultradzwigki) czy enzymatyczna
(Emenike i in., 2023). Zastosowanie nanocelulozy jako dodatku do matrycy naturalnych folii
polisacharydowych wptywa przede wszystkim na ich wiasciwo$ci mechaniczne czy
barierowe, takie jak wytrzymato$¢ na rozciaganie i zerwanie, przepuszczalno$¢ gazow oraz
odpornos$¢ na dziatanie wody (Khalid i in., 2021).

Kolejnym z aspektéw badan przeprowadzonych w ramach niniejszej rozprawy
doktorskiej byto poszukiwanie alternatywnego rozpuszczalnika chitozanu do powszechnie
stosowanego kwasu octowego, gldwnie kwasu octowego, ktdry poza rozpuszczaniem
chitozanu, stanowitby cenne zrodio substancji biologicznie czynnych. Takie podejscie
pozwolilo na nadanie otrzymywanym materialom jednocze$nie roznych dodatkowych
wlasciwos$ci, takich jak aktywno$¢ przeciwdrobnoustrojowa i przeciwutleniajgca oraz
ulepszone witasciwosci mechaniczne i barierowe, w poréwnaniu do folii na bazie samego
chitozanu, bez konieczno$ci stosowania oddzielnych dodatkéw (Adimcilar i in., 2023).
Jednym z takich rozpuszczalnikow moze by¢ kombucha. Jest to tradycyjny napdj
otrzymywany w wyniku fermentacji herbaty. Proces ten zachodzi dzigki dzialaniu
symbiotycznej kultury bakterii i drozdzy (SCOBY), ktéra sklada si¢ z bakterii kwasu
octowego (AAB), bakterii kwasu mlekowego (LAB) oraz drozdzy (De Miranda i in., 2022).
Kombucha, dzigki duzej zawarto$ci zwigzkow aktywnych biologicznie takich jak zwigzki
fenolowe, kwasy organiczne czy witaminy stanowi bardzo skuteczny 1 naturalny
przeciwutleniacz oraz wykazuje wlasciwosci przeciwdrobnoustrojowe (Abaci i in., 2022; De
Miranda i in., 2022).

Kolejng alternatywa dla powszechnie stosowanego rozpuszczalnika chitozanu, tj.
kwasu octowego, stanowig octy owocowe. Octy otrzymywane z roznych owocow sg zrodlem
nie tylko kwaséw organicznych umozliwiajacych rozpuszczanie chitozanu, ale roOwniez sa
zrodlem zwiazkow bioaktywnych takich jak aminokwasy, kwasy organiczne, fenole czy
zwigzki mineralne, co sprawia, ze wykazuja korzystne dziatanie m.in. przeciwutleniajace oraz
przeciwdrobnoustrojowe (Bakir i in., 2017; Luzon-Quintana i in., 2021).

W ramach niniejszej rozprawy doktorskiej podjeto probe opracowania funkcjonalnych
materialdow chitozanowych, z uwzglednieniem zastosowania dodatkéw, jak i innowacyjnych
rozpuszczalnikéw chitozanu petnigcych dodatkowa funkcje — zrodlo zwigzkéw biologicznie
aktywnych. Zastosowanie naturalnych komponentéw pozwolilo na uzyskanie materiatow o

korzystnych wtasciwosciach uzytkowych, takich jak aktywno$¢ przeciwbakteryjna i
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poprawiona wytrzymalo$¢ mechaniczna, w poréwnaniu z foliami bez dodatkow lub
wytworzonych przy uzyciu kwasu octowego. Kompleksowe podejscie do projektowania tego
typu materiatow wpisuje si¢ w aktualne kierunki rozwoju zréwnowazonych technologii w
branzy opakowaniowej, stanowigc odpowiedz na rosngce wymagania przemystu
opakowaniowego i spozywczego, a takze na oczekiwania konsumentéw wobec bezpiecznych

i ekologicznych rozwigzan.
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5.  Cel pracy i hipotezy badawcze

5.1. Cel pracy

Celem niniejszej rozprawy doktorskiej bylo opracowanie oraz charakterystyka
materiatéw chitozanowych o polepszonych wilasciwosciach fizycznych, mechanicznych oraz
przeciwdrobnoustrojowych, z mysla o ich praktycznym zastosowaniu jako
biodegradowalnych materiatéw opakowaniowych.

W ramach pracy badawczej podj¢to probe modyfikacji matrycy chitozanowej poprzez
zastosowanie dodatkow funkcjonalnych takich jak nanoceluloza oraz etanolowy ekstraktu z
propolisu, w celu poprawy wlasciwosci otrzymanych materialdow w pordwnaniu z materiatami
bez dodatkow.

Kolejnym aspektem badan byto zastapienie powszechnie stosowanego rozpuszczalnika
chitozanu, jakim jest kwas octowy, rozpuszczalnikami naturalnymi, takimi jak kombucha i
octy owocowe, ktore stanowily rowniez zrodto zwigzkow bioaktywnych, polepszajacych
wlasciwos$ci uzyskanych materiatow.

W ostatnim etapie badan oceniono aplikacyjny potencjal opracowanych materialow
poprzez zastosowanie ich jako powtoki ochronne do powleczenia owocéw czerwonej papryki.
Pozwolito to na weryfikacj¢ skuteczno$ci dzialania w warunkach zblizonych do

rzeczywistych zastosowan przemystowych.

5.2. Hipotezy badawcze

o Zastosowanie dodatkow takich jak nanoceluloza i etanolowy ekstrakt z propolisu, jako
sktadnikéw folii na bazie chitozanu wplywa na poprawe wlasciwosci mechanicznych oraz
przeciwdrobnoustrojowych otrzymanych folii chitozanowych.

o Kombucha oraz octy owocowe moga stanowi¢ rozpuszczalnik dla chitozanu i
pozwalaja na nadanie foliom chitozanowymi wlasciwos$ci przeciwdrobnoustrojowych poprzez
wzbogacenie ich w zwiazki bioaktywne.

o Materiaty chitozanowe otrzymane przy uzyciu naturalnych rozpuszczalnikéw moga

petni¢ funkcje powtoki ochronnej w przechowywaniu $§wiezej zywnosci.
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6. Materialy i metody badawcze

Prace badawcze zrealizowane w niniejszej rozprawie doktorskiej zostaty podzielone na

trzy etapy i przeprowadzone zgodnie ze schematem przedstawionym na rycinie 1.

I etap badan

Zastosowanie dodatkow
do matrycy chitozanowej

nanoceluloza

Kkofeina.

II etap badan

Zastosowanie naturalnych
rozpuszczalnikow bedacych
Zrodiem zwigzkow
bioaktywnych

octy owocowe

kombucha

III etap badan

Zastosowanie apikacyjne

opracowanych rozwigzan na

bazie chitozanu

powleczenie papryk
powloka ochronna

Rycina 1. Etapy prac badawczych zrealizowanych w ramach pracy doktorskie;j.

artykut 1.
® artykui 2.
artvkul 3.
artykut 4,
artykut 5,

W celu zwiekszenia czytelno$ci oznaczen probek w autoreferacie, ujednolicono ich

symbolike, ktéra roézni si¢ od tej zastosowanej w artykutach. Wszystkie uzyskane probki

zostaly oznaczone zgodnie ze schematem przedstawionym na rycinie 2.

Cyfra (1-5)

oznacza numer
artykuhu, w ktérym
zostaly przedstawione
wyniki badan.

Pierwsza litera (A-G)
oznacza symbol badanej
probki.

Druga litera

oznacza rodzaj (forme)
badanej probki

brak litery- rozpuszczalnik
R- roztwor blonotworczy
F- folia chitozanowa

Rycina 2. Schemat przedstawiajacy symbole probek zastosowane w autoreferacie.
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6.1. Charakterystyka folii chitozanowych z dodatkami pochodzenia

naturalnego

Otrzymanie folii chitozanowych

Chitozan otrzymywany z chityny, pochodzacej z muszli kraba (lepkos¢ > 400 mPa-s,
Sigma Aldrich, Darmstadt, Niemcy) rozpuszczono w roztworze wodnym kwaséw
organicznych (3% roztwér kwasu octowego CO.Hs4 oraz cytrynowego CsHsO7), z
wykorzystaniem mieszadta mechanicznego. W ten sposob uzyskano roztwory wyjsciowe do
ktorych zastosowano nastepujace dodatki:

e ctanolowy ekstrakt z propolisu (EEP) o koncowym st¢zeniu 1% w roztworze
btonotworczym,

e wodny roztwor kofeiny CsHioN4O2 o koncowym stezeniu 1% w roztworze
btonotworczym,

e koloidalny roztwdr nanocelulozy o koncowych stezeniach 0,25; 0,5; 0,75; 1% w
roztworach blonotworczych.

W celu uzyskania jednorodnych btonotworczych roztworéw chitozanu z powyzej
wymienionymi dodatkami, zastosowano rdwniez emulgator — Tween 20. Nastgpnie
otrzymane roztwory zostaly wylane na szalki Petriego zawierajace foli¢ teflonowg i suszone
w temperaturze pokojowej przez 24 godziny.

Symbole probek folii, uzyskanych z wykorzystaniem kwasu octowego jako
rozpuszczalnika, dla ktorych wyniki badan zostaty zaprezentowane w ramach pierwszego

artykutu zostaly przedstawione w tabeli 1.

Tabela 1. Symbole probek folii uzyskanych w pierwszym etapie badan (z zastosowaniem kwasu

octowego jako rozpuszczalnika oraz r6znych dodatkow).

Folie analizowane w ramach artykulu 1

Symbole folii Dodatek
1AF --
1BF nanoceluloza 0,25%
1CF nanoceluloza 0,5%
1DF nanoceluloza 0,75%
1EF nanoceluloza 1%
1FF nanoceluloza 0,25%, EEP 1%
1GF nanoceluloza 0,5%, EEP 1%
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Symbole prébek folii, wytworzonych z wykorzystaniem kwasu octowego oraz kwasu
cytrynowego jako rozpuszczalnikow, dla ktorych uzyskane wyniki zostaty zaprezentowane w

ramach drugiego artykutu zostaty przedstawione w tabeli 2.

Tabela 2. Symbole probek folii uzyskanych w pierwszym etapie badan (z zastosowaniem réznych

rozpuszczalnikow i dodatkow).

Roztwory blonotworcze oraz folie analizowane w ramach artykulu 2

Symbole roztworow

blonotwérezych Symbole folii Rozpuszczalnik Dodatek
2AR 2AF kwas octowy --
2BR 2BF kwas octowy kofeina
2CR 2CF kwas octowy kofeina, EEP
2DR 2DF kwas cytrynowy --
2ER 2EF kwas cytrynowy kofeina
2FR 2FF kwas cytrynowy kofeina, EEP

Charakterystyka otrzymanych materialow
W celu scharakteryzowania otrzymanych materiatéw wykonano nast¢pujace badania:
e mechaniczne: wytrzymatos$¢ na rozcigganie (TS), wydhuzenie przy zerwaniu (EB),
e fizyczne: szybkos$¢ transmisji pary wodnej (WVTR), tlenu (OTR) oraz dwutlenku
wegla (CO2TR), wolna energia powierzchniowa, wilgotno$¢ rownowagowa (EMC)
oraz szacowane wspotczynniki adsorpcji wedlug modelu Guggenheim-DiMarzio-
Waters (GDW),
e strukturalne: elektronowa mikroskopia skaningowa (SEM),
e chemiczne: spektroskopia ostabionego odbicia w podczerwieni z transformacja
Fouriera (ATR-FTIR)
e przeciwdrobnoustrojowe: ocena aktywno$ci otrzymanych materiatéw wzgledem
bakterii.
Dodatkowo, okreslono wlasciwos$ci przeciwrodnikowe roztworéw blonotworczych z ktérych
otrzymano folie na bazie chitozanu.
Analiza statystyczna

Analize statystyczng przeprowadzono przy uzyciu oprogramowania Statistica. Do
oceny statystycznej zastosowano jednoczynnikowg analiz¢ wariancji ANOVA oraz test post —
hoc Tukeya HSD, przy p < 0,05. Rozne litery przy warto$ciach $rednich wyznaczonych

parametréw oznaczaja rdznice istotne statystycznie.
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6.2. Charakterystyka folii chitozanowych otrzymanych z wykorzystaniem

rozpuszczalnikow naturalnych — octow owocowych i kombuchy

Otrzymanie folii chitozanowych

W kolejnym etapie badan powszechnie wykorzystywane rozpuszczalniki chitozanu
takie jak kwas octowy i cytrynowy, zostaly zastgpione naturalnymi rozpuszczalnikami,
zawierajacymi zwiazki o aktywnosci biologicznej. Octy owocowe zostaly zakupione
komercyjnie (Olini, Swiebodzice, Polska), natomiast kombuche uzyskano w procesie
fermentacji trzech rodzajow herbat oraz kawy, ktora prowadzono przez 21 dni w temperaturze
pokojowej. Do otrzymania roztworéw blonotworczych chitozanu wykorzystano nastepujace
rozpuszczalniki:

e ocet jabtkowy,

e ocet z czarnej porzeczki,

e ocet wiSniowy,

e kombucha na bazie herbaty biatej,

e kombucha na bazie herbaty zielonej,
e kombucha na bazie herbaty czarnej,
e kombucha na bazie kawy.

Chitozan otrzymywany z chityny, pochodzacej z muszli kraba (lepkos¢ > 400 mPa-s,
Sigma  Aldrich, Darmstadt, Niemcy) rozpuszczono W powyzej Wwymienionych
rozpuszczalnikach, a nastgpnie homogenizowano z wykorzystaniem mieszadta
mechanicznego. Roztwory zostaly wylane na szalki Petriego wytozone folig teflonowa i
suszone w temperaturze pokojowej przez 24 godziny. Symbole probek roztworow

btonotworczych oraz folii uzyskanych na tym etapie badan zostaty przedstawione w tabeli 3.
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Tabela 3. Symbole probek rozpuszczalnikow naturalnych, roztworow blonotworczych chitozanu i

folii analizowanych w drugim etapie badan.

Rozpuszczalniki, roztwory blonotworcze oraz folie analizowane w ramach artykulu 3

Symbole
Symbole . . .
o roztworow Symbole folii Rozpuszczalnik
rozpuszczalnikow ,
blonotworczych

3A 3AR 3AF ocet jabtkowy

3B 3BR 3BF ocet z czarnej porzeczki

3C 3CR 3CF ocet wisniowy
Rozpuszczalniki, roztwory blonotworcze oraz folie analizowane w ramach artykulu 4

4A 4AR 4AF kombucha na bazie herbaty biatej

4B 4BR 4BF kombucha na bazie herbaty zielonej

4C 4CR 4CF kombucha na bazie herbaty czarnej

4D 4DR 4DF kombucha na bazie kawy

Charakterystyka rozpuszczalnikow naturalnych, roztworow blonotworczych chitozanu

oraz otrzymanych materialow

W celu scharakteryzowania rozpuszczalnikow naturalnych, roztworéw blonotworczych

chitozanu oraz otrzymanych materiatow wykonano nast¢pujace badania:

chemiczne: warto§¢ pH, zawarto§¢ kwasOw organicznych, zawarto$¢ zwigzkow
fenolowych, calkowita zawarto$¢ fenoli (TPC) i1 flawonoidéw (TFC), spektroskopia
ostabionego odbicia w podczerwieni z transformacja Fouriera (ATR-FTIR),
mechaniczne: wytrzymalo$¢ na rozcigganie (TS), wydtuzenie przy zerwaniu (EB),
fizyczne: szybkos$¢ transmisji pary wodnej (WVTR), oraz tlenu (OTR), wilgotnosé
rownowagowa (EMC) oraz szacowane wspotczynniki adsorpcji wedlug modelu
Guggenheim-DiMarzio-Waters (GDW),

strukturalne: elektronowa mikroskopia skaningowa (SEM),

przeciwdrobnoustrojowe: ocena aktywnosci wzgledem wybranych szczepow
patogenow,

przeciwutleniajgce: analiza wlasciwosci przeciwrodnikowych oraz zdolno$ci

chelatowanie jonoéw zelaza Fe?".

Analiza statystyczna

Analize statystyczng przeprowadzono przy uzyciu oprogramowania Statistica. Do

oceny statystycznej zastosowano jednoczynnikowg analiz¢ wariancji ANOVA oraz test post —

hoc Tukeya HSD, przy p < 0,05. Rozne litery przy warto$ciach $rednich wyznaczonych

parametréw oznaczajg rdznice istotne statystycznie.
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6.3. Zastosowanie blonotworczych roztworow chitozanu

Otrzymanie blonotworczego roztworu chitozanu i jego zastosowanie do powlekania
czerwonej papryki

W ostatnim etapie badan otrzymano trzy roztwory blonotwodrcze chitozanu, z
wykorzystaniem naturalnych rozpuszczalnikow, zwierajacych zwigzki o aktywnoS$ci
biologicznej. Trzy rodzaje kombuchy uzyskano w procesie przeprowadzonej fermentacji, z
wykorzystaniem nastepujacych surowcoOw roslinnych:

e rumianek (Matricaria L.),
o melisa lekarska (Melissa officinalis L.),
e herbata czarna.

Chitozan otrzymywany z chityny, pochodzacej z muszli kraba (lepkos¢ > 400 mPa-s,
Sigma Aldrich, Darmstadt, Niemcy) rozpuszczono w roztworach kombuchy uzyskanej z
wyzej wymienionych surowcéw roslinnych, a nastepnie homogenizowano z wykorzystaniem
mieszadla mechanicznego. Nastepnie, roztwor btonotworczy uzyskany przy uzyciu kombuchy
na bazie melisy lekarskiej wykorzystano do otrzymania folii oraz do powleczenia czerwonej
papryki. Papryki zostaly zakupione w dyskoncie spozywczym, a nast¢pnie powleczone
roztworem blonotworczym poprzez dwukrotne zanurzenie. Probe kontrolng stanowity papryki
niepowleczone.

Symbole prébek roztworéw btonotworczych, folii oraz papryk, ktore stosowane byly w

badaniach na tym etapie realizacji pracy doktorskiej zostaty przedstawione w tabeli 4.

Tabela 4. Symbole probek roztworéw blonotworczych, folii oraz papryk uzyskanych w trzecim etapie

badan.

Symbole Symbole
roztworow roztworow Symbole folii Rozpuszczalnik (kombucha)
kombuchy blonotworczych
S5A 5AR -- na bazie rumianku
5B 5BR SBF na bazie melisy lekarskiej
5C 5CR -- na bazie herbaty czarne;j
S),]mbOl A , Symbol - Rozpuszczalnik
papryki powleczone proba kontrolna
5D S5E na bazie melisy lekarskiej
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Charakterystyka rozpuszczalnikow naturalnych, roztworow blonotworczych chitozanu

oraz otrzymanych materialow

chemiczne: catkowita zawartos¢ fenoli (TPC) 1 flawonoidow (TFC), zawarto$¢ kwasu
askorbinowego,

mechaniczne: wytrzymalo$¢ na rozcigganie (TS), wydtuzenie przy zerwaniu (EB),
fizyczne: szybkos¢ transmisji pary wodnej (WVTR),

przeciwbakteryjne: ocena aktywnosci wzgledem wybranych szczepow patogendw,
przeciwutleniajace: analiza wtasciwosci przeciwrodnikowych,

ocena parametrow tekstury: wytrzymalo$¢ skorki i elastyczno$¢ skorki papryki,

ocena sensoryczna: ocena pozadalnosci i intensywno$ci koloru, aromatu i ogdlny

wyglad.

Analiza statystyczna

Analize statystyczng przeprowadzono przy uzyciu oprogramowania Statistica. Do

oceny statystycznej zastosowano jednoczynnikowg i dwuczynnikowg (tabele 20 — 22) analizg

wariancji ANOVA oraz test post — hoc Tukeya HSD, przy p < 0,05. Rdézne litery przy

warto$ciach $rednich wyznaczonych parametréw oznaczaja roznice istotne statystycznie.
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7. Omowienie uzyskanych wynikow badan
7.1. Charakterystyka folii chitozanowych z dodatkiem nanocelulozy i EEP

Wyniki uzyskane na tym etapie badan zostaly przedstawione w artykule naukowym nr
1. Celem badan bylto okreslenie wplywu zastosowanych dodatkéw — nanowtokien celulozy
oraz ekstraktu etanolowego z propolisu (EEP) — na wlasciwosci otrzymanych folii
chitozanowych. Otrzymano siedem probek folii, oznaczonych nastgpujacymi symbolami:
1AF — brak dodatkéw, 1BF — dodatek nanocelulozy 0,25%, 1CF — dodatek nanocelulozy
0,5%, 1DF — dodatek nanocelulozy 0,75%, 1EF — dodatek nanocelulozy 1%, 1FF — dodatek
nanocelulozy 0,25% oraz EEP 1%, 1GF — dodatek nanocelulozy 0,5% oraz EEP 1%.

Wytrzymalos¢ na rozcigganie (TS)
W celu oceny wlasciwosci mechanicznych wykonano badanie wytrzymatosci na

rozciaganie, a wyniki zostaty przedstawione na rycinie 3.
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Symbole probek

Rycina 3. Wytrzymalo$¢ na rozcigganie otrzymanych folii chitozanowych.

Uzyskane wyniki wskazuja, ze zastosowanie dodatku nanocelulozy oraz EEP do
matrycy chitozanowej nie wplyneto na wytrzymato$¢ na rozcigganie uzyskanych materiatow,
niezaleznie od stezenia zastosowanych dodatkow. Wyniki te zostaty potwierdzone analizg
statystyczng. Uzyskane wyniki miescily si¢ w zakresie od 60 dla folii bez dodatkow (1AF) do
78,30 MPa dla folii z dodatkiem 0,25% nanocelulozy (1BF). Analiza danych literaturowych
wykazata, ze dodatek nanocelulozy wykazywat istotny wplyw na poprawg parametréow
mechanicznych folii chitozanowych w poréwnaniu do foli na bazie samego chitozanu, jednak

przy zastosowaniu wyzszego stezenia np. 50% stezenia masowego (Costa i in., 2021; De Carli
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i1in., 2022). Réwniez w przypadku dodatku EEP, korzystny wpltyw na poprawe parametrow
mechanicznych odnotowano dopiero przy zastosowaniu wyzszego stezenia (20%) tego

dodatku (De Carli i in., 2022).

Wydluzenie przy zerwaniu (EB)
Badanie wydluzenia przy zerwaniu stanowilo drugi parametr stuzacy do oceny
wlasciwosci mechanicznych uzyskanych folii, wyniki tego badania zostaty przedstawione na

rycinie 4.

a.b

Wydtuzenie przy zerwaniu (%)

1AF 1BF ICF 1DF 1EF IFF 1GF
Symbole prébek

Rycina 4. Wydtuzenie przy zerwaniu wyznaczone dla otrzymanych folii chitozanowych.

W przypadku wydluzenia przy zerwaniu najwyzsza warto$¢ tego parametru
odnotowano dla prébki 1FF (31,16%), ktora zawierala dodatek nanocelulozy o st¢zeniu
0,25% oraz EEP. Najnizsza wartos¢ EB (15,39%) odnotowano dla probki 1EF, ktora zwierata
najwyzsze stosowane stezenie nanocelulozy (1%). Badania przeprowadzone przez Talebi i in.
(2022) wykazaly, ze dodatek nanocelulozy — zaré6wno w formie celulozy nanokrystalicznej,
jak 1 nanofibrylowanej — do folii chitozanowych skutkowal zwigkszeniem wartosci
wydluzenia przy zerwaniu w miar¢ wzrostu jej stezenia od 1 do 7% wag., w poréwnaniu do
folii zawierajacych wylacznie chitozan. Z kolei, wyniki uzyskane przez Khan i in. (2012)
pokazaty odwrotng tendencje — wartos¢ EB zmniejszyta si¢ z 8,58% (dla czystej folii
chitozanowej) do 3,95% po dodaniu 10% (m/m) nanokrystalicznej celulozy.
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Szybkos¢ transmisji pary wodnej (WVTR)
Wyniki badania szybko$ci transmisji pary wodnej wykonane dla folii na bazie chitozanu

zostaly przedstawione na rycinie 5.
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Rycina 5. WVTR wyznaczone dla otrzymanych folii o grubosci 100 um.

Uzyskane wyniki wykazaty, ze $rednie wartosci szybkos$ci transmisji pary wodnej dla
folii bez dodatku EEP (1AF-1EF) wahaly si¢ w zakresie od 65 do 75 g/m?-24h. Analiza
statystyczna nie wykazata istotnych ro6znic pomig¢dzy probkami z r6zng zawarto$cig dodatku
nanocelulozy, a folig chitozanowa bez dodatkéw (AF). Wyniki uzyskane dla probek z
dodatkiem EEP charakteryzowaly si¢ znacznie wyzsza wartoscia WVTR, na poziomie 387
g/m?-24h — dla probki 1FF oraz 380 g/m?-24h — dla probki 1GF. Uzyskane wyniki wykazaty,
ze dodatek EEP miat znaczacy wpltyw na przepuszczalno$¢ pary wodnej. Dane literaturowe
potwierdzaja wptyw dodatku EEP do matrycy chitozanowej na WVTR, a jego wartos¢ zalezy
od zastosowanego stezenia EEP. Dodatek EEP na poziome 0,75% oraz mniejszym skutkowat
wzrostem wartosci WVTR, natomiast stezenie EEP 2,5% oraz wigksze powodowato
obnizenie wartosci WVTR otrzymanych folii (Siripatrawan i Vitchayakitti, 2016; Stanicka 1
in., 2021).

Szybkos¢ transmisji tlenu (OTR)
Kolejnym parametrem wykorzystanym do oceny wiasciwosci barierowych otrzymanych
materiatéw byl paramter OTR (szybkos$ci transmisji tlenu). Uzyskane wyniki zostaty

przedstawione na rycinie 6.
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Rycina 6. OTR wyznaczone dla otrzymanych folii o grubosci 100 pum.

Uzyskane wyniki w przypadku wszystkich folii charakteryzowaly si¢ $rednig warto$cia
ponizej 3 cm’/m?-24h, co wskazuje na dobre wiasciwosci barierowe otrzymanych folii wobec
tlenu. Zastosowanie dodatku EEP spowodowalo nieznaczny wzrost przepuszczalnosci tlenu
na poziomie 2,7 cm?*/m?-24h (1FF) oraz 2,5 cm®/m?-24h (1GF). Wzrost przepuszczalnosci
moégt by¢ zwigzany z obecnoscia flawonoidow w EEP, ktére zaklocity uporzadkowang
strukture folii, zwigkszajac tym samym jej dyfuzyjnos$é, na co wskazuja rowniez badania

przeprowadzone przez Siripatrawan 1 Vitchayakitti (2016).

Szybko$¢ transmisji dwutlenku wegla (CO:TR)
W celu oceny wlasciwosci barierowych otrzymanych materiatéw przeprowadzono
rowniez badania szybkosci transmisji dwutlenku wegla. Uzyskane wyniki zostaty

przedstawione na rycinie 7.
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Rycina 7. CO,TR wyznaczone dla otrzymanych folii o grubosci 100 pm.

Badania przepuszczalno$ci dwutlenku wegla przez otrzymane folie na bazie chitozanu
wykazaly nizsze warto$ci dla transmisji tego gazu niz w przypadku wynikow uzyskanych dla
tlenu. Dla probek z dodatkiem nanocelulozy oraz EEP (1FF oraz 1GF) uzyskane warto$ci
miescity sie w zakresie od 1,2 do 2,5 cm?/m?-24h. Wyzsze wartosci przepuszczalno$ci gazu
uzyskane dla probek z dodatkiem EEP, §wiadczg o tym, ze zastosowanie tego dodatku sprzyja
zwigkszeniu przepuszczalnosci gazow. Uzyskane wyniki wykazaty, ze przepuszczalno$¢ dla
dwutlenku wegla w przypadku badanych materialéw byla nizsza niz przepuszczalnos$¢ dla
tlenu opisana powyzej, co jest odwrotnym zjawiskiem niz w powszechnie stosowanych

materialach z tworzywa sztucznego (Schmid i in., 2015).

Swobodna energia powierzchniowa
Badanie swobodnej energii powierzchniowej pozwala na okreslenie aktywnos$ci
powierzchniowej badanych folii, a uzyskane wyniki oznaczonego parametru zostaty

przedstawione na rycinie 8.
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Rycina 8. Wolna energia powierzchniowa wyznaczona dla otrzymanych folii o grubosci 100 pm.

Dla wszystkich badanych probek wartos¢ swobodnej energii powierzchniowej
miescita si¢ w zakresie 28-41 mN/m. Ponadto, wszystkie uzyskane wyniki miescity si¢ w
zakresie warto$ci swobodnej energii powierzchniowej dla tworzyw sztucznych. Folie z
dodatkiem EEP (1FF oraz 1GF), charakteryzowaly si¢ wyzsza warto$cia swobodnej energii
powierzchniowej, co zostalo potwierdzone statystycznie. Dla probek z dodatkiem

nanocelulozy, uzyskane warto$ci nie rdznily si¢ statystycznie.

Spektroskopia w podczerwieni z transformacja Fouriera (ATR-FTIR)
Wyniki analizy spektroskopii w podczerwieni z transformacja Fouriera (ATR-FTIR),
uzyskane dla folii bez dodatkéw (1AF) oraz z dodatkiem nanocelulozy 0,5% (1CF) zostaly

przedstawione na rycinie 9.
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Rycina 9. Widma ATR-FTIR otrzymanych folii chitozanowych: 1AF i 1CF.
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W obu widmach ATR-FTIR odnotowano pasma charakterystyczne dla materialow
polisacharydowych. Pasma obserwowane przy 3340 i 3285 cm™' odpowiadajg rozciggajacym
drganiom wigzan N-H i/lub O-H, a takze wewnatrzczasteczkowym wigzaniom wodorowym.
Pasmo w zakresie 2880 cm™! jest charakterystyczne dla asymetrycznych drgan rozciggajacych
wigzania C-H (Costa i in., 2021). Pasma w zakresie: 1640 i 1555 oraz 1340 cm™' mozna
przypisa¢ odpowiednio drganiom wigzan w amidach I-rzedowych (drgania rozciagajace
C=0), amidach II-rzgdowych (drgan zginajacych N-H) i amidach III-rzgdowych (drgania
rozciggajace C—N). Natomiast pasma w zakresie: 1155 i 1030 cm™ mozna przypisa¢ drganiom
symetrycznym, rozciggajacym wigzania C—O—C (Annu i in., 2021; Costa i in., 2021; Koc i in.,
2020). Z kolei pasmo przy 895 cm™ jest charakterystyczne dla wigzan B-glikozydowych w
strukturze celulozy (Costa i in., 2021; Da Silva i in., 2018; Mot i in., 2011).

Zastosowanie dodatku EEP do matrycy chitozanowej spowodowalo zmiany w
strukturze otrzymanych materialow. Widma ATR-FTIR uzyskane dla folii chitozanowych

zostaly przedstawione na rycinie 10.
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Rycina 10. Widma ATR-FTIR otrzymanych folii chitozanowych: probki 1AF, 1BF, 1CF, 1FF, 1GF.

Zmiany widoczne w widmach ATR-FTIR sg zwigzane gléwnie z obecnoscig zwigzkow
fenolowych wystepujacych w EEP. Pasma w zakresie 2925 i 2855 c¢cm™! mozna przypisaé
drganiom rozciagajacym wigzania C—H, pochodzacym z grup metylowych i metylenowych.
Pasma przy 1700 cm™ wskazuja na obecno$¢ wigzania C=0O, charakterystycznego dla
zwigzkow chemicznych takich jak fenole, bedacych sktadnikami propolisu. Pasma w zakresie
1640 cm! mozna przypisa¢ wigzaniom C=0, C=C, N-H obecnych w aminokwasach i

flawonoidach. Pasma w zakresie 1515 i 1455 ¢cm! (C=C) byly zwigzane z pierScieniami
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aromatycznymi zwigzkéw fenolowych wystepujacych w propolisie. Z kolei pasma pomigdzy
1300 a 1020 cm! sg charakterystyczne dla drgan rozciggajacych C-O i zginajacych C-O,
rowniez pochodzacych ze skladnikow propolisu, w tym m.in. kwaséw karboksylowych,

estrow i alkoholi (Da Silva i in., 2018; Mot i in., 2011).

Elektronowa mikroskopia skaningowa (SEM)
Badaniem wykorzystanym do oceny struktury powierzchni folii byto badanie wykonane
przy uzyciu elektronowej mikroskopii skaningowej. Wyniki tych badan zostaly przedstawione

na rycinie 111 12.

1AF

Rycina 11. Obrazy SEM otrzymanych folii chitozanowych, probki: 1AF-1EF.

Uzyskane obrazy SEM wykazaly, ze powierzchnia uzyskanych materiatéw byla gtadka,
pozbawiona pegknig¢ i poréw, co wskazalo na dobrg integralno$¢ i jednorodng strukture folii.
Folia pozbawiona dodatkéw (1AF) oraz probki z dodatkiem nanocelulozy charakteryzowaty

si¢ podobna morfologia powierzchni.

Rycina 12. Obrazy SEM otrzymanych probek folii chitozanowych, probki: 1FF oraz 1GF.

W przypadku folii chitozanowych z dodatkiem nanocelulozy oraz etanolowego
ekstraktu z propolisu EEP (1FF oraz 1GF), jak pokazano na rycinie 12, zaobserwowano
zintegrowang strukture, ale z wypuklo$ciami, co moglo by¢ zwigzane z obecnosciag

sktadnikéw pochodzacych z dodatku EEP.
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Badanie wlasciwosci przeciwdrobnoustrojowych

Na podstawie przeprowadzonych badan stwierdzono, ze folia chitozanowa pozbawiona
dodatkow oraz folie z dodatkiem nanocelulozy nie wykazaty aktywnosci przeciwbakteryjnej
wobec szczepow testowych (dane nie zostaly pokazane w tabeli). Analiza danych
literaturowych ~ wykazala  zréznicowang aktywno$¢ przeciwdrobnoustrojowa  folii
chitozanowych z dodatkiem nanocelulozy wobec r6znych szczepéw bakteryjnych — od braku
aktywnos$ci (Talebi 1 in., 2022) poprzez aktywno$§¢ wobec wybranych szczepow bakterii
(Costa 1 in., 2021). Roéznice te wynikaly z rodzaju zastosowanej nanocelulozy oraz jej
stezenia. Wyniki badania aktywno$ci przeciwdrobnoustrojowej folii z dodatkiem

nanocelulozy oraz EEP przedstawiono w tabeli 5.

Tabela 5. Aktywnos$¢ przeciwdrobnoustrojowa probek folii chitozanowych.

Folia 1FF Folia 1GF

Szczep bakterii
Strefa inhibicji (mm)

Bacillus subtilis 16 16
Lactobacillus rhamnosus 0 0
Lactobacillus plantarum 0 0
Listeria monocytogenes 20 17,5

Srednica powstatych stref inhibicji: 5-10 mm staba aktywnos¢; 11-14 mm umiarkowana aktywno$¢;

>14 mm silna aktywno$¢.

Zarowno probka 1FF jaki 1 1GF wykazaly silng aktywno$¢ wobec szczepu
L. monocytogenes, ktory jest czgsto oznaczany podczas przetworstwa zywnosci jak i w samej
zywnosci. Bakterie te moga tworzy¢ trudne do usunigcia biofilmy, a zakazenie bakterig L.
monocytogenes moze prowadzi¢c do rozwoju ciezkiej choroby o wysokiej $miertelnosci
zwanej listeriozg (Park 1 Kim, 2023). Dlatego uzyskanie materialu o silnym dziataniu
antybakteryjnym, wobec tego szczepu jest szczegoOlnie istotne z punktu widzenia
potencjalnego zastosowania w branzy opakowaniowej. Uzyskane materiaty wykazaly rowniez
silne dziatanie wobec szczepu B. subtilis.

Badane folie na bazie chitozanu, EEP oraz nanocelulozy nie wykazywaly aktywnos$ci
wzgledem szczepow bakterii probiotycznych: L. rhamnosus oraz L. plantarum, co stanowi

korzystny wynik w przypadku folii z potencjalnym zastosowaniem do Zywnosci.
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7.2. Charakterystyka folii chitozanowych z dodatkiem kofeiny i EEP

Wyniki uzyskane na tym etapie badan zostaly przedstawione w artykule naukowym nr
2. Celem badan bylo okreslenie wptywu dodatkow, takich jak kofeina, ekstrakt etanolowy z
propolisu (EEP) oraz dwdéch rozpuszczalnikdéw chitozanu — kwasu octowego i cytrynowego —
na wlasciwosci otrzymanych folii chitozanowych. Otrzymano sze$¢ roztworow
btonotworczych oraz szes$¢ probek folii chitozanowych, w tym trzy roztwory otrzymano przy
wykorzystaniu kwasu octowego jako rozpuszczalnika chitozanu: 2AR — brak dodatkow, 2BR
— dodatek kofeiny, 2CR — dodatek kofeiny oraz EEP i trzy rodzaje folii chitozanowych
otrzymane z wymienionych roztworéw btonotworczych, ktore oznaczono symbolami 2AF,
2BF, 2CF. Ponadto, otrzymano roztwory blonotworcze przy zastosowaniu kwasu
cytrynowego jako rozpuszczalnika chitozanu: 2DR — brak dodatkéw, 2ER — dodatek kofeiny,
2FR — dodatek kofeiny oraz EEP i trzy odpowiadajace im rodzaje folii chitozanowych

otrzymane z tych roztwordéw i1 oznaczone symbolami 2DF, 2EF, 2FF.

7.2.1. Charakterystyka roztworow blonotworczych

Badanie wlasciwosci przeciwutleniajacych
Charakterystyka wtasciwos$ci przeciwutleniajacych zostala wykonana z wykorzystaniem
analizy aktywnosci przeciwrodnikowej, a uzyskane wyniki zostaty przedstawione na rycinie
13.
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Rycina 13. Aktywnos¢ przeciwrodnikowa roztworéw blonotworczych na bazie chitozanu.
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Wyniki oceny aktywnos$ci przeciwrodnikowej wykazaly, ze roztwory chitozanu bez
dodatkow takich jak EEP czy kofeina (2AR 1 2DR) nie wykazaly aktywnosci
przeciwrodnikowej niezaleznie od uzytego rozpuszczalnika. Dodanie kofeiny do roztworu
chitozanu wplyneto na pojawienie si¢ aktywnos$ci przeciwrodnikowej, natomiast najwigksza
aktywnos$cig charakteryzowaly si¢ roztwory zawierajace zarowno kofein¢ jak i EEP (2CR i1
2FR), co moze wskazywaé na ich wspotdziatanie. Ponadto, roztwor 2FR charakteryzowat si¢
wyzsza aktywnoscig niz standardowy przeciwutleniacz — Trolox, co zostato potwierdzone
statystycznie. Wysoka aktywno$¢ przeciwrodnikowa tego roztworu mogla wynikaé¢ z
udokumentowanych wtasciwosci przeciwutleniajacych zastosowanych dodatkéw — kofeiny,
zdolnej do neutralizacji wolnych rodnikéw (Ikram i in., 2020; Nehlig, 2018), oraz
etanolowego ekstraktu z propolisu, bogatego w flawonoidy i kwasy fenolowe (Andrade i in.,

2017; Martinello 1 Mutinelli, 2021).

7.2.2. Charakterystyka otrzymanych folii chitozanowych

Badanie wlasciwosci przeciwbakteryjnych
Wyniki badania aktywnos$ci przeciwbakteryjnej wobec wybranych szczepow bakterii

chorobotwdrczych oraz probiotycznych zostaly przedstawione w tabeli 6.

Tabela 6. Aktywno$¢ przeciwbakteryjna otrzymanych folii chitozanowych wobec wybranych

szczepow bakterii.

Stefa inhibicji (mm)
2AF 2BF 2CF 2DF 2EF 2 FF
Szczepy bakterii chorobotworczych

Szczep bakterii

Bacillus subtilis -- -- -- 18 18 >28
Enterococcus faecalis -- -- -- 28 28 >28
Listeria monocytogenes -- -- -- 27 27 >28
Staphylococcus aureus -- -- -- -- 18 20
Escherichia coli -- -- -- 22 22 27
Pseudomonas aeruginosa -- -- -- 20 19 24
Pseudomonas fluorescens -- -- -- 24 19 25
Salmonella enterica -- -- -- 17 17 24

Szczepy bakterii probiotycznych

Lactobacillus rhamnosus - - - - - -
Lactobacillus plantarum - - - - - -
Lactobacillus paracasei - - - - - -

Srednica powstatych stref inhibicji: 5-10 mm staba aktywnos¢; 11-14 mm umiarkowana aktywno$¢;

>14 mm silna aktywno$¢.
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Przeprowadzone badania wykazaly, ze folie chitozanowe -charakteryzowaly si¢
zrdznicowang aktywnoscig wobec szczepdw bakterii chorobotwoérczych. Folie uzyskane przy
uzyciu kwasu octowego nie wykazaty aktywnosci wobec zadnego szczepu testowanego w
tym badaniu. Folie otrzymane z wykorzystaniem kwasu cytrynowego jako rozpuszczalnika
chitozanu, charakteryzowaly si¢ szerokim spektrum dzialania wobec analizowanych
szczepow bakterii chorobotworczych. Strefa inhibicji miedcita si¢ w zakresie migdzy 17 a >28
mm, co oznacza, ze folie charakteryzowaly si¢ silng aktywno$cig. Wyjatek stanowita probka
2DF, ktora nie zawierata dodatku kofeiny oraz EEP i nie wykazata aktywnos$ci wobec szczepu
S. aureus. Analiza danych literaturowych wykazata, ze etanolowy ekstrakt z propolisu
charakteryzowat si¢ wysoka aktywno$cig przeciwbakteryjng, szczegdlnie wobec bakterii
Gram-dodatnich, takich jak S. aureus, B. subtilis, Bacillus cereus i E. faecalis, co przypisuje
si¢ wysokiej zawarto$ci zwigzkow fenolowych (Almuhayawi, 2020; Przybylek i Karpinski,
2019). Badania wykazaly réwniez skuteczno$¢ folii chitozanowych z dodatkiem EEP
przeciwko  patogennym  szczepom, w tym E.  coli P.  aeruginosa, L.
monocytogenes i Salomella Enteritidis, w przeciwienstwie do folii niezawierajacych tego
dodatku (Correa-Pacheco i in., 2019; Rollini i in., 2017; Siripatrawan i Vitchayakitti, 2016;
Stanicka i in., 2021).

Zadna z badanych folii chitozanowych nie wykazata aktywnosci wobec szczepow

bakterii probiotycznych.

Szybkos¢ transmisji pary wodnej (WVTR) oraz tlenu (OTR)
Uzyskane wyniki analizy szybko$ci transmisji pary wodnej oraz tlenu uzyskane dla folii

na bazie chitozanu zostaly przedstawione w tabeli 7.

Tabela 7. Szybkos¢ transmisji pary wodnej oraz tlenu uzyskanych folii chitozanowych.

Symbol folii WVTR (g/m? -24 h) OTR (¢cm’/m? - 24 h)
2AF 159,092+ 0,79 5,34+ 0,10
2BF 110,91°+ 0,10 6,26° +0,04
2CF 80,90° + 0,88 12,82+ 0,71
2DF 108,794+ 0,71 7,7°+ 0,58
2EF 80,919+ 0,02 3,3+ 0,61
2FF 77,88+ 0,83 7,4°+ 0,12

Uzyskane wyniki pokazaty, ze folie otrzymane przy uzyciu kwasu cytrynowego
charakteryzowatly si¢ nizszg wartoscia WVTR niz te, wytworzone przy uzyciu kwasu
octowego, co potwierdzila analiza statystyczna. Zastosowanie dodatku kofeiny, a takze

kofeiny i EEP do matrycy chitozanowej wptyngto na obnizenie szybkosci transmisji pary
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wodnej w przypadku obu rozpuszczalnikoéw. Analiza danych literaturowych rowniez
wykazala, ze zastosowanie dodatkow takich jak EEP i kofeina wplywa na obnizenie tego
parametru (Siripatrawan i Vitchayakitti, 2016; Stanicka i in., 2021).

Wyniki uzyskane dla badania OTR byly zréznicowane. Najlepszy material barierowy
dla tlenu stanowita probka 2EF, otrzymana przy uzyciu kwasu cytrynowego z dodatkiem

kofeiny.

Wilgotnos¢ rownowagowa (EMC) oraz szacowane wspoélczynniki adsorpcji wedlug
modelu Guggenheim-DiMarzio-Waters (GDW)
Wyniki badania réwnowagowej zawartosci wilgoci dla otrzymanych folii

chitozanowych zostaty przedstawione na rycinie 14.
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Rycina 14. Izotermy adsorpcji folii chitozanowych (kropki oznaczaja dane eksperymentalne, linie

ciggte — dopasowanie do modelu sorpcji GDW, temperatura 25 °C).

Uzyskane izotermy adsorpcji wykazaty niewielki wzrost EMC ponizej wilgotnosci
wzglednej powietrza 0,5 oraz znaczny wzrost tej wartosci dla zakresu wilgotnosci wzglednej
powietrza powyzej 0,5. Odnotowano korzystne dzialanie dodatku kofeiny oraz propolisu na
zmniejszenie higroskopijnosci otrzymanych materiatéw. Korzystny wpltyw dodatku EEP do
matrycy chitozanowej na obnizenie warto§ci EMC zostal potwierdzony réwniez w innych
danych literaturowych (Stanicka i in., 2021). Wartos¢ EMC dla folii chitozanowe;j
wytworzonej przy uzyciu kwasu octowego (2AF) jest wyraznie wyzsza w catym zakresie
wilgotnosci wzglednej powietrza, natomiast zastosowanie kwasu cytrynowego jako

rozpuszczalnika spowodowato redukcje wlasciwosci higroskopijnych otrzymanych folii.
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Szacowane wspotczynniki adsorpcji wedlug modelu GDW dla badanych folii

przedstawiono w tabeli 8.

Tabela 8. Szacowane wspotczynniki adsorpcji wedlug modelu GDW w temp. 25°C dla otrzymanych

folii.

Symbol folii m (kg/kg) K k w R?
2AF 0,5609 0,3341 0,9205 1,1920 0,9999
2BF 0,1216 0,5106 0,7994 2,0868 0,9974
2CF 0,0984 0,5612 0,7439 2,7808 0,9967
2DF 0,5419 0,0110 0,8006 30,5221 0,9882
2EF 0,5237 0,0105 0,7632 32,0767 0,9855
2FF 0,4108 0,0102 0,8042 33,5309 0,9892

Zastosowanie dodatku kofeiny oraz kofeiny i EEP do folii chitozanowych wptyn¢to na
obnizenie warto$¢ parametru m, ograniczajac zdolno$¢ badanych materialdéw do pochtaniania
wilgoci. Warto$¢ m wyniosta 0,1216 kg/kg dla wariantu z kofeing (2BF) oraz 0,0984 kg/kg
dla wariantu z dodatkiem kofeiny i EEP (2CF), co stanowito odpowiednio 21,7% i 17,5%
warto$ci dla folii chitozanowej z kwasem octowym, gdzie warto$¢ m wyniosta 0,5609 kg/kg

(2AF).

Elektronowa mikroskopia skaningowa (SEM)
Badania struktury powierzchni folii chitozanowych zostaly wykonane za pomoca

elektronowej mikroskopii skaningowej, a wyniki zostaty przedstawione na rycinie 15.
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Rycina 15. Zdjecia SEM otrzymanych folii chitozanowych.

Badania wykazaty, ze folie chitozanowe bez dodatkéw, charakteryzowaly si¢ gladka
struktura powierzchni, co §wiadczy o duzej dyspersji chitozanu w obu rozpuszczalnikach oraz
o integralno$ci strukturalnej obu uktadow. W przypadku zastosowanych dodatkéow, ich
obecno$¢ spowodowata pojawienie si¢ na powierzchni folii skupisk o nierownomiernej

wielkosci.

Spektroskopia w podczerwieni z transformacja Fouriera (ATR-FTIR)
W celu identyfikacji grup funkcyjnych w otrzymanych materiatach wykorzystano
spektroskopie w podczerwieni z transformacja Fouriera (ATR-FTIR), a uzyskane widma

zostaly przedstawione na rycinie 16.
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Rycina 16. Widma ATR-FTIR otrzymanych folii chitozanowych.

Uzyskane widma ATR-FTIR otrzymanych folii chitozanowych z dodatkami,
wykazaly r6zng intensywno$¢ transmitancji przy niektérych pasmach, byly jednak zblizone
do widm folii chitozanowych bez dodatkow. Pasma w zakresie 3500-3000 cm ™! i 2880 ¢cm™!
sa zwigzane z obecno$cig drgan wigzan O-H i alifatycznymi drganiami rozciagajacymi
wigzaniami C-H. Pasma w zakresie 1650, 1557 i 1371 ¢m™' mozna przypisa¢ rozciggajacym
drganiom wigzania C—O w amidzie [-rzgdowym, zginajacym N-H w amidzie [I-rzedowym i
rozciggajacym C-N w amidzie ITI-rzgdowym. Pasma przy 1025 cm™! przypisuje si¢ drganiom
rozciggajacym wigzania C—O w alkoholach (Ashrafi i in., 2018; Correa-Pacheco i in., 2019;
Siripatrawan 1 Vitchayakitti, 2016). Widma ATR-FTIR folii na bazie chitozanu i kofeiny
wykazaly pasma przypisane czgsteczce kofeiny, wystepujace przy 1700 i 1650 cm’!
charakterystyczna dla drgan rozciagajacym wigzania C=0 dla amidu I-rzedowego, 1550 1 765
cm’! przypisane drganiom rozciggajacym wigzan N-H i/lub C-N amidu II-rzedowego
(Gunasekaran i in., 2005; Morrish i in., 2022). Ponadto, widma ATR-FTIR folii z dodatkiem
kofeiny i EEP wykazaly charakterystyczne pasma pochodzace od sktadnikéw propolisu,
gltéwnie zwigzkow fenolowych. Pasma przy warto$ciach 2924 i 2850 cm™! przypisane sg
drganiom rozciggajacym C-H, co potwierdza obecno$¢ diugotancuchowych zwigzkéw
alkilowych w EEP. Pasma przy wartosci 1732 cm ™! odpowiada drganiom rozciggajagcym C—
O. Pasma charakterystyczne dla drgan rozciagajacych i zginajacych przy wartosciach 1634,
1515 i 1451 cm!' mozna przypisaé glownie pierScieniom aromatycznym zwigzkow
fenolowych. Ponadto, obecno$¢ szerokiego pasma w zakresie 3420 cm™!, odpowiadajgcego

drganiom rozciggajacym wigzania O-H, rowniez potwierdzito obecno$¢ zwigzkéw
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fenolowych pochodzacych z EEP (Correa-Pacheco i in., 2019; Mot i in., 2011; Wu 1 in,,
2008).

Wytrzymalos$¢ na rozciaganie (TS)
W celu oceny wiasciwosci mechanicznych otrzymanych folii chitozanowych,
przeprowadzono analize¢ wytrzymatosci na rozcigganie, a uzyskane wyniki zostaly

przedstawione na rycinie 17.
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Rycina 17. Wytrzymato$¢ na rozcigganie wyznaczone dla otrzymanych folii chitozanowych.

Badania wykazaty, ze folie chitozanowe otrzymane przy uzyciu kwasu octowego jako
rozpuszczalnika chitozanu charakteryzowaty si¢ znacznie wyzszg warto$cig wytrzymatosci na
rozcigganie w porodwnaniu z foliami otrzymanymi przy uzyciu kwasu cytrynowego jako
rozpuszczalnika, co zostato potwierdzone statystycznie. Najwyzsze warto$ci odnotowano dla
probek 2AF (38,80 MPa) oraz 2BF (35,73 MPa), a réznica pomi¢dzy nimi nie byla
statystycznie istotna. W przypadku zastosowania dodatku zaréwno kofeiny jak i EEP do
matrycy chitozanowych otrzymanych przy uzyciu kwasu octowego odnotowano znaczny

spadek wartosci TS.
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Wydluzenie przy zerwaniu (EB)
Istotnym parametrem opisujacym wilasciwosci mechaniczne uzyskanych materiatow jest
réwniez wydluzenie przy zerwaniu. Uzyskane wyniki dla tego parametru zostaty

przedstawione na rycinie 18.
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Rycina 18. Wydluzenie przy zerwaniu otrzymanych folii chitozanowych.

W przypadku wydtuzenia przy zerwaniu, uzyskane wyniki pokazaty, ze folie otrzymane
przy uzyciu kwasu cytrynowego charakteryzowaty si¢ wyzsza wartoscig EB, w porownaniu z
foliami otrzymanymi z wykorzystaniem kwasu octowego. W przypadku obu
rozpuszczalnikOw mozna bylo zaobserwowaé, ze folie bez dodatkow charakteryzowaly si¢
najwyzszymi wartosciami EB, a zastosowanie dodatkow spowodowalo obnizenie tych
warto$ci, co potwierdza analiza statystyczna. W obu przypadkach dodatek zarowno kofeiny
jak 1 EEP pozwolit na uzyskanie nieco wyzszych warto$ci EB niz sama kofeina, jednak byty
one nizsze niz w przypadku folii bez dodatkéw. Uzyskane wyniki sa zgodne z danymi
literaturowymi, ktore wykazaty, ze rodzaj uzytego rozpuszczalnika — roztworu kwasu wplynat
na parametry mechaniczne otrzymanych folii. Kwasy z wigkszag zawarto$cig grup
karboksylowych moga zwigksza¢ warto§¢ EB poprzez sieciowanie jonowe. Zwigkszona
ruchliwo$¢ lancuchéow oraz zmniejszenie sit migedzyczasteczkowych spowodowaly wzrost
wydtuzenia przy zerwaniu i spadek wytrzymato$ci na rozcigganie badanych folii otrzymanych

z wykorzystaniem kwasu cytrynowego (Zhang i in., 2022).

37



7.3. Charakterystyka folii chitozanowych otrzymanych z wykorzystaniem

naturalnych rozpuszczalnikow — octow owocowych

Wyniki uzyskane na tym etapie badan zostaly przedstawione w publikacji nr 3. W
ramach tego etapu powszechnie stosowane rozpuszczalniki chitozanu, tj. roztwory kwasow
organicznych, zastagpiono naturalnymi octami owocowymi. Oceniono wplyw tych
rozpuszczalnikdOw na wilasciwosci roztwordw blonotworczych oraz otrzymanych folii
chitozanowych. Do analizy przygotowano tacznie dziewig¢ probek — trzy z wykorzystaniem
octu jabtkowego, o symbolach: 3A — rozpuszczalnik, 3AR — roztwér btonotwoérczy, 3AF —
folia chitozanowa, trzy z octem z czarnej porzeczki, o symbolach odpowiednio: 3B, 3BR,
3BF oraz trzy z octem wisniowym, o symbolach odpowiednio: 3C, 3CR, 3CF.

7.3.1. Charakterystyka naturalnych rozpuszczalnikow oraz roztworow blonotworczych
chitozanu

Wartos¢ pH
Zbadano warto$¢ pH octow owocowych oraz kwasu octowego — parametru niezwykle
istotnego w procesie otrzymywania folii chitozanowych, a wyniki przedstawiono w tabeli 9.

Tabela 9. Warto$¢ pH octow owocowych.

Symbol rozpuszczalnika Wartosé¢ pH
3A 3,6
3B 3,5
3C 3,6
kwas octowy 3% 5.5

Octy uzyte w badaniu charakteryzowaly si¢ nastepujacymi wartosciami pH: 3,6 dla octu
jablkowego, 3,5 dla octu z czarnej porzeczki oraz 3,6 dla octu wisniowego. Z kolei wartos¢
pH kwasu octowego o stezeniu 3% wynosita 5,5, co wskazuje, ze testowane octy owocowe
byty bardziej kwasne. Jak wykazano w literaturze, pH octu jablkowego wahato si¢ od 3,1 do
4,7 w zalezno$ci od odmiany jablek uzytych w procesie fermentacji, a takze metody produkc;ji
(Hasan i in., 2021; Kara i in., 2021a). W przypadku octu wisniowego wartos¢ pH oscylowata
miedzy 2,7 a 3,2 (Ozen i in., 2020), réznice te mogty wynikaé z uzytego surowca jak i metody

produkcji.

Zawartos¢ kwasow organicznych
W  octach owocowych: jablkowym, z czarnej porzeczki oraz wisniowym,
wykorzystanych jako rozpuszczalniki chitozanu oznaczono st¢zenie kwasu octowego oraz

kwasu mlekowego, a wyniki zostaly przedstawione na rycinie 19.
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Rycina 19. Stezenie kwasu octowego i mlekowego w octach owocowych.

We wszystkich badanych octach owocowych dominowat kwas octowy, a jego
najwyzsze stezenie wynoszace 5,96 g/l oznaczono w occie jabtkowym (3A), co zostato
potwierdzone statystycznie. Warto$¢ ta byla jednak nizsza niz ta, ktéra zostala oznaczona
przez Adimcilar i in. (2023) 1 Yildiz (2023). Z kolei zawarto$¢ kwasu mlekowego wahata si¢
od 0,28 g/l dla octu wisniowego (3C) do 0,61 g/l dla octu jabtkowego (3A). Dane literaturowe
wykazaly, ze kwas mlekowy oraz octowy stanowily tacznie ponad 70% wszystkich
oznaczonych kwasow organicznych w octach owocowych, a ich ilo$¢ zmieniata si¢ w
zalezno$ci od procesu fermentacji oraz zastosowanego surowca (Luzén-Quintana i in., 2021;

Reniin., 2017).

Calkowita zawartos¢ zwiazkow fenolowych (TPC) i flawonoidow (TFC)
Zwiazki fenolowe i1 flawonoidy stanowig zrddlo substancji bioaktywnych w octach

owocowych, dlatego w badanych octach oznaczono ich zawartos¢, a wyniki przedstawiono w

Tabeli 10

Tabela 10. Catkowita zawartos¢ zwigzkow fenolowych i flawonoidow.

Symbol
rozpuszczalnika TPC (ng GAeq/ml) TFC (ng Qeq/ml)
naturalnego
3A 360%+ 28 6,31°+£ 0,14
3B 260°+ 18 11,03+ 0,11
3C 21013 14,38*+ 0,08
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Wykorzystane w badaniach octy owocowe, rdznity si¢ one catkowita zawarto$cia
fenoli i flawonoidéw, co zostato potwierdzone statystycznie. Najwyzsza catkowita zawartos¢
zwigzkow fenolowych odnotowano dla octu jabtkowego (3A), ktéra wynosita 360 pg
GAeg/ml (wyniki wyrazono jako ekwiwalent kwasu galusowego w ml roztworu octu),
nastgpnie dla octu porzeczkowego (3B) — 260 pg GAeq/ml i wisniowego (3C) — 210 pg
GAeg/ml. Pod wzgledem catkowitej zawartosci flawonoidéw, ocet wisniowy charakteryzowat
si¢ najwyzsza zawarto$cig, ktoéra wynosita 14,38 pg Qeq/ml (wyniki wyrazono jako pg
kwercetyny w ml roztworu octu), nastepnie ocet z czarnej porzeczki (11,03 pg Qeq/ml) i ocet
jabtkowy (6,31 pg Qeq/ml). Zgodnie z literatura, na zawarto$¢ zwigzkoéw fenolowych i
flawonoidow w octach moga wptywaé rozne czynniki, takie jak przebieg fermentacji
alkoholowej lub octowej, metoda fermentacji i jej dlugo$¢, a takze rodzaj i odmiana uzytego

surowca (Kara i in., 2021b).

Wiasciwosci przeciwutleniajace

Wiasciwosci przeciwutleniajace stosowanych octow owocowych oraz roztworéw
btonotworczych chitozanu zostaty okreslone na drodze oceny ich aktywnosci
przeciwrodnikowej oraz zdolno$ci chelatowania jondw Fe?". Wyniki aktywnosci

przeciwrodnikowej zostaty przedstawione na rycinie 20.
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Rycina 20. Aktywnos$¢ przeciwrodnikowa rozpuszczalnikow (3A-3C), roztworéw blonotworczych

(3AR-3CR) oraz standardu — Trolox.

Aktywnos$¢ przeciwrodnikowa rozpuszczalnikow, byla uzalezniona od rodzaju
surowca z jakiego zostal wykonany dany ocet owocowy, co zostato potwierdzone analizg
statystyczng. Najwyzsza aktywno$¢ wynoszaca 93,54% wykazal ocet wisniowy (3C), co
moze by¢ zwigzane z wysoka zawartoscig flawonoidéw w tym occie owocowym. Aktywnos¢

przeciwrodnikowa oznaczona dla octu wisniowego oraz roztworu blonotworczego
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wytworzonego przy jego uzyciu (3CR) nie réznita si¢ statystycznie w poréwnaniu ze
standardowo wykorzystywanym przeciwutleniaczem jakim jest Trolox, co $wiadczy o
wysokiej aktywnos$ci przeciwrodnikowej. W przypadku probek roztworéw btonotworczych
otrzymanych przy uzyciu octu jablkowego (3AR) oraz z czarnej porzeczki (3BR), obecnos¢
chitozanu wplynela na zwigkszenie aktywno$ci w pordwnaniu z samymi rozpuszczalnikami
(3A 1 3B), co zostalo potwierdzone statystycznie. Badania przeprowadzone przez Adimiclar i
in. (2023) wykazaly, ze roztwory blonotwodrcze chitozanu wytworzone z uzyciem octéw
owocowych jako rozpuszczalnikow charakteryzowaly si¢ wyzszg aktywnoS$cia
przeciwrodnikowa niz te, uzyskane przy uzyciu kwasu octowego, co jest zgodne z
uzyskanymi wynikami badan przedstawionymi w podrozdziale 7.2.1. (rycina 13), ktoére

wykazaly, ze roztwor btonotwoérczy chitozanu nie wykazywat aktywnos$ci przeciwrodnikowe;.

Wyniki badania zdolnosci chelatowania jonow zelaza Fe** badanych rozpuszczalnikow

oraz roztworow btonotworczych zostaty przedstawione na rycinie 21.
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Rycina 21. Aktywno$¢ chelatujaca rozpuszczalnikow (3A-3C), roztworow btonotwoérczych (3AR-
3CR) oraz standardu — EDTA.

Jak wskazuja dane przedstawione na rycinie 21 naturalne rozpuszczalniki oraz roztwory
btonotwoércze uzyskane przy ich zastosowaniu wykazaty zdolnos$¢ chelatowania jonow zelaza,
jednak byta ona nizsza niz w przypadku standardu — EDTA. Podobnie jak w badaniach
aktywnosci przeciwrodnikowej, najwyzszg zdolno$¢ chelatowania Fe** (76,64%) odnotowano
dla octu wisniowego oraz kolejno dla roztworu blonotwdrczego wytworzonego przy jego
uzyciu, ktéra wynosita 74,00%. W przypadku octu jabtkowego oraz z czarnej porzeczki,
obecno$¢ chitozanu zwiekszyta zdolno$¢ chelatowania Fe**, co zostalo potwierdzone
statystycznie. Na podstawie uzyskanych wynikdbw mozna zaobserwowaé, ze naturalne

rozpuszczalniki jakimi sg octy owocowe oraz roztwory btonotworcze chitozanu otrzymane
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przy ich wuzyciu charakteryzowaly si¢ aktywnos$cia przeciwutleniajaca, potwierdzong
aktywnoscig przeciwrodnikowa oraz zdolnos$cig chelatowania Fe*', co jest zgodne z danymi

literaturowymi (Bakir i in., 2017; Liu i in., 2019).

Wiasciwosci przeciwdrobnoustrojowe
Aktywnos$¢ przeciwdrobnoustrojowa rozpuszczalnikow oraz roztworow
btonotwoérczych wobec wybranych szczepdéw bakterii, zarowno chorobotworczych, jak i

probiotycznych oraz wzgledem Candida albicans zostata przedstawiona w tabeli 11.

Tabela 11. Aktywno$¢ przeciwdrobnoustrojowa rozpuszczalnikow naturalnych (3A-3C) oraz

roztwordéw blonotworczych (3AR-3CR) wobec wybranych szczepow.

Szczep wskaznikowy
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Symbo Strefa inhibicji (mm)
roztworu

3A 20 22 14 15 24 >28  >28 0 0 13
3B 18 23 15 18 24 >28 28 0 0 11
3C 18 18 15 16 20 >28 18 0 0 11
3AR 14 0 16 18 14 >28 23 0 0 11
3BR 14 0 16 16 14 >28 18 0 0 12
3CR 14 0 16 16 14 >28 22 0 0 12

Srednica powstatych stref inhibicji: 5-10 mm staba aktywnos¢; 11-14 mm umiarkowana aktywno$¢;
>14 mm silna aktywno$¢.
Uzyskane wyniki wykazaly, ze wszystkie badane octy owocowe (3A-3C)

charakteryzowalty si¢ aktywno$cia przeciwdrobnoustrojowa przeciwko  wszystkim
testowanym szczepom patogennych mikroorganizméw. Octy owocowe wykazaty silniejsze
dziatanie wobec bakterii Gram-ujemnych niz wobec bakterii Gram-dodatnich. Najwyzsza
aktywno$¢ zaobserwowano przeciwko P. aeruginosa, ze strefami inhibicji przekraczajacymi

28 mm dla wszystkich testowanych octow. Innym szczepem, przeciwko ktéremu odnotowano
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wysoka aktywno$¢, byl S. Enteritidis, z najwyzsza aktywno$cig odnotowang dla octu
jablkowego, powyzej 28 mm strefy inhibicji, nastepnie dla octu z czarnej porzeczki ze strefg
inhibicji 28 mm 1 octu wisniowego ze strefg inhibicji 18 mm. Zaobserwowano réwniez
wysoka aktywnos¢ wzgledem E. coli, ze strefami inhibicji o $rednicy od 20 do 24 mm. Dane
literaturowe wskazuja, ze ocet owocowy skutecznie hamuje rOwniez wzrost szczepow
patogennych takich jak S. aureus, Vibrio cholerae, czy Candida tropicalis (Bakir i in., 2017,
Ousaaid i in., 2021).

W przypadku szczepu P. aeruginosa wszystkie roztwory btonotworcze wytworzone
przy uzyciu octéw owocowych (3AR-3CR) zachowaly swoja aktywnos¢, a oznaczona strefa
zahamowania przekraczata 28 mm. W przypadku szczepu L. monocytogenes strefa
zahamowania wzrosla do 16 mm dla wszystkich probek roztwordéw blonotworczych w

poréwnaniu z wynikami uzyskanymi dla samych octow owocowych.

7.3.2. Charakterystyka otrzymanych folii chitozanowych

Wiasciwosci przeciwdrobnoustrojowe
Wyniki badania aktywnosci przeciwdrobnoustrojowej wobec wybranych szczepow
bakterii chorobotwoérczych oraz probiotycznych oraz wzgledem C. albicans uzyskane dla folii

chitozanowych zostaty przedstawione w tabeli 12.

Tabela 12. Aktywnos¢ przeciwdrobnoustrojowa folii chitozanowych.

Szczep wskaznikowy
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Symbol folii Strefa inhibicji (mm)
3AF 0 0 0 0 0 19 0 0 0 0
3BF 0 0 0 0 11,5 19 11 0 0 0
3CF 20 0 19 20 24 28 11 0 0 0

Srednica powstalych stref inhibicji: 5-10 mm staba aktywno$¢; 11-14 mm umiarkowana

aktywnos$¢; >14 mm silna aktywnos¢.

Badania wykazaty, ze uzyskane folie charakteryzowaly si¢ najwyzsza aktywnos$cia

wobec szczepu P. aeruginosa. Najwieksza strefe inhibicji wynoszaca 28 mm odnotowano dla
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folii chitozanowej wytworzonej przy uzyciu octu wisniowego (3CF). Folia otrzymana przy
uzyciu octu wisniowego wykazata rowniez najszersze spektrum aktywnosci przeciwko
testowanym szczepom patogennym. Zadna z testowanych folii nie wykazala aktywnoéci
przeciwko E. faecalis 1 C. albicans, pomimo faktu, Ze rozpuszczalniki wykazaly taka
aktywnos$¢. W badaniach przeprowadzonym przez Adimcilar i in. (2023), gdzie aktywno$¢
przeciwdrobnoustrojowa zostala wyrazona jako logarytmiczna redukcja liczby zywych
mikroorganizméw, odnotowano, ze w przypadku szczepu S. aureus, folie otrzymane z
wykorzystaniem kwasu octowego jako rozpuszczalnika chitozanu charakteryzowaty si¢
nizsza aktywnoscig przeciwbakteryjng, w pordwnaniu z tymi otrzymanymi przy uzyciu octu

owocowego. Podobng zalezno$¢ zaobserwowano w przypadku szczepu E. coli.

Wytrzymalos¢ na rozciaganie (TS) oraz wydluzenie przy zerwaniu (EB)
W celu oceny parametrow mechanicznych otrzymanych folii oznaczono ich
wytrzymato$¢ na rozcigganie oraz wydluzenie przy zerwaniu, a uzyskane wyniki zostaty

przedstawione w tabeli 13.

Tabela 13. Wytrzymato§¢ na rozcigganie 1 wydluzenie przy zerwaniu otrzymanych folii

chitozanowych.
Symbol folii TS (MPa) EB (%)
3AF 3,97°+ 0,18 48,48°+ 1,06
3BF 3,820+ 0,33 70,58+ 1,19
3CF 4,932+ 0,63 51,07+ 0,54

W przypadku wytrzymato$ci na rozcigganie uzyskane wartosci miescily si¢ w zakresie
3,97 (3AF), a 4,93 MPa (3CF). Uzyskane wartosci byly nizsze niz dla folii wytworzonych
przy uzyciu 3% kwasu octowego (ktore zostaty opisane w podrozdziale 7.2.2.), ktory stanowi
powszechnie stosowany rozpuszczalnik i zostal wykorzystany we wcze$niejszym etapie
badan.

Warto$§¢ wydtuzenia przy zerwaniu oznaczona dla badanych folii réznita si¢ w
zalezno$ci od uzytego rozpuszczalnika chitozanu, co zostato potwierdzone statystycznie, a
warto$¢ tego parametru miescita si¢ w zakresie 48,48 (3AF) — 70,58% (3BF). W poréwnaniu
z foliami wytworzonymi przy uzyciu 3% kwasu octowego (rycina 4), uzyskane wartosci byty
wyzsze. Badania dotyczace wplywu zastosowanego rozpuszczalnika na parametry
otrzymanych folii chitozanowych wykazaty, ze folie chitozanowe na bazie kwasu
jablkowego, mlekowego i cytrynowego charakteryzowaly si¢ wigksza elastyczno$cig niz folie

chitozanowe z kwasem octowym (Park i in., 2002).
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Spektroskopia w podczerwieni z transformacja Fouriera (ATR-FTIR)
Wykonano widma badanych materiatéw za pomoca spektroskopii w podczerwieni z

transformacjg Fouriera (ATR-FTIR), uzyskane wyniki zostaty przedstawione na rycinie 22.
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Rycina 22. Widma ATR-FTIR otrzymanych folii.

W widmach ATR-FTIR folii chitozanowych widoczne s3 pasma w zakresach
charakterystycznych dla chitozanu. Pasma zaobserwowane przy 3265 c¢cm ™! odpowiadajg
drganiom rozciggajacym wigzania N-H nakfadajacym si¢ z drganiami rozciagajacymi
wigzania O-H, a pasmo przy 2930 cm ! odpowiada asymetrycznym drganiom rozciagajacym

wigzania C—H. Pasma obecne przy 1640 i 1556 cm™!

wskazuja odpowiednio na obecno$¢
amidu [-rzgdowego (drgania rozciggajace C=0), amidu II-rzegdowego (drgania zginajace N—
H) i amidu ITI-rzgdowego (drgania rozciagajace C—N). Pasma w zakresie 1150 i 1030 cm™! sg
zwigzane odpowiednio z drganiami symetrycznymi, rozciggajacymi wigzania C-O-C i
drganiami rozciagajacymi C—-O (Adimcilar i in., 2023; Costa i in., 2021). Widma ATR-FTIR
wykazaly, ze wykorzystanie octéw owocowych podczas otrzymywania folii chitozanowych

nie spowodowato istotnych zmian w strukturze chemicznej matrycy chitozanowej, co

potwierdzaja rowniez dane literaturowe (Adimeilar i in., 2023).

Elektronowa mikroskopia skaningowa (SEM)
Badanie strukturalne folii chitozanowych zostalo wykonane za pomoca elektronowe;j

mikroskopii skaningowej, a wyniki zostaty przedstawione na rycinie 23.
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Rycina 23. Obrazy SEM folii chitozanowych.

Analiza obrazow SEM przedstawiajacych strukture 1 morfologie folii chitozanowych
wykazata wystepowanie gtadkich powierzchni dla wszystkich badanych folii, co wskazuje na

dobrg dyspersj¢ chitozanu w octach owocowych.

7.4. Charakterystyka folii chitozanowych otrzymanych z wykorzystaniem

kombuchy

Wyniki uzyskane na tym etapie badan zostaly przedstawione w artykule naukowym nr
4. W ramach tego etapu powszechnie stosowane rozpuszczalniki chitozanu, tj. roztwory
kwasow organicznych zastgpiono czteroma rodzajami kombuchy. W badaniach oceniono
wplyw tych rozpuszczalnikéw na wiasciwosci roztworow btonotwoérczych oraz otrzymanych
z tych roztworow folii chitozanowych. Do analizy przygotowano tacznie dwanascie probek —
trzy z zastosowaniem kombuchy na bazie biatej herbaty, o symbolach: 4A — rozpuszczalnik,
4AR — roztwor btonotworczy, 4AF — folia chitozanowa, trzy z wykorzystaniem kombuchy na
bazie zielonej herbaty, o symbolach: 4B, 4BR, 4BF, trzy z zastosowaniem kombuchy na bazie
czarnej herbaty, o symbolach: 4C, 4CR, 4CF oraz trzy z wykorzystaniem kombuchy
otrzymanje z kawy, o symbolach: 4D, 4DR, 4DF.

7.4.1. Charakterystyka roztworéw kombuchy

Wiasciwosci przeciwrodnikowe
Wiasciwosci przeciwrodnikowe kombuchy zostaty oznaczone w tescie DPPH, a wyniki

zostaly przedstawione na rycinie 24.
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Rycina 24. Aktywnos¢ przeciwrodnikowa roztworéw kombuchy oraz standardu — Trolox.

Badane roztwory kombuchy uzyskane z bialej, zielonej i czarnej herbaty oraz kawy
wykazaly wysoka aktywno$¢ przeciwrodnikowa — wszystkie roztwory wykazaty ponad
dwukrotnie wyzsza aktywno$¢ niz Trolox (16%) stosowany jako standardowy
przeciwutleniacz. Aktywno$¢ przeciwrodnikowa roztworé6w wahata si¢ od 39% dla
kombuchy uzyskanej z bialej herbaty (4A) do 91% dla kombuchy na bazie kawy (4A).
Roztwory kombuchy charakteryzowaly si¢ r6zng aktywno$cig, w zaleznosci od rodzaju
herbaty uzytej w procesie ich produkcji, co zostato potwierdzone statystycznie. Analiza
danych literaturowych wykazata, ze roztwory kombuchy uzyskane w wyniku fermentacji
r6znych odmian herbat charakteryzowaty si¢ wysoka aktywnoscia przeciwrodnikowa w tescie
DPPH, a zroznicowana aktywno$¢ poszczegdlnych roztworéw wynikata z rodzaju uzytego
surowca, zrodla energii wykorzystywanego przez mikroorganizmy odpowiedzialne za

fermentacje¢ oraz czasu jej prowadzenia (Tanticharakunsiri i in., 2021; Vohra i in., 2019).

Zawartos¢ zwiazkow fenolowych w roztworach kombuchy
Stezenie flawonoidow oraz kwaséw aromatycznych w roztworach kombuchy
oznaczono metodg ultrasprawnej chromatografii cieczowej (UPLC), a uzyskane poziomy

stezen przedstawiono w tabeli 14.

47



Tabela 14. Ste¢zenie zwigzkow fenolowych w roztworach kombuchy.

Zwiazek chemiczny

4A 4B 4C 4D
(ng/ml)

Katechina 521°+0,13 28.64* + 0,57 6,31°+ 0,32 -
Epikatechina 8,39°+ 0,24 61,812+0,29  10,06*+ 0,19 -
Kwercetyna 521¢+0,13 5,742+ 0,17 4,13*+ 0,13 -

Kemferol 5,70° £ 0,49 23,832+ 1,19 11,08+ 0,20 --

Kwas kawowy -- -- -- 73,79 +£2,42
Kwas synapowy -- -- -- 4,15 +£0,07
Kwas kumarowy - 3,40° + 0,15 - 4,67*+ 0,07

Kwas - 2,43+ 0,13 - 3241+ 0,14
hydroksycynamonowy

Kwas ferulowy -- -- -- 1,48 £0,33
2oznaczanych zwiazkow 24,51 125,85 31,58 87,33

-- zawarto$¢ ponizej granicy wykrywalnosci UPLC.

Wszystkie roztwory kombuchy otrzymane na bazie herbat (4A-4C) zawieraly
flawonoidy (kateching, epikateching, kwercetyne i kemferol), w przeciwienstwie do roztworu
kombuchy na bazie kawy (4D), ktoéry nie zawierat tych flawonoidoéw, a jedynie kwasy
aromatyczne: kawowy, synapowy, kumarowy, ferulowy i hydroksycynamonowy. Ponadto
kombucha na bazie zielonej herbaty (4B) zawierala kwasy kumarowy i
hydroksycynamonowy. Najwyzszg calkowita zawarto$cig oznaczanych zwigzkoéw fenolowych
(125,85 pg/ml) charakteryzowala si¢ kombucha otrzymana w wyniku fermentacji herbaty
zielonej. Dane literaturowe potwierdzaja wysoka zawartos¢ zwigzkéw fenolowych w tym
katechiny, kemferolu i glikozydéw kwercetyny w zielonej herbacie (Lorenzo i Munekata,
2016). Dane literaturowe wskazuja, ze zawarto$¢ zwigzkow fenolowych w roztworach
kombuchy zaréwno pod wzgledem jakosciowym jak i iloSciowym zwigzana jest zard6wno z
rodzajem herbaty jak i obszarem geograficznym z jakiego zostala pozyskana (Chan i in.,

2011; Khokhar i Magnusdottir, 2002).

Wilasciwosci przeciwbakteryjne
Aktywno$¢ przeciwbakteryjna roztworé6w kombuchy wobec wybranych szczepow

bakterii chorobotworczych oraz probiotycznych zostaty przedstawione w tabeli 15.
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Tabela 15. Aktywno$¢ przeciwbakteryjna roztworéw kombuchy.

Szczep wskaznikowy

el
)
v - < g
: - 2 N S S,
Q < 3 = N S 3
N 3 S 3 S S 3
g S N S D o =
E 3 S : : >
5 5 5 vi S S
~ ~ ~ N g
~
Symbol
koilll:u:hy Strefa inhibicji (mm)
. i} ” " - 16 22 =
o i} ” " - 15 15 -
s - h ” 17 14 21 -
— — - - - - 19 -

Srednica powstatych stref inhibicji: 5-10 mm staba aktywnos$¢; 11-14 mm umiarkowana
aktywno$¢; >14 mm silna aktywnos¢.

Wszystkie roztwory kombuchy wykazaly silng aktywno$¢ wobec szczepu
P. aeruginosa, ze strefa inhibicji powyzej 15 mm. Kombucha otrzymana w wyniku
fermentacji herbaty czarnej (4C) charakteryzowata si¢ najszerszym spektrum dziatania wobec
badanych szczepéw bakterii. Zaden z analizowanych roztworéw kombuchy nie wykazywat
aktywnosci wzgledem szczepdw bakterii probiotycznych, co nalezy uzna¢ za korzystny

wynik.
7.4.2. Charakterystyka roztworéw blonotworczych

Wiasciwosci przeciwrodnikowa
Wyniki analizy aktywno$ci przeciwrodnikowej btonotworczych roztworéw chitozanu

otrzymanych przy zastosowaniu kombuchy jako rozpuszczalnika chitozanu zostaty

przedstawione na rycinie 25.
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Rycina 25. Aktywno$¢ przeciwrodnikowa roztworow btonotworczych chitozanu oraz standardu —

Trolox.

Aktywnos¢ wszystkich testowanych roztworéw btonotworczych byta co najmniej cztery
razy wyzsza niz aktywno$¢ przeciwrodnikowa Troloxu. Obecnos$¢ chitozanu w roztworach
btonotwoérczych wytworzonych przy uzyciu kombuchy na bazie herbat (4AR-4CR),
zwigkszyta aktywnos$¢ tych roztworé6w w pordwnaniu z aktywnoscig samych roztworow
kombuchy (rycina 24). Dane literaturowe wskazuja, ze chitozan réwniez posiada wtasciwosci
przeciwrodnikowe, uwarunkowane masg czasteczkowa i stopniem deacetylacji (Savin 1 in.,
2020). Obserwowane zwigkszenie aktywnos$ci w poréwnaniu z roztworami kombuchy
prawdopodobnie bylo zwigzane z synergicznym dziataniem chitozanu obecnego w roztworze

btonotwoérczym oraz obecnoscia zwigzkow aktywnych biologicznie w kombuchy.

7.4.3. Charakterystyka otrzymanych folii chitozanowych

Wilgotnos¢ rownowagowa (EMC) oraz szacowane wspoélczynniki adsorpcji wedlug
modelu Guggenheim-DiMarzio-Waters (GDW)

Wyniki badania wilgotnosci rdwnowagowej dla otrzymanych folii chitozanowych
zestawione z danymi literaturowymi (Stanicka i in., 2021) i zostaly przedstawione na rycinie

26.
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Rycina 26. Izotermy adsorpcji folii chitozanowych w temp. 25°C uwzgledniajg zastosowany roztwor

kombuchy (kropki — dane eksperymentalne, linie — izotermy obliczone za pomocg modelu GDW).

W celach poréwnawczych, na wykresie przedstawiono rowniez dane EMC dla folii
chitozanowej wytworzonej przy uzyciu roztworu kwasu octowego jako rozpuszczalnika
chitozanu, uzyskane z zastosowaniem tej samej metody (Stanicka i in., 2021). Otrzymane
folie charakteryzowaty si¢ niewielkimi r6znicami w przebiegu izoterm adsorpcji oraz niskg
warto$cig EMC (mniej niz 0,01 kg/kg) w zakresie wilgotnosci wzglednej powietrza ponizej
0,35. Sposrod badanych probek najwigksze ograniczenie wiasciwosci higroskopijnych
zaobserwowano dla folii chitozanowych wytworzonych przy uzyciu kombuchy z czarnej
herbaty (4CF). Poréwnanie izoterm adsorpcji w badanych prébkach folii chitozan-kombucha,
z analogiczng izotermg obliczong na podstawie wczesniej opublikowanych danych, pokazato
pozytywny wplyw roztworéw kombuchy na obnizenie wiasciwos$ci higroskopijnych folii
chitozanowych. Warto§¢ EMC dla folii chitozanowych otrzymanych z uzyciem kwasu

octowego bylta wyraznie wyzsza w calym zakresie wilgotnosci wzgledne;.

Szacowane wspotczynniki adsorpcji wedlug modelu GDW dla badanych folii

przedstawiono w tabeli 16.
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Tabela 16. Szacowane wspotczynniki adsorpcji wedtug modelu GDW w temp. 25°C dla otrzymanych

folii chitozanowych.

Symbol folii m (kg/kg) K k w R?
4AF 0,4804 0,0162 0,8268 25,2774 0,9980
4BF 0,4852 0,0105 0,8866 27,1758 0,9921
4CF 0,4391 0,0119 0,8954 24,8475 0,9921
4DF 0,4075 0,0101 0,9229 25,2628 0,9930

Dane literaturowe

(Stanicka i in., 2021) 05582 03356 09202 11952 0,9999

Zastosowanie roztworow kombuchy jako rozpuszczalnikow do wytworzenia folii
chitozanowych wptyne¢lo na zawartos¢ wody w monowarstwie (m), co zostato oszacowane z
wykorzystaniem modelu sorpcji GDW. Przedstawiony parametr byt nizszy dla kombuchy z
kawy (4DF) niz dla kombuchy ze wszystkich rodzajow herbat (4AF-4CF). Wartos¢ m dla
kombuchy z zielonej i czarnej herbaty, tj. 0,4852 1 0,4391, stanowi odpowiednio 86,9 i1 78,7%
w stosunku do warto$ci okre$lonej dla folii chitozanowej wytworzonej przy uzyciu kwasu
octowego (0,5582). Jeszcze wicksza redukcje tego parametru (73,0%) stwierdzono dla
kombuchy otrzymanej z kawy (0,4075). W wyniku zastosowania roztworu kombuchy
dostgpno$¢ miejsc pierwotnych sorpcji byla ograniczona, dlatego tez wykorzystanie
roztworow kombuchy w produkcji folii chitozanowych spowodowato redukcje wlasciwosci

higroskopijnych i ich stabilizacjg.

Szybkos¢ transmisji pary wodnej (WVTR)
Uzyskane wyniki analizy szybkosci transmisji pary wodnej (WVTR) otrzymanych folii

chitozanowych zostaty przedstawione na rycinie 27.
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Rycina 27. Szybkos¢ transmisji pary wodnej (WVTR) otrzymanych folii chitozanowych.

Badanie szybkosci transmisji pary wodnej wykazato, ze folie otrzymane przy uzyciu
kombuchy jako rozpuszczalnika chitozanu charakteryzowaly si¢ wartosciag WVTR wynoszaca
pomiedzy 140,8 (4AF) oraz 153,2 g/m?24h (4CF), a rOznice pomiedzy nimi nie byty
statystycznie istotne. Analiza danych literaturowych wykazala, Zze zastosowanie dodatku
ekstraktu z herbaty zielonej wptyneto na poprawe wlasciwosci barierowych otrzymanych folii
wobec pary wodnej, co pokazuje, ze zwigzki aktywne biologicznie obecne w herbacie oraz

kombuchy moga mie¢ wplyw na wiasciwosci barierowe folii (Siripatrawan i Harte, 2010).

Szybkos¢ transmisji tlenu (OTR)
Uzyskane wyniki badania szybkosci transmisji tlenu (OTR) otrzymanych folii

chitozanowych zostaty przedstawione na rycinie 28.

53



=
-~

<t

o

o

£ 6t A .
& T

= 1l

= i :
=

2

= 4r

‘wn

g i

=

3

9 2T

S

) -

<

w2

0
4AF 4BF 4CF 4DF

Symbole probek

Rycina 28. Szybkos¢ transmisji tlenu (OTR) otrzymanych folii chitozanowych.

Badanie szybkosci transmisji tlenu wykazato, Zze najskuteczniejszg barier¢ dla tlenu
stanowita folia wytworzona przy uzyciu kombuchy na bazie herbaty zielonej (4BF), dla ktorej
warto$¢ OTR wynosita 1,25 cm?/m?-24h, co zostalo potwierdzone statystycznie. Najwyzsza

warto$¢ OTR wynoszgcg 5,40 cm?/m?-24h odnotowano dla folii oznaczonej symbolem 4AF.

Elektronowa mikroskopia skaningowa (SEM)
Analize struktury otrzymanych folii wykonane za pomoca elektronowej mikroskopii

skaningowej (SEM), a wyniki zostaly przedstawione na rycinie 29.
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Rycina 29. Obrazy SEM otrzymanych folii chitozanowych.

Na podstawie badania SEM, mozna stwierdzi¢, ze struktura wszystkich folii
chitozanowych byta nieporowata i uporzadkowana, a uzycie kombuchy jako rozpuszczalnika

pozwolilo na uzyskanie jednorodnych i gtadkich powierzchni w uzyskanych probkach.

Wytrzymalos¢ na rozcigganie (TS)
W celu oceny wlasciwo$ci mechanicznych wytworzonych folii chitozanowych
okreslono ich wytrzymatos¢ na rozciaganie, a uzyskane wyniki zostaly przedstawione na

rycinie 30.
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Rycina 30. Wytrzymato$¢ na rozcigganie folii chitozanowych.

Na podstawie wykonanych badan wytrzymatosci na rozcigganie stwierdzono, ze folia
chitozanowa wytworzona przy uzyciu kombuchy na bazie biatej herbaty jako rozpuszczalnika
(4AF) charakteryzowala si¢ najwyzsza wartoscia TS wynoszaca 4,89 MPa, sposrod
analizowanych folii, co zostalo potwierdzone statystycznie. Najnizsza wartos¢ TS (2,77 MPa)
odnotowano dla folii wytworzonej przy uzyciu kombuchy na bazie kawy (4DF). R6znice w
wytrzymalo$ci na rozcigganie pomiedzy foliami mogly by¢ spowodowane rodzajem i
strukturg zwigzkow fenolowych obecnych w danym roztworze kombuchy. Jak wykazano w
badaniach opisanych w literaturze, wilaczenie polifenoli do matrycy folii chitozanowych,
szczeg6lnie kwasow fenolowych, skutkowato zakldceniem struktury krystalicznej chitozanu
poprzez rozerwanie mig¢dzyczasteczkowych wigzan wodorowych i ostabienie oddziatywan
polimer-polimer, co moglo zmniejszy¢ ogdlng wytrzymato$s¢ mechaniczng folii (Agarwal i

in., 2021; Sun i in., 2017).

Wydluzenie przy zerwaniu (EB)
Wyniki analizy wydluzenia przy zerwaniu uzyskane dla otrzymanych folii

chitozanowych zostaty przedstawione na rycinie 31.
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Rycina 31. Wydluzenie przy zerwaniu folii chitozanowych.

W przypadku wydtuzenia przy zerwaniu, folia 4AF charakteryzowata si¢ najnizsza
wartoscig tego parametru wynoszaca 24,46%, natomiast najwyzsza wartos¢ odnotowano dla
folii 4DF, czyli odwrotnie niz w przypadku badania wytrzymalo$ci na rozciagganie. Z drugiej
strony analiza danych literaturowych pokazata, Ze dodatki bogate w polifenole zwigkszyty
elastyczno$¢ filmoéw chitozanowych. Na skutek oddziatywan kwasow fenolowych z
uporzadkowang strukturg polimeru, mozliwe bylo zwigkszenie ruchow czasteczek tancucha

pod wptywem naprezen (Agarwal i in., 2021; Sun i in., 2017).

Spektroskopia w podczerwieni z transformacja Fouriera (ATR-FTIR)
W celu oceny struktury folii chitozanowych wykonano widma spektroskopii w
podczerwieni z transformacja Fouriera (ATR-FTIR), a wuzyskane wyniki zostaty

przedstawione na rycinie 32.
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Rycina 32. Widma ATR-FTIR otrzymanych folii chitozanowych.

Widma ATR-FTIR zarejestrowane dla otrzymanych folii chitozanowych w zakresie ok.
1000 cm™ wskazaly na obecno$¢ grupy wodorotlenowej. Widma ATR-FTIR wykazaly
zréznicowane pasmo w zakresie 1100-1000 cm™. Pasmo to odpowiada wigzaniu C-O. Na
podstawie uzyskanych widm ATR-FTIR mozna wnioskowa¢, ze badane probki roéznity si¢ w
zakresie obecnosci pierwszo- 1 drugorzedowych alkoholi oraz estréw aromatycznych

(Kaashyap i in., 2021).

Wlasciwosci przeciwbakteryjnych
Aktywnos$¢ przeciwbakteryjna folii chitozanowych wobec wybranych szczepow bakterii

chorobotworczych oraz probiotycznych zostata przedstawiona w tabeli 17.

Tabela 17. Aktywnosc¢ przeciwbakteryjna folii chitozanowych.

Szczep wskaznikowy

S|

S

3 s 3 % g

S N ] S = =

S 3 S = 80 3

S < 3 3 b 3 S

= Y = S S S g

~ ~ ~ g v SV ~

Symbol folii Strefa inhibicji (mm)

4AF -- -- -- -- 17 20 --
4BF -- -- -- -- 17 19 --
4CF -- -- -- 22 17 21 --
4DF -- -- -- -- -- 18 --

Srednica powstatych stref inhibicji: 5-10 mm staba aktywnos¢; 11-14 mm umiarkowana aktywno$¢;

>14 mm silna aktywno$¢.
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Folie chitozanowe otrzymane przy uzyciu kombuchy jako rozpuszczalnika, podobnie
jak roztwory kombuchy charakteryzowatly si¢ specyficznos$cig dziatania przeciwbakteryjnego.
Ich zakres dziatania byt taki sam jak roztworéw kombuchy (tabela 15). Folia otrzymana przy
uzyciu kombuchy na bazie herbaty czarnej (4CF) wykazala wyzszg aktywno$¢ wobec E. coli
niz roztwdr kombuchy, a pozostate folie charakteryzowaly si¢ wyzsza aktywnoscia wobec S.
enterica, prawdopodobnie ze wzgledu na synergiczne dzialanie chitozanu i skladnikéw

aktywnych biologicznie pochodzacych z kombuchy (Deghrigue i in., 2013; Vohra i in., 2019).

7.5. Aplikacyjne zastosowanie blonotwérczych roztworow chitozanu

Ostatnim etapem badan zrealizowanym w ramach rozprawy doktorskiej bylo wskazanie
aplikacyjnego zastosowania roztwordow blonotworczych chitozanu. Do ich przygotowania
wykorzystano trzy rodzaje kombuchy jako naturalnego rozpuszczalnika chitozanu. W wyniku
fermentacji otrzymano trzy roztwory kombuchy o nast¢pujacych symbolach: 5A — kombucha
na bazie rumianku, 5B — na bazie melisy lekarskiej oraz 5C — na bazie czarnej herbaty. Na ich
podstawie sporzadzono odpowiednio trzy roztwory btonotwoércze chitozanu: SAR, 5BR i
5CR. Kombucha z melisy (5B) postuzyta takze do otrzymania folii chitozanowej (5BF) oraz
do powleczenia papryk, oznaczonych symbolem 5D. Jako probki kontrolne wykorzystano
papryki niepowleczone, oznaczone symbolem SE. Celem tego etapu badan byla ocena, czy
zastosowana powtloka chitozanowa przyczyni si¢ do poprawy jakosci przechowywanych

produktéw spozywczych.

7.5.1. Charakterystyka roztworéw kombuchy

Calkowita zawartos¢ zwiazkow fenolowych (TPC) i flawonoidow (TFC)
W celu charakterystyki roztworéw kombuchy wykorzystanych jako naturalne
rozpuszczalniki chitozanu oznaczono catkowita zawartos¢ zwigzkéw fenolowych i

flawonoidow w tych roztworach, a uzyskane wyniki przedstawiono w tabeli 18.

Tabela 18. Catkowita zawartos¢ zwigzkow fenolowych i flawonoidéow w roztworach kombuchy.

Symbol kombuchy TPC (ug GAeq/ml) TFC (ug Qeq/ml)
5A 135,00+ 0,16 13,76°+ 1,68
5B 381,67*£ 0,05 21,052+ 0,37
5C 377,90°+ 0,08 14,28+ 0,11

Najwyzsza calkowita zawarto$cia zwigzkow fenolowych (381,67 pg GAeq/ml)

charakteryzowata si¢ kombucha uzyskana z melisy lekarskiej (5B). Kombucha na bazie
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czarnej herbaty (5C) rowniez charakteryzowata si¢ wysokim poziomem TPC (377,90
GAeg/ml). Pod wzgledem calkowitej zawartosci flawonoidéw kombucha z melisy lekarskiej
5B charakteryzowala si¢ najwyzsza ich zawarto$cia, wynoszaca 21,05 pg Qeq/mL, co zostalo
potwierdzone statystycznie. Oznaczone warto$ci TPC i TFC w roztworach kombuchy byty
uzaleznione od surowca z jakiego otrzymano dang kombuche. Analiza danych literaturowych
wykazala, ze warto§¢ TPC malata wraz z czasem fermentacji kombuchy, natomiast w
przypadku TFC obserwowany byt wzrost zawartosci z czasem trwania tego procesu, co byto
spowodowane licznymi biotransformacjami zachodzacymi w trakcie procesu fermentacji, a
takze stabilno$cia niektorych flawonoidow, takich jak teaflawiny i tearubiginy oraz nizsza

stabilno$cig np. epikatechiny (Shahbazi i in., 2018).

7.5.2. Charakterystyka roztworoéw blonotworczych

Wlasciwosci przeciwbakteryjne
Aktywnos¢ przeciwbakteryjna roztwordéw btonotworczych chitozanu wobec wybranych

szczepOw bakterii zostala przedstawiona w tabeli 19.

Tabela 19. Aktywnos¢ przeciwbakteryjna roztworow blonotworczych.

Szczep wskaznikowy

B. subtilis E. coli P. aeruginosa S. enterica
Symbol roztworu Strefa inhibicji (mm)
S5AR 12,97 £ 0,15 11,03 £ 0,15 12,06 £ 0,11 st
5BR 13,13 £0,15 11,10+ 0,10 12,00+ 0,10 11,93 £ 0,06
5CR st st 10,13 £0,11 st

Srednica powstatych stref inhibicji: 5-10 mm staba aktywnos¢; 11-14 mm umiarkowana aktywno$¢;

>14 mm silna aktywno$¢; st oznacza dzialanie statyczne.

Najszerszym  spektrum aktywno$ci przeciwko badanym szczepom  bakterii
charakteryzowal si¢ roztwdr blonotwoérczy chitozanu, gdzie rozpuszczalnik stanowila
kombucha na bazie melisy lekarskiej (SBR). W przypadku roztworu 5BR zaobserwowano
strefy zahamowania wzrostu bakterii, wskazujace na jego umiarkowang aktywno$¢ wzgledem
badanych szczepow, natomiast pozostale roztwory wykazaly jedynie statyczng aktywnos¢
przeciwko S. enterica, co oznacza, ze tylko nieznacznie zmniejszyly intensywno$¢ ich
wzrostu. Jak pokazaly wczes$niejsze badania opisane w rozdziale 7.4., aktywno$¢

przeciwbakteryjna kombuchy zalezata od rodzaju uzytego surowca w procesie fermentacji.
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7.5.3. Charakterystyka folii chitozanowych

Na tym etapie badan uzyskano folie z roztworéw blonotwoérczych chitozanu z
zastosowaniem kombuchy. Jednak tylko folia otrzymana z kombuchy na bazie melisy
lekarskiej, charakteryzujaca si¢ najlepszymi parametrami na etapie badan mikrobiologicznych
samej kombuchy oraz roztwordéw blonotworczych cechowala si¢ jakoscia umozliwiajaca
dalsze analizy. Uzyskane wyniki zostaly zestawione z danymi uzyskanymi dla folii
chitozanowej otrzymanych przy uzyciu 3% kwasu octowego jako rozpuszczalnika i

scharakteryzowanej w poprzednim etapie badan (rozdziat 7.2.).

Szybkos$¢ transmisji pary wodnej (WVTR)
Uzyskane wyniki badania szybko$ci transmisji pary wodnej (WVTR) folii

chitozanowych zostaty przedstawione na rycinie 33.
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Rycina 33. Szybkos¢ transmisji pary wodnej folii chitozanowych.

Warto§¢ szybko$ci transmisji pary wodnej dla folii chitozanowej otrzymanej przy
uzyciu kombuchy na bazie melisy lekarskiej jako rozpuszczalnika wyniosta 131,84 g/m?-24h.
Dane uzyskane we wczesniejszym etapie badan wykazaty, ze wartos¢ WVTR dla folii
chitozanowej otrzymanych przy uzyciu powszechnie stosowanego rozpuszczalnika, tj. 3%

kwasu octowego (2AF), wyniosta 159,09 g/m?-24h i byla wyzsza niz w przypadku folii 5BF.

Wytrzymalos$¢ na rozciaganie (TS)
W celu oceny parametréw mechanicznych otrzymanych folii chitozanowych, wykonano

badanie wytrzymatosci na rozciagganie, a wyniki zostaty przedstawione na rycinie 34.
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Rycina 34. Wytrzymato$¢ na rozcigganie folii chitozanowych.

Warto$¢ wytrzymatosci na rozcigganie uzyskana dla folii chitozanowej otrzymanej przy
uzyciu kombuchy na bazie melisy lekarskiej jako rozpuszczalnika chitozanu wyniosta 11,08
MPa; uzyskana warto$¢ byla wyzsza od wartosci TS wuzyskanych dla folii, gdzie
rozpuszczalnik stanowity kombuche na bazie herbaty biatej i czarnej (opisane w rozdziale
7.4.). Uzyskana warto$¢ byla jednak znacznie nizsza niz w przypadku folii chitozanowe;j
otrzymanej z wykorzystaniem powszechnie stosowanego rozpuszczalnika chitozanu, tj.

kwasu octowego, dla ktorych warto$¢ TS wyniosta 38,80 MPa (2AF).

Wydluzenie przy zerwaniu (EB)
Wyniki badania wydluzenia przy zerwaniu uzyskane dla otrzymanych folii

chitozanowych zostaty przedstawione na rycinie 35.
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Rycina 35. Wydluzenie przy zerwaniu oznaczone dla folii chitozanowych.

W przypadku wydtuZzenia przy zerwaniu uzyskana warto$¢ dla folii oznaczonej
symbolem 5BF wyniosta 53,45%. Dane dotyczace folii chitozanowych, w ktérych jako
rozpuszczalnik zastosowano kombuche na bazie herbaty bialej i zielonej (opisane w rozdziale
7.4.), wykazaty nizsze warto$ci, odpowiednio — 24,46% dla folii otrzymanej przy uzyciu
kombuchy na bazie herbaty biatej oraz 50,62% dla folii otrzymanej przy uzyciu kombuchy na
bazie herbaty zielonej jako rozpuszczalnika. Nizsza warto$¢ EB (35,5%) odnotowano rowniez

dla folii otrzymanej z uzyciem kwasu octowego jako rozpuszczalnika chitozanu (2AF).

7.5.4. Ocena jakoS$ci czerwonej papryki pokrytej roztworem blonotworczym chitozanu

Oceng jakosci niepowlekanych papryk kontrolnych (5E) i papryk powlekanych
roztworem btonotworczym chitozanu na bazie melisy lekarskiej (5D) przeprowadzono na
podstawie pomiaru parametrow tekstury, w tym wytrzymatosci i1 elastyczno$ci skorki
badanych warzyw, oceny sensorycznej, zawarto$ci kwasu askorbinowego, a takze aktywnosci
przeciwutleniajacej papryk. Dokumentacje fotograficzng powlekanych czerwonych papryk i
probki kontrolnej w pierwszym i pigtnastym dniu przechowywania przedstawiono na rycinie
36.
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Rycina 36. Dokumentacja fotograficzna powleczonej czerwonej papryki i proby kontrolnej w

pierwszym i pigtnastym dniu przechowywania.

Ocena parametrow tekstury: sila przebicia i elastyczno$¢ skorki
Parametry tekstury moga stuzy¢ jako wskazniki zmian zachodzacych podczas
przechowywania §wiezej papryki. Zmiany te opisano za pomocg dwoch parametrow: sity

przebicia skorki i jej elastycznosci. Uzyskane wyniki przedstawiono w tabeli 20.

Tabela 20. Parametry tekstury czerwonej papryki pokrytej roztworem blonotworczym chitozanu i

papryki kontrolnej w trakcie 15-dniowego przechowywania w temperaturze 18°C.

Dzien przechowywania SE 5D
Sila przebicia skorki (N)

. 8,55+ 0,8 11,3+ 1,2
5. 10,3+ 0,9 9,80+ 0,7
10. 7,632+ 0,7 9,9+ 1
15. 10,5+ 0,9 10,7°¢+ 0,9

Elastycznos$¢ skorki* (mm)
1. 3,3*+0,7 3,9+ 0,4
5. 4,020+ 0,7 4,000+ 0,8
10. 3,5+ 0,3 420¢+ 0.4
15. 4,74+ 0,6 4,99+0,8

*Qdlegtos¢ odchylenia probki do momentu naktucia skory
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Na podstawie uzyskanych wynikéw stwierdzono, ze sila przebicia skorki papryki
powleczonej blonotworczym roztworem chitozanu (5D) wykazata znaczacy wzrost o okoto
32% w porownaniu z papryka kontrolng (5E). Do dziesigtego dnia przechowywania
zastosowana powtoka poprawita site przebicia skorki. Jednak przedtuzone przechowywanie
zmniejszylo réznicg w wartosciach parametréw do poziomu statystycznie nieistotnego.
Podobna tendencj¢ zaobserwowano w przypadku elastycznosci skorki, ktéra wykazywata
wyzsze wartosci w probkach powleczonych do dziesigtego dnia przechowywania; wzrosta o
okoto 18% w dniu 1. i okoto 20% w dniu dziesigtym. Bioragc pod uwage, ze wigdnigcie
papryki z natury prowadzito do spadku obu parametrow, uzyskane wyniki wskazaty na
pozytywny wpltyw powloki na ogdlng jako$¢ papryki. Analiza danych literaturowych
wykazala, ze powloki na bazie lipidow pochodzace z oleju mineralnego, a takze powloki
proteinowo-woskowe stosowane na owocach i warzywach, w tym na papryce, zmniejszyly
uszkodzenia skorki podczas dystrybucji 1 transportu, a takze urazy zwigzane z

przechowywaniem (Kowalczyk i Pikula, 2010; Nasrin i in., 2018).

Ocena sensoryczna
Ocena sensoryczna papryk obejmowata oceng¢ trzech parametréw, takich jak
pozadalno$¢ oraz intensywno$¢ koloru, aromat i ogélny wyglad. Uzyskane wyniki oceny

sensorycznej przedstawiono w tabeli 21.
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Tabela 21. Wyniki oceny sensorycznej czerwonej papryki pokrytej roztworem blonotworczym

chitozanu i papryki kontrolnej w trakcie 15-dniowego przechowywania w temperaturze 18°C

Dzien przechowywania SE 5D
Pozadalnos¢ koloru
1. 9,8+ 04 9,4%¢+ 0,8
5. 9,8+ 0,4 9,1%%c+ 1,0
10. 8,445+ 0,8 9,25¢4(,8
15. 8,00+ 0,8 8,4%°+0,9
Intensywnos¢ koloru
1. 9,6+ 0,5 9,8+ 0,4
5. 9,6+ 0,9 9,6+ 0,5
10. 8,845¢4 0,4 9,2>¢4+ 0,4
15. 7,8*+0,9 8,285+ 0,4
Aromat
1. 9,2+ 0,8 5,285+0,7
5. 8,6°+ 1,0 3,82+ 0,8
10. 8,8°+ 0,9 5,8°+0,8
15. 8,0°+ 1,0 6,0+ 0,9
Ogolny wyglad
1. 9,2°+0,9 8,84¢+0,9
5. 7,8%4e+ 1,0 7,659+ 1,0
10. 6,0°+ 1,0 5,44°+£0,9
15. 4,8*+0,8 6,6%°+ 0,8

Ocena sensoryczna papryk wykazata porownywalne wyniki dla ocenianych cech w
paprykach powleczonych w poréwnaniu z proba kontrolng, jednak w przypadku oceny
ogbélnego wygladu papryki, odnotowano znacznie wyzszy wynik w przypadku papryk
powleczonych po pigtnastu dniach przechowywania. Aromat ocenianych papryk zostal
oceniony bardziej korzystnie w przypadku papryk niepowlekanych, poniewaz powloka
chitozanowa zmienita typowy zapach papryki. W przypadku papryk powlekanych aromat
opisany jako fermentacyjno-stodko-kwasny, chociaz nieodczuwany jako negatywny, réznit
si¢ od typowego zapachu czerwonej papryki. Niemniej jednak uzyskane wyniki wykazaty
jedynie niewielkie réznice w jako$ci sensorycznej migdzy paprykami powleczonymi, a grupa
kontrolng. Biorgc pod uwage poprawg parametrow jakosciowych, takich jak wilasciwosci
tekstury, wynik ten wydawal si¢ w pelni akceptowalny, co sugeruje skutecznos¢ powloki
chitozanowej w stosowaniu na owocach i warzywach. Podobne badania, w ktorych
porownano jakos$¢ sensoryczng czerwonej papryki pokrytej 1,5% i 2% roztworem chitozanu z

papryka niepowlekang po dziewigciu dniach przechowywania, stwierdzono, ze wyglad i
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ogblna akceptowalno$¢ probek pokrytych chitozanem byly istotnie wyzsze w poréwnaniu z

probka kontrolng (Nasrin i in., 2018).

Zawartos¢ kwasu askorbinowego oraz aktywnos¢ przeciwrodnikowa

Papryka stanowi cenne zrodto kwasu askorbinowego, ktérego stezenie w jej owocach
miesci si¢ w przedziale od 60 do 470 mg/100 g §wiezej masy. Warto jednak podkresli¢, ze
poziom witaminy C zalezy od wielu czynnikow, takich jak odmiana, warunki uprawy, stopien
dojrzatosci czy sposob przechowywania. Z tego wzgledu zawarto§¢ kwasu askorbinowego
moze by¢ istotnym wskaznikiem jako$ci papryki. Wyniki analizy st¢zenia kwasu

askorbinowego oraz aktywnosci przeciwrodnikowej przedstawiono w tabeli 22.

Tabela 22. Zawarto$s¢ kwasu askorbinowego i aktywno$¢ przeciwrodnikowa czerwonej papryki
pokrytej roztworem blonotworczym chitozanu i papryki kontrolnej w trakcie 15-dniowego

przechowywania w temperaturze 18°C.

Drziei Zawartos¢ kwasu askorbinowego  Aktywnos$¢ przeciwrodnikowa
zien

przechowywania (mg/100/g $.m.) (nmol of Trolox/g §.m.)
5E 5D SE 5D
1 131,0°+ 1,0 139,0%¢4+ 51 10,559+ 0,08 11,6+0,2
5 102,0*+ 2,9 143,04+ 0,4 8,4+ 0,3 9,4*+0,2
10 133,0%°+£2.8 140,04+ 2,6 9,7%¢+0,2 10,644+ 0,7
15 144,09+ 4,2 160,0° £ 1,6 9,0+ 0,3 11,24+ 0,1

W przeprowadzonym badaniu zawarto$¢ kwasu askorbinowego w papryce kontrolnej
wyniosta 131,7 mg/100 g §.m., podczas gdy w paprykach powleczonych byta ona o okoto 5%
wyzsza. Melisa lekarska zawiera okolo 70 mg/100 g $wiezej masy kwasu askorbinowego,
dlatego tez kombucha z melisy lekarskiej mogta rowniez zawiera¢ kwas askorbinowy, co
moglo by¢ powodem tej roznicy (Kazimierczak i in., 2011). Podczas przechowywania
zawarto$¢ kwasu askorbinowego wahata si¢ w obu prébkach, prawdopodobnie z powodu
naturalnej zmienno$ci materialu papryki podczas jej przechowywania. Jednak po pigtnastu
dniach przechowywania ostateczna zawarto§¢ kwasu askorbinowego w paprykach
powleczonych byla o okoto 11% wyzsza niz w paprykach kontrolnych, co zostato
potwierdzone statystycznie.

Przeprowadzone analizy aktywnos$ci przeciwrodnikowej wykazaly istotnie wyzsze
warto$ci w paprykach powleczonych, w poréwnaniu z paprykami kontrolnymi w pierwszym,
piatym i pigtnastym dniu przechowywania. Wzrost warto$ci dla analizowanego parametru w
paprykach powlekanych w poréwnaniu z paprykami kontrolnymi wyniost okoto 10% po

pierwszym, pigtym i dziesigtym dniu oraz 24% po pi¢tnastym dniu przechowywania. Co
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wigcej, zaobserwowano znaczacy spadek aktywnos$ci przeciwrodnikowej w paprykach
kontrolnych po pigtnastu dniach przechowywania w poréwnaniu do dnia pierwszego, gdzie w
paprykach powleczonych warto$¢ ta pozostata stabilna, bez znaczacego spadku po pigtnastu
dniach. Nie stwierdzono istotnej korelacji migdzy aktywnoscia przeciwrodnikowa

analizowanych papryk, a zawarto$ciag kwasu askorbinowego.
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8. Podsumowanie

Celem niniejszej rozprawy doktorskiej byto opracowanie i charakterystyka materiatow
polimerowych na bazie chitozanu o dobrych wlasciwosciach, m.in. mechanicznych i
przeciwdrobnoustrojowych. Badanie przeprowadzono w trzech etapach: (1) zastosowanie
dodatkow funkcjonalnych w celu poprawy wilasciwosci fizycznych, mechanicznych i
przeciwdrobnoustrojowych uzyskanych materiatlow, (2) zastgpienie konwencjonalnych
rozpuszczalnikdw chitozanu, tj. roztworow kwasu octowego, cytrynowego — naturalnymi
rozpuszczalnikami, takimi jak octy owocowe i kombucha oraz (3) aplikacyjne zastosowanie
roztworéw chitozanu poprzez powleczenie swiezych papryk w celu oceny ich mozliwego
zastosowania aplikacyjnego.

W pierwszym etapie badan oceniono wptyw dodatku nanocelulozy, etanolowego

ekstraktu z propolisu (EEP) oraz kofeiny do matrycy chitozanowej. Uzyskane wyniki badan
wykazaly, ze chociaz dodanie nanocelulozy i EEP nie poprawito znaczaco wlasciwos$ci
mechanicznych folii, takich jak wytrzymato$¢ na rozcigganie i wydtuzenie przy zerwaniu, to
jednak folie wykazywaty polepszone wlasciwosci barierowe, szczegdlnie pod wzglgdem
szybkosci przenikania pary wodnej. Zastosowanie ekstraktu z propolisu spowodowato
znaczne zwickszenie aktywnosci przeciwbakteryjnej, szczegdlnie wobec szczepu
chorobotworczego —
L. monocytogenes., co wskazuje na mozliwo$¢ wykorzystania materiatow chitozanowych z
dodatkiem EEP m.in. jako opakowania do zywnosci. Uzyskane wyniki podkreslity znaczenie
zwigzkow bioaktywnych w poprawie wiasciwosci funkcjonalnych folii na bazie chitozanu do
zastosowan zwigzanych z ochrong zywnosci przed zbyt szybkim psuciem.

Drugi etap badan mial na celu zastgpienie powszechnie stosowanego rozpuszczalnika
chitozanu jakim jest kwas octowy, rozpuszczalnikami naturalnymi, takimi jak octy owocowe i
kombucha. Naturalne rozpuszczalniki stanowily rowniez zrédlo zwigzkow bioaktywnych,
wzmacniajac wlasciwosci funkcjonalne uzyskanych materiatdéw. Folie przygotowane z
wykorzystaniem octéw owocowych jako rozpuszczalnikéw chitozanu, wykazaty obiecujaca
aktywno$¢ przeciwdrobnoustrojowa, szczegoélnie w przypadku octu wisniowego, gdzie
uzyskane folie wykazaty najszersze spektrum dziatania przeciwbakteryjnego. Wytworzone
folie zachowaty réwniez dobre wlasciwosci mechaniczne, przy czym zaobserwowano réznice
w zalezno$ci od rodzaju uzytego octu owocowego. Badania wykazaly, ze octy owocowe
moga by¢ skuteczng, zrownowazong alternatywa dla kwasoéw organicznych, zapewniajac

dzialanie przeciwdrobnoustrojowe. Kombucha, uzyskana w wyniku fermentacji trzech
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rodzajow herbaty oraz kawy, rowniez zostala z powodzeniem zastosowana jako
rozpuszczalnik chitozanu. Rodzaj kombuchy uzytej jako rozpuszczalnik wplynat na
wlasciwos$ci mechaniczne i1 barierowe folii. Folie chitozanowe wytworzone przy uzyciu
kombuchy na bazie zielonej herbaty stanowity najskuteczniejszg barier¢ tlenowa, podczas gdy
te wykonane z kombuchy na bazie bialej herbaty charakteryzowaty si¢ najwyzsza
wytrzymato$cia na rozcigganie. Uzyskane wyniki na tym etapie badan wskazaty na potencjat
wykorzystania kombuchy 1 octéw owocowych jako naturalnych 1 funkcjonalnych
rozpuszczalnikéw do otrzymywania folii chitozanowych, oferujac innowacyjne podejscie do
produkcji zrownowazonych materialow opakowaniowych do zywnosci.

W ostatnim etapie badan swieze papryki zostaty powleczone blonotworczym roztworem
chitozanu otrzymanym przy uzyciu kombuchy na bazie melisy lekarskiej. Badania
aplikacyjne skupily si¢ na ocenie zdolnosci folii do wydtuzenia okresu przydatnosci do
spozycia i zachowania jako$ci papryk. Powloka chitozanowa wytworzone przy uzyciu
kombuchy na bazie melisy lekarskiej jako rozpuszczalnika chitozanu, pozytywnie wptyne¢ta
na zachowanie wysokiej zawarto$ci kwasu askorbinowego w paprykach czerwonych w
porownaniu z grupa kontrolng (papryki niepowleczone), co wskazuje na potencjat badanych
powlok do utrzymania wysokiej jakosci wartosci odzywezych $wiezych produktow. Ocena
sensoryczna badanych warzyw potwierdzita, ze powloka nie wptyneta negatywnie na wyglad
ani ogolng jako$¢ papryk. Ponadto folia chitozanowa otrzymana przy uzyciu kombuchy na
bazie melisy lekarskiej jako rozpuszczalnika wykazala aktywno$§¢ przeciwdrobnoustrojowa
przeciwko B. subtilis, E. coli, P. aeruginosa i S. enterica, co dodatkowo potwierdza jej
praktyczna przydatno$¢ w ochronie zywnosci. Ten etap badan wykazal, ze powloka
chitozanowa, wytworzona przy uzyciu rozpuszczalnika naturalnego jakim jest kombucha,
zawierajagcego substancje bioaktywne, jak kombucha, moze stanowi¢ skuteczna barier¢ w
ochronie $wiezych produktéw spozywczych przed skazeniem mikrobiologicznym, a
jednoczesnie przyczyni¢ si¢ do zachowania ich wartosci odzywczej podczas transportu i
przechowywania.

Uzyskane wyniki badan dostarczyly cennych informacji na temat wykorzystania folii
chitozanowych w branzy opakowaniowej. Zebrane dane wykazaly, ze parametry folii
chitozanowych mozna modyfikowa¢ stosujac dodatki funkcjonalne do matrycy chitozanowej,
zastgpujac  konwencjonalne rozpuszczalniki naturalnymi 1 stosujac je w warunkach
odzwierciedlajacych prawdziwe zastosowania aplikacyjne. Wyniki te sugeruja, ze folie
chitozanowe, szczegdlnie te wytworzone przy uzyciu naturalnych rozpuszczalnikdéw, oferuja

obiecujgce 1 zrownowazone rozwigzanie dla branzy opakowaniowej. Konieczne sg dalsze
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badania w celu optymalizacji, zwigkszenia skali i1 przemyslowego zastosowania tych
materialow, aby zapewni¢ ich dlugoterminowy wptyw na redukcj¢ odpadow z tworzyw

sztucznych i poprawe bezpieczenstwa zywnosci.
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Whioski

Folie na bazie chitozanu wzbogacone dodatkiem nanocelulozy i etanolowego ekstraktu
z propolisu wykazaly potencjal jako przyjazne dla $rodowiska materialty
opakowaniowe. Pomimo ograniczonego wplywu dodatkéw na wytrzymatosé
mechaniczng i elastyczno$¢ folii, wlaczenie ekstraktu z propolisu znacznie poprawito
wspotczynnik przepuszczalnos$ci pary wodnej (WVTR), zwigkszajac tym samym
funkcjonalno$¢ bariery wobec wilgoci. Ponadto, przepuszczalno$¢ tlenu i dwutlenku
wegla réznila si¢ w zaleznosci od sktadu folii. Folie z dodatkami wykazaty rowniez
lepsze wlasciwosci przeciwdrobnoustrojowe, szczegolnie przeciwko
L. monocytogenes. Analiza morfologii powierzchni potwierdzita integralnosé

strukturalng uzyskanych materialow.

Roztwory na bazie chitozanu z dodatkiem kofeiny oraz etanolowego ekstraktu z
propolisu wykazaly wysoka aktywno$¢ przeciwutleniajagca — przewyzszajaca w
niektérych wariantach nawet aktywno§¢ wzorcowego Troloxu, oraz zauwazalne
dzialanie przeciwdrobnoustrojowe, zwtaszcza gdy obecne byly oba dodatki. Ponadto
folie chitozanowe wykazaty polepszone wlasciwosci barierowe, a zastosowanie kwasu
cytrynowego jako rozpuszczalnika chitozanu spowodowato zwiekszenie wydluzenia
przy zerwaniu przy jednoczesnym zmniejszeniu wytrzymato$ci na rozciaganie, co
podkreslito  znaczenie wyboru odpowiedniego rozpuszczalnika w uzyskaniu
pozadanych wlasciwosci materiatu. Naturalne zwigzki bioaktywne, takie jak kofeina i
etanolowy ekstrakt z propolisu, skutecznie poprawily wtasciwosci funkcjonalne folii

na bazie chitozanu.

Folie chitozanowe wytworzone przy uzyciu naturalnych rozpuszczalnikéw jakimi sa
octy owocowe wykazaty silne wlasciwosci przeciwdrobnoustrojowe ze wzgledu na
obecno$¢ zwigzkoéw fenolowych i kwaséw organicznych. Folie chitozanowe na bazie
octu wisniowego wykazaty najszersze spektrum dzialania przeciwdrobnoustrojowego
przy jednoczesnym braku dziatania wobec korzystnych szczepow bakterii
probiotycznych. Wlasciwosci mechaniczne folii, w szczego6lno$ci wydluzenie przy
zerwaniu, zalezaly od rodzaju uzytego octu. Ponadto analiza SEM potwierdzita dobra

jednorodno$¢ wytworzonej folii. Wyniki te sugeruja, ze octy owocowe sa obiecujaca,
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zrbwnowazong alternatywg dla tradycyjnych rozpuszczalnikow w produkcji filmow

chitozanowych.

Kombuche uzyskane w wyniku fermentacji z kawy i r6znych herbat (czarnej, zielonej
1 bialej) stanowity skuteczny rozpuszczalnik dla chitozanu, a takze wzbogacity folie o
zwigzki bioaktywne, takie jak polifenole i kwasy organiczne, zwigkszajac aktywnos¢
przeciwbakteryjng. Folie uzyskane przy wykorzystaniu kombuchy na bazie czarnej
herbaty wykazaty najszersze spektrum dzialania przeciwdrobnoustrojowego, podczas
gdy folie wytworzone przy uzyciu kombuchy na bazie zielonej herbaty
charakteryzowaty si¢ najlepsza barierowosciag wobec tlenu. Badania wykazaty rowniez
znaczng redukcje sorpcji i zmniejszenie wlasciwosci higroskopijnych w poréwnaniu z
filmami na bazie kwasu octowego. Wyniki te potwierdzity mozliwe zastosowanie
kombuchy jako naturalnego, wielofunkcyjnego rozpuszczalnika, ktéory wptynat na
poprawe zaroOwno wlasciwosci fizycznych, jak i przeciwbakteryjnych uzyskanych

materialow.

Badania mechaniczne wykazaty, ze folia chitozanowa wytworzona przy uzyciu
kombuchy na bazie melisy lekarskiej jako rozpuszczalnika miala znacznie lepsza
wytrzymato§¢ na rozcigganie 1 wydluzenie przy zerwaniu w poréwnaniu ze
standardowymi foliami na bazie kwasu octowego. Wykazaly réwniez dziatanie
przeciwdrobnoustrojowe przeciwko patogenom takim jak E. coli, P. aeruginosa i S.
enterica. Powloka chitozanowa pozwolita na zachowanie wysokiej zawartosci kwasu
askorbinowego i1 wydtuzenie okresu przydatno$ci do spozycia powleczonych papryk.
Zastosowana powloka nie wplyngta negatywnie na wilasciwosci sensoryczne
czerwonej papryki. Wyniki te potwierdzily potencjal powlok chitozanowych
wytworzonych przy uzyciu kombuchy jako skutecznych i przyjaznych dla konsumenta
rozwigzan wspierajacych utrzymanie jako$ci oraz bezpieczenstwa $wiezych

produktéw spozywczych.
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ARTICLE INFO ABSTRACT

Keywords: The increasing interest in sustainable materials has led to a growing exploration of natural biopolymers as

Chitosan matrices for these materials. Chitosan, valued for its biocompatibility and biodegradability, is a valuable raw

Eanoclefu“lose material for eco-friendly products. This study assessed the impact of incorporating cellulose nanofibrils (CNF)
ropolis

and propolis extract (EEP) on the mechanical, physical, structural, gas barrier, and antimicrobial properties of
chitosan-based films, especially within the scope of their prospective use in the packaging industry. The addition
of cellulose nanofibrils and propolis extract to the chitosan matrix did not affect the tensile strength and elon-
gation at break of the obtained films compared with the pure chitosan film. The addition of CNF and EEP to
chitosan had effect on barrier properties (water vapor transmission rate, carbon dioxide transmission rate and
oxygen transmission rate) of films. The inclusion of propolis extract to chitosan-nanocellulose film caused the
antibacterial activity (against Bacillus subtilis and Listeria monocytogenes) of the produced films and lack of ac-
tivity against probiotic bacterial strains (Lacticaseibacillus rhamnosus and Lactiplantibacillus plantarum). The
findings provide valuable insights into the development of sustainable and antimicrobial materials intended for
packaging food, addressing environmental concerns.

Packaging materials

1. Introduction

There is an increasing interest in materials made from natural bio-
polymers around the world, which is associated with increasing envi-
ronmental degradation. Polysaccharides, including chitosan, cellulose,
agar or starch are increasingly appreciated in the materials industry due
to their biocompatibility and ability to degrade naturally (Baranwal
et al., 2022; Jayakumar et al., 2010). Polysaccharides can be easily
obtained from a number of sources, which are very often a waste product
of various processing industry, such as chitosan, which is produced from
the shells of crabs or shrimp, making these raw materials readily
available and cost-effective to obtain (Baranwal et al., 2022; Stefa-
nowska et al., 2023a).

Chitosan plays an important role among polysaccharides used for
biomaterials because of its characteristics as biocompatibility,

* Corresponding author.
E-mail address: karolina.stefanowska@up.poznan.pl (K. Stefanowska).
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biodegradability, nontoxicity, and antimicrobial activity, finding broad
usage across various industries (Pella et al., 2018; Riva et al., 2011).
Chitosan can be used to make dressing materials, implants, or drug
carriers (Dong et al., 2020; Irastorza et al., 2021; Pella et al., 2018). It is
also a promising polymer for application as a matrix in biodegradable
and natural composite materials (Dutta et al., 2021; Tian and Liu, 2020).
Research is currently underway to expand the applicability of chitosan
in the packaging industry, while looking for ways to improve the me-
chanical and gas barrier properties of chitosan-based materials. One of
the solutions that can contribute to the improvement of chitosan-based
composites is the addition of nanocellulose.

Nanocellulose, as one of the most promising materials in the realm of
materials science and nanotechnology, is gaining increasing attention
from scientists and industry (Trache et al., 2020). Nanocellulose is
derived from cellulose and is characterized by very small particle sizes at
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the nanometer level. Cellulose, from which nanocellulose is derived, as a
primary element of plant cell structure, is among the most prevalent
natural polymers in the world (Mishra et al., 2018; Pennells et al., 2020).
Nanocellulose can be divided into three categories: cellulose nano-
crystals (CNC), cellulose nanofibrils (CNF), and bacterial cellulose (BC)
(Emenike et al., 2023). Different forms of nanocellulose can be produced
by using different techniques and by using different raw materials. The
structure and size of nanocellulose depend on the starting material,
isolation conditions, and additional processing (Emenike et al., 2023;
Salimi et al., 2019; Zinge and Kandasubramanian, 2020). Nanocellulose
is a material of great scientific interest and wide potential applications
due to its properties such as elastic modulus, tensile strength, tailored
aspect ratios, large specific surface area, easy surface functionalization,
tunable crystallinity, high degree of polymerization, and high chemical
resistance (Fagone et al., 2017; Khalid et al., 2021; Onuaguluchi and
Banthia, 2016). Over the past few years, there has been increasing
attention towards possibility of using nanocellulose as an additive to
biopolymer film matrices to improve their mechanical properties, gas
permeability, or water resistance (Baranwal et al., 2022). Numerous
literature data show that the addition of nanocellulose to the matrix of
films has positively improved the mechanical or barrier properties,
among others, regarding films produced on the basis of starch (Othman
et al., 2021; Patil et al., 2022), alginate (Hugq et al., 2012; Lavric et al.,
2021; Zhang et al., 2021), gelatin (Kwak et al., 2020; Mondragon et al.,
2015), or chitosan (Blilid et al., 2020; Talebi et al., 2022; Yin et al.,
2019).

In the case of biopolymer materials with potential applications in the
packaging industry, it is important that these materials, in addition to
good mechanical or barrier properties, enable the production of active
packaging, i.e. packaging that also has antimicrobial properties and
prevents the rapid spoilage of packaged food. Despite the established
antimicrobial activity of chitosan solution, studies have shown that
materials produced on its basis do not exhibit this activity (Foster and
Butt, 2010). Therefore, it is necessary to use additives to the chitosan
matrix to provide the materials with antimicrobial activity. The litera-
ture findings suggest that chitosan-based films with propolis extract
showed activity against various pathogens, such as Listeria mono-
cytogenes, Escherichia coli or Salmonella Enteritidis (Siripatrawan and
Vitchayakitti, 2016; Stanicka et al., 2021).

Propolis is a natural material gathered by bees from diverse plant and
tree species, having various pharmacological properties (antimicrobial,
antioxidant, anti-inflammatory, and anticancer), thanks to which it is
used in various industries (Farag et al., 2021; Irigoiti et al., 2021; Suran
et al., 2021; Vica et al., 2021). Propolis extracts have shown effective-
ness against pathogenic microorganisms, including Staphylococcus
aureus, E. coli, L. monocytogenes, Bacillus cereus and Pseudomonas fluo-
rescens (Almuhayawi, 2020; Petruzzi et al., 2020; Pobiega et al., 2019).
The wide biological activity of propolis extracts is based on its complex
chemical composition, which includes numerous groups of compounds,
such as phenolic acids and their esters, flavonoids, terpenes, amino
acids, as well as vitamins and minerals (De Vita et al., 2022; Farag et al.,
2021; Ozarowski et al., 2022).

The study was conducted to assess the impact of varying nano-
cellulose concentration and addition of propolis extract on mechanical,
physical, structural and antibacterial properties of chitosan-based films
to assess their potential for use in the sector focused on packaging for
food products.

2. Materials and methods
2.1. Materials

Crab shells chitosan (CHT) and Tween 20 were purchased form
Sigma Aldrich (Darmstadt, Germany), acetic acid from Avantor Perfor-

mance Materials (Gliwice, Poland), nanocellulose (CNF) from Cellulose
Lab (Fredericton, Canada), and ethanolic propolis extract (EEP) from
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PROP-MAD (Poznan, Poland). Tryptic Soy Broth, Mueller-Hilton Agar
and phosphate buffered saline were purchased from Graso Biotech
(Starogard Gdanski, Poland). Ethylene glycol and diiodomethane were
from Thermo Fisher Scientific GmbH (Dreieich, Germany). Deionized
water (max conductivity 0.1 pS/cm) was purified using Milli-Q Ultra-
pure Water System (Merck Millipore, Burlington, USA).

2.2. Preparation of chitosan-based films

Crab shells chitosan (8 g) was dissolved in 3 % acetic acid solution
(800 ml) and homogenized using laboratory homogenizer Ika (Warsaw,
Poland).

The chitosan-based film with nanocellulose was prepared by addi-
tion of nanocellulose to chitosan solution dissolved in 3 % acetic acid
(800 ml), to obtain final concentrations of nanocellulose in solutions
equal to 0.25 %, 0.5 %, 0.75 %, 1 % w/v.

The chitosan films with nanocellulose and propolis were produced by
mixing of chitosan-nanocellulose solutions (400 ml) with CNF concen-
trations of 0.25 % and 0.5 % with ethanolic propolis extract to obtain a
final propolis concentration of 1 %. Additionally, Tween 20 (4 ml) was
added to the solutions.

All chitosan-based solutions were homogenized using laboratory
homogenizer Ika (Warsaw, Poland) transferred to Petri dishes lined with
Teflon and finally dried at room temperature for 24 h.

The symbols and compositions of all chitosan-based films are pre-
sented in Table 1.

2.3. Mechanical tests

The mechanical properties of the films (1.5 cmx10 cm strips) were
assessed via an Instron testing machine (model 5965, Intron, USA) in
accordance with ASTM D882-12 at a testing speed of 100 mm/min. The
mean values of the samples’ measurements were documented for me-
chanical characteristics, encompassing tensile strength (TS) and elon-
gation at break (EB).

2.4. Physical tests

2.4.1. Water vapor transmission rate

For water vapor transmission rate (WVTR) measurement, a gravi-
metric screw cup method was conducted in accordance with the DIN 53
122-1 standard. The constructions were stored in a climate chamber
(KMF720, Binder GmbH, Tuttlingen, Germany) at 23°C and 85 % rela-
tive humidity (R.H.). WVTR was calculated based on the change in
weight according to Eq. 3.
WVTR:Q:%XA—mxlo“ 3

t A

Where: Q — water vapor transmission rate (g/m2~d; where d - day); t —
time between two weighing measurements (h); Am - the difference in
weight of two successive weighing measurements (g); A - the testing
surface area (m?2).

The mean value of the WVTR of each sample was calculated from the
steady-state values (deviation <10 % from the calculated mean) of three

Table 1
Symbols of chitosan-based films.

Symbol Nanocellulose (%) Propolis extract (%)
A - _

B 0.25 -

C 0.5 -

D 0.75 -

E 1 -

F 0.25

G 0.5 1
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succeeding measurement points. The difference between two successive
weightings, related to the same time period, remained within 5 % con-
stancy, while the increase in mass between successive weightings was at
minimum 5 mg. The values for Q and Qpean are expressed in the unit of
(g/mz-d) and are normalized to a thickness (d) of 100 um (Q1¢p) using
Eq. (4):

d

* 100pm “

Qi00: wvtR = Qmean
Five different films of each variant were analyzed.

2.4.2. Oxygen and carbon dioxide transmission rate

The measurements were carried out at 23°C and 50 % R.H. in
accordance with 1SO 15105-1:2007-10 using the differential pressure
method. The measurement was performed with the GTT measuring in-
strument (Brugger Feinmechanik GmbH, Munich, Germany). The spec-
imens were conditioned in a climate chamber (KMF720, Binder GmbH,
Tuttlingen, Germany) for at least 48 h at 23°C and 50 % R.H. After ox-
ygen transmission rate (OTR) measurement, the carbon dioxide trans-
mission rate (CO2TR) was determined (23°C, 50 % R.H.) directly
afterwards in the identical procedure using the same sample. The
respective thickness normalized to 100 pm (Q;0) was calculated from
the corresponding OTR and CO,TR values according to the following
Egs. (5 and 6).

d
. =OTR X ——— 5
Q100: 0TR X 100um %)
Q = CO,TR x L 6)
100: co,TR = GO2 100um

A two replicates determination was carried out for all sample types.

2.4.3. Surface free energy

The determination of the surface energy and the dispersive and polar
part was carried out using the sessile drop method of a contact angle
measurement device (DSA30, KRUSS GmbH, Hamburg, Germany) ac-
cording to DIN EN ISO 19403-2:2020-04. The samples were manual
sliced into strips of 1x4 cm and fixed on a holder using double-sided
adhesive tape. Deionized water, ethylene glycol, and diiodomethane
were used as test liquids. Three droplets of 2 ul each were applied to the
samples for measurement. Up to 20 measurements were taken for each
droplet, captured and measured for 2 s after the droplet has been placed
on the surface and a waiting time of 1 s has elapsed. The samples were
measured at room temperature (23 + 2°C) and relative humidity of 50 +
5 %. The evaluation was carried out according to the method of Owens,
Wendt, Rabel and Kaelble described in DIN EN ISO 19403-2:2020-04.
Five different films of each variant were analyzed.

2.4.4. Film thickness

The chitosan-based samples were analyzed for their film thickness
using the precision thickness device (FT3, Rhopoint Instruments Ltd., St.
Leonards-on-Sea, United Kingdom). The measurement was carried out at
room temperature (23 + 2°C) and 50 + 5 % relative humidity with a
fivefold determination at different measuring points on the film sample.
The mean value, of the film thickness measurement was used to deter-
mine the standardized gas permeability values (Q100)-

2.5. Structural characterization

2.5.1. Infrared spectroscopy

The spectra of the films were obtained using a Nicolet iS5 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA), recording
32 scans with a spectral resolution of 4cm™! in the range of
4000-600 cm*. The spectrometer was equipped with deuterated tri-
glycine sulfate detector and an attenuated total reflectance (ATR) dia-
mante cell.
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2.5.2. Scanning electron microscopy

Structure and morphology of tested materials were performed with
an Evo 40 scanning electron microscope (Zeiss, Oberkochen, Germany)
operating in beam mode at 20 kV with a secondary electron detector.

2.6. Antibacterial activity

The antibacterial effect of chitosan-based films was evaluated against
four bacterial strains, including Bacillus subtilis (food isolate), Listeria
monocytogenes (food isolate), Lacticaseibacillus rhamnosus (ATCC 53103)
and Lactiplantibacillus plantarum 299 v (isolate from the commercial
product SanProbi IBS) by the diffusion method. The strains from crio-
banks (bacteria storage system, MAST Diagnostica), in which they were
stored at —20°C, were transferred to Tryptic Soy Broth (TSB) and
incubated at 37°C for 18-24 h, depending on the strain and its growth
rate. Then the strains were transferred to 10 ml of sterile TSB medium
and grown at 37°C for the next 18-24 h. After culturing the bacterial
biomass were collected by centrifugation (4.500 rpm, 10 min) and sus-
pended in phosphate buffered saline (PBS). The cell suspensions were
spectrophotometrically adjusted to O.D. 600 nm = 0.5 (equivalent to
1.5x 108 CFUs/ml) and used for inoculation of plates with Mueller-
Hilton Agar. Next, 10x10 mm pieces of film were placed on such pre-
pared plates (to the surface of the inoculated medium) and incubated at
37°C for 24 h. After incubation the growth inhibition zones were
measured using a Computer Scanning System (MultiScaneBase v14.02).
Antibacterial activity was expressed in mm of the inhibition zones.

2.7. Statistical analysis

Statistical analyses included factorial one-way ANOVA, followed by
Tukey’s honest significant difference (HSD) test at o = 0.05. All statis-
tical analyses were performed using the TIBCO Software Inc. Statistica
version 13.3 (Palo Alto, CA, USA) and Minitab software version 21.4.1
(Minitab GmbH; Munich, Germany).

3. Results
3.1. Mechanical parameters of chitosan-based films

Fig. 1 illustrates the outcomes of mechanical tests conducted on
chitosan-based films, represented by TS and EB.

The tensile strength values of chitosan films ranged from 60 (sample
A, CHT film) to 78.30 MPa (sample B, CHT/0.25CNF film). The addition
of cellulose nanofibrils in the entire tested concentration range (0.25 %
—sample B to 1 % — sample E) to the chitosan matrix did not affect their
tensile strength, which was confirmed by statistical analysis. Literature
data indicate that the incorporation of various types of nanocellulose in
the chitosan matrix improves the mechanical properties of the obtained
films, resulting in an increase in tensile strength and Young’s modulus
(Costa et al., 2021; Talebi et al., 2022). However, the concentrations of
nanocellulose introduced into chitosan by other authors were much
higher (up to 50 wt%) compared with the CNF content used in this
study. Costa et al. (2021) examined the effect of cellulose nanocrystals
content (5, 10, 25 and 50 wt%) on tensile strength of CNC-chitosan films
and found that only addition of 50 wt% CNC caused statistically sig-
nificant increase in TS parameter compared with films with lower CNC
content. In turn, Talebi et al. (2022) stated that tensile strength of
chitosan-nanocellulose composite material increased with the
increasing content of nanocellulose (from 1 % to 7 %) in chitosan ma-
trix. Therefore, the lack of a statistically significant effect of the addition
of cellulose nanofibrils on the tensile strength of final materials may be
related to too low range of CNF concentrations used. Also, addition of
ethanolic propolis extract did not effect on TS parameter of the obtained
films. The results presented in the literature indicate that the addition of
propolis extract to the chitosan solution resulted in an increase in the
mechanical parameters of chitosan-propolis films, while a significant
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Fig. 1. The tensile strength (TS) and elongation at break (EB) of chitosan-based films. Different letters above the bars correspond to samples statistically different (p

= 0.05).

improvement was observed in the case of the use of a high propolis
content of approximately 20 % (De Carli et al., 2022; Siripatrawan and
Vitchayakitti, 2016). Therefore, as in the case of CNF, the concentration
of EEP added to the chitosan matrix was too low to show a statistical
effect on the mechanical parameters of the obtained films.

The highest value of elongation at break (31.16 %) was determined
for film consisted of chitosan with 0.25 % CNF and 1 % EEP (sample F),
while the lowest value (15.39 %) was observed for samples based on
chitosan and 1 % CNF (sample E). Statistical analysis confirms that the
concentration of CNF added to chitosan had no effect on EB values of the
obtained films. The results of the research by Talebi et al. (2022) indi-
cated that chitosan-based films with nanocellulose (cellulose nanofibers
and cellulose nanocrystals) showed improved EB values with increasing
nanocellulose content (from 1 to 7 wt%) compared with pure chitosan
films. In turn, Khan et al. (2012) stated decrease in EB value from 8.58 %
(pure chitosan film) to 3.95 % (chitosan-based film with 10 % w/w
content of nanocrystalline cellulose). A similar decrease in the EB value
for chitosan films after the addition of cellulose nanocrystals to the
chitosan matrix was observed by Li et al. (2009). The reduction in EB
values of chitosan films after incorporation of nanocellulose is caused by
strong interactions between filler and matrix, which restricted the mo-
tion of the matrix and hence decreased elongation at break (Azeredo
et al., 2010; Li et al.,, 2009). In turn, higher elasticity of sample F
(CHT/0.25 %CNF/1 %EEP) could be due to the interaction between the
hydrophilic groups of chitosan and the polyphenolic compounds of
propolis, resulting in a tightening of the polymer chain-chain interaction
and leading to stronger interfacial adhesion and higher tensile strength
(Zehra et al., 2022).

Literature data indicate that the incorporation of nanocellulose into
the chitosan matrix affects the mechanical behavior (tensile strength
and elongation at break) of the obtained films, but many parameters,
such as the type of nanocellulose, the type of acid used to dissolve chi-
tosan, as well as the concentration of nanocellulose and plasticizer have
a notable influence on these characteristics (Azeredo et al., 2010; Costa
et al., 2021; Talebi et al., 2022; Velasquez-Cock et al., 2014).

3.2. Physical characterization of films

3.2.1. Water vapor transmission rate

The barrier properties of packaging materials are crucial for pre-
serving products. The barrier properties of active films and edible
coatings are directly linked to their capacity to preserve food, typically
demonstrated by their water vapor permeability (Zhang et al., 2022).
Furthermore, limiting the passage of water vapor and oxygen through
the packaging is essential to prevent both the growth of microorganisms
and the degradation of certain active substances (Zehra et al., 2022).
Therefore, the water vapor transmission rate (WVTR), oxygen trans-
mission rate (OTR) and carbon dioxide transmission rate (CO2TR) by the

obtained materials were determined. Modifications and additives
applied to chitosan films unquestionably hold significant importance
and can influence their barrier properties. Based on the literature, it is
known that the factors affecting the WVTR values of chitosan films are
the molecular weight and deacetylation rate of chitosan, and the type
and amount of plasticizers added and the sample preparation conditions
(Ashrafi et al., 2018). The findings of the WVTR measurement of the
chitosan-based films are summarized and displayed in Fig. 2. The mean
values for the films without the addition of propolis range from 65 to 75
(g/m?2.d). Although the transmission rate shows a slight increase on
average with increasing nanocellulose content, no statistically signifi-
cant differences could be detected between the samples with symbols A
to E. When comparing these values with those of Wiles et al. (2000) on
chitosan films without additive, the samples show a reduced WVTR and
thus improved water vapor permeability. If these values are calculated
to a comparable thickness-normalized Q¢ value, the value is around
125 (g/m?-d) with an almost comparable moisture gradient of 84 % R.H.
to 0 % R.H. Such a result can be explained by the presence of nano-
cellulose nanoparticles with a dense crystalline structure, which form an
impermeable barrier to the diffusion of water molecules through the
films. The diffusing water molecules have to move along a curved track
instead of a straight path through the clean films. As a result, their rate of
permeation is slowed down. An alternative explanation for the reduced
water vapour permeability is the thickening of the surface layers and
partial closure of the surface pores due to the presence of the nano-
cellulose molecule (Poonguzhali et al., 2017; Taheri et al., 2020). It was
found that the average transmission rate of films with nanocellulose was
significantly lower than the average transmission rate of films with
propolis extract added.

Furthermore, Fig. 2 illustrating the remarkable increase for those
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Fig. 2. Qqoo:wvtr for the chitosan-based films. Interval bars show the 95 %
confidence intervals, dots represent the individual mean values, the crosses
indicate the results of the individual measurements. The small letters next to the
mean values indicate the significant differences at p = 0.05.
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samples F and G with added propolis to values of 387 and 380 (g/m?-d),
respectively. This suggests that propolis has a significant impact on the
WVTR of these chitosan-based films and should possibly be considered
as an important component for adjusting their water vapor transmission
rate. What makes this significant increase in WVTR particularly inter-
esting is that in a previous study the addition of propolis extract to
various types of chitosan film led to a reduction. For example, although
propolis extract at 0.75 % concentration initially led to an increase in
the measured WVTR, the increased addition of propolis extract (2.5 and
5 %) led to a significant reduction below the WVTR of the untreated
chitosan types (Stanicka et al., 2021). In addition, there was also a
decreasing trend in WVTR determined with increasing propolis con-
centration (0 — 20 %) in chitosan-based films (De Carli et al., 2022;
Siripatrawan and Vitchayakitti, 2016).

3.2.2. Oxygen and carbon dioxide transmission rate

Oxygen, as is well known, is highly reactive and exhibits strong
oxidising properties. The limitation of oxygen permeation through
packaging is essential in reducing the oxidation of food products (Costa
et al., 2021). Therefore, the oxygen transmission rate for prepared films
was assessed. With regard to oxygen permeability, it was noticeable that
all mean values of the measurements were below 3 (cm3/m2-d) (Fig. 3).
This indicates that the samples tested generally exhibit a good barrier to
oxygen with regard to application in the packaging sector. Such results
were also observed in the international literature. The incorporation of
nanocellulose resulted in an improvement in the oxygen barrier prop-
erties of the biopolymers. This correlated with an increase in crystal-
linity, loss of chain mobility and low free volume upon addition of
nanocellulose to the polymer matrix, as discussed previously (Costa
et al., 2021; Lavric et al., 2021, Zhang et al., 2021).

EEP incorporation caused a barrier to oxygen reduction. Samples to
which propolis extract was added as an additive showed slightly higher
average oxygen permeability values of 2.5 and 2.7 (cm3/m?.d). This
suggests that propolis may affect the oxygen permeability of the films.
The effect of phenolic compounds on the decrease in barrier properties
of chitosan matrices against oxygen was also observed by Siripatrawan
and Vitchayakitti (2016) who used propolis and cinnamon oil in their
study. This may be due to the presence of flavonoids in the film, which
disrupt the ordered structure of the film, causing a reduction in the
crystallinity of the film structure and, consequently, increased diffu-
sivity of the material (Liu et al., 2017).

In terms of carbon dioxide permeability, samples generally showed a
reduced rate of CO2 transmission compared with oxygen. For samples A
to E, a value of 1.2-2.5 (cm®/m?2.d) was observed. Comparable to the
Q100;0TR, again samples F and G showed the highest Q100,co2tr Values,
which could indicate a particular material composition or structure fa-
voring CO, transmission (Fig. 4). The main interesting points here are
that CO.TR values were generally lower than the OTR values. In the
packaging sector, by contrast, this is not the case with common (mostly
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Fig. 3. Qiq0;01r for the chitosan-based films. Interval bars show one standard
error from the mean, dots represent the individual mean values.
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Fig. 4. Q100;coztr for the chitosan-based films. Interval bars show one standard
error from the mean, dots represent the individual mean values.

petrochemically based) polymers. The permeation for CO, is approx.
3-4 times higher for these common polymers such as PP, PET or PE
(Schmid et al., 2015). This special effect is presumably due to the
ambient humidity caused by the measurement conditions in humid air
on the one hand, and to the production or dissolution of the chitosan on
the other. Kurek et al. (2012) observed a similar reversal of the perm
selectivity of aqueous acid solvent chitosan in measurements but only
for measurements with >96 % (humid gas) and without glycerol. This
described perm selectivity was also previously observed with
chitosan-acetic acid complex membranes by Bai et al. (1988). One
possible reason for this effect could be the increased solubility of CO; in
water. Which is greater by a factor of 26 for CO, than for Oy at 25°C
(Kurek et al., 2012).

This effect could be very interesting in the area of food packaging,
because in many packages of fresh products with high moisture levels
inside, modified gas atmosphere packaging with COs is used to prolong
the duration of shelf life. This type of material could be of interest here in
order to maintain the ideal CO, values for longer, or perhaps to achieve
material reductions compared with conventional packaging. Patented
applications leveraging the unique characteristics of chitosan, particu-
larly in the form of films for food packaging, have already been devel-
oped (EP1245617A1, 2003).

3.2.3. Surface free energy

The surface free energy test allows the surface activity of the solid
under investigation to be determined. For the tested samples, the value
of surface free energy is in the range 28-41 (mN/m). The obtained result
is within the range of surface free energy values for plastics. The adhe-
sive strength of packaging materials holds significant practical impor-
tance, as it determines the effectiveness of bonding for gluing or
printing. The low surface free energy of most polymers is the cause of
poor coating adhesive. The surface free energy analysis showed
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Fig. 5. Free surface energy for the chitosan-based films. Interval bars show the
95 % confidence intervals, dots represent the individual mean values, the
crosses indicate the results of the individual measurements. The small letters
next to the mean values indicate the significant differences at p = 0.05.
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significant differences between samples with and without the addition of
EEP (Fig. 5). Hence, incorporating propolis extract enhances the adhe-
sion of the resulting packaging materials. For the samples lacking
propolis extract incorporation, there seemed to be a slight upward trend
in the mean values. However, due to the confidence intervals, it is not
possible to conclude that there was a significant increase in surface
energy as a function of the amount of nanocellulose. A particularly large
variance of the values was observed for the samples with the label E,
which represents the highest concentration of nanocellulose.

3.3. Structural characterization of films

3.3.1. Infrared spectroscopy

Incorporating CNF into the chitosan matrix induced minor alter-
ations in the structure of the resulting film, as shown in Fig. 6.

In the spectrum of pure chitosan film (sample A) and CHT/0.25 %
CNF film (sample C), bands characteristic of polysaccharide materials
are observed. The bands observed at 3340 and 3285 cm™! can be
correspond to N-H and/or O-H stretching vibration, as well as intra-
molecular hydrogen bonds. The absorption band at 2880 cm ™! can be
describe to C-H asymmetric stretching vibrations (Costa et al., 2021;
Panahian et al., 2014; Queiroz et al., 2014). The bands at 1640 and 1555
and 1340 cm ™! can be attributed to amide I (C=0 stretching), amide II
(N-H bending), and amide III (C-N stretching), respectively (Annu et al.,
2021; Koc et al.,. 2020). The bands at 1155 and 1030 cm™! can be
assigned to symmetric stretching of C-O-C bond and C-O stretching vi-
brations, respectively (Costa et al., 2021; Koc et al., 2020). In turn, the
band at 895 come from f-glycosidic linkages in the cellulose structure
(Costa et al., 2021).

The addition of propolis extract to CHT/CNF film-forming solution
caused changes in the structure of obtained films, as presented in Fig. 7.
The main changes visible in the IR spectra of the CHT/CNF/EEP films
are related to the presence of propolis components, mainly phenolic
compounds. The peaks at 2925 and 2855 cm™! can be connected with
stretching modes of C-H, arising from methyl and methylene groups. The
peak at 1700 cm™! indicates the C=0 bond, which is presented in
propolis constituents, such as lipid or phenols. The peak at 1640 cm ™
may be assigned to C=0, C=C, N-H bonds from amino acids and fla-
vonoids, while the band at 1605 cm™! to C=C in aromatic and/or C—=0
in amide. The bands observed at 1515 and 1455 ¢cm™! (C=C) were
associated with the aromatic rings of phenolic compounds in the prop-
olis. In turn, the bands between 1300 and 1020 cm ™! may represent C-O
stretching and C-OH bending vibration from propolis components —
carboxylic acid, ethers, esters and alcohols, which are functions found
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mainly in phenolic compounds (Correa-Pacheco et al., 2019; da Silva
et al., 2018; Mot et al., 2011; Surek et al., 2022; Wu et al., 2008).

3.3.2. Scanning electron microscopy

The surface morphology of the pure chitosan film (sample A) was
almost identical to chitosan-nanocellulose films (samples B-E) what was
shown in Fig. 8. The surface of these samples was generally smooth,
dense, and free of cracks and pores, suggesting good structural integrity
and homogeneous structure of the obtained films.

In the case of chitosan films with CNF and EEP (sample F and G) as
shown in Fig. 9, an integrated structure but with deliquescent bulges was
observed, which may be related to the presence of insoluble propolis
components.

3.4. Antibacterial activity of films

The chitosan-based film samples were characterized by different
antibacterial effect. The pure chitosan film and CHT/CNF films did not
exhibited activity any of the bacterial strains tested (data not shown).
The antibacterial effect of CHT/CNF/EEP films are outlined in Table 2.

The literature data indicate that films prepared with chitosan and
different type of nanocellulose showed varied activity against tested
bacterial strains (Costa et al., 2021; Talebi et al., 2022). Research con-
ducted by other researchers has indicated that films composed of chi-
tosan dissolved in acetic acid with the inclusion of bacterial
nanocellulose did not exhibit any significant inhibitory effects against
S. aureus, in contrast to chitosan-nanocellulose films in which lactic acid
was applied to the dissolved chitosan (Velasquez-Cock et al., 2014). In
turn, Costa et al. (2021) indicated that the chitosan films both without
and with cellulose nanocrystals (in the concentration range of 5-50 %)
showed a bactericidal effect against S. aureus and E. coli, and films with
the incorporation of 10 and 25 wt% of nanocellulose showed complete
inhibition of bacterial growth. Paper sheets crafted from bagasse pulp,
enhanced with cellulose nanocrystals and chitosan demonstrated strong
antagonistic effect against foodborne microorganisms, including Sal-
monella Typhimurium and B. cereus (El-Samahy et al., 2017). As per
literature findings, the antibacterial impact of chitosan-nanocellulose
films could stem from the synergistic action of chitosan and nano-
cellulose. In this material, bacterial cells encounter narrow and rigid
nanocellulose molecules that cause damage to their cell membrane. As a
consequence of such damage microbial cells became susceptible to the
action of protonated (cationic) chitosan (Costa et al., 2021; Tyagi et al.,
2019). The lack of antibacterial effect of the tested films based on chi-
tosan and nanocellulose may be due to low a CNF concentration used in
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Fig. 6. The spectra of the chitosan-based films: sample A and C.
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Fig. 7. The spectra of the chitosan-based film samples: A, B, C, F, G.

Fig. 8. SEM images of film samples A-E in scale bar 100 pm.

Fig. 9. SEM images of film samples F and G in scale bar 100 pym.

Table 2
The antibacterial activity of chitosan-based films.
Bacterial strains ~ Sample F (CHT/0.25 %CNF/1 % Sample G
EEP) (CHT/0.5 %CNF/1 %
EEP)
Activity (mm)
B. subtilis 16 16
L. rhamnosus 0 0
L. plantarum 0 0
L. monocytogenes 20 17.5

these studies.

In turn, the chitosan-CNF films with propolis extract (samples F and
G) exhibited activity against B. subtilis and L. monocytogenes strains, with
inhibition zone from 16 mm (both films against B. subtilis) to 20 mm
(film F against L. monocytogenes), as presented in Table 2. The antibac-
terial activity against these strains is a very high added value and the
application properties of obtained films are highly possible.
L. monocytogenes is often detected in both food processing and foods.
Listeria food contamination usually occurs through equipment and

surfaces coming (or not) into contact with food, where these bacteria
can form biofilms that are difficult to remove. Unsuitable cleaning and
disinfection procedures can lead to the remain of this bacteria in food
processing environments over an extended period of time (Bourdoux
et al., 2018). Therefore, Listeria spp. is a primary pathogen of concern in
ready-to-eat and vacuum-packed foods. These bacteria can thrive in
low-oxygen environments, at refrigeration temperatures, and exhibit
salt tolerance as well. This bacterium is of special concern because it
causes listeriosis, a severe disease carried by food with a high mortality
rate (Park and Kim, 2023). In recent years, there has been a significant
upward trend of listeriosis cases in the European Union/European
Economic Area (EU/EEA) (Ricci et al., 2022). The evidence that special
attention is being focused on this bacterium are the numerous RASFF
(Rapid Alert System for Food and Feed) notifications confirming the
presence of Listeria in packaged food. Therefore, the achievement of
material with activity against such a problematic microorganism is
interesting especially from an application point of view.

The results obtained imply that the efficacy of the films is linked to
the presence of bioactive compounds derived from propolis extract.
Propolis is a natural antimicrobial agent with activity against various
pathogenic bacteria, therefore its incorporation in the chitosan matrix
and use as packaging films appears to be an effective method for safe-
guarding packaged materials against the proliferation of both patho-
genic and spoilage bacteria in food products. It had already been
determined that the chitosan-propolis films showed activity against
various pathogens, including S. aureus, B. cereus, E. coli, Salmonella
enterica, Arthrobacter sp., Pseudomonas aeruginosa and Enterococcus fae-
calis (Stanicka et al., 2021; Stefanowska et al., 2023c). Moreover, all
tested films showed no activity against probiotic bacterial strains (L.
rhamnosus and L. plantarum), this finding is also in line with previous
research (Stefanowska et al., 2023b). This is a beneficial phenomenon
from the point of view of the potential use of chitosan-based films with
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CNF and EEP as materials for encapsulating probiotics or for
manufacturing films utilized for packaging food products that contain
probiotic bacteria.

4. Conclusions

This study underscores the significant potential of chitosan-based
films enriched with cellulose nanofibrils and propolis extract as a sus-
tainable solution for food packaging. The findings reveal a promising
avenue for addressing environmental concerns while enhancing the
performance and safety of food packaging materials. The study dem-
onstrates that although the addition of cellulose nanofibrils and etha-
nolic propolis extract had limited impact on tensile strength, and
elongation at break values of chitosan-based films, the resulting films
have the potential for tailored mechanical properties in sustainable
materials for food packaging industry. This study highlights the crucial
role of barrier properties, particularly water vapor transmission rate
(WVTR), in the preservation of food products using chitosan-based films.
The incorporation of propolis significantly influences and enhances the
WVTR, suggesting its potential as a valuable component for adjusting
the water vapor transmission rate in chitosan-based films. The study
underscores the importance of assessing barrier properties, specifically
oxygen and carbon dioxide transmission rates, in chitosan-based films
for food packaging. While the samples generally exhibited favorable
oxygen barrier properties, the addition of propolis extract had a notable
impact, potentially increasing oxygen permeability. Moreover, carbon
dioxide transmission rates were generally lower than oxygen, with
specific material compositions possibly favoring CO; transmission. The
surface free energy analysis of the tested samples highlights the practical
significance of adhesive strength in packaging materials. The addition of
propolis extract demonstrates a notable improvement in the adhesion of
the packaging materials, particularly when compared with samples
without EEP. While there appears to be a slight upward trend in surface
energy for samples without propolis extract, the presence of nano-
cellulose alone does not significantly impact surface energy. The surface
morphology analysis indicates that chitosan-based films with or without
the addition of nanocellulose maintain a smooth and dense structure,
demonstrating good structural integrity and homogeneity. However, the
presence of deliquescent bulges in chitosan films with both CNF and EEP
suggests a possible interaction with insoluble propolis constituents. The
antibacterial properties of chitosan-based films, especially those incor-
porating propolis extract, offer considerable promise for practical ap-
plications in food packaging. These films have demonstrated effective
inhibition of bacteria, including those of concern, such as L. mono-
cytogenes. Incorporating propolis into the films has given them selective
antimicrobial properties, through which they have become promising
materials for protecting packaged products from bacterial growth. These
discoveries offer valuable insights into the potential applications of
chitosan-based films within the packaging industry, while demon-
strating the impact of different additives on their properties.
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Abstract: This study addresses challenges faced by the packaging industry in finding suitable natural
and biodegradable materials that can replace plastics while preserving the superior quality and
freshness of the items contained within. Chitosan, a biodegradable natural polymer, shows great
potential as a matrix for ecofriendly and biodegradable composite materials. In the present study,
bioactive substances such as caffeine (CAF) and propolis extract (EP) were used for the enhancement
of the bioactivity of chitosan-based films. Two acidic solvents, acetic acid and citric acid, were
used to produce chitosan films. The study examined the antioxidant capabilities of the solutions
used for film formation; similarly, the characteristics of the resultant films were also examined,
encompassing antimicrobial, barrier, and mechanical characteristics. The findings suggested that
the use of additives exhibiting antioxidant activity, such as CAF and EP in the chitosan matrix can
be an effective method to counteract oxidative stress in food packaging. The study also showed
that films produced with citric acid exhibit antimicrobial activity against many strains of bacteria,
including foodborne pathogens. In addition, the antimicrobial activity of chitosan/citric acid film can
be increased by adding CAF and EP. The results confirmed that both the additives and the acids used
affect the mechanical and barrier features of the obtained chitosan-based films. This study suggests
that chitosan films supplemented with natural bioactive substances have the potential to serve as
viable replacements for traditional plastics in the packaging sector.

Keywords: packaging materials; chitosan; propolis; caffeine; foodborne pathogens

1. Introduction

Nowadays, plastics are materials commonly used in the packaging sector. This can be
attributed to their easy accessibility, affordability, and exceptional longevity. Unfortunately,
the durability of plastics does not necessarily yield positive results. A substantial time
investment is necessary to break them down, which is a serious problem if they are not
properly disposed of. Due to the observed degradation of the environment associated with
excessive consumption and the increase in consumer awareness, the packaging industry
is facing the challenge of finding appropriate materials that could replace plastics. This
challenge is being addressed by the quest for new, natural and biodegradable materials
that will be ecofriendly, while, like plastics, being noted for their advantageous mechanical
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or optical properties. In addition, these materials, through the use of appropriate additives,
can ensure the preservation of high quality and freshness of packaged products [1,2].

The initial purpose of food packaging is to safeguard the enclosed food while it is being
transported or stored. Moreover, it is important for the packaging to shield the packaged
food from the detrimental impact of external factors such as UV radiation and to exhibit
appropriate mechanical or barrier properties. Packaging serves the essential purpose
of maximizing the lifespan of food products, preserving their quality, and protecting
them from external factors that could accelerate spoilage or compromise their nutritional
properties [3]. The greatest food losses during production and transport are caused by
microbial transformations. One way to protect finished food products from negative
external influences is packaging. However, traditional packaging does not guarantee
that food will be durable and fully safe for consumers. This is because many products
succumb to microbial contamination during or even after the final stages of production.
In such cases, protecting food with traditional packaging is insufficient. This is because a
number of undesirable microorganisms, both pathogenic and spoilage-causing, can thrive in
contaminated products packaged in traditional packaging. These include pathogenic strains
of the genus Listeria, Pseudomonas, Salmonella, Clostridium, Brochothrix and psychrophilic
molds, among others [4,5]. Reducing the growth of these microorganisms is possible by
replacing traditional packaging, or the so-called passive packaging, with active packaging.
One form of active packaging that is attracting increasing interest from consumers and
food manufacturers is active antimicrobial packaging. Such packaging can be produced
with components that exhibit natural activity, such as, e.g., chitosan, or gain such activity
following their physical or chemical modification. Many chemical compounds have proven
to be agents through which antimicrobial activity can be imparted to packaging [5].

Packaging materials that are both natural and biodegradable are typically composed
of film-forming substances, commonly from proteins, polysaccharides, lipids, and resins,
either individually or as composite materials [1,5]. Studies have shown that chitosan is an
effective packaging material because it is a biodegradable natural polymer. Chitosan is a
polysaccharide that offers various advantages, including lack of toxicity, biocompatibility
and ability to break down naturally. Derived from the shells of crustaceans, which are a
byproduct of the seafood industry [6]. This versatile material finds applications in several in-
dustries, including medicine, agriculture, textiles, food, and environmental protection [7,8].
Also, chitosan exhibits great potential as a biopolymer used for the production of functional
and natural packaging [9-11]. Therefore, it holds significant promise as a suitable choice
for serving as a base material in natural and biodegradable composite materials, thanks to
its multitude of advantageous characteristics. While chitosan solutions have demonstrated
antimicrobial capabilities against specific pathogenic bacteria, chitosan films produced
from these solutions do not seem to retain these properties. This discrepancy is probably
attributable to the way chitosan binds within the films, limiting immediate interaction
between its molecular chains and microbial cells [12]. Therefore, researchers are exploring
the addition of natural components, for example, essential oils or botanical extracts, to
enhance the microbial activity of chitosan films [13,14].

Propolis is a natural material gathered by honeybees from resinous and balsamic
plant materials, including flowers, pollen, branches and tree exudates [15]. Throughout
history, bee glue has been employed in traditional medicinal practices because of the vari-
ous advantageous qualities found in its extracts. These include antibacterial, antifungal,
anticancer, anti-inflammatory, and antioxidant properties, inter alia [16,17]. The diverse
biological effects of propolis extract are linked to their intricate chemical composition.
According to the literature data, propolis samples from diverse geographic sources encom-
pass phenolic compounds (flavonoids, aromatic acids, and their esters), alcohols, terpenes,
enzymes, vitamins, amino acids, sugars, and minerals [16,18]. Propolis extracts exhibit
activity against a wide spectrum of bacterial strains, including microorganisms that cause
foodborne illnesses, such as Staphylococcus aureus, Listeria monocytogenes, Bacillus cereus,
Salmonella Enteritidis, Escherichia coli and Pseudomonas fluorescens [19-21]. As a result, propo-
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lis extracts have been incorporated as additives in films composed of biopolymers, among
others, chitosan [9,22-26].

Caffeine is an organic chemical compound (1,3,7-trimethylxanthine) found in coffee,
tea, energy drinks and some carbonated beverages [27]. It stands as one of the most widely
recognized and frequently consumed stimulants on a global scale [28,29]. Caffeine is a
chemical compound that exhibits antimicrobial and antioxidant properties, making it a
potentially important ingredient in many pharmaceutical and cosmetic products [29-31].
Caffeine displays potent antioxidant characteristics, shielding the body from harmful free
radicals and potentially lowering the likelihood of diseases linked to oxidative stress [32].
Coffee extracts exhibit antimicrobial activity against Gram-positive bacteria (S. aureus, L.
monocytogenes, Streptococcus mutans), Gram-negative bacteria (E. coli) and yeast (Candida
albicans) [33-35]. The literature data show that caffeine as an additive can be used in
the production of natural biopolymer films and affect their mechanical or antioxidant
properties [36].

In this investigation, films made from chitosan obtained from crabs were produced,
incorporating both propolis extract (EP) and caffeine (CAF). Two solvents, acetic acid and
citric acid, were employed to formulate solutions for film production. The primary objective
of this research was to assess the functional attributes of these materials, which encompass
mechanical properties, oxygen and water vapor barrier properties, structural features, and
antibacterial activity, with the aim of evaluating appropriateness for application in the food
packaging sector.

2. Materials and Methods
2.1. Preparation of Chitosan Films

The film-forming solutions were produced based on methods described in our previ-
ous paper [37]. In this study, 4 g of chitosan from crab shells (Sigma Aldrich, Darmstadlt,
Germany) was dissolved in 400 mL of a 3% acetic acid solution (Avantor Performance
Materials, Gliwice, Poland) and a 3% citric acid solution (Avantor Performance Materials,
Gliwice, Poland). The chitosan solutions (400 mL) were blended with caffeine (CAF) (Sigma
Aldrich, Darmstadt, Germany) to achieve the CAF concentration of 1% and combined with
1.5 mL of Tween-20 (Sigma Aldrich, Darmstadt, Germany). Subsequently, the chitosan-CAF
solutions (400 mL) were combined with an ethanolic extract of propolis (EP) (PROP-MAD,
Poznan, Poland) to achieve an EP concentration of 1%. The solutions were thoroughly
mixed using a homogenizer and then poured into Petri dishes lined with Teflon. Finally,
the films were left to dry at room temperature.

Following the experiment, a total of six distinct film samples were produced, and their
labels are detailed in Table 1.

Table 1. Symbols of film samples.

Symbol Acidic Solvent Additives
A acetic —
AC acetic CAF
ACP acetic CAF EP
C citric -
CC citric CAF
CCP citric CAF EP

2.2. Antiradical Properties

The antiradical activity of all film-forming solutions was assessed using the DPPH (2,2-
diphenyl-1-picrylhydrazyl, Sigma Aldrich, Darmstadt, Germany) radical scavenging assay.
Each chitosan-based solution (3 uL) was added to 297 uL of deionized water and
vortexed. Subsequently, 300 uL of a 0.1 mM DPPH ethanol solution was added to each
sample. The samples were vortexed and incubated for 30 min at room temperature in
the dark. After incubation, the samples were vortexed, and the absorbance values of the
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solutions were measured at a wavelength of 517 nm using a BioMateTM 160 UV-Visible
spectrophotometer (Thermo Scientific, Waltham, MA, USA). Each sample was replicated
three times, and each experiment was performed thrice. Trolox (Sigma Aldrich, Darmstadt,
Germany) was used as the reference antioxidant. The antiradical properties of the chitosan-
based solutions and Trolox were calculated using the equation:

Ag—-Aq

AP (%) =~

-100 @
where Ay is the absorbance value of the control sample, and A; is the absorbance value of
the test sample. The results (n = 9) are presented as mean values =+ standard deviation (SD).

2.3. Antibacterial Activity

The antimicrobial activities of chitosan films were determined via the diffusion method.
The indicator stains used were pathogenic or potentially pathogenic bacteria strains: Bacillus
subtilis (food isolate), Enterococcus faecalis (food isolate), Listeria monocytogenes (ATCC 15313),
Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 10536), Pseudomonas aeruginosa
(ATCC 15443), Pseudomonas fluorescens (food isolate), Salmonella enterica (clinical isolate), and
probiotic bacteria strains: Lacticaseibacillus rhammnosus GG (ATCC 53103), Lactiplantibacillus
plantarum 299v (isolated from Sanprobi IBS, Sczecin, Poland) and Lacticaseibacillus paracasei
(CNCM I-1572). The study films (discs with a diameter of 10 mm) were applied to Petri
dishes with Mueller-Hilton Agar (Graso, Jabtkowo, Poland) inoculated with 10 CFU/mL
indicator strains (24 h culture in a nutrient broth with the addition of 2% glucose). After
24 h incubation at 35 + 2 °C, the diameters of the zones of inhibition formed around the
discs of chitosan films were measured in millimeters using a Computer Scanning System
(MultiScaneBase v14.02).

2.4. Oxygen Transmission Rate (OTR)

The oxygen transmission rate (OTR) of the prepared films was determined using the
Oxysense 3251 apparatus equipped with special OTR measurement chambers (Industrial
Physics, Boston, MA, USA). The measurements were performed according to ASTM F3136—
15 standard [38]. Test samples were shaped into squares (6.5 cm on each side). The test
conditions were as follows: a temperature of 23 °C and a relative humidity (RH) of 65%.
The OTR test was performed three times for each sample variant.

2.5. Water Vapor Transmission Rate (WVTR)

The water vapor transmission rate (WVTR) of the films was measured according to
the standard ISO 2528:2017 [39]. To conduct the measurements, vessels containing 10 g
of anhydrous calcium chloride (Avantor Performance Materials, Gliwice, Poland) were
covered with a film sample, sealed tightly, and placed inside a desiccator that contained a
saturated solution of sodium chloride (Avantor Performance Materials, Gliwice, Poland)
with a relative humidity (RH) of 65% and a temperature of 23 °C. The vessels were then
weighed accurately to 0.001 g. The water vapor transmission rate (WVTR) was calculated
using the following Formula (2):
m-24
WVTR = A (2)
where WVTR is the water vapor transmission rate (g/ m2-24 h), m (g) is the mass increase
and A (m?) is the water vapor transmission area.

2.6. Sorption Experiments

Before the sorption experiment, a set of produced chitosan film samples (10 mm in
diameter) was stored in a desiccator over phosphorus pentoxide (P,O5) (Sigma Aldrich,
Darmstadt, Germany). Equilibrium moisture content (EMC) measurements were conducted
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using a dynamic vapour sorption apparatus (DVS Advantage 2, Surface Measurement
Systems, London, UK) at a temperature of 25 °C. The schedule of the sorption experi-
ment consists of an initial phase of sample equilibration in dry nitrogen at a flow rate of
150 cm?®:s~! to obtain a dry state. The initial mass of each sample was 10 & 1 mg. The
EMCs were determined in the adsorption mode from 0 to 0.80 relative humidity (RH). A
sample was considered to have reached equilibrium at a given RH when the change in
mass was less than 0.0005% min~! over a 10 min window. The EMC data were used to
determine experimental adsorption isotherms.

2.7. Sorption Modelling
Adsorption isotherms were calculated using the generalized D’ Arcy and Watt (GDW)

sorption model [40-42], given by the formula:

m-KRH  1-k(1—w)-RH
(1+KRH) (1 —k-RH)

EMC (kg/kg) = ®)
where m is the maximum amount of monolayer water content (kg/kg), K and k are the
kinetic constant related to sorption on primary and secondary sorption centers, respectively,
w is the ratio of water molecules bound to primary sorption centers and converted into
secondary sorption centers, and RH is the air relative humidity (-). The coefficients of the

GDW model were estimated using the Levenberg—Marquardt approach. Calculations were
performed using STATISTICA 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA).

2.8. Scanning Electron Microscopy (SEM)

The morphology of the chitosan-based films was measured using an Evo 40 scan-
ning electron microscope (Zeiss, Oberkochen, Germany) equipped with a secondary
electron detector.

2.9. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The Nicolet iS5 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a Fourier transform was employed to record the spectra relating to chitosan-
based film samples. The spectra were obtained with a resolution of 4 cm~!, covering a
range from 4000 to 600 cm ™!, and recorded by averaging 32 scans.

2.10. Mechanical Properties

The mechanical properties of the produced films were evaluated with an Instron
Universal Testing Machine (Model 5965, Instron, Norwood, MA, USA) in accordance with
the standard (ASTMD882-12) [43]. Tensile strength (TS) and elongation at break (EB) were
among the mechanical properties measured, and the average results from ten samples
were reported.

2.11. Statistical Analysis

Statistical analyses encompassed a factorial one-way ANOVA, which was followed by
Tukey’s honest significant difference (HSD) test at a significance level (x) of 0.05. These
analyses were conducted using TIBCO Software Inc. Statistica version 13.3 (Palo Alto,
CA, USA).

3. Results and Discussion
3.1. Antiradical Activity of Film-Forming Solutions

Examining the antioxidant properties of materials with potential applications in food
packaging is of significant importance, especially in the context of their ability to mitigate
food oxidation during storage [3]. In order to prevent food oxidation, new solutions which
will improve the antioxidant properties of packaged food are sought in the packaging
industry. The solution may be provided by packaging materials made of natural polymers
with additives showing proven antioxidant properties [44—46].
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The antiradical activity was investigated in the chitosan-based solution with CAF and
EP prepared with two acids, acetic and citric, and the results are presented in Figure 1.
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Figure 1. Antiradical activity of chitosan-based solutions. Different letters indicate samples that were
significantly different (p < 0.05).

The outcomes of the antiradical activity tests revealed that chitosan solutions lacking
the inclusion of natural active components (EP and CAF) exhibited no ability to capture
free radicals, regardless of the acid used. The addition of CAF resulted in a minor elevation
in the antioxidant activity of the tested film-forming solutions—sample AC (8.07%) and
sample CC (17.47%). The value of antiradical activity in chitosan solutions was found to
increase after the addition of CAF and EP to the solutions. Moreover, when comparing
the activity of the chitosan-based solutions with both natural additives, it was observed
that the acid used to dissolve the chitosan also affected the antioxidant activity of the
final solutions. Statistical analysis indicates that the greatest antiradical properties were
exhibited by a solution consisting of chitosan prepared with citric acid and the addition of
CAF and EP. This ability to scavenge free radicals was higher (99.42%) than for standard
antioxidant Trolox (92.82%). This high antiradical activity of the chitosan/citric acid film
with propolis and caffeine may be due to the well-known antioxidant properties of caffeine
and propolis. The high antioxidant activity of propolis extracts has been confirmed in
numerous literature reports [47-49]. The antioxidant effect of caffeine is related to its ability
to neutralize free radicals [28,32], while ethanolic propolis extract (EP) comprises numerous
compounds, notably flavonoids and phenolic acids, known for their potent antioxidant
properties [47,50-52].

The use of additives such as caffeine and propolis extract exhibiting antioxidant effects
to chitosan-forming solutions may be an effective method to mitigate oxidative stress in
food packaging.

3.2. Antibacterial Activity of Films

One of the primary factors leading to the hastened deterioration of food is its contam-
ination with microorganisms during processing or transportation [53]. Hence, there is a
quest for innovative and environmentally friendly solutions to facilitate food packaging
while simultaneously shielding against the detrimental impact of microorganisms. In this
context, the use of films featuring antimicrobial properties seems to be a good solution,
with chitosan films being promising examples.

The effectiveness of chitosan-based films in inhibiting the growth of pathogenic and
probiotic bacterial strains was assessed, and the findings are outlined in Table 2.
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Table 2. The antibacterial activity of chitosan-based films.
Inhibition Zone [mm]
Indicator Strains
A AC ACP C CcC cce
Pathogenic Strains of Bacteria
Bacillus subtilis - - - 18 18 >28
Enterococcus faecalis - - - 28 28 >28
Listeria monocytogenes -- -- -- 27 27 >28
Staphylococcus aureus - - - - 18 20
Escherichia coli -- - -- 22 22 27
Pseudomonas _ _ _ 20 19 o1
aeruginosa
Pseudomonas _ _ _ o4 19 25
fluorescens
Salmonella enterica - - - 17 17 24

Lactobacillus rhamnosus - -- - - - -
Lactobacillus plantarum - - - - - -
Lactobacillus paracasei - - - - - -

-- lack of activity.

The obtained results showed that the films were characterized by varied activity
against pathogenic bacteria. All films, also with natural additives, obtained using acetic
acid to dissolve chitosan, showed no antimicrobial activity against any tested strains of
bacteria. On the other hand, films with citric acid used as a chitosan solvent showed
activity against all the tested strains of pathogenic bacteria—the inhibition zone ranged
from 17 to >28 mm. The exception was the chitosan film without additives, which was
not active against S. aureus. The findings indicated that utilizing citric acid as a solvent
positively impacted the antimicrobial effectiveness of the resulting films. None of the films
made from chitosan exhibited any activity against probiotic bacterial strains. This is a very
favorable result and shows that the obtained films can be used in packaging functional food
which contains such strains, and their elimination would be unfavorable. Chitosan-based
films can also serve as a beneficial option for encapsulating probiotic strains. The results
obtained align with existing literature, affirming the potential utility of chitosan materials
for encapsulating viable probiotic bacteria, among other applications [54,55].

Literature data show that caffeine exhibits antibacterial activity against P. fluorescens,
E. coli and P. aeruginosa [30,31]. However, the antibacterial activity of the caffeine-chitosan
films was comparable and, in the case of P. aeruginosa and P. fluorescens, even lower than
that of films prepared with chitosan alone. The films with the most substantial antibacterial
effectiveness were those produced using chitosan dissolved in citric acid, along with the
inclusion of CAF and EP. Numerous literature data indicate that propolis extract has antibac-
terial activity against many strains of pathogenic bacteria, mainly Gram-positive, such as S.
aureus, B. subtilis, B. cereus and E. faecalis. However, it is less effective against Gram-negative
bacteria, including E. coli or P. aeruginosa [19,20,56]. The antagonistic activity of Polish
propolis extracts against such bacterial strains as S. aureus, Salmonella epidermidis, Klebsiella
pneumoniae, E. coli, P. aeruginosa and L. monocytogenes has already been demonstrated [57,58].
Literature reports indicate that the antimicrobial activity of poplar-type propolis may be
associated with the high content of phenolic compounds [59-61]. The results described
by Siripatrawan and Vitchayakitti [9] indicated that chitosan films containing propolis
extract showed activity against S. aureus, S. Enteritidis, E. coli and P. aeruginosa in contrast to
films obtained from chitosan alone. In turn, propolis—chitosan nanoparticle films strongly
inhibited the growth of L. monocytogenes, E. coli and S. Enteritidis [62]. Furthermore, pack-
aging materials based on cellulose and containing the active combination of chitosan and
propolis complex exhibited antibacterial properties against L. innocua and S. aureus [24].
The literature data indicated that films based on high molecular weight chitosan with
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propolis extract showed activity against Gram-positive bacteria: B. cereus, L. monocytogenes
and S. aureus [26].

More research is required to explain the reasons for the loss of antibacterial activity by
both CAF and EP in the environment of chitosan and acetic acid.

3.3. Barrier Properties of Films

The barrier properties of packaging are pivotal in the preservation of products during
storage. Attributes like the barrier characteristics of active films and edible coatings
are closely tied to their capacity to safeguard food, often gauged through water vapor
permeability [63]. Furthermore, it is essential to restrict the ingress of water vapor and
oxygen through packaging to hinder the growth of microorganisms and the degradation
of specific active components [64]. Hence, the water vapor transmission rate (WVTR) and
oxygen transmission rate (OTR) of the chitosan-based films produced were assessed, and
the findings are outlined in Table 3.

Table 3. Water vapor transmission rate (WVTR) and oxygen transmission rate (OTR) of chitosan-
based films.

Sample WVTR (g/m?2-24 h) OTR (cm3/m?-24 h)
A 159.09 2 + 0.79 534 +0.10
AC 110.91° + 0.10 6.26 © £ 0.04
ACP 80.90 © + 0.88 12.82 £ 0.71
C 108.79 4 £+ 0.71 7.7b 4+ 058
CcC 80.91 4 +0.02 3.3¢+0.61
CCP 77.88°¢ + 0.83 74b 4012

Different letters indicate samples that were significantly different (p < 0.05).

The application of citric and acetic acids influenced the water vapor permeability
parameter of the obtained films. Chitosan films prepared with the application of acetic acid
as a chitosan solvent were characterized by a higher water vapor transmission rate (WVTR)
amounting to 159.09 g/ m?-24 h than films where citric acid was used (108.79 g/ m?2-24 h).
The addition of caffeine to the chitosan film where acetic acid was used reduced WVTR to
11091 g/ m?2-24 h, while in the case of the chitosan film with citric acid, the WVTR reduction
was greater and amounted to 80.91 g/m?2-24 h. The addition of propolis extract to both
chitosan—caffeine solutions (with both acids) resulted in an even greater decrease in the
WVTR parameter. This effect is due to the crosslinking reaction, which can restrict the
movement of molecules and thus reduce the moisture transmission rate [53].

Modifications and supplements to films based on chitosan are unquestionably of
significant importance and impact on their barrier properties. Literature data indicated that
factors affecting the WVTR of chitosan films include molecular weight and the deacetylation
degree of chitosan, the type and number of added plasticizers, and the conditions of sample
preparation [65]. The findings obtained align with existing literature data confirming that
the addition of propolis extracts to chitosan films resulted in a reduction in their water
vapor permeability [9,26]. The results presented by Correa-Pacheco et al. [62] showed that
propolis—chitosan nanoparticle films were characterized by a lower value of the water
vapor diffusion coefficient (WVDC) than chitosan films without propolis. Moreover, a
higher concentration of propolis extract added to chitosan film resulted in a decrease in
WVDC, which was connected with the lipophilic nature of propolis [62]. Additionally,
Velickova et al. [66] found that the incorporation of other hive products, the incorporation
of beeswax into edible chitosan films, led to a reduction in the permeability of the initial
chitosan films.

The films were also characterized by varied oxygen transmission rates (OTRs), as
presented in Table 3. The film based on chitosan prepared with citric acid and caffeine
(sample CC) was the greatest oxygen barrier material, with the lowest OTR at 3.3 cm®/m? -
24 h. This is mainly because citric acid contains three carboxyl groups. Thus, the reaction
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caused the formation of more hydrogen bonds between the chitosan and the acid, thus
leading to the formation of a dense structure that reduced the barrier of the material. Fur-
thermore, caffeine caused additional crosslinking and consequently provided an enhanced
oxygen barrier. Therefore, the crosslinked film formed after the addition of caffeine can be
recognized as an effective method to enhance the barrier properties of chitosan films.

3.4. Sorption Experiments

The experimental EMC data and fitted adsorption isotherms of the examined film
samples are presented in Figure 2. The adsorption isotherm for these chitosan-based films
demonstrated a minor increase in EMC below RH 0.50, followed by a notable surge in
EMC in the range of RH exceeding 0.50. This occurrence has been documented in prior
studies [67-70]. The results showed a positive effect of caffeine and caffeine-propolis on
reducing the hygroscopicity of chitosan films. The characteristic feature of tested chitosan-
based created using the studied additives is a negligibly low EMC (less than 0.01 kg/kg) in
the RH range below 0.35. A similar effect of lowering EMC in the described RH range was
observed in earlier studies of films created using chitosan and kombucha solutions derived
from coffee as well as three different types of tea [71].
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A | s C |
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—— ACP i T —— CCP i
— 04 F
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Figure 2. Adsorption isotherms of chitosan-based film samples including caffeine and caffeine-
propolis solution (chitosan dissolved in acetic acid—left plot; chitosan dissolved in citric acid—right
plot; dots represent experimental data; solid lines—fitting with the GDW sorption model, temperature
of 25 °C).

The EMC of pure chitosan film (sample A) produced with acetic acid is clearly higher
in the whole RH range. In turn, the application of citric acid as a solvent in the production
process of crab chitosan-based films (pure chitosan) results in a greater reduction in their
hygroscopic properties than in the case of acetic acid. When exposed to air at a temperature
of 25 °C RH below 0.80, the maximum value of equilibrium moisture content (EMC) of the
tested samples of the C-type film did not exceed 0.292 kg/kg. Under analogous conditions,
the observed EMC for samples of A film was almost 2-fold greater (0.546 kg/kg). The
results of the sorption experiment shown in Figure 2 confirmed that the hygroscopicity of
the tested film samples based on crab chitosan may be significantly reduced by the addition
of CAF and CAF with EP. The proposed modification variants for chitosan-based films,
i.e., an addition of CAF and CAF with EP, cause a further decrease in EMC within the RH
range below 0.80. An advantageous effect of EP on the reduction in hygroscopicity of film
based on crab chitosan confirmed the results of earlier studies [26].
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The results of the conducted sorption experiments confirmed that a greater range of
EMC reduction is found for film samples produced using acetic acid (A-type samples). The
application of an addition of caffeine or caffeine-propolis in the case of samples obtained
using citric acid (C type samples) causes only a slight reduction in the hygroscopicity of
the produced chitosan films.

The estimated coefficients of the GDW model for the investigated chitosan-based films,
taking into account the caffeine and caffeine with propolis extract used, are presented in
Table 4.

Table 4. Estimated coefficients of the sorption GDW model at 25 °C for chitosan-based films.

Chitosan-Based Films m (kg/kg) K k w R?
A 0.5609 0.3341 0.9205 1.1920 0.9999
AC 0.1216 0.5106 0.7994 2.0868 0.9974
ACP 0.0984 0.5612 0.7439 2.7808 0.9967
C 0.5419 0.0110 0.8006 30.5221 0.9882
CcC 0.5237 0.0105 0.7632 32.0767 0.9855
cCp 0.4108 0.0102 0.8042 33.5309 0.9892

Generally, the estimated parameter m (monolayer water content) is lower than 1 for
all the investigated chitosan-based films since the water molecules absorbed on primary
sites do not undergo a complete transformation into secondary sorption sites. Moreover,
the use of caffeine and caffeine with propolis extract as additives to produce a chitosan
film affected the monolayer water content. Nevertheless, while in samples of film A
and C (pure chitosan) samples, the value of the described parameter varies slightly (i.e.,
0.5609 vs. 0.5419, respectively), in the case of chitosan-based films produced with the
addition of acetic acid it was significantly reduced.

As a result of the use of caffeine and caffeine with propolis extract, the accessibility
of the primary sorption sites is limited. The value of m for the caffeine (AC) and caffeine—
propolis (ACP) variants, i.e., 0.1216 and 0.0984, represents, respectively, 21.7 and 17.5%
of the corresponding value determined for the chitosan film produced with acetic acid
(0.5609). Consequently, the anticipated impact of incorporating the examined additives into
the chitosan-based films could include diminishing their moisture-absorbing characteristics,
enhancing their stability, and potentially improving mechanical properties such as tensile
strength (TS) and elongation at break (EB).

3.5. Scanning Electron Microscopy (SEM)

The surface attributes of the films, as examined via scanning electron microscopy, are
presented in Figure 3.

The studies revealed that the film samples A (chitosan prepared in acetic acid) and
C (chitosan prepared in citric acid) were characterized by a smooth surface structure in
most areas, without obvious holes or bubbles, with all major areas being smooth and
homogeneous. This is evidence for a great dispersion of chitosan in both used acids. A
homogenous appearance is an indication of the structural stability of the chitosan/acid
systems. The inclusion of CAF in the tested chitosan film samples (AC and CC) caused
the emergence of unequally sized irregular clusters, probably due to the aggregation of
caffeine particles on the surface. In the case of samples AC and CC, agglomeration caused
a decrease in the sample elasticity (decrease in elongation). Also, the addition of EP to
chitosan films caused the emergence of irregular clusters on the surface (samples ACP and
CCP). This agglomeration reduced the mechanical properties of samples ACP and CCP
and caused a deterioration of the OTR, as presented in Section 3.3.
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Figure 3. SEM images of the chitosan-based films samples: (A) (acetic acid/no additives), (AC) (acetic
acid/CAF), (ACP) (acetic acid/CAF/EP), (C) (citric acid /no additives), (CC) (citric acid /CAF), (CCP)
(citric acid/CAF/EP).
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3.6. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

In order to evaluate the interaction among chitosan and used natural additives—
caffeine and propolis extract—an FTIR infrared study was carried out, and the outcomes in
the form of spectra are illustrated in Figure 4.
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Figure 4. ATR-FTIR spectra of chitosan-based films.

The spectra of all the films exhibited a pattern akin to that of chitosan films devoid
of additives, with the majority of peaks displaying chitosan characteristics. However,
there were variations in transmittance intensities at specific peaks. The peaks in the range
of 3500-3000 cm~! and at 2880 cm~! are related to the -OH bonds and aliphatic C-H
stretching vibration [62,72]. The peaks at 1650, 1557 and 1371 cm~! can be assigned to C-O
stretching in amide I, N-H bending in amide II and C-N stretching in amide III [9,62]. The
peak at 1025 cm ™! is attributed to C-O stretching in the alcohol group [72].

In the spectra of films containing caffeine, distinctive bands corresponding to the
caffeine molecule were observed, specifically at 1700 and 1650 cm~ !, which can be at-
tributed to the stretching vibrations of C=0 bonds within the acetamide groups of amide
I, as well as at 1550 and 765 cm !, indicative of the stretching vibrations of N-H and /or
C-N groups of amide II [73-75]. On the other hand, in the spectra of films containing
both caffeine and propolis extracts, distinctive bands originating from propolis, primarily
associated with phenolic compounds, can be discerned. The bands at 2924 and 2850 cm ™!
are ascribed to C-H stretching vibrations and confirm the presence of long-chain alkyl
compounds in the bee glue extract. The peak at 1732 cm~! corresponds to C-O stretching
vibration. The stretching and bending bands at 1634 (C=0), 1515 and 1451(C=C) cm !
may be assigned mainly to aromatic rings of phenolic compounds. Moreover, the wide
band around 3420 cm ™! corresponding to the stretching vibrations of the O-H band also
confirms the presence of phenolic compounds from propolis [62,76,77]. Alterations, such as
shifting and broadening of certain bonds observed in the FTIR spectra, may be attributed
to the presence of intermolecular interactions between the -OH and -NH; groups within
chitosan and the phenolic compounds found in propolis. This aligns with information from
the existing literature [9,62,72].
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3.7. Tensile Properties

Mechanical testing holds significance in terms of assessing the practicality of the
fabricated materials. Hence, the tensile strength (TS) and elongation at break (EB) of
the chitosan-based films under investigation have been assessed, and the outcomes are
illustrated in Figures 5 and 6, respectively.
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Figure 5. Tensile strength (TS) for prepared chitosan films. Different letters indicate samples that
were significantly different (p < 0.05).
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Figure 6. Elongation at break (EB) for prepared chitosan films. Different letters indicate samples that
were significantly different (p < 0.05).

The films obtained had various values of tensile strength, whereby the highest values
were found in the samples with acetic acid. The TS for sample A was 38.80 MPa, and for
sample AC, it was 35.73 MPa. Sample ACP, which involved the use of additional caffeine
and EP, had a TS of 15.22 MPa. Samples where citric acid was used were characterized
by the following tensile strengths. Sample C, with pure chitosan in citric acid, had a TS
of 2.65 MPa. The addition of caffeine resulted in a minor tensile strength of 5.72 MPa.
On the other hand, sample CCP, which is a combination of chitosan dissolved in citric
acid, caffeine and EP, obtained a value of 3.40 MPa. The mere addition of caffeine had no
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major effect on changes in tensile strength. However, the solvent used was an important
factor. The selection of a natural carboxylic acid is essential for evaluating the potential
utility of food packaging materials. Furthermore, investigating the interplay between the
structure and properties of chitosan films in conjunction with the type of acid can optimize
the attributes of the base film without the need for additional additives. This can offer
substantial insights into film selection to meet the requirements of food packaging [78].

Regarding elongation at break, an opposite relationship to tensile strength (TS) can be
observed. Samples C, CC and CCP are characterized by the highest elongation at break (EB)
for the prepared chitosan films, while samples ACP and CCP are marked by the highest
value of elongation at break at 121.87 and 99.4%, respectively. Therefore, the use of citric
acid as a solvent has a positive effect on elongation at break and, thus, the flexibility of the
sample. For sample CC, where caffeine was applied, there was a decrease in elongation to
34.71%. Samples in which acetic acid was used were marked by lesser elongation. For pure
sample A, EB was 35.5%, while samples AC and ACP had elongation values of 6.92 and
10.46%, respectively.

The research on the mechanical properties of the prepared films demonstrated that
the solvent had a key impact on the results. As is known, acetic acid is a common solvent
that acts as a proton donor, creating a dense chitosan film. The study demonstrated no
effect of acetic acid on the deterioration of tensile strength in the tested films. The samples
with acetic acid were characterized by greater tensile strength than the samples with citric
acid. As reported in the literature [78], acidic structure affects the properties of the resulting
films through electrostatic interactions, hydrogen bonds, and hydrophobic interactions.
Therefore, acids with more carboxyl groups can improve film elongation by means of ionic
crosslinking. In this study, citric acid improved the elongation at break of the obtained
films. Elongation for the samples with citric acid was significantly greater than for the film
where acetic acid was used. Citric acid is recognized for containing three carboxyl groups,
which leads to a greater number of hydroxyl groups in the film matrix. This increase in
hydroxyl groups promotes enhanced chain mobility and reduces intermolecular forces,
resulting in an augmentation of the elongation at break while simultaneously causing a
decrease in the tensile strength of the tested samples [79].

4. Conclusions

Chitosan solutions supplemented with caffeine and propolis extract have been demon-
strated to display strong antioxidant properties, contributing to the antioxidant efficacy of
chitosan-based solutions. Among the chitosan-based solutions tested, the highest antioxi-
dant properties were observed in solution prepared with citric acid with the addition of CAF
and EP, showing a greater free radical scavenging capacity than the standard antioxidant
Trolox. Furthermore, the study demonstrated that chitosan-based films dissolved in citric
acid exhibited strong antimicrobial activity against harmful bacterial strains, and this effect
was further heightened with the inclusion of propolis extract and caffeine. The addition of
acids, caffeine, and propolis extract can alter the barrier properties of chitosan-based films,
consequently influencing their water vapor and oxygen permeability. This modification
renders them well-suited for application in the food packaging sector. The choice of solvent
was observed to influence the mechanical characteristics of chitosan films, with citric acid
resulting in higher elongation at break but lower tensile strength in comparison to acetic
acid. This underscores the significance of selecting appropriate natural acids for potential
food packaging applications.

The findings indicate that natural additives like propolis extract and caffeine possess
the capacity to enhance the antioxidant, antimicrobial, and barrier characteristics of chitosan-
based materials, rendering them a promising choice for food packaging applications.
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Abstract: Natural fruit vinegars, derived from various fruits, enhance culinary experience
and offer potential health benefits due to their bioactive compounds. In this study, fruit
vinegars (apple, blackcurrant, and cherry) were used as natural solvents for producing
chitosan films, introducing an environmentally friendly approach. Fruit vinegars and
chitosan-based solutions were examined for their antioxidant and antimicrobial properties.
In turn, the obtained chitosan films were characterized by their antimicrobial, mechanical,
and structural properties. Both fruit vinegars and film-forming chitosan solutions showed
antioxidant activity, and chitosan—cherry vinegar solutions exhibited the highest antiradical
and ferrous ion-chelating effect. All solvents and chitosan-based solutions were charac-
terized by antimicrobial properties, especially against Pseudomonas aeruginosa (inhibition
zone > 28 mm). Antimicrobial activity was also preserved in the case of chitosan-based
film, especially when produced with cherry vinegar, which showed activity against the
broadest spectrum of bacteria. The largest zone of inhibition for all samples was observed
for P. aeruginosa in the range of 19 mm from the inhibition zone to >28 mm, depending on
the type of vinegar used as a solvent. The conducted tests showed that the type of vinegar
used also affects the mechanical parameters of the films obtained, such as elongation at
break, for which values were recorded from 3.97 to 4.93 MPa, or tensile strength, for which
the values were recorded from 48.48 to 70.58 MPa. The results obtained demonstrate that
natural fruit vinegars, serving as chitosan solvents, can be an alternative to traditionally
used acidic solvents, yielding films with favorable properties.

Keywords: antimicrobial effect; antioxidant activity; mechanical properties

1. Introduction

Chitosan, a biopolymer derived from chitin, holds promising prospects in the produc-
tion of films and packaging materials due to its advantageous properties. As a polysac-
charide, chitosan exhibits biodegradability, making it an eco-friendly alternative to con-
ventional plastic materials [1]. Its film-forming ability, oxygen barrier properties, and
antimicrobial activity make it suitable for various packaging applications, particularly
in the food industry, where extending shelf life and maintaining product freshness are
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paramount [1-3]. The use of chitosan as a natural biopolymer in food packaging makes it
possible to take advantage of its positive capabilities to protect food from spoilage while
reducing dependence on synthetic plastics [1].

In order to increase biological activity, especially the antimicrobial and antioxidant
properties of chitosan films, various bioactive additives, such as essential oils [4] or plant
extracts [5], among others, are added to the chitosan matrix. Current research efforts are
focused on identifying novel and bioactive solvents, thus paving the way for the develop-
ment of innovative chitosan-based packaging materials with enhanced functionality and
sustainability. A particularly interesting approach is the use of natural solutions, which, in
addition to the ability to dissolve chitosan, also have beneficial biological properties, in-
cluding kombucha solutions or vinegars [3,6]. Chitosan-based films obtained by dissolving
chitosan in tea and coffee kombucha solutions showed activity against Salmonella Enterica
and Pseudomonas aeruginosa, especially when a black tea kombucha solution was used as
the solvent [3]. The chitosan films prepared with pomegranate and hawthorn vinegars
exhibited high activity against Staphylococcus aureus and Escherichia coli [6].

The production process of natural fruit vinegars, based on carefully controlled fermen-
tation, imparts not only a unique flavor but also an abundance of bioactive substances,
which appear to positively impact human health [7]. Numerous studies indicate that
fruit vinegars have many benefits when it comes to human health, positively influencing
glucose and lipid control [8] while also playing a crucial role in preventing hypertension [9]
with proven anticancer effects [10]. Vinegars produced from fruits are rich in bioactive
compounds like amino acids, organic acids, phenols, and mineral compounds. Depending
on the raw material subjected to the fermentation process and the production methods
employed, fruit vinegars exhibit varying degrees of antioxidant and antimicrobial activ-
ity [11-13]. The predominant acid in fruit vinegars is acetic acid, which inhibits the growth
of microorganisms, including P. aeruginosa, E. coli, S. aureus, Listeria monocytogenes, Klebsiella
pneumoniae, Enterococcus hirae, and Aspergillus brasiliensis [14,15].

The purpose of this study was to obtain chitosan-based films where fruit vinegars
were used as natural and bioactive solvents for chitosan. The results of Adimcilar et al. [6]
indicate that natural vinegars (grape, pomegranate, hawthorn, and apple) have great
potential in the production of chitosan-based films, and their biological and physico-
mechanical properties suggest their potential application in the food packaging industry.
In this study, three types of fruit vinegars commonly used in Polish cuisine—apple, cherry,
and blackcurrant—were tested as natural and bioactive solvents for dissolving chitosan in
the production of chitosan-based films. Notably, this is the first study to explore the use of
blackcurrant and cherry vinegars as solvents for chitosan. The study focused on comparing
the antimicrobial, structural, and mechanical properties of chitosan films made with these
three types of vinegar.

2. Materials and Methods
2.1. Preparation of Chitosan Solutions and Chitosan Films

Chitosan from crab shells (viscosity > 400 mPa-s, Sigma Aldrich, Darmstadt, Germany)
was used to prepare chitosan solutions and films. Chitosan (5 g) was dissolved in 500 mL
of solvents—fruit vinegars. Three types of vinegar were used: apple, blackcurrant, and
cherry, which were purchased from Olini (Dzie¢morowice, Poland). The solutions were
mixed for 2 h using a mechanical stirrer (Heidolph Instruments GmbH & KG, Schwabach,
Germany). The chitosan solutions for further tests were stored at —4 °C until analysis.
Chitosan films were prepared by pouring the chitosan solutions onto Petri dishes with
Teflon inserts and dried at room temperature for 24 h. As a result of the experiment, three
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chitosan solutions and three chitosan films were obtained, for which the symbols and
compositions are presented in Table 1.

Table 1. Sample composition and abbreviations.

Abbreviation
Solvent - . - :
Chitosan Solution Chitosan Film
Apple vinegar (AV) AV + Ch AV + ChF
Blackcurrant vinegar (BV) BV + Ch BV + ChF
Cherry vinegar (CV) CV +Ch CV + ChF

2.2. Characteristics of Fruit Vinegars

The pH value of acetic acid and fruit vinegars was measured using a Hanna Edge
HI2002-02 pH meter (Hanna Instruments, Olsztyn, Poland).

In fruit vinegars, the concentration of lactic and acetic acid was determined chro-
matographically. Fruit vinegars were filtered through a 0.45 pm syringe filter (Chro-
mafil, Macherey-Nagel, Duren, Germany) and analyzed by a chromatography system
comprising the Aquity UPLC chromatograph equipped with a photodiode detector (PDA
eA Detector) (UPLC-PDA, Waters, Milford, MA, USA). The parameters of the chromato-
graphic analysis were as follows: chromatographic column—Waters Symmetry C18 column
(150 x 4.6 mm id, 5 pm); mobile phase—0.010 M sodium dihydrogen phosphate buffer ad-
justed with H3PO4 to pH 2.80; photodiode detection—210 nm; injection volume—3 pL; and
flow rate—0.35 mL/min. For the analysts, the calibration curves showed excellent linearity
with r > 0.996. Limits of detection (LOD) and quantification (LOQ) for both acids were
0.15 and 0.45 mL/L, respectively. All reagents used for analysis were of chromatographic
grade and purchased from Sigma Aldrich (Darmstadt, Germany).

The total phenolic content (TPC) in fruit vinegar solutions was determined us-
ing the Folin—-Ciocalteu procedure. The vinegar solution (0.1 mL) was mixed with the
Folin—Ciocalteu reagent (0.25 mL) after 3 min with a NapCO3 (Avantor, Gliwice, Poland)
solution (3 mL, 10%). The absorbance at 765 nm in all solutions was measured by a Cary
300 Bio UV-Visible scanning spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA) after incubation for 40 min in the dark and at ambient temperature. Results were
expressed as the gallic acid (Sigma Aldrich, Darmstadt, Germany) equivalent in mL of
vinegar solution (ug GAeq/mL). All measurements were made in triplicate.

The total flavonoid content (TFC) in fruit vinegar solutions was performed based on
the aluminum chloride colorimetric method. The vinegar solutions (0.1 mL) were mixed
with methanol (0.9 mL) and AlCl3 (Avantor, Gliwice, Poland) solution (2 mL, 2%). The
absorbance at 430 nm was read by the Cary 300 Bio UV-Visible scanning spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA) after incubation for 45 min in the dark and at
ambient temperature. All results were expressed as ug of quercetin (Sigma Aldrich, Darm-
stadt, Germany), equivalent to the vinegar solution in mL (ug Qeq/mL). All measurements
were made in triplicate.

2.3. Antioxidant Activity of Chitosan-Based Solutions

To assess the antiradical activity of fruit vinegars and chitosan solutions, the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) (Sigma Aldrich, Darmstadt, Germany) radical scaveng-
ing assay was employed. Briefly, each solution of fruit vinegar and chitosan solution (3 puL)
was added to 297 uL of deionized water. Trolox solution (10 mg/mL in DMSO) (Sigma
Aldrich, Darmstadt, Germany) was used as a reference antioxidant (positive control) and
was added in an equivalent amount. A sample without solutions tested, as well as Trolox,
served as a negative control (300 pL deionized water). Each sample was prepared in at
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least three repetitions, and the experiments were conducted twice. After vortexing (vortex
IKA Works, Staufen im Breisgau, Germany), 300 puL of 0.1 mM DPPH ethanol solution
was added to each sample. Following vortexing, all samples were incubated in the dark
at room temperature (~24 °C) for 30 min. Subsequently, the samples were vortexed again,
and the absorbance (A) of the solutions was measured at a wavelength of A = 517 nm
using a BioMateTM 160 UV-Visible spectrophotometer (Thermo Scientific, Waltham, MA,
USA). The ability of all tested solutions to scavenge free radicals was calculated using the
following equation:
AP (%) = [(Anc — As)/Anc] x 100%

where Ay represents the absorbance value of the negative control (deionized water), and
A denotes the absorbance value of the samples containing the tested solutions. The results
(n = 10) are presented as mean values + standard deviations (SDs).

To assess the ferrous ions (Fe?") chelating activity of fruit vinegars and chitosan
solutions, the ferrozine-based assay was employed. Briefly, 20 uL of 2 mM FeCl, was added
to a tested solution (740 pL). Ethylenediaminetetraacetic acid (EDTA) solution (10 mg/mL in
deionized water) was used as a reference ferrous chelator (positive control) and was added
in an equivalent amount. A sample without the tested solutions, as well as EDTA, served as
a negative control. The incubation of samples (10 min) was conducted at room temperature
(~24 °C). Each sample was prepared in at least three repetitions, and the experiments were
conducted twice. After vortexing (vortex IKA Works, Staufen im Breisgau, Germany),
40 pL of 5 mM ferrozine in ethyl alcohol was added. Following vortexing, all samples
were incubated at room temperature (~24 °C) for 10 min. Subsequently, the samples were
vortexed again, and the absorbance (A) was measured at a wavelength of A = 562 nm
using a BioMateTM 160 UV-Visible spectrophotometer (Thermo Scientific, Waltham, MA,
USA). The ferrous ions’ chelating activity from all tested solutions was calculated using the
following formula:

Fe?" chelating activity (%) = [1 — (As/Anc)] x 100%

where A; represents the absorbance value of the samples containing the tested solutions,
and A is the absorbance value of the negative control. The results (n = 10) are presented as
mean values =+ standard deviations (SDs). All reagents used in this analysis were purchased
from Sigma Aldrich (Darmstadt, Germany).

2.4. Antimicrobial Properties

The antimicrobial effect of fruit vinegars, chitosan solutions, and chitosan films was
determined using the agar diffusion method against the following bacteria strains: Bacillus
subtilis (food isolate), Enterococcus faecalis (food isolate), Escherichia coli (ATCC 10536), Listeria
monocytogenes (ATCC 15313), Listeria innocua (ATCC 19119), Lacticaseibacillus rhamnosus
GG (ATCC 53103), Lactiplantibacillus plantarum 299 v (isolate from Sanprobi IBS, Poland),
Salmonella Enteritidis (clinical isolate), Pseudomonas aeruginosa (ATCC 15443), and the fungal
strain Candida albicans (stool isolate). All indicator strains were stored in a Cryobank
(Bacteria storage system, MAST Diagnostica, Reinfeld, Germany) at —20 °C. Prior to the
tests, the strains were defrosted and passed twice through nutrient broth (OXOID CM 0001,
Basingstoke, UK) with the addition of 2% (w/v) glucose. Incubations were carried out at
35 + 2 °C for 24 h. Muller-Hinton agar medium (OXOID CM 0337, Basingstoke, UK) was
used to determine antimicrobial activity.



Polymers 2025, 17,11

50f 15

2.4.1. Antimicrobial Activity of Fruit Vinegars and Chitosan Solutions

In the case of examining the activity of fruit vinegars and chitosan solutions on plates
inoculated with standardized bacterial and yeast suspensions (10° CFU/mL), wells with a
diameter of 10 mm were punched. Test samples of 100 pL in volume were introduced into
the wells. Plates with applied samples were then incubated at a temperature of 35 °C +=2 °C
for 48 h. After incubation, the antimicrobial activity was assessed by measuring the zones of
inhibition around the wells using the Computer Scanning System (MultiScanBase v14.02).

2.4.2. Antimicrobial Activity of Chitosan Films

Samples of the tested films, measuring 10 mm x 10 mm, were applied to the surfaces
of plates inoculated with bacterial and yeast suspensions containing 10° CFU/mL. The
plates with the applied samples were then incubated at a temperature of 35 °C &£ 2 °C for
48 h. After incubation, their antimicrobial activity was assessed by measuring the zones of
inhibition around the applied samples. The zones of inhibition were measured using the
Computer Scanning System (MultiScanBase v14.02).

2.5. Mechanical Properties of Chitosan Films

The strength properties of chitosan films were tested using a testing machine (Model
5965, Intron, Boston, MA, USA) following ASTMD882-12 [16] at a 100 mm/min testing
speed. The average of the measurements from the ten samples is given for mechanical
properties, including tensile strength (TS) and elongation at break (EB).

2.6. Infrared Spectroscopy

The spectra of the films were obtained using a Nicolet iS5 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA), recording 32 scans with a spectral resolution of
4 ecm ™! in the range of 4000-600 cm L.

2.7. SEM Analysis

The structure of the prepared chitosan films was assessed using an Evo 40 scanning
electron microscope (Zeiss, Oberkochen, Germany) operating in beam mode at 20 kV with
a secondary electron detector.

2.8. Statistical Analysis

For statistical analyses, Tukey’s honest significant difference (HSD) test at « = 0.05 was
performed using the TIBCO Software Inc. Statistica version 13.3 (Palo Alto, CA, USA).

3. Results and Discussion

3.1. Characteristics of Fruit Vinegars and Chitosan Solutions
3.1.1. pH and Organic Acid Content in the Fruit Vinegars

Chitosan is a polymer easily soluble in acidic solutions below pH 6.0 [17]. The pH
and the type of solvent used affect chitosan-based solutions’ bioactive properties [18]
and the properties of chitosan-based films [19]. The vinegars used in the research were
characterized by the following pH values: 3.6 for apple vinegar, 3.5 for blackcurrant vinegar,
and 3.6 for cherry vinegar. In turn, the pH value of 3% acetic acid was 5.5, which indicates
that the vinegars tested were more acidic. As shown in the literature, the pH for apple
vinegar ranged from a value of 3.1 to 4.7, depending on the apple variety used in the
fermentation process as well as the production method [20,21]. For cherry vinegar, the
pH value oscillates between 2.7 and 3.2 [22]; these differences may also be due to the raw
material used and the method of production. The obtained results, as well as data from the
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literature, indicate that the pH values of vinegars exceed those of 3% acetic acid, which are
the most commonly used chitosan solvents in the production of chitosan films.

Fruit vinegars were characterized by a different acid content [20,21]; therefore, the
concentration of acetic and lactic acid was determined in the tested vinegars, and the results
are presented in Figure 1.

m lactic acid macetic acid

o |
&

L

Concentration [g/1]
[P E=y

b

—

AV BV CV

Figure 1. The concentration of acetic and lactic acid in vinegars: AV (apple vinegar), BV (blackcur-
rant vinegar), and CV (cherry vinegar). Different letters indicate samples that were significantly
different (p < 0.05).

In all the surveyed fruit vinegars, acetic acid was dominant, and the highest content,
5.96 g/L, was determined in apple vinegar, which was statistically confirmed. However,
the concentration of acetic acid determined in apple vinegar was lower than in the apple
vinegars presented by Adimcilar et al. [6] and Yildiz [23]. In turn, the lactic acid content
varied from 0.61 g/L (AV) to 0.28 g/L (CV). The content of lactic acid in apple vinegar de-
termined in this study was lower than that in the study by Adimcilar et al. [6] (5.8-7.9 g/L)
and higher than in the work of Yildiz [23] (0.04 g/L).

As indicated in data from the literature, the predominant acid among the acids (suc-
cinic, malic, citric, tartaric, lactic, and acetic acids) determined in fruit vinegars (apple,
grape, pomegranate, and hawthorn vinegars) was acetic acid [6]. This was also confirmed
in a study conducted by Yildiz [23], where of the 21 acids determined in fruit vinegars (ap-
ple, grape, rosehip, pomegranate, fig, guelder-rose, blackberry, raspberry, and blueberry),
acetic acid was the dominant acid, and its content varied from 30.0 g/L in grape vinegar to
60.5 g/L in raspberry vinegar. In tests conducted on seven different vinegars from kiwi
fruit apple or persimmon, among others, the most abundant organic acids were acetic acid
and lactic acid, which together accounted for more than 70% of all determined acids [24].
The concentration of lactic acid and other acids present in fruit vinegars in smaller amounts,
such as citric acid and malic acid, varies depending on the fermentation process [7].

One of the factors affecting the biological activity of chitosan solutions and chitosan-
based films is the presence of acids such as acetic or lactic acid, among others. It is known
that the type of acid used to prepare film-forming solutions is important for the properties
of the obtained chitosan films [19].
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3.1.2. Total Phenolic and Flavonoid Content in Fruit Vinegars

Phenolic compounds are the source of bioactive substances present in fruit vinegars,
and their presence affects the antioxidant and antimicrobial properties of vinegars, among
other factors. Therefore, the TPC and TFC in fruit vinegars were tested, and the results are
presented in Table 2.

Table 2. Total phenolic compounds and flavonoid content.

Symbol TPC (ug GAeq/mL) TFC (ug Qeq/mL)
AV 3602 + 28 6.31¢+0.14
BV 260 + 18 11.03° +0.11
Cv 210¢ + 13 14.38 2 + 0.08

Different letters indicate samples that were significantly different (p < 0.05).

The tested fruit vinegars differed in total phenols and flavonoid content, depending on
the type, which was confirmed by statistical analysis. The obtained results showed that the
highest total phenolic compound content was found in apple vinegar, which was 360 ug
of GAeq/mL, followed by blackcurrant vinegar (260 pg GAeq/mL) and cherry vinegar
(210 ug GAeq/mL), which was statistically confirmed. The data from the literature showed
that TPC varied depending on the type of vinegar, with cereal vinegars exhibiting higher
contents than fruit vinegar [24]. The TPC of apple vinegar determined by Ren et al. [24] was
274.08 pg of gallic acid equivalent to vinegar per mL. In terms of the total flavonoid content,
cherry vinegar (14.38 ug Qeq/mL) showed the highest content, followed by blackcurrant
vinegar (11.03 pug Qeq/mL) and apple vinegar (6.31 ug Qeq/mL). In the case of total
flavonoid content, the value obtained for apple cider vinegar was lower than the values
obtained by Sidi et al. [25], who examined the flavonoid content of apple cider vinegars
made from different varieties and indicated that the raw material and the production
method are important factors affecting the flavonoid content of the sample.

According to the literature, the content of phenolic and flavonoid compounds may
be influenced by various factors, such as the course of alcoholic or vinegar fermentation,
the fermentation method and its length, as well as the type and variety of the raw material
used [25]. The study showed that the total content of flavonoids and polyphenols changes
over time; it was found that for the blackberry vinegar in the study for a period of 60 days,
the content of flavonoids and polyphenols increased until the 15th day, and then rapidly
decreased [26]. These changes were related to the depolymerization of macromolecular
polyphenol or the conversion of individual polyphenol compounds by strains of lactic acid
bacteria taking place during the fermentation process [26].

3.1.3. Antioxidant Properties

The antioxidant properties of vinegar and chitosan solutions were assessed based on
their DPPH free radical scavenging activity and ferrous ion-chelating ability.

The antiradical activity outcomes obtained for natural solvents and chitosan-based
solutions are presented in Figure 2. The antioxidant activity values depend on the fruits
from which the vinegar was produced, which was confirmed by statistical analysis. The
highest antiradical activity (93.54%) was demonstrated by cherry vinegar. This is an
expected result due to the high total flavonoid content of cherry vinegar. The value obtained
for samples using cherry vinegar (both the solvent itself and the solution with chitosan)
was not statistically different from the commonly used standard antioxidant of Trolox. The
studies on antioxidant activity revealed that chitosan film-forming solutions (AV + Ch
and BV + Ch) exhibited increased antiradical activity compared to the vinegar solvents
alone, which was confirmed by statistical analysis. In terms of antiradical activity, chitosan
solutions produced with cherry vinegar as the solvent also demonstrated the highest
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efficacy (93.97%). Moreover, when compared with data from the literature, all samples
showed greater antiradical activity than the film-forming chitosan solution prepared with
the traditionally used solvent—acetic acid—for which antiradical activity was not noted [15].
The lower antiradical activity of chitosan solutions prepared using acetic acid compared to
those using fruit vinegars was also demonstrated by Adimiclar et al. [6].

__ 80
£
£
z 60
g
E
g 40
£
= 20
0
AV+Ch BV+Ch CV+Ch
Figure 2. Antiradical activity of vinegar solvents of AV (apple vinegar), BV (blackcurrant vinegar),
and CV (cherry vinegar), and chitosan-based solutions AV + Ch (chitosan, apple vinegar), BV + Ch
(chitosan, blackcurrant vinegar), and CV + Ch (chitosan, cherry vinegar). Tx—Trolox, standard
antioxidant. Different letters indicate samples that were significantly different (p < 0.05).
The results of the examination of ferrous ions’ chelating activity obtained for natural
solvents and chitosan-based solutions are presented in Figure 3.
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Figure 3. The chelating activity of vinegar solvents of AV (apple vinegar), BV (blackcurrant vinegar),
and CV (cherry vinegar), and chitosan-based solutions AV + Ch (chitosan, apple vinegar), BV + Ch
(chitosan, blackcurrant vinegar), and CV + Ch (chitosan, cherry vinegar). EDTA—standard chelator.
Different letters indicate samples that the results were significantly different (p < 0.05).

Based on the obtained results, it can be observed that natural solvents exhibit ferrous
ion-chelating activity, though this is lower than EDTA, which was confirmed by statistical
analysis. The highest chelating activity was noted for a standard, which was EDTA,
followed by the CV (76.64%) and CV + Ch solution (74.00%), and was statistically confirmed.
The investigation of chelating activity showed that the presence of chitosan in the solution
enhanced the activity of film-forming solutions based on apple vinegar from 41.13 to 63.90%
and blackcurrant vinegar from 35.26 to 57.73%; no increase in activity was observed in the
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case of samples using cherry vinegar. Based on the obtained results, it can be observed
that natural solvents exhibit antioxidant properties, which have also been confirmed in
numerous studies [11,27-29]. Overall, it can be stated that the addition of chitosan to these
solutions enhances their antioxidant properties.

The oxidation process is the main cause of food spoilage and nutrient degradation
during storage. The components of packaging materials with antioxidant properties can
extend shelf life and maintain food quality without the direct addition of synthetic antioxi-
dants to food [30]. The antiradical and chelating activity of vinegar solvents, confirmed in
this study, indicate their suitability for food packing materials, as they improve food safety
and extend their usability for consumption over time.

3.1.4. Antimicrobial Properties

Vinegar is a natural product containing many phenolic substances and organic acids,
which makes it an excellent antimicrobial compound, and, as data from the literature have
shown, the use of fruit vinegars as a solvent for chitosan can lead to increased antimicrobial
activity [6,31].

To assess the potential use of natural vinegars as solvents for the production of
chitosan-based solutions and, subsequently, for the production of films, the antimicrobial
properties of the solvents and chitosan-based solutions were evaluated. The results are
presented in Table 3. In addition, the statistical analysis of the results is presented in Table

51 (Supplementary Material).

Table 3. Antimicrobial properties of vinegar of AV (apple vinegar), BV (blackcurrant vinegar), and CV
(cherry vinegar), and chitosan-based solutions AV + Ch (chitosan, apple vinegar), BV + Ch (chitosan,
blackcurrant vinegar), and CV + Ch (chitosan, cherry vinegar).

Indicator Strain

8
E E E 2 E = = = s 5
= g g S S = 3 S E =
o = S S m S S = = =
[ %) S o < ® = QU G
g A 52 ~J ~
~
Sample Inhibition zone [mm)]
AV 20 22 14 15 24 >28 >28 0 0 13
BV 18 23 15 18 24 >28 28 0 0 11
Ccv 18 18 15 16 20 >28 18 0 0 11
AV + Ch 14 0 16 18 14 >28 23 0 0 11
BV + Ch 14 0 16 16 14 >28 18 0 0 12
CV + Ch 14 0 16 16 14 >28 22 0 0 12

Diameter of the resulting zones of translucence: 5-10 mm—weak activity; 11-14 mm—moderate activity; and
>14 mm—strong activity.

The research showed that all vinegar solvents exhibited antimicrobial activity against
all tested strains of pathogenic microorganisms. The tested vinegars had a stronger effect on
Gram-negative bacteria than on Gram-positive bacteria. The highest activity was observed
against P. aeruginosa, with inhibition zones exceeding 28 mm for all tested vinegars. Another
strain against which high antimicrobial activity was recorded was S. Enteritidis, with the
highest activity noted for apple vinegar, exceeding a 28 mm inhibition zone, followed by
blackcurrant vinegar with a 28 mm inhibition zone, and cherry vinegar with an 18 mm
inhibition zone. They also showed very high activity against E. coli, resulting in the
appearance of inhibition zones with diameters ranging from 20 to 24 mm. Data from the
literature also indicated the effectiveness of inhibiting the growth of pathogenic strains
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by apple vinegar, such as Salmonella Typhimurium, S. aureus, or E. coli [11]. Also, research
conducted by Ousaaid et al. [13] indicated the effective antimicrobial activity of apple
vinegars extracted from different apple varieties against the following strains: Salmonella
typhi, E. coli, Vibrio cholerae, C. albicans, and Candida tropicalis. Against C. albicans yeast, the
vinegars tested in this study showed moderate activity. Moreover, this activity was lower
than most of the other bacteria strains.

As the obtained data show, in the case of the P. aeruginosa strain, all chitosan-based
solutions produced using fruit vinegars retained their activity, and an inhibition zone
exceeding 28 mm was noted. In the case of the L. monocytogenes strain, the inhibition
zone increased to 16 mm for all chitosan-based solution samples compared to the results
obtained for fruit vinegars alone. An increase in the activity of chitosan-based solutions
was also observed compared to vinegars against the C. albicans strain for the BV + Ch
and CV + Ch samples, as well as for the CV + Ch sample against the S. Enteriditis strain.
As the data obtained showed, the presence of chitosan increased the activity against the
selected strains.

Both fruit vinegars and the chitosan solutions made from them showed no antimicro-
bial activity against probiotic bacterial strains, which is favorable. This is in agreement
with the expected results, as data from the literature indicate that fruit vinegars are a rich
source of probiotic bacteria such as L. plantarum [32].

3.2. Characteristics of Film Samples
3.2.1. Antimicrobial Properties

To assess the suitability of chitosan films produced using natural acetic solvents as
potential materials for various applications, including the packaging industry, it is crucial
to determine their antimicrobial activity. The results of the studies conducted are presented
in Table 4. In addition, the statistical analysis of the results is presented in Table S2
(Supplementary Material).

Table 4. Antimicrobial properties of films AV + ChF (chitosan, apple vinegar), BV + ChF (chitosan,
blackcurrant vinegar), and CV + ChF (chitosan, cherry vinegar).

Indicator Strain

w
WV
s . @
® 2 % S Z s 2 g s
S E E g E 5 S S S S
= g g g S 3 = = s E
& = g s ] § S s £ =
[aa] S8 8 3 a 5 @) 4 3
i
Sample Inhibition zone [mm)]
AV + ChF 0 0 0 0 0 19 0 0 0 0
BV + ChF 0 0 0 0 115 19 11 0 0 0
CV + ChF 20 0 19 20 24 28 11 0 0 0

Diameter of the resulting zones of translucence: 5-10 mm—weak activity; 11-14 mm—moderate activity; and
>14 mm—strong activity.

The research demonstrated that, like the solutions (Table 3), the produced films ex-
hibited the highest antimicrobial activity against the P. aeruginosa strain. The largest
inhibition zone of 28 mm was recorded for the CV + ChF sample. As observed, film sam-
ples produced using cherry vinegar showed the broadest spectrum of activity against the
tested pathogenic strains. None of the films tested showed activity against E. faecalis and
C. albicans, despite the fact that the fruit vinegars alone had such activity. Films obtained
using commonly used solvents like acetic acid did not exhibit antimicrobial activity or
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exhibited very poor activity; therefore, it is necessary to use additives to ensure activ-
ity [2,33], unlike films made with natural solvents such as kombucha or vinegars [3,6].
In a study conducted by Adimcilar et al. [6], antimicrobial activity was expressed as
a logarithmic reduction in the number of live microorganisms; the study showed that
against the S. aureus strain, acetic acid-based films yielded a result of about two log re-
ductions, while for films made with pomegranate vinegar, the value increased to about
three log reductions, and a similar increase in activity was observed against the E. coli
strain. For strains such as P. aeruginosa, S. Enterica, or E. coli, other studies have shown that
chitosan-based films made with acetic acid present no antimicrobial activity [15], while
films made with bioactive solvents such as kombucha show zones of inhibition against
P. aeruginosa in the range of 15-22 mm depending on the origin of the kombucha, which is
14-16 mm for the S. Enterica strain and 17 mm for the E. coli strain in the case of kombucha
made from black tea [3]. Data from the literature confirmed the efficacy of organic acids
as antimicrobial agents and indicated that individual acids differed in their antimicrobial
activity against different strains. It also showed that the antimicrobial activity of films
prepared with vinegar was greater than that of those with acetic acid alone. This was most
likely due to the presence of organic acids as well as other bioactive compounds in their
composition [34].

It is worth noting that none of the tested samples showed antimicrobial activity against
the probiotic bacteria strains L. rhamnosus and L. plantarum, and similar results were noted
for chitosan films where kombucha was the solvent [3]. This is a favorable result, indicating
the potential use of the films for encapsulating probiotics or packaging functional food.

3.2.2. Mechanical Properties

The outcomes of the mechanical tests conducted on the prepared films, evaluated in
terms of tensile strength and elongation at break, are presented in Table 5.

Table 5. Tensile strength (TS) and elongation at break (EB) for the prepared films.

Symbol TS (MPa) EB (%)

AV + ChF 3.97P +0.18 48.48°< + 1.06
BV + ChF 3.82b +0.33 70.582 + 1.19
CV + ChF 4932 +0.63 51.07° + 0.54

Different letters indicate samples that were significantly different (p < 0.05).

In the case of tensile strength, values ranging from 3.97 MPa for AV + ChF to 4.93 MPa
for CV + ChF were noted. The tensile strength of the chitosan film obtained by dissolving
chitosan in 3% acetic acid was 38.80 MPa [15]. The obtained results showed that the use
of natural solvents in film preparation led to a decrease in tensile strength for all films in
comparison to films prepared with acetic acid as the solvent. The elevated tensile strength
signified a high degree of ductility in films, making them easily deformable, which is a
crucial characteristic of food films.

As statistical analysis indicated, the elongation at the break of chitosan films varied
depending on the type of vinegar used. The chitosan films where fruit vinegars were used
as the solvent were characterized by higher values of elongation at break from 48.48 to
70.58% depending on the type of vinegar used compared to chitosan film with acetic acid
for which the obtained elongation at break value was 35.5% [15].

The increase in the elongation at break values observed for chitosan films obtained
with fruit vinegars compared to the film with acetic acid can be attributed to the interaction
of the chitosan chain with high-molecular-weight phenols present in vinegars. In addition
to phenols, organic acids present in vinegars can also contribute to improving the elasticity
of the film. Chitosan films based on malic, lactic, or citric acid exhibited greater elasticity
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than chitosan films with acetic acid [35]. The reaction between the solvent and chitosan,
resulting from electrostatic interactions, hydrogen bonding, or hydrophobic interactions,
influenced the structure and properties of chitosan films [36]. Numerous studies empha-
sized the substantial impact of acids on chitosan through electrostatic interactions [19],
reaffirming that many applications of chitosan are based on its cationic nature. The volume
of acids as counter ions was expected to influence the ionic interactions between amino
and carboxyl groups, thus affecting the properties of chitosan. Additionally, hydrophobic
interactions between chitosan and carboxylic acids could occur, influencing the sorption of
carboxylic acids on chitosan [37]. This was confirmed by the conducted test results, which
demonstrated the presence of acetic and lactic acids in the tested vinegars (Figure 1).

3.2.3. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The chitosan-based film structures were analyzed using attenuated total reflectance
Fourier transform infrared spectroscopy. Figure 4 displays the spectra of all the examined
chitosan-based films.
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Figure 4. FTIR spectra of the prepared chitosan-based films: AV + Ch (chitosan, apple vinegar),
BV + Ch (chitosan, blackcurrant vinegar), and CV + Ch (chitosan, cherry vinegar).

The prepared materials exhibited the characteristic peaks of chitosan within their
structures. The bands observed at 3265 cm~! correspond to N-H stretching vibrations
overlapping with O-H stretching, and the absorption band at 2930 cm ! can be attributed
to C-H asymmetric stretching vibrations [6,38]. The bands at 1640 and 1556 cm ! can be
assigned to amide I (C=0 stretching), amide II (N-H bending), and amide III (C-N stretch-
ing), respectively [6,39,40]. The bands at 1150 and 1030 cm~! can be associated with the
symmetric stretching of the C-O-C bond and C-O stretching vibrations, respectively [38,40].
The obtained data are consistent with data from the literature, which showed that the use
of fruit vinegars does not indicate the presence of significant changes in FTIR spectra [6].

3.2.4. Scanning Electron Microscopy (SEM)

In this study, scanning electron microscopy (SEM) was employed to observe the surface
morphology of the tested samples, and the results in form of micrographs are presented
in Figure 5.
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Figure 5. SEM micrographs for prepared films: AV + ChF (chitosan, apple vinegar), BV + ChF
(chitosan, blackcurrant vinegar), and CV + ChF (chitosan, cherry vinegar). The scale bar is 2 pm.

The SEM analysis of the structure and morphology of the resulting films revealed
smooth surfaces in all the chitosan films. This observation indicated well-dispersed chitosan
in the natural vinegars used, which is a highly desirable quality for the formation of films
intended for various applications.

4. Conclusions

In this study, three types of fruit vinegars were used both as chitosan solvents and
as a source of biologically active compounds for the production of chitosan-based films.
Fruit vinegars showed antioxidant and antimicrobial activity, which is associated with the
presence of organic acids and phenolic compounds. Both fruit vinegars and film-forming
chitosan solutions demonstrated antimicrobial properties against the tested microbial
strains. The antimicrobial effectiveness was maintained in chitosan-based films produced
with cherry vinegar, which exhibited the broadest spectrum of bacterial activity. None
of the tested samples showed antimicrobial activity against the probiotic bacteria strains
L. rhamnosus and L. plantarum, which is a favorable result. The tests also revealed that the
vinegar type influenced the mechanical properties of the films, such as elongation at break.
SEM studies showed that the obtained films have a smooth surface, which indicates the
good dispersion of chitosan in the natural vinegar solvent. The research results obtained
showed that depending on the solvent used, films with different mechanical properties and
different biological activity can be obtained, which allows for the appropriate selection of
the solvent for a given application and may be an important aspect, among others, in the
selection of the best packaging for a given type of food. Thus, natural fruit vinegars offer a
promising environmentally friendly alternative to conventional solvents for the production
of chitosan-based films with improved functional properties.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/polym17010011/s1. Table S1: Antimicrobial properties of vinegar:
AV (apple vinegar), BV (blackcurrant vinegar), CV (cherry vinegar), and chitosan-based solutions
AV + Ch (chitosan, apple vinegar), BV + Ch (chitosan, blackcurrant vinegar), and CV + Ch (chitosan,
cherry vinegar); Table S2: Antimicrobial properties of films AV + ChF (chitosan, apple vinegar),
BV + ChF (chitosan, blackcurrant vinegar), and CV + ChF (chitosan, cherry vinegar).
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The environmental degradation that is currently taking place makes it important to develop new natural and
biodegradable packaging for various branches of industry. Therefore, the aim of the research was to characterize
films prepared from chitosan and kombucha solutions obtained from coffee and three types of tea (black, green,
and white). Kombucha solutions were used as a natural solvent for the preparation of chitosan films which is a
new approach in the production of chitosan films and has not been used so far. Both the kombucha and chitosan-
kombucha solutions were characterized by high antioxidant activity in the DPPH test. This could be connected
with the presence of phenolic compounds in kombucha solutions, which were determined by ultra-high per-
formance liquid chromatography. In turn, chitosan-kombucha films had different physical, mechanical and
biological properties depending on the type of kombucha solutions used. The highest oxygen barrier was
determined for the film obtained from chitosan and green tea kombucha solution. The film consisting of chitosan
and white tea kombucha solution was characterized by the highest tensile strength. In turn, microbiological
studies showed that films based on chitosan and tea kombucha solutions showed higher activity against Sal-
monella eneterica than kombucha solutions, while film that consisted of a chitosan and black tea kombucha so-
lution additionaly exhibited greater activity against Escherichia coli. Moreover, the analysis of sorption showed
that kombucha solutions limited the accessibility of primary sorption sites. The results indicated that the type of
kombucha used to prepared chitosan-kombucha films affects the properties of the obtained films. In addition,
kombucha solutions can be used as a natural chitosan solvent instead of inorganic acids. The results of the study
confirmed that chitosan films produced using kombucha as a solvent are better than the chitosan films commonly
produced with acetic acid, so they can be a viable alternative material for food packaging.

1. Introduction exceeded 360 million tons (Antonowicz et al., 2021). Nowadays, plastics

are a serious threat to natural environment due to their very slow

Improving living standards, excessive consumption, and easy access
to plastics result in a continuous increase in their production. About 6 %
of annual oil production is used for these purposes, and this value is
estimated to increase by another 14 % by 2050 (Atiwesh et al., 2021;
Petrosyan K, 2019). In 2018, the annual consumption of plastics
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decomposition and improper disposal. Literature data show that more
than 10 million tons of plastic are released into the oceans annually, and
the weight of the released plastic exceeds the weight of plankton by six
times (Atiwesh et al., 2021; Petrosyan K, 2019). This limits the access of
light and oxygen to the waters, which may contribute to the degradation
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of coral reefs and reduction of phytoplankton, which is an essential part
of the marine animal food chain (Atiwesh et al., 2021).

The observed environmental degradation, increased consumer
awareness, and resulting legal regulations (Directive 2019/904 of the
European Parliament and of the Council) contribute to the search for
new, renewable green materials with various applications, including
packaging materials. The main purpose of food packaging is to perform a
protective function, i.e., protect against the harmful effects of external
factors, extend shelf life, and enable transport. An alternative to plastic
packaging can be natural polymers. The most commonly used materials
for production include starch, agar, gelatin or chitosan (Abral et al.,
2021; Fu et al., 2021; Zhao et al., 2022).

Chitosan is obtained from the alkaline N-deacetylation of chitin. The
chitosan available on the market is mainly obtained from the shells of
crustaceans, which are waste products of the shellfish processing in-
dustry (Kim et al., 2006). Due to its biocompatibility, biodegradability
and other properties, chitosan is a good polymer to produce
film-forming solutions (Martinez-Camacho et al., 2013; Qiao et al.,
2021). Literature data showed that chitosan caused inhibition of various
strains of pathogenic microorganisms, as well as those responsible for
the rapid spoilage of food (Dobrucka, 2016; Mitelut et al., 2015; Tripathi
et al., 2008). Antifungal and antibacterial properties of applied mate-
rials are highly desirable in food packaging materials; therefore, chito-
san is used as a component of these materials (Amor et al., 2021; Wang
et al., 2018). Chitosan is insoluble in water and organic solvents; a good
solvent for chitosan are substances with an acid reaction — organic or
mineral acids (Kim et al., 2006). Literature reports showed that the
following acids are the most common solvents for chitosan: acetic, citric,
malic, lactic, formic and propionic (Kim et al., 2006; Chen et al., 2007).
The research shows that the solvent used do dissolve chitosan impacts
the properties of the films obtained from chitosan (Khouri et al., 2020;
Chen et al., 2007). The use of a polyacid (malic and lactic acids) as a
solvent may increase the mechanical strength of the obtained chitosan
films in comparison with films where the monoacid is the solvent
(Khouri et al., 2020; Chen et al., 2007). Films using acetic acid as a
solvent behave like typical brittle materials, while films using citric acid
as a solvent exhibit the characteristics of rubber-like materials (Qiao
et al., 2021).

Literature data show that despite the fact that chitosan solutions
show antimicrobial properties against many strains of bacteria, unfor-
tunately, chitosan films do not show such properties. The reason may be
the binding of chitosan in films and the impossibility of direct interac-
tion of its chains with microbial cells (Foster and Butt, 2011). Since the
films obtained from natural biopolymers are not always characterized
by good enough mechanical, barrier, microbiological or optical prop-
erties to be used in, among others, the packaging industry, many addi-
tives are used to improve these properties. Many works focus on the use
of, for example, nanoparticles of silver, titanium or other metals as ad-
ditives that improve the properties of the obtained films (Heydari For-
oushani et al., 2022; Norouzi et al., 2022; Shakeel et al., 2023). The
latest data show, however, that synthetic compounds such as nano-
particles are not neutral and may pose a health risk (Yadav et al., 2021).
Therefore, more and more attention is paid to natural additives such as
e.g. essential oils, plant extracts that are non-toxic, biodegradable and
safe for the environment (Ong et al., 2021; Wang et al., 2022).

Kombucha is a traditional non-alcohol or low-alcohol drink obtained
in the fermentation process. It uses many varieties of tea and carbon
sources and is fermented using a symbiotic culture of bacteria and yeast
(SCOBY), which includes acetic acid bacteria (AAB), lactic acid bacteria
(LAB), and yeasts (Antolak et al., 2021; Soares et al., 2021; Tantichar-
akunsiri et al., 2021). Kombucha is a valuable source of bioactive
compounds such as phenolic compounds, organic acids, vitamins, en-
zymes that come from both tea, which undergoes the fermentation
process, and from the microorganisms contained in it (Antolak et al.,
2021). Literature data show that due to the high content of phenols,
kombucha is a very good antioxidant (Vina et al., 2014; Vohra et al.,
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2018; Yang et al., 2009). Kombucha also exhibits antimicrobial prop-
erties, inhibiting the growth of various microbial strains such as Pseu-
domonas aeruginosa, Serratia marcescens, Staphylococcus aureus, and
E. coli (Vohra et al., 2018). According to research by Bhattacharya et al.
(2016), the antimicrobial activity of kombucha is related to catechin and
isorhamnetin. In addition, antimicrobial property of kombucha solution
depends on the time of fermentation, the carbon source, and the tea used
for this purpose (Antolak et al., 2021; Vohra et al., 2018).

Due to its characteristics, the SCOBY consortium has so far been used
for a variety of purposes. Thanks to a richness of nutrients and high
energy value, it is used as a feed additive (Murugesan et al., 2005).
Literature data show that SCOBY, due to the presence of metal-binding
groups, can biosorb heavy metals such as cadmium, zinc, arsenic or lead
from aqueous solutions and wastewater (Mousavi. et al., 2018; Raz-
movski and Séiban, 2008). Another interesting application is the pro-
duction of cellulose from kombucha-derived bacteria (KBC).
Kombucha-derived cellulose sheets are widely used by designers in the
textile industry to produce eco-friendly clothing (Kaminski et al., 2020).
Due to a biodegradable nature, as well as antioxidant and antimicrobial
properties, attempts are made to use SCOBY kombucha to produce
ecological packaging. Research conducted by Sharma et al. (2021)
showed that the composite made from KBC and chitosan was more
effective than polyethylene or a sheet made from SCOBY in maintaining
the freshness of a tomato as a test object within 28 days. In turn, Ashrafi
et al. (2018) found that the functional properties (water vapor perme-
ability, antioxidant activity, resistance against ultraviolet) of chitosan
films improve when combined with a kombucha solution prepared from
tea.

The purpose of this research was to characterize films prepared from
chitosan and kombucha solutions obtained from coffee and various
types of tea. Literature data show that kombucha was previously used
only as an additive to chitosan films in order to improve their properties
(Ashrafi et al., 2018). In this work, a new approach to the application of
kombucha as a chitosan solvent was presented. In this study, kombucha
solutions were used as a natural solvent for the preparation of chitosan
films. The concentrations of phenolic compounds, antioxidant activity
(radical scavenging capacity of DPPH) and biological activity of various
kombucha solutions were determined. In turn, for the
chitosan-kombucha films, the mechanical, sorption and barrier proper-
ties, as well as their morphology and biological activity were
determined.

2. Materials and methods
2.1. Preparation of kombucha solution

Tea-based kombucha solutions were prepared by dissolving 70 g of
sucrose in 1000 ml of distilled water. Next, 4 g of various types of tea
(black, green, and white) was added to boiled water. To prepare coffee-
based kombucha, 140 g of sucrose was dissolved in 1000 ml of distilled
water, and 120 g of ground coffee was added to boiled water. The teas
and coffee were brewed and the grounds were removed by filtration
after 10 min. After cooling to room temperature, the tea was seeded with
a 100 ml fermentation broth from a previous black tea fermentation
prepared under the same conditions. Fermentation was carried out at
room temperature for 21 days. Sucrose was purchased from Sigma
Aldrich (Darmstadt, Germany), while tea and coffee samples were pur-
chased from a local store. The samples of cell-free kombucha were
investigated. Cells of microorganisms involved in fermentation were
removed by centrifugation (5000 g, 10 min). Supernatants were then
microfiltered by membrane filtration using filters Millex GV (Millipore,
MA, USA).

2.2. Preparation of film-forming solutions and chitosan-kombucha films

Chitosan purchased from Sigma Aldrich (Darmstadt, Germany),
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derived from crab shells, was used to prepare the films. Four solutions
forming chitosan films were prepared by dissolving 4 g of chitosan in
400 ml of cell-free kombucha solutions made from black, green and
white teas and coffee. Additionally, 4 ml of glycerin (Chempur, Piekary
Slqskie, Poland) was added to each solution. The final solutions were
mixed using a mechanical stirrer. The chitosan-kombucha solutions for
antioxidant activity test were stored at — 4 °C until analysis. In order to
prepare the chitosan-kombucha films, the film-forming solutions were
poured into Petri dishes with Teflon inserts and dried at room temper-
ature. As a result of the experiment, four kombucha solutions, four
chitosan-kombucha solutions and four chitosan-kombucha films were
obtained, as presented in Table 1.

2.3. Antioxidant properties

The antioxidant activity of cell-free kombucha and chitosan-
kombucha solutions was determined by their DPPH (2,2-diphenyl-1-
picrylhydrazyl) (Sigma Aldrich, Darmstadt, Germany) radical scav-
enging activity. Kombucha or chitosan-kombucha solutions (3 pl) was
added to distilled water (297 ul) and vortexed. An ethanol solution of
0.1 mM DPPH (300 pl) was added, and samples were mixed and incu-
bated for 30 min at room temperature in the dark. Following incubation,
BioMate™ 160 UV-Visible spectrophotometer (Thermo Scientific, MA,
USA) was used to measure the absorbance (A) of solutions at a wave-
length of A = 517 nm. Trolox (Sigma Aldrich, Darmstadt, Germany) was
used as a reference antioxidant. On the basis of the obtained absorbance
values, the antiradical activity (AP) of the tested products was calculated
using the following Eq. 1:

Ag-Aj

AP(%) = A -100 @

where: Ay — absorbance of the control sample, A; — absorbance of the
tested samples.

Every sample tube was prepared in triplicate, and each experiment
variant was repeated three times. The results (n = 9) are presented as
the mean value + standard deviation ( & SD).

2.4. Phenolic compounds concentration

The concentration of phenolic compounds, including flavonoids
(catechin, epicatechin, rutin, myricetin, pinostrobin, pinobanksin,
pinocembrin, apigenin, kaempferol, galangin, naringenin and quer-
cetin), aromatic acids (caffeic, ferulic, vanillic, syringic, sinapic, cou-
maric, hydroxycinnamic and cinnamic) and caffeic acid phenethyl ester
(CAPE) in cell-free kombucha solutions was determined using the Aquity
UPLC chromatograph (Waters, Manchester, MA, USA) equipped with a
photodiode detector (PDA e\ Detector) (Waters, Manchester, MA, USA)
and an electrospray ionization triple quadrupole mass spectrometer
(TQD) (Waters, Manchester, MA, USA). The solutions were filtered

Table 1
Symbols of samples.
Symbols ~ Kombucha Symbols  Chitosan- Symbols  Chitosan-
solution kombucha kombucha
solutions films
w White tea CWS Chitosan — CWF Chitosan —
white tea white tea
kombucha kombucha
G Green tea CGS Chitosan — CGF Chitosan —
green tea green tea
kombucha kombucha
B Black tea CBS Chitosan — CBF Chitosan —
black tea black tea
kombucha kombucha
C Coffee CCS Chitosan — CCF Chitosan —
coffee coffee
kombucha kombucha
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through a 0.20 pm syringe filter (Chromafil, Macherey-Nagel, Duren,
Germany) before analyses. The analyzed compounds were separated at
25 °C on a Waters ACQUITY UPLC HSS T3 column (150 x2.1 mm/ID,
with 1.8 um particle size) (Waters, Manchester, MA, USA). Gradient
elution was applied using water containing 0.1 % HCOOH (A) and
acetonitrile containing 0.1 % HCOOH (B) with a flow rate of 0.3 ml/
min. The solvent gradient was modified as follows: 0-5 min 25 % B,
5-20 min 40 % B, 20-30 min 60 % B, 30-35 min 90 % B, and 35 to
— 0 min 100 % B, followed by a return to the initial conditions. All
solvents and standards of phenolic compounds were purchased form
Sigma Aldrich (Darmstadt, Germany). All samples were injected in
triplicate.

2.5. Sorption experiments

All chitosan-kombucha film samples were stored in a desiccator over
phosphorus pentoxide (P20s) (Sigma Aldrich, Darmstadt, Germany)
before use. Equilibrium moisture content (EMC) measurements were
carried out using the dynamic vapor sorption apparatus (DVS Advantage
2, Surface Measurement Systems, London, UK) at 25 °C. Additionally,
the sorption experiments started with sample equilibration in dry ni-
trogen at a flow rate of 150 cm®/s in order to obtain a dry state. The
initial mass of each sample was 8 + 0.5 mg. The EMC values were
established in the adsorption mode for 0, 0.05, 0.20, 0.35, 0.50, 0.65 and
0.80 of relative humidity (RH). It was assumed that a sample reached
equilibrium at a given RH when the mass change was less than 0.0005
%/min over a 10-minute window. The collected EMC data were used to
obtain adsorption isotherms. In order to confirm the influence of kom-
bucha solutions on sorption phenomena, the analysis also included the
previously published own EMC data for a chitosan film produced with
the use of acetic acid (Stanicka et al., 2021).

2.6. Sorption modelling

Measured EMC data were approximated with the four-parameter
generalized D'Arcy and Watt (GDW) sorption model (Furmaniak et al.,
2009, 2007a, 2007b). The GDW model is given by the following
equation:

m-K-RH
(1+K-RH)

1 —k-(1 —w)-RH

(1 — k-RH) 2)

EMC(kg/kg) =

where: m — maximum monolayer water content (kg/kg), K — kinetic
constant related to sorption on primary sites, k — kinetic constant related
to sorption on secondary sorption sites, w — the ratio of water molecules
bound to primary sites and converted into secondary sites, RH — relative
humidity (-). The Levenberg-Marquardt iterative algorithm imple-
mented in STATISTICA 13.3 software (TIBCO Software Inc., Palo Alto,
CA, USA) was used to estimate the coefficients of Eq. (2). The parameters
of the sorption model were also estimated for the previously published
own EMC data for the chitosan film produced using acetic acid.

2.7. Oxygen transmission rate (OTR)

The analyses of oxygen transmission rate (OTR) were performed for
the prepared chitosan-kombucha films. Oxygen transmission rate was
determined using the OxyPerm system consisting of an Oxysense 325
analyzer and a special permeation chamber with an in-built OxyDot
oxygen sensor (OxySense, Dallas, Texas, USA). During measurement, the
system records fluorescence quenching time and calculates oxygen
concentration changes within the test chamber in accordance with
ASTM F2714-08 (ASTM F2714-08, 2013.). The tested film samples
were cut into squares with 6.5 cm sides. OTR test conditions were as
follows: temperature was 23 °C and RH was 65 %. The measurements
were continued until the determination coefficient between partial
measurements exceeded 0.95.
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2.8. Water vapor transmission rate (WVTR)

The water vapor transmission rate (WVTR) of the prepared chitosan-
kombucha films was determined on the basis of ISO 2528:2017 (ISO
2528:2017, 2017). The measuring vessels containing 10 g of anhydrous
calcium chloride (Avantor Performance Materials, Gliwice, Poland)
were covered with a film sample, tightly sealed and placed in a desic-
cator containing a saturated sodium chloride solution (Avantor Perfor-
mance Materials, Gliwice, Poland) (RH = 65 %, t = 23 °C). The vessels
were weighed with an accuracy to 0.001 g. The calculations of water
vapor transmission rate (WVTR) were based on the Eq. 3:

m-24

WVTR(g / m2-24h) = 3

where: WVTR - water vapor transmission rate (g/m2 -2 h), m — mass
increase (g), A — water vapor transmission area (rnz).

2.9. Mechanical properties

The mechanical properties of the films were measured using an
Instron Universal testing machine (Model 5965, Instron, USA) following
ASTMD 882-12. The samples were cut into 1.5 cm x 10 c¢m strips and
conditioned at 25°C and 0.5 RH for at least 48 h. The test speed rate was
100 mm/min. The average measurements from 10 samples were re-
ported for mechanical properties including tensile strength and elon-
gation at break. Tensile strength (TS) as determined on the basis of Eq. 4:

_ Fmax

TS(MPa) = N (€]

where: Fmax — maximum load (N), A — cross-sectional area of the initial
film strip sample (mmz).
Elongation at break (EB) was determined on the basis of Eq. 5:

EB(%)

_Li-Lo
=—1 100 5)

0

where: Ly — initial length of the film strip sample (mm), L; — final
length of the film strip sample at breakage (mm).

2.10. Scanning electron microscopy (SEM)

Microscopic examinations were performed using a scanning electron
microscope Evo 40 (Zeiss, Oberkochen, Germany) operating in beam
mode at 20 kV with a secondary electron detector.

2.11. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

The ATR-FTIR spectra of chitosan-kombucha films were recorded by
a Nicolet iS5 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) with a Fourier transform and deuterated triglycine sulfate
detector. The spectra were recorded at 4000-600 cm ™! at a resolution of
4cm™? recording 32 scans.

2.12. Antibacterial activity

The antibacterial activity of cell-free kombucha solutions and
chitosan-kombucha films was determined using the agar diffusion
method against pathogenic bacteria strains: Escherichia coli (ATCC
10536), Listeria monocytogenes (ATCC 15313), Pseudomonas aeruginosa
(ATCC 15443), Salmonella enterica (clinical isolate), and probiotic bac-
teria strains: Lacticaseibacillus rhamnosus GG (ATCC 53103), Lacti-
plantibacillus plantarum 299 v (isolate from Sanprobi IBS, Poland) and
Lacticaseibacillus paracasei (CNCM 1-1572). All indicator strains were
stored in a Cryobank (Bacteria storage system, MAST Diagnostica) at
— 20 °C. Prior to the tests, the strains were defrosted and passaged twice
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in nutrient broth (OXOID CM 0001, Hampshire, UK) with the addition of
2 % (w/v) glucose. The cultures of bacteria were grown at 35 + 2°C for
24 h. Muller-Hinton agar medium (OXOID CM 0337, Hampshire, UK)
was used to determine antibacterial activity. The plates with this me-
dium were inoculated using indicator strains in the range of 10’ CFU/
cm® (100 pl) and remained there for 15 min to adsorb the microorgan-
isms to the surface. Next, in the case of testing the activity of kombucha
solutions, the wells (10 mm diameter) were cut into agar plates, and
100 pl of the analyzed kombucha samples were placed inside, whereas
the discs of the tested films with a diameter of 10 mm were placed to the
surfaces of the inoculated plates. Next, the plates were incubated at
35°C £ 2°C for 24 h. After this time, the diameter of the inhibitory
zone surrounding respectively the walls and discs was measured using a
Computer Scanning System (MultiScaneBase v14.02). The results are
expressed in millimeters.

2.13. Statistical analysis

Statistical analyses included factorial one-way ANOVA, followed by
Tukey’s honest significant difference (HSD) test at a = 0.05. All statis-
tical analyses were performed using the TIBCO Software Inc. Statistica
version 13.3 (Palo Alto, CA, USA).

3. Results and discussion

3.1. Antioxidant activity and phenolic compounds concentration in
kombucha solutions

In the first step, antioxidant activity and the content of individual
phenolic compounds in the cell-free kombucha solutions was deter-
mined. The tested kombucha solutions obtained from white, green and
black tea and coffee showed high anti-radical activity, as presented in
Fig. 1. All solutions showed more than two times higher antiradical
activity than Trolox (16 %) used as a standard antioxidant. According to
statistical analysis, kombucha solutions are characterized by various
antiradical activity, depending on the types of tea. The antiradical ac-
tivity of the solutions ranged from 39 % for kombucha obtained from
white tea (W) to 91 % for coffee-based kombucha (C).

Literature data show that kombucha solutions obtained from the
fermentation of various types of tea were characterized by high anti-
radical activity in the DPPH test, and the differences in activity result
from the type of tea used in the fermentation process and its duration
(Tanticharakunsiri et al., 2021). The research carried out by Vohra et al.
(2018) showed that the fermentation time and carbon source affect the
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Fig. 1. Antiradical activity of kombucha solutions (W, G, B — white, green and
black tea, respectively, C — coffee). Different letters indicate samples that were
significantly different (p < 0.05). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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antiradical activity of kombucha solutions.

In cell-free kombucha solutions, the concentration of individual
phenolic compounds was determined by chromatographic analysis and
the results are presented in Table 2. All tea kombucha solutions were
found with flavonoids (catechin, epicatechin, quercetin and kaempferol)
in contrast to coffee kombucha solution which did not contain flavo-
noids, but only aromatic acids: caffeic, sinapic, coumaric, ferulic, and
hydroxycinnamic. In addition, kombucha from green tea contained
coumaric and hydroxycinnamic acids. The concentration of flavonoids,
such as rutin, myricetin, pinobanksin, naringenin, pinostrobin, apigenin,
chrysin and pinocembrin, aromatic acids, including vanillin, syringic
and cinnamic, and CAPE was below the detection threshold of UPLC in
all tested kombucha solutions.

UPLC analysis showed the highest content of phenolic compounds
(125.85 pg/ml) for kombucha solution produced as a result of green tea
fermentation. Moreover, the green tea kombucha solution had the
highest number of phenolic compounds identified — 6 out of 21 tested
compounds. In turn, kombucha from white tea contained the lowest
content of tested phenolic compounds (24.51 mg/ml). The highest
content among all tested phenols was recorded for epicatechin
(61.81 pg/ml), catechin (28.64 ug/ml) and kaempferol (23.83 pg/ml) in
the green tea kombucha solution. In addition, the coffee kombucha so-
lution was found with a high content of caffeic acid (73.79 mg/ml).
Literature data show that the main flavonoids present in green tea are
the glycosidic structures (glucose, galactose, rhamnose) of kaempferol
and quercetin (Lorenzo and Munekata, 2016). Studies by Antolak et al.
(2021) show that the total concentration of catechin is the highest in
green tea, which is consistent with the presented results. A higher
quercetin concentration was noted for the kombucha sample based on
green tea — 5.74 pg/ml than in the sample based on black tea —
4.13 pg/ml or white tea — 5.21 ug/ml. The literature reports also
confirmed a varied content of phenolic compounds in black and green
tea. These differences result from the type of tea and the place where it
was grown (Chan et al., 2011; Khokhar and Magnusdottir, 2002). The
phenolic content of kombucha based on black tea fermented for 21 days
was investigated by Bhattacharya et al. (2016) who found that phenolic
compounds concentration increased with increasing incubation time,
which may be a result of the degradation of complex compounds into
smaller ones and increased detection of phenolic compounds. Differ-
ences in the content of phenolic compounds may result from alteration

Table 2
Concentration of phenolic compounds in kombucha solutions.
Concentration w G B C
(ug/ml kombucha
solution)
Catechin 5.21° 28.64° 6.31° nd
+0.13 + 0.57 + 0.32
Epicatechin 8.39¢ 61.81% 10.06" nd
+0.24 +0.29 +0.19
Quercetin 5.21¢ 5.74% 4.13° nd
+0.13 +0.17 +0.13
Kaempferol 5.70¢ 23.83% 11.08" nd
+ 0.49 +1.19 +0.20
Caffeic acid nd nd nd 73.79
+ 2.42
Sinapic acid nd nd nd 4.15
+ 0.07
Coumaric acid nd 3.40° nd 4.67°
+0.15 + 0.07
Hydroxycinnamic acid nd 2.43° nd 3.24%
+0.13 +0.14
Ferulic acid nd nd nd 1.48
+0.33
Sum of phenolic 24.51 125.85 31.58 87.33
compounds

Expressed as average =+ standard deviations. Values denoted with identical let-
ters do not differ significantly; nd —content below the detection limit of UPLC.
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in the fermentation process parameters, such as temperature or duration
(Bhattacharya et al., 2016). Moreover, some strains of bacteria,
including lactic acid bacteria present in the solutions, may have the
ability to degrade phenolic compounds, e.g., epicatechin to vanillic acid
(Jayabalan et al., 2007). Therefore, the parameters of the kombucha
fermentation process can influence the qualitative and quantitative
phenolic profile (Jayabalan et al., 2007). The second largest number of
phenolic compounds and total content of detected phenols was deter-
mined for the coffee kombucha solution. Coffee kombucha was found
with aromatic acids, which are commonly determined in coffee and
coffee by-products (Acikalin and Sanlier, 2021; Bondam et al., 2022).

3.2. Antioxidant activity of chitosan-kombucha solutions

The tested film-forming solutions, whose production involved the
use of kombucha and chitosan, showed very high antiradical activity;
the details are presented in Fig. 2. This activity is higher than for kom-
bucha solutions without the addition of chitosan (Fig. 1). The activity of
all tested solutions was at least four times higher than the antiradical
activity of standard Trolox.

In our study the different kombucha solutions based on different tea
(white, green, black) and coffee, were used to obtain different chitosan/
kombucha films. As can be seen in Fig. 1 and Fig. 2, the antiradical
activity of different kombucha solutions is different, because different
tea and coffee are confirmed sources of many specific bioactive com-
pounds with antioxidant activity. The concentration of phenolic com-
pounds in kombucha solutions is different and depend on the type of tea
and coffee used. Flavonoids (catechin, epicatechin, quercetin and
kaempferol) were found in all tea-based kombucha solutions but not in
coffee-based kombucha solutions, which was a source of aromatic acids
(caffeic, sinapic, coumaric, ferulic, and hydroxycinnamic) (see Table 2).
Therefore, the mechanism of antioxidant activity of chitosan-kombucha
solutions is dependent on the phenolic compounds with different anti-
radical activity. Moreover, chitosan also exhibits antioxidant properties
(Kim and Thomas, 2007; Savin et al., 2020). Based on results obtained in
DPPH assay in this study and on the literature data (Vina et al., 2014;
Vohra et al., 2018; Yang et al., 2009), the mechanism of antioxidant
activity of different chitosan-kombucha solutions can be explained by
the presence of different natural compounds with antiradical activity.
On the other hand, the synergistic effects of phenolic compounds in
kombucha solution and chitosan, cannot be excluded.

The results suggest that chitosan increases the antiradical activity of
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Fig. 2. Antiradical activity of chitosan-kombucha solutions (CWS, CGS, CBS —
solutions obtained from white, green and black tea kombucha and chitosan,
respectively, CCS — solution obtained from coffee kombucha and chitosan).
Different letters indicate samples that were significantly different (p < 0.05).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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chitosan-kombucha solutions. According to literature data, chitosan
solutions exhibit antioxidant properties. The antioxidant activity de-
pends on the type of chitosan used, its molecular weight, and degree of
deacetylation (Kim and Thomas, 2007; Savin et al., 2020). The anti-
radical activity of chitosan films with potential use as food packaging is
important due to the increased protection of stored food. Moreover, the
use of substrates which shows antiradical activity eliminates the need to
add synthetic antioxidants to food products.

3.3. Characterization of chitosan-kombucha films

The results of kombucha and chitosan-kombucha solutions indicated
that these solutions have antioxidant activity and contain phenolic
compounds exhibiting biological activity. Therefore, preliminary results
suggest that chitosan-kombucha solutions can be applied in the pro-
duction of films for food packaging. The physical, mechanical, biological
and chemical properties for the obtained films were determined.

3.3.1. Sorption experiments

The equilibrium moisture content (EMC) was generally similar to
that reported for pure chitosan and chitosan-methylcellulose composite
films (Vargas et al., 2011). The adsorption isotherm for the examined
chitosan films showed a slight increase in EMC below RH 0.50. The
dominant increase in EMC occurred in the range of RH above 0.50. This
phenomenon has been previously reported for hydrophilic films (Wiles
etal., 2000; Cervera F et al., 2004; Srinivasa et al., 2007; Aguirre-Loredo
et al., 2016).

The results of sorption experiments are presented in Fig. 3. The
adsorption isotherms were plotted by fitting the four-parameter GDW
model to the whole set of measured EMC data. For comparative pur-
poses, the graph also shows previously published EMC data for chitosan
film produced using an acetic acid solution for dissolving chitosan, ob-
tained under identical conditions (Stanicka et al., 2021). The charac-
teristic features of all tested chitosan films produced with the
investigated kombucha solution are (a) generally small differences in
the course of the adsorption isotherms and (b) a negligibly low EMC (less
than 0.01 kg/kg) in the RH range below 0.35. Among the tested samples,
the greatest limitation of hygroscopic properties concerned the films of
chitosan produced with the use of black tea kombucha (sample CBF).
The comparison of the adsorption isotherms in the tested
chitosan-kombucha film samples with the analogous isotherm
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Fig. 3. The adsorption isotherms of chitosan films at 25 °C take into account
the kombucha solution used (CWF, CGF, CBF - white, green and black tea,
respectively, CCF — coffee, dots — experimental data, lines — isotherms calcu-
lated with the GDW model (Eq. 2)). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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calculated on the basis of previously published own data (EMC reference
data) shows a positive effect of kombucha solutions on reducing the
hygroscopic properties of chitosan films. The EMC of the chitosan pro-
duced with acetic acid is clearly higher in the whole RH range.

The estimated coefficients of the GDW model for the investigated
chitosan films taking into account the kombucha solution used are
presented in Table 3.

The use of kombucha solutions to produce a chitosan film affected
monolayer water content (m) estimated using the GDW sorption model
(Eq. (2)). The presented parameter is lower for kombucha from coffee
than for kombucha from all types of tea included in the research. Since
m< 1, the water molecules absorbed on primary sites are not completely
converted into secondary sorption sites.

Moreover, the value of m for the kombucha from green and black tea,
i.e., 0.4852 and 0.4391, represents respectively 86.9 % and 78.7 % of
the corresponding value determined for the chitosan film produced with
acetic acid (0.5582). An even greater reduction of this parameter (73.0
%) was found for coffee kombucha (0.4075). As a result of the use of
kombucha solution, the accessibility of the primary sorption sites is
limited. Therefore, the expected effect of using the kombucha solution in
the production of chitosan films may be the reduction of hygroscopic
properties and their stabilization.

Additionally, the estimated parameters of the GDW model were used
to classify sorption isotherms according to Brunauer's classification
(Brunauer, 1943). Furmaniak et al. (2007a) found that the simultaneous
fulfillment of the conditions, i.e., parameter m < 1 and parameter K > 1,
allows for the classification of isotherms up to type III. According to
Branauer's classification, type III sorption isotherm was observed where
sorption phenomena is determined by the solution effects (Sing, 1982).
For this isotherm (classified as solution-like), the small initial slope of
the EMC to RH plot increases in the whole RH range.

3.3.2. Research of barrier properties

Film permeability depends on the chemical structure and
morphology of the film, the nature of the permeant, and the temperature
of the environment. Factors affecting (WVTR) chitosan films include the
molecular weight and degree of deacetylation of chitosan, the type and
amount of plasticizers added, and the preparation conditions, which
influence the network structure of chitosan films (Ashrafi et al., 2018).
Modifications and additions to chitosan films undoubtedly have signif-
icant importance and influence on the barrier properties. Therefore, the
barrier properties of the obtained chitosan-kombucha films were
assessed. Fig. 4 shows the oxygen transmission rate (OTR) and water
vapor transmission rate (WVTR) determined for the prepared
chitosan-kombucha films.

An OTR of 5.40 cm®/m2e24 h was determined for the CWF film. In
the case of the CGF film, a high oxygen barrier was observed, as the OTR
was 1.25 cm®/m2e24 h. CGF film was characterized by the highest ox-
ygen barrier among all the tested films. The films consisting of chitosan-
coffee kombucha and chitosan-black tea kombucha were characterized
by a similar barrier to oxygen and the OTR was 3.82 and 3.84 cm®/
m2e24 h, respectively. Assessment of the water vapor transmission rate
showed that the CWF film was characterized by WVTR of 140.8 g/
m2e24 h. CWF film showed the highest barrier to water vapor. The

Table 3
Estimated coefficients of the adsorption GDW model at 25 °C for chitosan-based
films.

Chitosan-based films m (kg/ K k w R?
kg)
CWF 0.4804 0.0162  0.8268  25.2774  0.9980
CGF 0.4852 0.0105 0.8866  27.1758  0.9921
CBF 0.4391 0.0119 0.8954 24.8475 0.9921
CCF 0.4075 0.0101 0.9229  25.2628  0.9930
Literature data (Stanicka 0.5582 0.3356 0.9202 1.1952 0.9999
et al., 2021)
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Fig. 4. Oxygen transmission rate (OTR) (above) and water vapor transmission
rate (WVTR) (bottom) for chitosan-kombucha films (CWF, CGF, CBF - films
obtained from white, green and black tea kombucha and chitosan, respectively,
CCF - film obtained from coffee kombucha and chitosan). Different letters
indicate samples that were significantly different (p < 0.05). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

WVTR for CGF film was 147.6 g/m2e24 h. CCF and CBF films were
characterized by slightly higher values, for which the determined WVTR
was 153.2 and 150 g/m2e24 h, respectively. The results indicate that
depending on the type of tea used, and therefore on the active in-
gredients, films with different barrier properties were obtained. Based
on the literature, it is known that incorporation of green tea and tea
polyphenols into chitosan films improved the water vapor barrier
properties of films (Siripatrawan and Harte, 2010). Therefore, it can be
observed that the structure and quantity of phenolic acids in individual
types of tea also determined the results of the barrier tests.

3.4. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to observe the
morphology of the obtained chitosan-kombucha film samples. Fig. 5
presents SEM images of the prepared films.

It was observed that the structure of all films is non-porous and or-
dered. Modification of chitosan films did not affect the homogeneity and
smoothness of the surface in the obtained samples. The detection of
small creases on the surface of CWF and CGF films did not affect the
quality of the obtained samples. The results confirmed good integrity of
the additives used with chitosan.

3.5. Tensile properties

As part of the strength tests, tensile strength and elongation at break
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of the obtained films were determined. These are the commonest me-
chanical parameters for food packaging applications (Zhang and Jiang,
2020). Fig. 6 presents the tensile strength (TS) and elongation at break
(EB) for the prepared chitosan films.

The film produced from chitosan and white tea kombucha (CWF)
was characterized by the highest tensile strength, which was 4.89 MPa.
However, this film showed the lowest elongation at break, which was
24.46 %. The remaining films showed lower tensile strength, but at the
same time higher elongation at break values. In the case of CGF film, TS
was 3.82 MPa, while the elongation at break was 50.62 %. On the other
hand, the lowest tensile strength was characteristic for CBF film, where
TS was 2.77 MPa. The highest elongation at break of 74.5 % was
observed in CBF film. The research found that the presence of the ad-
ditive improved the flexibility of the tested films. The reduction in
breaking strength may be due to the presence of polyphenols, which may
disturb the crystal order in the polymer structure, weakening the
intermolecular bonds and inhibiting the interactions of chitosan chains
(Agarwal et al., 2021). This is especially influenced by phenolic acids,
which interrupt the formation of an ordered crystal structure, weaken
intermolecular hydrogen bonds, and hinder polymer-polymer chain in-
teractions, which reduces the mechanical properties of the resulting
films (Sun et al., 2017; Zhang and Xue, 2016). The differences in
breaking strength and elongation obtained for the tested films may
therefore result from the presence and structure of phenolic acids
characteristic for a particular type of tea. The structure and amount of
phenolic acids in individual types of tea also determined the obtained
results of the barrier tests.

3.6. Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR)

The chemical structure of chitosan-kombucha films was determined
by FTIR. The results are shown in Fig. 7.

The infrared spectra of the samples in the 1000 cm ! range indicate
variance of the -OH functional group in the samples. These results are
consistent with the literature data for kombucha solutions (Kaashyap
et al., 2021). The samples showed a differential peak in the range of
1000 cm ™! to 1100 cm™!. The peak in this range corresponds to the C-O
group. The tested samples differ in the class of compounds of primary
and secondary alcohol groups and aromatic ester groups (Kaashyap
et al., 2021). The highest transmittance value in the range of 1000 cm ™}
to 1100 cm ™! is observed for the film samples obtained from chitosan
and coffee kombucha.

3.7. Antimicrobial activity

In order to assess the potential application of the obtained chitosan-
kombucha films as a food packaging, their antibacterial activity was
determined. The antimicrobial effect of kombucha solutions was also
assessed. The results of kombucha solutions and chitosan-kombucha
films activity against strains of probiotic and pathogenic bacteria are
presented in Table 4.

All tested kombucha solutions were active against a narrow spectrum
of bacteria, mostly gram-negative. Black tea kombucha was character-
ized by the broadest range of activity, as it inhibited the growth of E. coli,
S. enterica, and P. aeruginosa. The greatest selectivity of action was
shown by kombucha from coffee, which was active only against
P. aeruginosa. All kinds of kombucha solutions showed the strongest
activity against P. aeruginosa, with inhibition zone from 15 (green tea
kombucha) to 22 mm (white tea kombucha). Photographic documen-
tation of kombucha samples for which inhibition zones were noted is
presented in the supplement (Fig.s1).

Chitosan films obtained with kombucha solutions, similarly to these
solutions used to obtain them, were characterized by a high specificity of
the antibacterial effect. Their range of activity was the same as kom-
bucha solutions. Photographic documentation of film samples produced



K. Stefanowska et al.

Industrial Crops & Products 197 (2023) 116634

Fig. 5. SEM images of the prepared films: CWF, CGF, CCF and CBF, (CWF, CGF, CBF - films obtained from white, green and black tea kombucha and chitosan,
respectively, CCF — film obtained from coffee kombucha and chitosan). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

with kombucha, for which zones of inhibition were noted, are presented
in the supplement (Fig.s2). CBF films exhibited higher activity against
E. coli than the kombucha solution, and CBF, CGF, CWF films also had a
stronger antagonistic effect on S. enterica. Comparing the literature re-
sults (Deghrigue et al., 2013; Vohra et al., 2018) obtained for black tea
kombucha with the results obtained for the film consisting of chitosan
and kombucha, it can be concluded that the presence of chitosan in the
samples has a positive effect on the increase of antibacterial activity
against E. coli. Ashrafi et al. (2018) investigated the activity against
S. aureus and E. coli of films consisted of chitosan and kombucha and
claimed that the inhibition properties of these films depend on the
kombucha concentration. Many natural polyphenols show not only

antioxidant activity but also antimicrobial activity (Olszewska et al.,
2020). Their antagonistic effect depends on their nature, structure and
concentration, therefore the spectrum of antimicrobial activity of indi-
vidual polyphenols differs. Some polyphenols can stimulate the growth
of probiotic bacteria and commensal intestinal microbiota. The mech-
anism of such a complex and at the same time selective action of plant
polyphenols on microorganisms has not been explained so far (Ols-
zewska et al., 2020). Other ingredients that could have influenced the
reported antibacterial effect may be metabolites produced by acetic
bacteria and yeast during fermentation, i.e. acetic acid, ethyl alcohols
and carbon dioxide (Wali and Abed, 2019). These compounds could
additionally support the antimicrobial activity of polyphenols.
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Fig. 6. Tensile strength (TS) (above) and elongation at break (EB) (bottom) for
the prepared chitosan films. (CWF, CGF, CBF - films obtained from white, green
and black tea kombucha and chitosan, respectively, CCF — film obtained from
coffee kombucha and chitosan). Different letters indicate samples that were
significantly different (p < 0.05). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Kombucha may be a source of other as yet unidentified microbial me-
tabolites. In the study of microbiological activity, none of the tested
chitosan-kombucha films showed antimicrobial activity against the
three tested strains of probiotic bacteria: L. rhamnosus, L. plantarum, and
L. paracasei. This is beneficial for the potential use of chitosan-kombucha
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films for food packaging or drug encapsulation.
4. Conclusions, outlook and future perspectives

The study characterized films produced from chitosan and kombucha
solutions obtained from coffee and various types of tea (black, green and
white). Kombucha solutions were used as a solvent to dissolve chitosan,
instead of commonly applied inorganic acids. The kombucha solutions
showed high antiradical activity and presence of phenolic compounds
characterized by tea type and coffee. The addition of chitosan to kom-
bucha solutions increased the antioxidant activity of solutions.
Compared to chitosan-kombucha forming solutions, it can be concluded
that chitosan has a positive effect on the increase of microbiological
activity of the tested samples against selected bacterial strains. Films
based on chitosan and black tea kombucha solution showed activity
against S. enterica, E. coli, and P. aeruginosa. All tested films exhibited an
antibacterial effect on P. aeruginosa, and additionally films consisting of
chitosan and tea kombucha solutions exhibited activity against
S. enterica. All tested kombucha solutions and chitosan-kombucha films
showed no activity against probiotic bacteria strains. In turn, analysis of
the results of sorption experiments confirms the significant influence of
kombucha solutions on the hygroscopic and sorption phenomena
properties of chitosan films. In general, the beneficial effect of kombu-
cha solutions is manifested in clearly lower EMC values over the entire
RH range than in the case of chitosan produced with acetic acid.
Moreover, comparison of the estimated GDW sorption model shows that
kombucha solutions limit the accessibility of primary sorption sites of
chitosan-based films. Among chitosan-kombucha films, the greatest
limitation of hygroscopic properties was exhibited by the film consisting
of chitosan and black tea kombucha. The film obtained from a chitosan
and kombucha solution from green tea was characterized by the highest
oxygen barrier, and the film based on chitosan and a solution of white
kombucha tea was characterized by the highest tensile strength.

The results indicate that the type of kombucha solutions used to
prepare chitosan-kombucha films influences the mechanical, physical
and microbiological properties of the obtained films. In addition, the
findings suggest that kombucha solutions, both from coffee and various
types of tea, can be used as a natural chitosan solvent instead of inor-
ganic acids. The obtained results confirm that the new chitosan films for
the production of which kombucha was used as a solvent have better
properties than films with traditionally used acidic solvent. They can be
a viable alternative food packaging material.

An important aspect of packaging materials is knowledge about their
biodegradability and disposal. In the longer term, it is necessary to carry
out biodegradability tests of the obtained films and tests focused on a
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Fig. 7. FTIR spectra of the prepared chitosan films (CWF, CGF, CBF - films obtained from white, green and black tea kombucha and chitosan, respectively, CCF — film

obtained from coffee kombucha and chitosan).
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Table 4
Antibacterial activity of kombucha solutions and chitosan-kombucha films.
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Zone of inhibition (mm)

Probiotic strains of bacteria

Pathogenic strains of bacteria

Kombucha solutions
L. rhamnosus L. plantarum L. paracasei

nsow
|
|
|

Chitosan-kombucha films

CBF - - -
CGF - - -
CWF - - -
CCF - - -

E. coli S. enterica P. aeruginosa L. monocytogenes
17 14 21 -
- 15 15 -
- 16 22 -
- - 19 —
22 17 21 -
- 17 19 -
- 17 20 -
- - 18 —

specific application in the packaging industry of chitosan-kombucha
films. Further research on chitosan films obtained using kombucha as
a solvent is still needed to expand the use of this material in food
packaging and bring its use to the industrial level. The problem of the
process of obtaining chitosan itself should also be considered. It is still a
process that uses significant amounts of concentrated acids, which
generates a large amount of wastewater that must be properly treated
and neutralized. Obtaining chitosan is also a process that requires a lot
of energy. The study presents the possibility of using kombucha, which is
a natural product, to prepare chitosan film-forming solutions, which is
undoubtedly a more ecological solution than using traditional inorganic
acids.
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Abstract: Plastic pollution and environmental degradation necessitate the development
of natural, biodegradable food preservation materials. This study examined chitosan-
based film-forming solutions using kombucha derived from black tea, lemon balm, and
chamomile as natural solvents rich in bioactive compounds. Lemon balm kombucha
solutions were used to create chitosan films and coat red peppers. The study assessed the
mechanical properties of the films and the effects of chitosan coating on peppers, including
texture, ascorbic acid content, sensory attributes, and antioxidant activity. Microbiological
tests showed that a chitosan-lemon balm kombucha solution acted against Escherichia coli,
Pseudomonas aeruginosa and Salmonella enterica. Lemon balm kombucha had high total
phenolic (381.67 ug GAeq/mL) and flavonoid (21.05 pg Qeq/mL) contents. The chitosan
film exhibited a tensile strength of 11.08 MPa and an elongation at break of 53.45%. The
water vapor transmission rate of the obtained chitosan film was 131.84 g/m?2-24 h. Coated
peppers showed a 32% increase in skin strength and retained 11% more ascorbic acid after
15 days. Sensory evaluation revealed no significant differences from controls. These results
highlight lemon balm kombucha as a promising natural solvent for chitosan coatings,
which have the potential to extend red pepper shelf life and to support food preservation.

Keywords: fruit coating; ascorbic acid; fruit quality; barrier properties

1. Introduction

When choosing products in a store, consumers usually assess the quality of vegetables
purchased based on their appearance and freshness at the time of purchase. Unfortunately,
storing vegetables and fruits on store shelves or transporting them to the store negatively
affects the integrity of these products, causing them to brown, change taste and texture
and lose nutritional value [1]. Furthermore, studies have shown that about one third of
the total production of fruits and vegetables is lost before it reaches the consumer [1]. In
order to protect food from spoilage and mechanical damage during transport and storage,
packaging is used. However, due to the environmental threat posed by plastic packaging,
new solutions are being sought that could successfully replace these while also acting as an
environmentally friendly alternative.
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An example of such a solution is that of edible coatings, which can protect food
products against adverse biological factors, allow for the extension of shelf life [2], limit
lipid oxidation [3] and reduce moisture loss from food products [4]. Edible coatings
applied to products by spraying or immersion perform a barrier function, protect against
gas penetration, moisture migration, aroma changes and the exchange of various soluble
substances [5,6]. Various types of matrices are used to produce coatings: polysaccharides
such as chitosan, cellulose, starch, pectin [7-9]; proteins such as casein, bean proteins, soy
proteins [10-12]; and lipids or composite materials [13].

Chitosan is a natural polysaccharide obtained from chitin, which in turn is obtained
from, among other things, the shells of crustaceans constituting industrial waste. Due to
its film-forming properties, biocompatibility, and biodegradability, it is a good matrix for
the production of natural packaging or coatings for food products [14]. Literature data
show that packaging materials and coatings produced on the basis of chitosan exhibit
antibacterial and antifungal activity, which is beneficial from the point of view of protecting
packaged food from spoiling too quickly [15-17]. Chitosan is a polysaccharide that is
insoluble in water, but which dissolves well in acidic substances, e.g., acetic, citric, or
lactic acids. Studies have shown that the type of solvent used affects the biological and
mechanical properties of the obtained chitosan-based materials [18,19]. Current research
focuses on seeking out new solvents for obtaining chitosan materials that, apart from their
solvent function, are rich in biologically active substances, and which allow for an increase
in, among other things, the microbiological activity of the obtained materials [20,21].

Kombucha is a traditional beverage obtained through the fermentation of tea. This
process occurs due to the presence of a symbiotic culture of bacteria and yeast (SCOBY),
which consists of acetic acid bacteria (AAB), lactic acid bacteria (LAB), and yeast [22,23].
Kombucha is a rich source of bioactive compounds such as phenolic compounds, organic
acids, and vitamins [22]. Due to the presence of bioactive compounds, kombucha is a very
effective antioxidant [24,25]. It also exhibits antimicrobial activity against strains such as
Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli; research shows that this
activity varies depending on the length of the fermentation process or the type of tea used
in the process [26].

The aim of this work was to obtain chitosan coatings using a natural solvent that is rich
in biologically active substances, i.e., kombucha. Three types of tea were used to prepare
kombucha: black tea, lemon balm and chamomile. A kombucha that is characterized by
the best biological activity was used to produce a chitosan film and a protective coating,
which was then used to cover red bell peppers. The plant material was subjected to
qualitative tests to assess the potential possibility of extending the shelf life by covering
food products with a film-forming solution of chitosan and kombucha based on lemon
balm. The obtained results suggest that lemon balm kombucha can be an effective, natural
and novel solvent for chitosan, one that is characterized by the additional benefits that
result from the richness of the bioactive ingredients contained in it, and the obtained coating
allowed for the maintenance of the product’s high quality during its storage.

2. Materials and Methods

2.1. Research Methodology of Kombucha, Chitosan—Kombucha Solutions and Films
2.1.1. Preparation of Kombucha

The kombucha was prepared by dissolving 70 g of sucrose (Sigma Aldrich, Darmstadlt,
Germany) in 1 L of distilled and boiled water, followed by adding 4 g of three tea types:
chamomile tea, lemon balm and black tea (Herbapol, Lublin, Poland). After brewing for
10 min, the teas were removed from the solution. Once cooled to room temperature, 100 mL
of a previously fermented black tea broth was added as a starter culture. Fermentation
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proceeded at room temperature for 21 days. For analysis, microorganism cells were re-
moved from the kombucha solutions by centrifugation at 5000 x g for 10 min, followed by
microfiltration with Millex GV membrane filters (Millipore, Burlington, MA, USA).

2.1.2. Preparation of Chitosan-Kombucha Solutions

Chitosan, derived from crab shells purchased from Sigma Aldrich (Darmstadt,
Germany), was used to obtain film-forming solutions. Three separate chitosan-kombucha
solutions were prepared by dissolving 4 g of chitosan in 400 mL of cell-free kombucha
solutions made from chamomile, lemon balm, and black teas. The solutions were stirred
mechanically. The symbols of the samples received are explained and presented in Table 1.

Table 1. Symbols of received samples.

Symbols Kombucha Solution Symbols Chitosan-Kombucha Solutions
C Chamomile tea CS Chitosan—chamomile tea kombucha
LB Lemon balm tea LBS Chitosan-lemon balm kombucha
B Black tea BS Chitosan-black tea kombucha

2.1.3. Preparation of Chitosan-Kombucha Films

To produce the chitosan—kombucha films, the film-forming solutions obtained as in
point 2.1.2. were poured into Petri dishes lined with Teflon and allowed to dry at room
temperature for 48 h. Only the film obtained using lemon balm kombucha allowed for
further mechanical tests. The obtained chitosan-lemon balm kombucha film was described
by the symbol LBE, while the literature data [27] for the chitosan film produced with the
commonly used acetic acid was used as a control sample, marked with the symbol CFE.

2.1.4. Total Phenolic and Flavonoid Content in Kombucha Solutions

The total phenolic content (TPC) in kombucha solutions was determined using the
Folin—Ciocalteu procedure. The kombucha solution (0.1 mL) was mixed with Folin—
Ciocalteu reagent (0.25 mL, Sigma Aldrich, Steinheim, Germany), and, after 3 min, with
NayCOj3 solution (3mL, 10%, Avantor Performance Materials, Gliwice, Poland). The ab-
sorbances at 765 nm in all solutions were measured by a Cary 300 Bio UV-Visible scanning
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) after incubation for 40 min
in the dark and at ambient temperature. Results were expressed as gallic acid equivalent in
mL of kombucha solution (mg GAeq/mL). All measurements were made in triplicate.

Measurement of the total flavonoid content (TFC) in kombucha solutions was per-
formed based on the aluminum chloride colorimetric method. The kombucha solution
(0.1 mL) was mixed with methanol (0.9 mL) and AICl3 solution (2 mL, 2%, Avantor Perfor-
mance Materials, Gliwice, Poland). The absorbance at 430 nm was read by a Cary 300 Bio
UV-Visible scanning spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) after
incubation for 45 min in the dark and at ambient temperature. All results are expressed as
ug of quercetin equivalent in mL of kombucha solution (ug Qeq/mL). All measurements
were made in triplicate.

2.1.5. Preparation of Indicator Microorganism Cultures for Antibacterial Testing

Bacterial strains stored at —20 °C were gently thawed (at room temperature) and then
passaged twice in BHI medium (Oxoid, Basingstoke, UK) with 2% glucose (temperature
30-37 °C, depending on the strain, 24 h). Petri dishes with Mueller-Hilton Agar (Oxoid,
Basingstoke, UK) were then inoculated with a suspension of the prepared strains containing
10° cfu/mL. The inoculated plates were left for 15 min to absorb microorganisms on their
surface. The strains used for testing were Bacillus subtilis (food isolate), E. coli (ATCC 10536),
P. aeruginosa (ATCC 15442), and S. enterica (clinical isolate).
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2.1.6. Antibacterial Activity of Kombucha—-Chitosan Solutions

An amount of 10 puL of tested kombucha—chitosan solution was applied to each of the
surfaces of plates inoculated with standardized bacterial suspensions (10° cfu/mL). Plates
with applied samples were incubated at 30-37 °C (depending on the strain) for 24 h. After
incubation, the antimicrobial activity of the tested samples was assessed. For this purpose,
the diameters of the inhibition zones formed around the sites of the applied samples
were measured using a computer scanning system (MultiScaneBase v14.02). Results are
expressed in millimeters.

2.1.7. Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) of kombucha—chitosan films was evaluated
following the ISO 2528:2017 standard [28]. For this measurement, vessels containing
10 g of anhydrous calcium chloride (Avantor Performance Materials, Gliwice, Poland)
were covered with the film samples, sealed securely, and placed inside a desiccator. The
desiccator maintained a relative humidity (RH) of 65%, which was achieved using a
saturated solution of sodium chloride (Avantor Performance Materials, Gliwice, Poland),
and a controlled temperature of 23 °C. The vessels were weighed with a precision of 0.001 g.
The WVTR was determined using the formula presented as the following formula:

m-24
WVIR = ——
A

where WVTR—water vapor transmission rate (g/ m?-24 h), m (g)—mass increase and A
(m?)—water vapor transmission area.

2.1.8. Mechanical Properties

The mechanical properties of the prepared films were assessed using an Instron univer-
sal testing machine (Model 5965, Instron, Norwood, MA, USA), following the ASTMD882-
12 standard [29]. Film samples were cut into strips measuring 1.5 cm by 10 cm and
conditioned at 23 °C with 50% relative humidity for at least 48 h. The testing was carried
out at a speed of 100 mm/min, evaluating mechanical properties such as tensile strength
and elongation at break. The average values were derived from ten samples. Tensile
strength (TS) was determined using the following equation:

TS (MPa) = F‘:‘X

where Fpax—the maximum load (N) and A—the cross-sectional area of the initial film strip
sample (mm?).
Elongation at break (EB) was determined using the following equation:
L1 — Lo

EB(%) = <[ =>+100

where Lo—the initial length of the film strip sample (mm) and L;—the final length of the
film strip sample at breakage (mm).

2.2. Research Methodology of Coated Red Bell Peppers
2.2.1. Plant Material

Red bell peppers were purchased from Lidl (Neckarsulm, Germany). The peppers
were selected for uniformity, shape, color, and size, and all fruits with defects were rejected.
The fruits were randomly divided into 2 groups of 8 fruits. The fruits of the first group
were coated with a chitosan-lemon balm kombucha solution prepared as in point 2.1.2. by
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dipping them twice in the solution, before being dried at room temperature for 24 h. The
second group was a control sample and was not coated. Chitosan-lemon balm kombucha-
coated peppers were marked with the symbol LBP, while the control group, which was not
coated with the solution, was given the symbol CP. Both the coated and control groups
were stored for 15 days at 18 °C, simulating supermarket retail conditions.

2.2.2. Texture Parameter Analysis

The measurement of puncture force and skin elasticity was performed using a TA.XT
plus texture analyzer (Stable Micro Systems, Godalming, UK). A P/2 probe and a load cell
with a maximum capacity of 5 kg were utilized for this purpose. Measurement parameters
were as follows: probe speed of 0.5 mm/s, penetration distance of 6 mm, and a contact
force of 50 g.

2.2.3. Ascorbic Acid Determination

The extraction of ascorbic acid from the samples was performed using 1% metaphos-
phoric acid (Sigma Aldrich, Steinheim, Germany). The content was determined using
the UPLC method [30] with an LC Agilent Technologies 1260 Infinity system (Waldbronn,
Germany) equipped with a Zorbax SB-C18 column (4.6 mm x 150 mm; 5 um; Agilent Tech-
nologies, Santa Clara, CA, USA) and a DAD detector (Agilent Technologies 1260 Infinity,
Waldbronn, Germany). The mobile phase consisted of methanol (phase A) and 0.005 mol/L
KH,POy solutions (phase B). A gradient elution was applied as follows: a linear gradient
from 5% A to 22% A over 6 min, followed by a return to the initial conditions within 9 min.
The flow rate was set at 0.7 mL/min. Detection was performed at a wavelength of 245 nm,
and quantification was carried out using the external standard method. The determinations
were performed in triplicate for two parallel tests (n = 6).

2.2.4. Sensory Evaluation

Sensory evaluation was conducted by a 10-member evaluation panel in sensory as-
sessment booths specifically prepared for the analysis. A structured 9-point hedonic scale
was used, with boundary descriptors ranging from “undesirable” to “highly desirable.”
The following sensory quality attributes were assessed: color, aroma, firmness (evaluated
by touch), and overall appearance.

2.2.5. Radical Cation Scavenging Activity

Antioxidant activity determined by Trolox equivalent antioxidant activity (TEAC) was
evaluated by means of the spectrophotometric method as well as the ABTS™ method (2,2-
eazinobise(3-ethylbenzothiazoline-6-sulfonic acid). 2,2-Azinobis-(3-ethylbenzothiazoline-
6-sulphonic acid) radical monocation scavenging activity was determined following a
procedure described by Re et al. [31]. The amount of 0.007 mol/L water ABTS* solution
was mixed with 0.002 mol/L potassium persulphate solution at a 1:0.5 ratio. The prepared
solution was left in the dark for 12-16 h at room temperature. Prior to measurements, the
cation radical solution was diluted with a phosphate buffer (PBS) at pH 7.4. The buffer was
added until the solution reached absorbance of 0.700 (£0.020). To determine antioxidant
activity, an extract of polyphenolic compounds was prepared from fresh red pepper and
LBP-coated red pepper (50 pL) was mixed with 5 mL diluted ABTS" solution and its
absorption was measured at 734 nm after 6 min at 30 °C, with a phosphate buffer used as a
reference sample. The capacity of free radical scavenging was expressed as micromoles of
Trolox per g of sample.
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2.2.6. Statistical Analysis

The results are expressed as mean standard deviation (SD). Statistical analyses were
performed using Statistica 13.1 software (TIBCO Software Inc., Palo Alto, CA, USA) and
Excel 2010 (Microsoft Corporation, Redmond, WA, USA). Analysis of one-way and two-
way variance (ANOVA) at p < 0.05 followed by the post-hoc Tukey test was applied. The
relationships between variables were examined using the Pearson correlation coefficient.

3. Results and Discussion

3.1. Properties of Three Types of Kombucha and Kombucha—Chitosan Solutions

3.1.1. Total Phenolic (TPC) and Flavonoid (TFC) Content in Kombucha Solutions
Phenolic compounds contribute to the bioactive properties of kombucha, affecting

its antioxidant and antimicrobial activities, among other things. Consequently, the total

phenolic content (TPC) and total flavonoid content (TFC) in the three types of kombucha

were analyzed, and the results are presented in Table 2.

Table 2. Total phenolic compounds and flavonoid content.

Symbol TPC (ug GAegq/mL) TFC (ug Qeq/mL)
C 135.00 € + 0.16 13.76® + 1.68
LB 381.67 2 + 0.05 21.052 + 0.37
B 377.90° + 0.08 14.28° +0.11

Values are mean =+ standard deviation; the different letters within a given parameter indicate a significant
difference at p < 0.05 for the one-way ANOVA and Tukey post-hoc test means comparisons.

The obtained data showed that the highest total phenolic content (381.67 pg GAeq/mL)
was characterized by kombucha obtained from lemon balm. Additionally, black tea kom-
bucha contained high TPC (377.90 GAeq/mL), though it was statistically lower than in
lemon balm kombucha. Literature data indicated that black tea showed a total phenolic
content 137.5 ug GAeq/mL, which was lower than the value obtained for kombucha, at
234.1 pg GAeq/mL [32]. These studies also suggested that the value of total phenolic con-
tent was dependent on the time of fermentation—the highest value (234.1 ug GAeq/mL)
was recorded after a month of fermentation, while over time this value decreased and
was, after 9 months, 80.8 ug GAeq/mL [32]. A higher TPC (420 ug GAeq/mL) value for
kombucha based on black tea was obtained in studies conducted by La Torre et al. [32],
who carried out the fermentation process for 7 days. This is consistent with the conclusion
that the length of fermentation significantly affects the total phenolic content, and that
the TPC value decreased with the length of the fermentation process. Similar results have
also been obtained by Shahbazi et al. [33], who examined the TPC in kombucha with the
addition of plants with medicinal properties such as cinnamon or thyme, their obtained
results also indicate a decrease in the TPC over time, which could be related with the acidity
of the samples and the presence of enzymes. Moreover, studies have also shown that total
phenolic content varies depending on the type of raw material used in the fermentation
process [34].

The data obtained for the total flavonoid content exam showed that the highest TFC
(21.05 ng Qeq/mL) was observed for kombucha obtained using lemon balm. Literature
data showed that the TFC for kombucha based on black tea was 13 ug Qeq/mL, which is a
value that is slightly lower than the results obtained in this research (14.28 pug Qeq/mL) [35].
Studies conducted by Shahbazi et al. [33] have shown that the TFC value depended on the
raw materials used in the fermentation process but also on the time of its conduct. Unlike
for TPC, in the case of TFC, an increase in the value with time could be observed, this is
due to the numerous biotransformations that occur during the fermentation process, as
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well as the stability of some flavonoids such as theaflavin and thearubigen, and the lower
stability of e.g., epicatechin, as well as their variable content in the sample depending on
the raw material which was used [33].

3.1.2. Antibacterial Properties of Kombucha—Chitosan Solutions

In order to assess the suitability of the three types of kombucha-chitosan solutions for
further studies and to indicate which sample is characterized by the highest antibacterial
activity, microbiological studies were conducted against selected strains of gram-positive
and gram-negative bacteria which can cause food spoilage and additionally be a source of
food poisoning. The results are presented in Table 3.

Table 3. Antibacterial activity of kombucha—chitosan solutions.

Gram-Positive Strain Gram-Negative Strains
Symbol o ; : :
B. subtilis E. coli P. aeruginosa S. enterica
CS 1297 £0.15 11.03 £ 0.15 12.06 £0.11 st
LBS 13.13 £ 0.15 11.10 £ 0.10 12.00 = 0.10 11.93 + 0.06
BS st st 10.13 £ 0.11 st

Diameter of the resulting zones of inhibition: 5-10 mm—weak activity; 11-14 mm—moderate activity; >14 mm—strong
activity; st means weak static action.

The obtained results show that the broadest spectrum of activity against gram-negative
and gram-positive bacteria was demonstrated by chitosan-lemon balm kombucha solu-
tion. The LBS sample showed moderate activity against bacteria such as B. subtilis, E. coli,
including pathogenic P. aeruginosa and S. enterica. After its application, zones of complete
inhibition of the growth of these bacteria were observed. In contrast, other samples showed
only static activity against S. enterica, i.e., they only slightly reduced the intensity of their
growth. Research conducted by Stefanowska et al. [21] showed that the antimicrobial activ-
ity of kombucha also depends on the type of raw material used in the fermentation process.

3.2. Properties of Lemon Balm Kombucha Films

For further studies, chitosan films were produced using three types of kombucha,
the films obtained using black tea and chamomile-based kombucha did not allow for
microbiological and mechanical tests.

Based on the results of the microbiological tests presented in Section 3.1.2 and the
assessment of the suitability of the obtained films for further research, a chitosan film
obtained using lemon balm-based kombucha was selected. The results of the tests on
mechanical and barrier properties of the obtained film are presented in Figure 1.

50 70 . 200
= S 2
o = 60 ‘@
s 40 % 50 I 22 150
= o é < =
530 £ 40 £d
5 8 EE 100
22 £ =5
= §, 20 g o
2 5, =2 50
g 10 I g 10 B =
[ = <

0 0 = 0

LBF CF LBF CF LBF CF

Figure 1. Comparison of mechanical and barrier properties of chitosan-kombucha films versus films
produced using acetic acid.
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The tensile strength (TS) value for the obtained chitosan film was 11.08 MPa, which is
twice as high as the value of 4.89 MPa obtained for chitosan films produced using white tea-
based kombucha, this value also exceeded the values obtained for chitosan films produced
using black tea-based kombucha (3.82 MPa) and coffee-based kombucha (2.77 MPa) [21].
The obtained value is, however, much lower than in the case of the chitosan films produced
using the commonly used acetic acid, for which the TS value was 38.80 MPa [27].

In the case of elongation at break (EB), the value obtained for the LBF sample was
53.45%. Literature data showed that EB values obtained for chitosan films produced using
kombucha were lower, 24.46% for films based on white tea kombucha and 50.62% for films
based on green tea kombucha [21]. A lower EB value (35.5%) was also noted for the film
produced with acetic acid as a solvent [27]. Higher values were obtained for chitosan films
produced using coffee-based kombucha, 74.5% [21], and for those produced with citric acid,
121.87% [27]. The obtained results and literature data show that the acidic solvent used, or,
in the case of kombucha, the mutual proportions of acids present, affected parameters such
as TS and EB, which determine the elasticity and strength of the obtained materials [21,27].

The result of the water vapor transmission rate (WVTR) study for the film based on
kombucha produced from lemon balm was 131.84 g/m?-24 h, which was slightly lower
than in the study conducted by Stefanowska et al. [21], where the values obtained for
chitosan films based on four different types of kombucha were in the range of 140.8 to
153.2 g/m?-24 h. Literature data showed that the WVTR value for chitosan films produced
using a traditional solvent, acetic acid, was 159.09 g/m?-24 h, which is higher than in the
case of the film with kombucha based on lemon balm [27].

3.3. Evaluation of the Quality of Red Pepper Coated with Chitosan—Lemon Balm Kombucha
Solution

The quality assessment of control peppers (CP) and peppers coated with chitosan—
lemon balm kombucha solution (LBS) was conducted based on the measurement of texture
parameters, including skin strength and elasticity, sensory evaluation and ascorbic acid, as
well as the antioxidant activity of the samples. Photographic documentation of the coated
red bell peppers and the control sample on days 1 and 15 of storage is presented in Figure 2.

1% day of storage

15" day of siorage

Figure 2. Photographic documentation of the coated red bell peppers and the control sample on days
1 and 15 of storage.
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3.3.1. Texture Parameters

Texture parameters can serve as indicators of changes occurring during the storage of
fresh peppers [36]. These changes were described using two parameters: skin strength and
skin elasticity. The obtained results are presented in Table 4.

Table 4. Texture parameters of red bell pepper coated with chitosan-lemon balm kombucha solution
and control pepper during 15 days of storage at 18 °C.

Day of Storage cp LBP
Skin Strength (N)
1 8552 4+ 0.8 11.3¢+1.2
5 103 + 0.9 98P 4+ 0.7
10 7.632 +0.7 99b +1
15 105b<+0.9 10.7 ¢ 4+ 0.9
Skin Elasticity * (mm)

1 332407 39ab + 04
5 40%b 4+ 0.7 403b +0.8
10 352403 42bc 04
15 474 4+ 06 494 +08

* Deflection distance of the sample until skin puncture. Values are mean =+ standard deviation; the different letters
within a given parameter indicate a significant difference at p < 0.05 for the two-way ANOVA and Tukey post-hoc
test means comparisons.

The results indicate that skin strength in LBS peppers showed a significant increase of
approximately 32% compared with CP. Up to the 10th day of storage, the applied coating
improved skin strength; however, prolonged storage reduced the difference in parameter
values to a statistically insignificant level. A similar trend was observed for skin elasticity,
which exhibited higher values in coated samples (LBP) up to the 10th day of storage, which
increased by approximately 18% on day 1 and around 20% on day 10. Considering that
pepper wilting inherently led to a decrease in both parameters, the obtained results indicate
a positive effect of the LBS coating on the overall quality of the peppers. Previous studies
have indicated that lipid-based coatings derived from mineral oil, as well as protein-wax
coatings applied to fruits and vegetables, including peppers, reduce skin damage during
distribution and transportation, as well as storage-related injuries [37,38].

3.3.2. Sensory Evaluation

The sensory evaluation of LBS peppers showed comparable scores for the assessed
attributes relative to the control sample. This included color desirability, color intensity,
and overall appearance; however, for the latter attribute, a significantly higher score was
recorded after 15 days of storage. The obtained results of sensory evaluation are presented
in Table 5.

The aroma of the evaluated samples was rated more favorably in the uncoated peppers,
as the LBS coating altered the typical pepper scent. In the case of the coated samples, the
aroma, described as fermentative-sweet-sour, although not perceived as negative, differed
from the typical scent of red bell peppers. Nevertheless, the obtained results indicate
only minor differences in sensory quality between the LBP samples and the control group.
Given the improvement in other quality parameters, such as texture properties and the
content of bioactive compounds, this outcome appears fully acceptable, suggesting the
potential effectiveness of the LBS coating for application on fruits and vegetables. In the
study conducted by Nasrin et al. [39], which compared the sensory quality of red pepper
coated with 1.5% and 2% chitosan solution to uncoated pepper after 9 days of storage, and
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similar to the present study, the appearance and overall acceptability of the chitosan-coated
samples were significantly higher compared with the control sample.

Table 5. Results of sensory evaluation of red bell pepper coated with chitosan—lemon balm kombucha
solution (LBS) and control pepper (CP) during 15 days of storage at 18 °C.

Day of Storage CcpP LBP
Desirability of Color
1 98¢+ 04 94bc 408
5 98¢ +04 9.1abc+10
10 843P +0.8 9.2abc 408
15 8.02+0.8 843P +09
Color Intensity
1 96405 98¢+ 04
5 96409 96¢+0.5
10 8.8abc + 04 9.2bc 4+ 04
15 782 +09 82ab 4+ 04
Aroma
1 924 0.8 52ab +0.7
5 86¢+1.0 382+ 0.8
10 8.8¢°¢+09 58P +0.8
15 80°+1.0 6.0°+09
Overall Appearance
1 92¢+09 8.8de 409
5 78¢cde £ 10 764+ 1.0
10 6.0 +1.0 543b 409
15 482 +0.8 6.6+ 0.8

Values are mean =+ standard deviation; the different letters within a given parameter indicate a significant
difference at p < 0.05 for the two-way ANOVA and Tukey post-hoc test means comparisons.

3.3.3. Ascorbic Acid Content

Peppers are an excellent source of ascorbic acid, with its content in pepper fruits
ranging widely from 60 to 470 mg/100 g FW (fresh weight) [40-43]. However, it should
be noted that the ascorbic acid content in peppers can vary depending on several factors,
including variety, cultivation conditions, fruit ripeness, and storage conditions [40—43].
Therefore, it may serve as a key indicator of pepper quality. The obtained results of the
ascorbic acid content analysis are presented in the Table 6.

Table 6. Content of ascorbic acid and antioxidant activity of red pepper coated with chitosan-lemon
balm kombucha solution (LBS) and control red pepper (CP) during 15 days of storage at 18 °C.

Ascorbic Acid Content Antioxidant Activity
Day of Storage (mg/100/g FM) (umol of Trolox/g FM)
CP LBP CP LBP
1 131.0 +1.0 139.0P¢d +51 1054 +0.08 11.6¢+ 02
5 102.02 +£2.9 143.09 + 0.4 842 +03 94% +02
10 133.0b¢ +28 14004 +26 9.7bc +0.2 10.6 <4 + 0.7
15 14404 +42 160.0¢ + 1.6 9.0%0 4+ 0.3 11.242 + 0.1

Values are mean =+ standard deviation; the different letters within a given parameter indicate a significant
difference at p < 0.05 for the two-way ANOVA and Tukey post-hoc test means comparisons.
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In the conducted study, the ascorbic acid content in the CP sample was 131.7 mg/100 g FW,
while in LBP it was approximately 5% higher. Lemon balm contains around 70 mg/100 g
FW of ascorbic acid, therefore, lemon balm kombucha may also contain ascorbic acid, which
could contribute to this difference [37]. During storage, the ascorbic acid content fluctuated
in both samples, likely due to the natural variability of the pepper material. However, after
15 days of storage, the final ascorbic acid content in LBP was approximately 11% higher
than in CP, a difference that was statistically significant. This suggests a beneficial effect
of the applied coating in preserving ascorbic acid in peppers. Nasrin et al. [39] have also
reported a beneficial effect of chitosan coating (1.5% and 2% solution) on the retention of
ascorbic acid content in red pepper during 9 days of storage at 25 £ 2 °C compared with
the uncoated control sample. However, the study demonstrated a decrease in ascorbic acid
content after the 9th day of storage in both the control and coated samples. In the present
study, the observed increase in ascorbic acid content may result from changes in sample
mass during storage and the variability of the tested material.

The obtained results of the antioxidant activity are presented in Table 6. The conducted
analyses of antioxidant activity demonstrated significantly higher values in the LBP samples
compared with CP on days 1, 5, and 15 of storage. The increase in the analyzed parameter
in the coated sample compared with the control was approximately 10% after 1, 5, and
10 days, and 24% after 15 days of storage. Moreover, a significant decrease in antioxidant
activity was observed in CP after 15 days of storage compared with day 1, where in LBP, this
value remained stable, with no significant decline after 15 days. No significant correlation
was found between the antioxidant activity of the analyzed samples and their ascorbic acid
content. Nevertheless, the higher value of the measured parameter in the LBP samples
could be the result of the antioxidant activity of the coating itself [37]. However, the absence
of a decline in this parameter during the storage of coated peppers appeared to be beneficial.
Kumar et al. [44] reported a decrease in the antioxidant activity of bell pepper coated with a
chitosan—pullulan (50:50) composite edible coating enriched with pomegranate peel extract
and stored at 23 £ 3 °C. The reduction was approximately 35% in the coated sample
and around 45% in the control sample. In the present study, the decrease in antioxidant
activity was not statistically significant in the coated sample, amounting to 3.5%, where
in the control sample, it was 14%, representing a statistically significant reduction. The
antioxidant activity values of the pepper samples were consistent with literature data for
red sweet pepper varieties [45,46].

4. Conclusions

This study demonstrates that lemon balm kombucha is an effective natural solvent for
chitosan-based coatings, one that increases the shelf life of red bell peppers. In addition,
kombucha from lemon balm was found to be a rich source of phenolic compounds and
flavonoids. Microbiological studies have shown that the chitosan solution made with
lemon balm kombucha was active against strains that are undesirable in food, such as
B. subtilis, E. coli, P. aeruginosa and S. enterica. The TS test of the chitosan film produced
using lemon balm kombucha showed that the value of this parameter is twice as high as
the value obtained for films commonly produced with acetic acid. Higher values were
also recorded for the tested film in the EB test. However, in the WVTR test, the values
obtained were slightly lower than those available in the literature data. Red bell peppers
coated with LBS retained more ascorbic acid over time compared with the peppers from the
control group, indicating better nutrient preservation. Sensory evaluation showed that the
coating did not negatively affect the appearance or overall quality of the peppers. Studies
have indicated that lemon balm kombucha can be an effective solvent for chitosan with
additional properties resulting from the presence of biologically active substances. These
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findings highlighted the potential of kombucha-based chitosan coatings as a sustainable
alternative for food preservation, reducing the impact of storage on product quality and
extending shelf life.
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Oswiadczenie autora rozprawy doktorskiej

Niniejszym o$wiadczam, ze przedlozong rozprawe doktorska pt.: ,Biodegradowalne
polisacharydowe materialy kompozytowe z napetniaczami lignocelulozowymi oraz
dodatkiem produktdéw naturalnych” napisalam samodzielnie, tj.:

— nie zlecilem opracowania rozprawy lub jej czesci innym osobom,

— nie przepisalem rozprawy lub jej czesci z innych opracowan i prac zwigzanych
tematycznie z moj3 praca,

— korzystalem jedynie z niezbednych konsultacii,

— wszystkie elementy rozprawy, ktore zostaly wykorzystane do jej realizacji (cytaty,
ryciny, tabele, programy itp.), a nie bedace mojego autorstwa, zostaly odpowiednio
zaznaczone wraz z podaniem zrodta ich pochodzenia,

— rozprawa nie byta wczesniej przedmiotem procedur zwigzanych z uzyskaniem stopnia
naukowego,

Oswiadczam ponadto, ze niniejsza wersja rozprawy jest identyczna z zataczong wersja
elektroniczng.

Mam Swiadomos¢, ze zlozenie nieprawdziwego oswiadczenia skutkowaé bedzie
niedopuszczeniem do dalszych czynnosci postgpowania w sprawie nadania stopnia doktora lub
cofnigciem decyzji o nadaniu mi stopnia doktora oraz wszczeciem postepowania
dyscyplinarnego.
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materiaty kompozytowe z napeilniaczami lignocelulozowymi oraz dodatkiem produktow
naturalnych”, zostata przygotowana pod meim/naszym kierunkiem i stwierdzam, ze spetnia

ona warunki do przedstawienia jej w postgpowaniu o nadanie stopnia naukowego.
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Wozniak M., Schmid M., Dobrucka R, Ratajczak I, 2024, Chitosan-based films with
nanocellulose and propolis as active packaging materials. Industrial Crops and Products 219,
119112 m¢j indywidualny udziat w jej powstaniu polegal na autorstwie koncepcji, opracowaniu

metod badawczych, analizie formalnej, przygotowaniu oryginalnej wersji manuskryptu.
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Wozniak, M., Schmid, M., Dobrucka, R., Ratajczak, 1., 2024. Chitosan-based films with
nanocellulose and propolis as active packaging materials. Industrial Crops and Products 219,
119112, my individual contribution to it is conducting tests on the characterization of the
obtained chitosan-based films: barrier properties, surface free energy and co-participation in the

development of the results.
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Declaration on co-authorship

I hereby declare that in the work: Stefanowska, K., Bucher, M., Reichert, C.L., Sip, A.,
Wozniak, M., Schmid, M., Dobrucka, R., Ratajczak, 1., 2024. Chitosan-based films with
nanocellulose and propolis as active packaging materials. Industrial Crops and Products 219,
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obtained chitosan-based films: barrier properties, surface free energy and co-participation in the

development of results.
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Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy: Stefanowska K.. Bucher M., Reichert C.L., Sip A.,
Wozniak M., Schmid M., Dobrucka R., Ratajczak 1., 2024, Chitosan-based films with
nanocellulose and propolis as active packaging materials. Industrial Crops and Products 219,
119112 mdj indywidualny udziat w je] powstaniu polegal na opracowaniu metod badawczych

oraz analizie formalne;j.
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Wozniak M., Schmid M., Dobrucka R., Ratajczak 1., 2024, Chitosan-based films with
nanocellulose and propolis as active packaging materials. Industrial Crops and Products 219,
119112 moj indywidualny udzial w jej powstaniu polegal na autorstwie koncepcji, opracowaniu

metod badawczych oraz na opracowaniu manuskryptu.
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Declaration on co-authorship

[ hereby declare that in the work: Stefanowska, K., Bucher, M., Reichert, C.L., Sip, A.,
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nanocellulose and propolis as active packaging materials. Industrial Crops and Products 219,
119112, my individual contribution to it was to scientifically interpret the test results on the
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Wozniak M., Schmid M., Dobrucka R., Ratajczak 1., 2024, Chitosan-based films with
nanocellulose and propolis as active packaging materials. Industrial Crops and Products 219,
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nanocellulose and propolis as active packaging materials. Industrial Crops and Products 219,
119112 moéj indywidualny udzial w jej powstaniu polegat na autorstwie koncepcji oraz opiece
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Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J, Sip A,
Mrowczynska L., Kozak W., Dobrucka R., Ratajczak 1., 2023, Chitosan Films with Caffeine
and Propolis as Promising and Ecofriendly Packaging Materials. Applied Sciences, Vol. 13.
12351 mo¢j indywidualny udzial w jej powstaniu polegat na autorstwie koncepcji, opracowaniu
metod badawczych, analizie formalnej, przygotowaniu oryginalnej wersji manuskryptu oraz na

przygotowaniu grafik.
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Oswiadczenie o wspolautorstwie

Niniejszym os$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J.. Sip A,
Mrowezynska L., Kozak W., Dobrucka R., Ratajczak 1., 2023, Chitosan Films with Caffeine
and Propolis as Promising and Ecofriendly Packaging Materials. Applied Sciences, Vol. 13,
12351 méj indywidualny udzial w jej powstaniu polegal na opracowaniu metod badawczych,

analizie formalnej, recenzji i edycji manuskryptu.
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Jerzy Majka
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Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy Stefanowska K., Wozniak M., Majka, J., Sip A,
Mrowczyhska L., Kozak W., Dobrucka R., Ratajczak 1., 2023, Chitosan Films with Caffeine
and Propolis as Promising and Ecofriendly Packaging Materials. Applied Sciences, Vol. 13,
12351 méj indywidualny udziat w jej powstaniu polegal na opracowaniu metod badawczych,

analizie formalnej oraz na opracowaniu grafik.
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Anna Sip

Katedra Biotechnologii i Mikrobiologii Zywnosci,
Wydzial Nauk o Zywnosci i Zywieniu,
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Oswiadczenie o wspolautorstwie

Niniejszym oé$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J., Sip A,
Mrowczynska L., Kozak W., Dobrucka R., Ratajczak [., 2023, Chitosan Films with Caffeine
and Propolis as Promising and Ecofriendly Packaging Materials. Applied Sciences, 13, 12351
moj indywidualny udzial w jej powstaniu polegal na opracowaniu metod badawczych oraz

analizie formalnej.
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Lucyna Mrowczynska

Katedra Biologii Komorki,

Wydzial Biologii,

Uniwersytet im. Adama Mickiewicza,
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Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy Stefanowska K., Wozniak M., Majka J.. Sip A.,
Mrowezynska L., Kozak W., Dobrucka R., Ratajczak 1., 2023, Chitosan Films with Caffeine
and Propolis as Promising and Ecofriendly Packaging Materials. Applied Sciences, Vol. 13,
12351 moj indywidualny udzial w jej powstaniu polegal na: opracowaniu metod badawczych

oraz analizie formalnej.
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Instytut Nauk o Jakosci,
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al. Niepodleglosci 10, 61-875 Poznan, Polska

Oswiadczenie o wspoélautorstwie

Ninigjszym o$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J., Sip A,
Mréwezynska L., Kozak W., Dobrucka R., Ratajczak .. 2023, Chitosan Films with Caffeme
and Propolis as Promising and Ecofriendly Packaging Materials. Applied Sciences, Vol. 13,
12351 méj indywidualny udzial w jej powstaniu polegal na opracowaniu metod badawczych

oraz analizie formalnej.
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Oswiadczenie o wspolautorstwie

Niniejszym os$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J.. Sip A..
Mréwezynska L., Kozak W., Dobrucka R., Ratajezak 1., 2023, Chitosan Films with Caffeine
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and Propolis as Promising and Ecofriendly Packaging Materials. Applied Sciences, Vol. 13,
12351 méj indywidualny udziat w jej powstaniu polegal na autorstwie koncepcji oraz opiece

merytorycznej.
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Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy: Stefanowska K., Wozniak M., Dobrucka R., Sip A,
Mréwcezynska L., Waskiewicz A . Ratajczak 1., 2025, Fruit vinegars as natural and bioactive
chitosan solvents in the production of chitosan-based films. Polymers 17, 11 mdj indywidualny
udzial w jej powstaniu polegat na autorstwie koncepcji, opracowaniu metod badawczych,
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manuskryptu oraz na przygotowaniu grafik.

Data Podpis



Magdalena Wozniak

Katedra Chemii,

Wydziat Lesny i Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,
Wojska Polskiego 75, 60-625 Poznan, Polska

O$wiadczenie o wspo6lautorstwie

Niniejszym o$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Dobrucka R., Sip A.,
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Ninteiszym oswiadczam, ze w pracy: Stefanowska K., Wozniak M., Dobrucka R., Sip A,
Mrowczynska L., Waskiewicz A, Ratajczak 1., Fruit vinegars as natural and bioactive chitosan
solvents in the production of chitosan-based films. Polymers 17, 11 mdj indywidualny udzial

w jej powstaniu polegat na opracowaniu metod badawczych oraz na zbieraniu danych.

Data Podpis

4] 5] 2orf L Mafme



Izabela Ratajczak

Katedra Chemii,

Wydzial Lesnv 1 Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,

Wojska Polskiego 75, 60-625 Poznan, Polska

Oswiadczenie o wspélautorstwie

Ninieiszym oswiadczam. ze w pracy: Stefanowska K., Wozniak M | Dobrucka R, Sip A |
Mrowcezynska L., Waskiewicz A, Ratajczak L., Polymers 17, 11 moj indywidualny udzial w jej

powstaniu polegal na opracowaniu metod badawczych oraz opiece merytoryczne;.



Karolina Stefanowska

Katedra Chemii,

Wrydziat Lesny 1 Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,
Wojska Polskiego 75, 60-625 Poznan, Polska

Oswiadczenie o wspolautorstwie

Niniejszvm o$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J., Sip A,
Mrowczynska L., Waskiewicz A., Kozak W., Dobrucka R, Ratajczak 1., 2023, A new approach
to obtain chitosan films — Characteristics of films prepared with tea and coffee kombucha as
natural chitosan solvents. Industrial Crops and Products 197, 116634 m¢j indywidualny udziat
w jei powstaniu polegal na autorstwie koncepcii. opracowaniu metod badawczych, analizie

formalnej, zbieraniu danych oraz na przygotowaniu oryginalnej wersji manuskryptu.

Data Podpis

. Yoy A is M i i
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Magdalena Wozniak

Katedra Chemii,

Wydziat Lesny i Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,
Wojska Polskiego 75, 60-625 Poznan, Polska

Oswiadczenie o wspélautorstwie

Niniejszym of$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J., Sip A,
Mrowcezynska L., Waskiewicz A., Kozak W., Dobrucka R., Ratajezak L., 2023, A new approach
to obtain chitosan films — Characteristics of films prepared with tea and coffee kombucha as
natural chitosan solvents. Industrial Crops and Products 197, 116634 mgj indywidualny udzial
w jej powstaniu polegal na autorstwie koncepcji, opracowaniu metod badawczych oraz na

opracowaniu manuskryptu.

.................................................................



Jerzy Majka

Katedra Nauki o Drewnie i Techniki Cieplnej,
Wydzial Lesny i Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,

Wojska Polskiego 38/42, 60637 Poznan, Polska

Oswiadczenie o wspolautorstwie
Niniejszym o$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J., Sip A,
Mrowcezynska L., Waskiewicz A., Kozak W., Dobrucka R., Ratajczak ., 2023, A new approach
to obtain chitosan films — Characteristics of films prepared with tea and coffee kombucha as

natural chitosan solvents. Industrial Crops and Products 197, 116634 moj indywidualny udziat

w jej powstaniu polegal na opracowaniu metod badawczych oraz analizie formalnej.

Data Podpis

.............................




Anna Sip

Katedra Biotechnologii i Mikrobiologii Zywnosci,
Wydzial Nauk o Zywnosci i Zywieniu,
Uniwersytet Przyrodniczy w Poznaniu,

ul. Wojska Polskiego 48, 60-627 Poznan, Polska

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J., Sip A,
Mrowezynska L., Waskiewicz A., Kozak W., Dobrucka R., Ratajczak 1., 2023, A new approach
to obtain chitosan films — Characteristics of films prepared with tea and coffee kombucha as
natural chitosan solvents. Industrial Crops and Products 197, 116634 moj indywidualny udziat

w jej powstaniu polegat na opracowaniu metod badawczych oraz analizie formalne).

Data

...........................




Lucyna Mrowezynska

Katedra Biologii Komorki,

Wydzial Biologii,

Uniwersytet im. Adama Mickiewicza,

Uniwersytet Poznanski 6, 61614 Poznan, Polska

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam. ze w pracy: Stefanowska K.. Wozniak M., Majka J., Sip A.
Mrowezynska L., Waskiewicz A., Kozak W., Dobrucka R., Ratajczak I., 2023, A new approach
to obtain chitosan films — Characteristics of films prepared with tea and coffee kombucha as
natural chitosan solvents. Industrial Crops and Products 197, 116634 méj indywidualny udzial

w jej powstaniu polegal na: opracowaniu metod badaweczych oraz analizie formalne;j.

Data Podpis

09 . K. 1oL Q/ jimrj,fq'wg)\

.................................................................................



Wojciech Kozak

Katedra Jakosci Produktow Przemystowych i Opakowan,
Instytut Nauk o Jakosci,

Uniwersytet Ekonomiczny w Poznaniu,

al. Niepodleglosci 10, 61-875 Poznan, Polska

O$wiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka 1., Sip A,
Mrowezynska L., Wadkiewicz A., Kozak W., Dobrucka R., Ratajczak 1.,2023, A new approach
to obtain chitosan films — Characteristics of films prepared with tea and coffee kombucha as
natural chitosan solvents. Industrial Crops and Products 197, 116634 m¢j indywidualny udzial

w jej powstaniu polegal na: opracowaniu metod badawczych oraz analizie formalne;j.

Data

/‘f@g. @fﬁrl




Agnieszka Wadkiewicz

Katedra Chemii,

Wydzial Lesny i Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,

Wojska Polskiego 75, 60-625 Poznan, Polska

Oswiadczenie o wspolautorstwie

Niniejszym oéwiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J., Sip A,
Mrowezynska L., Waskiewicz A., Kozak W., Dobrucka R., Ratajczak, L, 2023, A new
approach to obtain chitosan films — Characteristics of films prepared with tca and coffee
kombucha as natural chitosan solvents. Industrial Crops and Products 197, 116634 moj
indywidualny udzial w jej powstaniu polegat na opracowanie metod badawczych oraz analizie

formalnej.



Renata Dobrucka

Katedra Jakosci Produktow Przemystowych i Opakowan,
Instytut Nauk o Jakosci,

Uniwersytet Ekonomiczny w Poznaniu,

al. Niepodlegtosei 10, 61-875 Poznan, Polska

Oswiadczenie o wspolautorstwie

Ninigjszym oswiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka J., Sip A.,
Mréwezynska L., Waskiewicz A., Kozak W., Dobrucka R., Ratajczak 1., 2023, A new approach
to obtain chitosan films — Characteristics of films prepared with tea and coffee kombucha as
natural chitosan solvents. Industrial Crops and Products 197, 116634 moj indywidualny udziat

w jej powstaniu polegal na autorstwie koncepcji oraz opiece merytoryczne;.

Data Podpis

ng’ﬁjgp c-‘?o-( i 5 1 D;ﬂ[ﬂ/"--...-

.................................................................................



[zabela Ratajczak

Katedra Chemii,

Wydzial Le$ny i Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,

Wojska Polskiego 75, 60-625 Poznan, Polska

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Majka I., Sip A.,
Mréwezynska L., Waskiewicz A., Kozak W., Dobrucka R., Ratajczak I., 2023, A new approach
to obtain chitosan films — Characteristics of films prepared with tea and coffee kombucha as
natural chitosan solvents. Industrial Crops and Products 197, 116634 m¢j indywidualny udziat

w jej powstaniu polegal na autorstwie koncepcji oraz opiece merytorycznej.

Data Podpis



Karolina Stefanowska

Katedra Chemii,

Wydziat Lesny i Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,
Wojska Polskiego 75, 60-625 Poznan, Polska

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy: Stefanowska K., Wozniak M., Sip A, Bieganska-Marecik
R., Dobrucka R., Ratajczak [, 2025, Kombucha as a Solvent for Chitosan Coatings: A New
Strategy to Extend Shelf Life of Red Peppers. Materials, Vol. 18, 1605 m¢j indywidualny udziat
w jej powstaniu polegal na autorstwie koncepcji, opracowaniu metod badawczych, analizie

formalnej oraz na przygotowaniu oryginalnej wersji manuskryptu.

Data Podpis

— P ~ i 2 }.. Aoy e Y
14 09: 203 o ﬂt{%\wuw

............................. el



Magdalena Woiniak

Katedra Chemii,

Wydzial Le$ny i Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,

Wojska Polskiego 75, 60-625 Poznan, Polska

OSwiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Sip A., Bieganska-Marecik
R.. Dobrucka R., Ratajczak 1., 2025, Kombucha as a Solvent for Chitosan Coatings: A New
Strategy to Extend Shelf Life of Red Peppers. Materials, Vol. 18, 1605 moj indywidualny udzial
w jej powstaniu polegal na opracowaniu metod badawczych, analizie formalnej, recenzji 1

edycji manuskryptu.

Data Podpis

..................................................................................



Anna Sip

Katedra Biotechnologii i Mikrobiologii Zywnosci,
Wydzial Nauk o Zywnosci i Zywieniu,
Uniwersytet Przyrodniczy w Poznaniu,

ul. Wojska Polskiego 48, 60-627 Poznan, Polska

Oswiadczenie o wspélautorstwie

Niniejszym oSwiadczam, ze w pracy: Stefanowska K., Wozniak M., Sip A., Bieganska-Marecik
R.. Dobrucka R., Ratajczak 1., 2025, Kombucha as a Solvent for Chitosan Coatings: A New
Strategy to Extend Shelf Life of Red Peppers. Materials, Vol. 18, 1605 mgj indywidualny udziat
w jej powstaniu polegat na opracowaniu metod badawezych, analizie formalnej oraz na recenzji

1 edye)n manuskryptu.

Data Podpis

Gods .



Roza Bieganska-Marecik

Katedra Technologii Zywnosci Pochodzenia Roslinnego,
Wydziat Nauk o Zywnoséci 1 Zywieniu,

Unmiwersytet Przyrodniczy w Poznaniu,

Wojska Polskiego 31, 60-624 Poznan, Polska

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy: Stefanowska K., Wozniak M., Sip A., Bieganska-Marecik
R., Dobrucka R., Ratajezak I., 2025, Kombucha as a Solvent for Chitosan Coatings: A New
Strategy to Extend Shelf Life of Red Peppers. Materials, Vol. 18, 1605 mdj indywidualny udzial
w jej powstaniu polegal na opracowaniu metod badawczych, analizic formalne) oraz na recenzji

1 edycji manuskryptu.




Renata Dobrucka

Katedra Jakosci Produktow Przemystowych i Opakowan,
[nstytut Nauk o Jakosci,

Uniwersytet Ekonomiczny w Poznaniu,

al. Niepodlegtosci 10, 61-875 Poznan, Polska

Oswiadczenie o wspolautorstwie
Niniejszym oswiadczam, ze w pracy: Stefanowska K., Wozniak M.. Sip A., Bieganska-Marecik
R., Dobrucka R., Ratajczak I.. 2025, Kombucha as a Solvent for Chitosan Coatings: A New

Strategy to Extend Shelf Life of Red Peppers. Materials, Vol. 18, 1605 méj indywidualny udziat

w jej powstaniu polegal na opracowaniu metod badawczych, analizie formalnej oraz na recenzji

i edycji manuskryptu.

Data Podpis



Izabela Ratajczak

Katedra Chemii,

Wydziat Lesny 1 Technologii Drewna,
Uniwersytet Przyrodniczy w Poznaniu,

Wojska Polskiego 75, 60-625 Poznan, Polska

Oswiadczenie o wspélautorstwie

Niniejszym oéwiadczam, ze w pracy: Stefanowska K., Wozniak M., Sip A.. Bieganska-Marecik
R.. Dobrucka R., Ratajczak I., 2025, Kombucha as a Solvent for Chitosan Coatings: A New
Strategy to Extend Shelf Life of Red Peppers. Materials, Vol. 18. 1605 m¢j indywidualny udziat

w jej powstaniu polegal na recenzji i edycji manuskryptu oraz opiece merytorycznej.



