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Streszczenie;

Zwiazki biologicznie czynne pozyskiwane z ro$lin sg od wielu wiekow
wykorzystywane przez cztowieka. Jedng z grup tych zwigzkéw stosowanych szeroko w
przemysle oraz medycynie sa polifenole. Polifenole to zwigzki powszechnie wystepujace w
ros§linach, odpowiadajace gltownie za reakcje obronne rosliny w odpowiedzi na czynniki
biologiczne takie jak fitofagi czy fitopatogeny oraz czynniki fizyczne takie jak np. nadmierne
promieniowanie UV. Do rodziny polifenoli naleza zwigzki o r6znej budowie chemicznej od
najprostszych kwasow fenolowych, do bardziej ztozonych strukturalnie flawonoidow, w tym
antocyjanow. Zwiazki te najczesciej wykazuja whasciwosci antyoksydacyjne, a nasilenie tych
wlasciwosci glownie zalezy od ich struktury chemicznej (czy to glikozyd/aglikon, jaka maja
ilos¢ grup hydroksylowych). Charakteryzuja si¢ rOwniez wlasciwos$ciami przeciwbakteryjnymi
i przeciwgrzybiczymi. Oprocz wymienionych wyzej wilasciwosci charakterystycznych dla
wigkszosci polifenoli, flawonoidy sa dodatkowo czgsto wykorzystywane jako czasteczki
sygnatowe w symbiozie z bakteriami glebowymi oraz odpowiadajg za kolor kwiatow, bedac

atraktantami dla zapylaczy.

Mimo tych uniwersalnych funkcji, polifenole poza komorka roslinng sg bardzo
wrazliwe na utlenianie i degradacje pod wptywem $§wiatta czy temperatury. W zwiazku z tym
substancje te czgsto potrzebuja nosnika, ktory stabilizowatby je w S$rodowisku

pozakomorkowym, zeby w petni wykorzystac ich potencjat.

Celuloza jest najbardziej powszechnie wystepujacym i pozyskiwanym z ros$lin
biopolimerem, o unikalnych wlasciwo$ciach - niskiej gesto$ci, duzej wytrzymatos$ci
mechanicznej, biokompatybilnosci 1 biodegradowalnosci. Metody wytwarzania oraz
modyfikacji materialdéw celulozowych sg znane i dobrze opracowane. Takimi modyfikacjami
moga by¢ np. karbokymetylacja czy etylacja. Modyfikacje chemiczne celulozy majg poprawiac
niekorzystne wiasciwosci takie jak hydrofilowos¢, chtonnos¢ dla thuszczu czy duzo mniejsza
elastycznos¢ w porownaniu do plastiku. Te whasciwosci materiatu sa szczeg6lnie niekorzystne
w przypadku m.in. wykorzystania celulozy jako sktadnika kompozytow do przechowywania
zywnosci. Niestety, moga takze one wplywaé negatywnie na biodegradowalnos¢ takiego

materiatu.



Przeglad literaturowy pozwolit wyciggna¢ wniosek, ze mozliwe jest potaczenie filmow
na bazie celulozy z roéznymi typami polifenoli, co umozliwitoby odkrycie interakcji
molekularnych zachodzacych migdzy nimi. Te najkorzystniejsze interakcje pozwalaja

zachowac¢ wiasciwosci bioaktywne polifenoli oraz pozytywnie wptywaé na wlasciwosci filmu.

W tym celu wybrano dwa rodzaje celulozy: celuloz¢ mikro- i nanofibrylarna, na
ktorych powierzchnie za pomoca adsorpcji naniesiono rézne rodzaje polifenoli: kwasy
fenolowe (kwas chlorogenowy, kawowy i galusowy), flawonoidy (kwercetyna, rutyna,
naringenina i naringina) oraz antocyjany zawarte w ekstraktach z wytlokow z owocow (czarna

porzeczka, czarny winogron oraz aronia).

Niniejsza rozprawa wykazata, ze wzbogacenie filmow na bazie mikro- i nanofibrylarnej
celulozy pozyskanej z wyttokéw jabtkowych polifenolami z grupy kwasoéw fenolowych oraz

flawonoidéw zmienia ich wlasciwos$ci funkcjonalne w kontekscie opakowan do zywnosci.

Badania spektroskopii FT-IR i FT-Ramana wskazaly charakterystyczne pasma dla
réznych grup flawonoidéw utatwiajgc identyfikacje poszczegodlnych zwigzkow i ich wigzan,

utatwiajgc tym samym wnioskowanie dotyczace oddziatywan celuloza-polifenol.

Badania dotyczace filmow z celulozy mikro- i nanofibrylarnej z wybranymi kwasami
fenolowymi (kwasem galusowym, kawowym, chlorogenowym) w dwoch st¢zeniach (450 i 900
PPM) wykazaty, ze najefektywniej z tej grupy wtasciwosci barierowe i mechaniczne poprawiat
dodatek kwasu kawowego, hamujac kontaktowo rozwdj E. coli, S. capitis i Botrytis cinerea.
Dodatek kwaséw w wyzszym stezeniu zwigkszat intensywnosci pasma w widmie FT-Ramana

przy dtugosci fali 1410cm™, potwierdzajac oddziatywania miedzyczasteczkowe.

Dokonano takze wytworzenia oraz pordwnania kompozytoéw na bazie celulozy mikro-
i nanofibrylarnej z lecytyna oraz zaadsorbowanych na ich powierzchnig liposomalnych form
dwoch par flawonoidow (glikozyd/aglikon) z dwoch roznych grup flawonoidéow: kwercetyna-
rutyna oraz naringina-naringenina. Porownano wszystkie kompozyty pod wzgledem
wilasciwosci zwilzalno$ci powierzchni, za pomoca spektroskopii zbadano mechanizmy ich
oddzialywana miedzyczasteczkowego, oceniono ich wtasciwosci barierowe dla pary wodnej
oraz okreslono przepuszczalnos¢ dla swiatta, stabilno$¢ antyoksydacyjng i zdolnos¢ do
hamowania rozwoju patogenéw. Najbardziej obiecujacymi kompozytami z tej grupy okazaty
si¢ kompozyty z kwercetyna, ktore nie tylko blokowaly przechodzenie $wiatta UV praktycznie

do zera, ale takze miaty duzg zdolno$¢ antyoksydacyjng oraz jako jedyne z badanych zwiazkoéw
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wykazywaty wyrazne molekularne wigzania z celulozg. Mimo zwigkszonej hydrofilowosci
powierzchni, testy przepuszczalno$ci dla pary wodnej nie wykazaly znaczacego pogorszenia
tego parametru dla tych kompozytéw. Badania mikrobiologiczne wskazaly zdolno$ci hamujace

rozwoj S. auresus.

Badania uzupehiajace oparte na celulozie nanofibrylarnej z lecytyng oraz z
zaadsorbowanymi wyciggami z trzech wybranych wytlokow owocowych - aronii, czarnej
porzeczki oraz czarnego winogrona, wykazaty duza wrazliwos¢ na zmiany pH, zaréwno w
przypadku zamaczania kawatku filmu w roztworze o konkretnym pH, jak i w przypadku reakcji
na zwigzki azotowe uwalniane do powietrza (symulacja psucia si¢ zywnosci). Wszystkie filmy
wykazaly si¢ do$¢ duza hydrofobowoscig, a najlepsze wilasciwosci zaroéwno w skali
wrazliwosci na zmiany pH, jak i barierowosci dla przepuszczalnos$ci dla pary wodnej, wykazaty

si¢ filmy z wyciggiem z wytloku z czarnej porzeczki.

Niniejsza praca stanowi probe wyjasnienia molekularnych zalezno$ci polifenol-
celuloza oraz wykorzystanie ich w celu funkcjonalizacji filmow celulozowych na tzw.
inteligentne opakowania do zywnosci.

Stowa kluczowe: Odpady roslinne, wyttoki jablkowe, kompozyty polisacharydowe, flawonoidy,

kwasy fenolowe, celuloza mikrofibrylarna, celuloza nanofibrylarna, wlasciwosci antyoksydacyjne,
wlasciwosci barierowe, struktura molekularna, wtasciwosci powierzchniowe



Abstract:

Bioactive compounds from plants have been extracted and utilized by humans for many
centuries. Polyphenols represent one of the most widely applied groups of such compounds in
industry. They are responsible for defense mechanisms in response to biological factors such
as phytophagous insects and phytopathogens, as well as abiotic stressors, including excessive
UV radiation in plants. This group of chemical compounds encompasses both structurally
simple phenolic acids and more complex flavonoids, including anthocyanins. Polyphenols
primarily exhibit antioxidant properties, which depend on their chemical form
(glycosidic/aglycone), as well as antibacterial and antifungal activities. They act as the signaling
molecules for symbiosis with soil bacteria and serve as pigments responsible for flower
coloration, acting as attractants for pollinators. However, outside plant cells, these compounds
are highly susceptible to oxidation and degradation induced by light, temperature, and exposure
to oxygen. Consequently, these substances frequently require a carrier matrix to stabilize them

in the extracellular environment and fully exploit their biological potential.

Cellulose is the most abundant and widely extracted biopolymer from plants, possessing
unique properties including low density, high mechanical strength, biocompatibility, and
biodegradability. Cellulose-based materials have well-developed fabrication and modification
methodologies. Cellulose modifications aim to improve unfavorable properties for food
packaging applications, such as hydrophilicity, lipid absorption capacity, and lower elasticity
than synthetic plastics. Such changes include the substitution of hydroxyl groups with
carboxymethyl groups (to produce carboxymethyl cellulose) or with ethyl groups (for ethyl
cellulose). Nevertheless, these modifications may negatively impact the biodegradability of

such materials.

A literature review led to the conclusion that combining cellulose films with various
polyphenol types would enable the investigation of molecular interactions between these
components without compromising the bioactive properties of polyphenols and determining
their effects on film properties. For this purpose, two types of cellulose were selected: micro-
and nanofibrillated cellulose. Three polyphenol categories were deposited via adsorption:
phenolic acids (chlorogenic, caffeic, and gallic acids), flavonoids (quercetin, rutin, naringenin,
and naringin), and anthocyanins derived from fruit pomace extracts (blackcurrant, black grape,
and chokeberry).



This study demonstrated that enriching micro- and nanofibrillated cellulose films
derived from apple pomace with phenolic acids and flavonoids altered their functional
properties for food packaging applications. FT-IR and FT-Raman spectroscopy revealed
characteristic bands for various flavonoid groups, facilitating the identification of individual

bonds and providing insight into cellulose-polyphenol interactions.

Investigation of micro- and nanofibrillated cellulose films with selected phenolic acids
(gallic, caffeic, chlorogenic) at two concentrations (450/900 ppm) demonstrated that caffeic
acid addition improved barrier and mechanical properties while contact-inhibiting the growth
of E. coli, S. capitis, and Botrytis cinerea. Higher acid concentrations led to increased intensity
at 1410 cm™ in FT-Raman spectra, corroborating the presence of intermolecular interactions.

Composites based on micro- and nanofibrillated cellulose with lecithin and liposomal
formulations of two flavonoid pairs (glucoside/aglycone) adsorbed on film surface from distinct
flavonoid classes - quercetin/rutin and naringin/naringenin - were synthesized and compared.
Surface wettability properties, intermolecular interaction mechanisms via spectroscopy, water
vapor barrier properties, light transmittance, antioxidant stability, and pathogen inhibition were
evaluated. Quercetin-containing composites proved to be the most promising, nearly
completely blocking UV light transmission, demonstrating high antioxidant capacity, and being
the only compounds tested that exhibited distinct molecular bonding with cellulose. Despite
increased surface hydrophilicity, water vapor permeability showed no significant deterioration.

Microbiological analysis revealed inhibitory activity against S. aureus.

Supplementary studies employing nanofibrillated cellulose and extracts from three
selected fruit pomaces - chokeberry, blackcurrant, and grape - demonstrated pronounced pH
sensitivity in films, both upon exposure to pH-buffered solutions and in response to nitrogen-
containing compounds released into the atmosphere (as food spoilage test). Films exhibited
considerable hydrophobicity, with blackcurrant pomace extracts demonstrating optimal

properties in both color intensity and water vapor permeability.

This work represents a comprehensive investigation that elucidates the molecular
interactions and comparative functional properties of cellulose films enriched with various
bioactive polyphenolic compounds for intelligent food packaging applications. The findings
provide insights into the development of advanced packaging materials that combine cellulose's

structural advantages with the multifunctional bioactivity of polyphenols.



Keywords: Plant waste, apple pomace, polysaccharide-based composites, flavonoids,
phenolic acids, microfibrillar cellulose, nanofibrillar cellulose, antioxidant properties, barrier
properties, molecular structure, surface properties
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1. Wstep:

1.1. Zwiazki polifenolowe jako produkty metabolizmu
wtornego roslin

Metabolizm wtorny obejmuje syntezg tych sktadnikow metabolizmu ro$linnego, ktore
nie odpowiadajag bezposrednio za podstawowe funkcje zyciowe. Ich odpowiedni profil
biochemiczny stuzy jednak w wielu innych waznych procesach jak np. reakcje na niekorzystne
warunki srodowiska (np. terpenoidy, karotenoidy, flawonoidy) (Sana i in., 2025, Al-Khayri i
in., 2023) obrona przed fitopatogenami i fitofagami (np. taniny, alkaloidy) (Al-Khayri i in.,
2023), czy w przekazywaniu sygnalowym podczas nawigzywania Symbiozy z innymi

organizmami (np. flawonoidy) (Van de Sande and Bisseling, 1997)

Zwiazki polifenolowe sg jednymi z najpowszechniej wystepujacych metabolitow
wtornych w naturze oraz staty si¢ waznym obszarem zainteresowania ze wzgledu na swoje
dziatanie (Dai, J., i Mumper, R. J., 2010). Definiuje si¢ je, jako grupe zwigzkow, ktore posiadaja
pierscien aromatyczny z dwiema lub wigksza iloécia grup hydroksylowych (Zhang i in. 2022).
Zwiazki polifenolowe s3 zroznicowane pod wzgledem budowy np. kwasy fenolowe
charakteryzuja si¢ hydroksylowanymi pierScieniami aromatycznymi, a flawonoidy w
zalezno$ci od podklasy posiadaja dwa pierscienie polaczone poprzez pierscien heterocykliczny
piranowy (Saxena i in. 2012), z przytaczonymi grupami funkcyjnymi, od ktérych czgsto zaleza
ich wtasciwosci fizykochemiczne. Gtownym przykladem moze by¢ umiejscowienie 1 1lo$¢
dotaczonych grup hydroksylowych w grupie flawonoidow, co istotnie wptywa na wlasciwosci
antyoksydacyjne tego zwigzku. Ponadto umiejscowienie danej grupy hydroksylowej w
pierScieniu jest wazniejsze z punktu widzenia whasciwosci fizykochemicznych zwiagzku, niz ich
ilos¢ w czasteczce (Lin i in. 2014). Grupa karboksylowa w kwasach fenolowych determinuje
kwasowy charakter zwigzku, a miejsce jego przytaczenia - zdolno$¢ antyoksydacyjng (Chen i
in 2020). Zwiazki polifenolowe wystgpuja gtownie w formie glikozydowej, co pozwala im na
efektywng solubilizacj¢ w wodzie, utrudnia utlenianie si¢ tych zwigzkoéw, co pozytywnie
wplywa na ich stabilno$¢ oraz na mozliwos$¢ ich aktywnego transportu (aglikony moga

dyfundowac pasywnie przez bton¢) i magazynowania w wakuoli komorki roslinnej (Slamova i
in. 2018, Alseekh i in. 2020).
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Rys. 1.: Schematyczna i uogélniona budowa zwigzku polifenolowego (opracowanie wlasne
przy pomocy BioRendera i na podstawie Galanakis, C. M. (2018).

1.2. WilasciwosSci i rola polifenoli w przemysle

Poréwnujac wszystkie zwiagzki polifenolowe, mozna powiedzie¢, ze kwasy fenolowe i
flawonoidy sa jedng z najbardziej wszechstronnie wykorzystywanych przez czlowieka, grup
zwigzkow biologicznie czynnych. Jest to zwigzane m.in. z ich bezpieczenstwem w uzyciu. Z
tego wzgledu s3 one stale badane od wielu lat oraz znalazly zastosowanie w wielu gat¢ziach
przemystu, takich jak przemyst tekstylny (garbowanie skor), spozywczy (jako barwniki),

rolniczy (biostymulatory) czy farmaceutyczny (kosmetyki i suplementy diety).

Jednym z najstarszych sposobow wykorzystania polifenoli jest proces garbowania skor,
ktory miat chroni¢ materiat przez zgniciem i negatywnym wptywem wilgoci (Falcdo i in. 2018).
Taniny (majace w polskim jezyku nazwe garbniki, pochodzaca wtasnie od wykorzystania ich
procesie garbowania skor), potrafig zaadsorbowa¢ sie¢ do macierzy wtokien kolagenowych i
nadawa¢ materiatlowi wtasciwosci bardziej hydrofobowe, skutecznie ograniczajace wzrost
szkodliwych mikroorganizmow oraz zwickszajacy ich elastycznos¢ lub sprawiajacy ze materiat

stawat si¢ bardziej sztywny 1 wytrzymaty (Falcdo i in. 2018).
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Rola polifenoli w kontekscie przemystu tekstylnego jest takze istotna w kontekscie
naturalnej alternatywy dla barwnikéw syntetycznych, szczegdlnie w kontekscie barwienia
ubran z tkanin naturalnych takich jak bawelna. Naturalne barwniki zazwyczaj nadaja
materialom bawelianym kolor od z6ttego przez pomaranczowy, az do bragzowego i czarnego
(Gao i in. 2024). Do tego celu wykorzystuje sie¢ wyciagi z roslin zawierajagcych gtownie
katechiny w tym np. z herbaty (Xu i Song 2025). Co wigcej dodatek polifenoli moze poprawiac
wlasciwos$ci barierowe dla promieniowania UV czy wlasciwosci przeciwbakteryjne, a nawet
odstrasza¢ komary, co moze by¢ szczegolnie istotne dla ubran projektowanych na okres letni
(Gao i in. 2024a). Mimo to, minusem moze by¢ staba powtarzalnos¢ i jednorodnos¢ barwienia.
Wykazano tez, ze niektore flawonoidy takie jak np. naringina, katechiny czy epikatechiny moga

poprawia¢ wydajnos¢ procesu barwienia materiatu (Gao i in. 2024a).

Czesto zwiazki polifenolowe sg uzywane jako barwniki do zwigkszania intensywnosci
koloru w zywnosci, a co za tym idzie atrakcyjnosci produktow spozywczych np. poprzez
dodawanie bogatego w antocyjany wyciggu z czarnej marchwi (lorizzo i in. 2020). Dzigki
zmianom pH wyciag ten mozne uzyska¢ duza palete barw docelowego produktu unikajac
specyficznego posmaku charakterystycznego np. dla ekstraktoéw barwiacych z czerwonej
kapusty. Co wigcej, jest przy tym dos¢ stabilny na czynniki zewnetrzne takie jak Swiatto czy
temperatura (lorizzo i in. 2020, Baria i in. 2020).

Polifenole badane s3a rowniez pod kontem biostymulatorow w rolnictwie, czego
przyktadem moze by¢ zastosowanie mieszaniny skladajace;j si¢ z kilku flawonoidow na trzech
odmianach ziemniaka (Salvage i in. 2024). W przytoczonym badaniu stwierdzono srednio 5,2%
wzrostu plonu catkowitego i zwigkszenie o srednio 33% masy bulw, potwierdzajac tym samym
szanse na ekologiczne i uzytkowe wykorzystanie flawonoidow w rolnictwie (Salvage i in.
2024).

W  kontekécie kosmetycznym, polifenole sa gltoéwnie wykorzystywane jako
antyoksydanty. Oprocz tego wykorzystuje sie takze ich zdolno$¢ blokowania $wiatta z zakresu
UV czy minimalizowania skutkow narazenia skory (szczeg6lnie fibroblastow) na
promieniowanie w tym zakresie, co w konsekwencji chroni przed powstawaniem wolnych
rodnikow i utlenianiem si¢ lipidow. Powyzsze wlasciwosci sag wykorzystywane glownie w tzw.
preparatach ,,przeciwstarzeniowych” (Zillich i in. 2015). Jeden z flawonoidow, kwercetyna
byt tez badany na szczurach, jako dodatek do zelowych kompozytéw w celu wspomagania
trudno gojacych sie ran (Nalini i in. 2022).
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Zwiazki polifenolowe sg sprzedawane takze jako suplementy diety ze wzglgdu na ich
wlasciwosci  wigzace wolne rodniki, wlasciwosci neuroprotekcyjne, zmniejszajace
przepuszczalno$¢ naczyn krwiono$nych (rutyna) czy przeciwzapalne. Jest to istotne np. w
przeciwdziataniu alergiom (kwercetyna), a nawet dzialaniu prewencyjnym w kontekscie
wystgpienia nowotworéw (kurkumina, kemferol, izoflawony) (Bhosale i in. 2020, Jafarinia i
in. 2020, Larijani i in. 2025, Nalini i in. 2022, Naz i in. 2023).

Ciekawym przyktadem wykorzystania zwigzkéw polifenolowych moze by¢ pasza dla
ryb hodowlanych z dodatkiem polifenoli z herbaty, ktora powodowata zwigkszenie zawartosci
kolagenu w migsie karmionych ryb, a takze popraweg ich smaku czy nawet poprawieniu

wlasciwosci prozdrowotnych w konteks$cie kwaséw omega (Ma i in. 2021).

Mimo tych wyjatkowych cech i powszechnego uzycia, polifenole sg stosunkowo dos¢
niestabilne w $rodowisku pozakomérkowym - tatwo si¢ degraduja pod wptywem temperatury,
zmiany pH, $wiatla i powietrza (Shi i in. 2022). W zwiazku z tym, zwigzki z tej grupy
potrzebujg albo odpowiednich warunkow srodowiskowych lub innych substancji o dziataniu

stabilizujgcym i protekcyjnym, aby méc optymalnie wykorzystac ich whasciwosci.

1.3. Budowa i wlasciwosci fizykochemiczne celulozy

Celuloza jest najobficiej wystepujacym biopolimerem na Ziemi o pochodzeniu
roslinnym, i z tego wzgledu wszechstronnie wykorzystywanym w przemysle (Hoo i in. 2022).
Jest pozyskiwana gtownie z witokien roslinnych, w procesie oczyszczania tkanki roslinnej z
innych sktadnikow $ciany komorkowej (hemicelulozy, ligniny i pektyny) (Lupidi i in. 2023).
Celuloza jest polisacharydem, stanowigcym gtowny komponent $ciany komodrkowej roslin
(Bassyouni i in. 2022). Sktada si¢ z podjednostek glukozy, potaczonych ze sobg wigzaniami
1,4-B-glikozydowymi, stabilizowanymi w sieciach strukturalnych za pomoca wigzan
wodorowych oraz oddziatywan Van der Waalsa (McNamara i in. 2022). Dzi¢ki wigzaniom
wodorowym, celuloza moze mie¢ potkrystaliczng forme - oznacza to, ze posiada regiony
zarownO  krystaliczne (tzw. uporzadkowane), jak 1 regiony amorficzne (tzw.
nieuporzadkowane) (McNamara i in. 2022, Lupidi i in. 2023, Célino, i in. 2014).

Taka budowa pozwala na tworzenie bardzo wytrzymatej, a jednoczesnie dos¢

elastycznej struktury widkna roslinnego, ktora jest chetnie wykorzystywana i modyfikowana
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przez rozne gatezie przemystu. Z celulozy produkowane sg zarowno produkty codziennego
uzytku, jak papier, czy ubrania (Aziz i in. 2022) jak i filtry oraz dodatki do zywnoSci
(McNamara 1 in. 2015). Jest rowniez wykorzystywana do produkcji polioli np. w celu
otrzymywania biodegradowalnych pian poliuretanowych do zwiekszenia izolacji cieplnej
budynkéw (Szpityk i in. 2021). Szerokie wykorzystanie celulozy wynika z niskiego kosztu
pozyskania wiokien roslinnych, duzej wytrzymalosci mechanicznej, zdolnosci do izolacji
ciepta, duzej hydrofilowosci (chtonnosci cieczy) (Célino i in. 2014), czy tatwosci w trwalej
absorbcji roznych substancji (np. barwnikow) (Bassyouni i in. 2022). Celuloza jest takze
stosunkowo tatwo biodegradowalna, jednakze ta wlasciwos¢ zalezy od stopnia krystalicznosci.

Wysoka krystaliczno$¢ materiatu celulozowego zmniejsza biodegradowalno$¢ materiatu (Park
i in. 2004).

1.4. Modyfikacje celulozy

W zalezno$ci od potrzeb, zalety celulozy, jako materiatu uzywanego w przemysle moga
by¢ takze jej wadg - hydrofilowo$¢ i duza porowato$¢ sprawia, ze celuloza jest stabym
opakowaniem do zywnoS$ci, tatwa biodegradacja daje duza nietrwalo$¢ 1 podatno$¢ na
zakazenie mikroorganizmami, a wytrzymatos¢ i elastycznos$¢ jest zbyt mata w poréwnaniu z
opakowaniami plastikowymi, szczegolnie przy kontakcie z wilgocia (Grzybek i in. 2024, Chen
i in. 2024) . By dopasowa¢ materiat celulozowy do danej gatezi przemystu, celuloza musi zostac¢
poddana modyfikacji. Czgsto robi si¢ to poprzez poddanie celulozy réznym procesom
chemicznym takim jak utlenianie w procesie TEMPO, acetylacja, karboksylacja czy
eteryfikacja (Hafid i in. 2023, Hoo i in. 2022). W wyniku tych modyfikacji mozemy otrzymac
np.  karboksymetylocelulozg  (CMC),  hydroksypropylometyloceluloze  (HPMC),
metyloceluloze (MC) czy octan celulozy (CA) (Rys. 2), ktore znane sa z duzej wytrzymatosci
mechanicznej, zwickszonej hydrofobowosci oraz kompatybilnosci ze zwigzkami aktywnymi,
zwigkszajac tym samym mozliwos¢ ich wykorzystania w konteksScie opakowan

zywnosciowych (Sachin i in. 2025).

Innymi metodami modyfikacji sg procesy mechaniczne (np. homogenizacja
ultradzwigkowa, czy pod wysokim cisnieniem) dzigki czemu mozna uzyska¢ celuloze
mikrofibrylarng (MFC). Natomiast w wyniku trawienia silnym kwasem (np. siarkowym V1)
powstaje celuloza mikrokrystaliczna (MCC). Sa to pochodne o odmiennych wtasciwosciach,
zarowno funkcjonalnych, jak i strukturalnych. MFC zostata otrzymana dos¢ wezeénie —w 1983

roku przez grupe Turbaka (Spence i in. 2010). Posiada cz¢$ci zarowno amorficzne jak i
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krystaliczne, dzi¢ki czemu potrafi ona tworzy¢ sztywng sie¢ (Spence i in. 2010). Mozliwe jest
uzyskanie MFC poprzez wysokoci$nieniowg homogenizacj¢ mechaniczng oraz hydrolize
enzymatyczng (Spence i in. 2010). Natomiast, w przypadku MCC uzyskana jest celuloza o
wysokim stopniu krystalicznosci, dzigki czemu materiat na bazie MCC jest sztywniejszy niz

sama celuloza i ma wysoka stabilno$¢ termiczng (Lupidi i in. 2023)

octan celulozy « karboksymetyloceluloza (CMC)
cellulose acetate carboxymethyl cellulose
(CA) « metyloceluloza (MC)
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¢ etyloceluloza (EC)
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S

o hydroksyetyloceluloza (HEC)

modyfikacje chemiczne hydroxyethyl-cellulose
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microcrystalline microfibrillar cellulose cellulose
cellulose cellulose nanocrystals nanofibers
(MCC) (MFC) (CNC) (CNF)

Rys. 2. Schemat przedstawiajacy modyfikacje celulozy (opracowanie wlasne za pomoca programu

Biorender)

1.5. Nanoceluloza

W ostatnich latach jedng z najpowszechniej badanych i modyfikowanych form celulozy jest
nanoceluloza. Jest to forma celulozy o $rednicy od kilku do kilkuset nanometréw i o dtugosci
od kilku nanometrow do Kilku mikrometrow (Lv i in. 2025). Nanoceluloza jest otrzymywana
zarOwno w procesie mechanicznym (homogenizacja ultradzwigkowa, wysokoci§nieniowa, itp.)
lub chemicznym (st¢zone kwasy, utlenianie reagentem TEMPO, zastosowanie enzymow, itp.)
(Matebie i in., 2021). W zaleznosci od uzytego procesu (analogicznie do celulozy) mozemy
otrzymac¢ formg krystaliczng (CNC, z ang. cellulose nanocrystalls), jak i fibrylarng (CNF z ang.

cellulose nanofibrils).
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Nanoceluloza jest wykorzystywana jako bardziej hydrofobowa, o zwigkszonej
wytrzymato$ci mechanicznej i lepszych wtasciwos$ciach barierowych alternatywa dla celulozy
(Sachin i in. 2025, Krysa i in. 2025b, Phanthong i in. 2018). Wynika to z zalezno$ci, ze im
mniejszy rozmiar wiokien celulozy, tym lepsze upakowanie przestrzenne (Sun i in. 2024).
Ciasne upakowanie wptywa na zwiekszone wilasciwosci barierowe, poniewaz czgsteczki wody
oraz sktadniki powietrza majg fizycznie utrudnione przejscie przez taka strukture (Sun i in.
2024, Du i in. 2021). Szczego6lnie istotng role odgrywa poziom krystalicznosci nanocelulozy.
Wyzsza krystaliczno$¢ zapewnia lepsze wilasciwos$ci barierowe niz w przypadku CNF (Guivier
i in. 2024), poniewaz wigze si¢ z bardziej uporzadkowang i sztywng strukturg materiatu - mimo
ze membrany oparte na CNC sg stosunkowo kruche (Jaekel i in. 2022). Nalezy jednak pamigtac,
ze zbyt wysokie stezenie CNC oraz wysoka wilgotno$¢ materiatu (powyzej 80%) zwickszaja
przepuszczalno$¢ gazow. Nadmierne stgzenie CNC sprzyja tworzeniu aglomeratow
(Pornbencha i in. 2023), natomiast wysoka wilgotno$¢ powoduje pecznienie nanocelulozy
(Guivier i in. 2024). W obu przypadkach prowadzi to do powigkszania porow w strukturze, a

tym samym ulatwia przenikanie gazow.

Nanoceluloza posiada takze zwicksza dostepno$¢ wigzan wodorowych, co pozwala jej
na zwigkszong adsorpcje roznych zwigzkéw poprzez te wigzania (Heise i in. 2022, Qiao i in.
2021). W wigzaniu réznych adsorbentéw wykorzystywane sg sity van der Waalsa, interakcje
typu n-n czy oddziatywania elektrostatyczne oraz w wyniku kompleksowania (Qiao i in. 2021).
Zwigkszone zdolno$¢ adsorpcyjne 1 tak zrdéznicowane mechanizmy pozwalaja na
wykorzystanie materiatbw na bazie nanocelulozy jako potencjalnych katalizatorow do

usuwania metali cigzkich z wody (Abdelhamid i in. 2024).

Materiaty na bazie CNF i CNC wykorzystywane sg takze do tworzenia réznego typu
powtok zarowno w zywnosci (powlekanie owocow 1 warzyw), jak 1 innych materiatlow
kompozytowych, czy jako no$niki dla lekow i nanokapsulki (De France i in. 2020). W inzynierii
folie nanocelulozowe wzbogacane o rdznego typu zwiazki chemiczne pozwalaja na uzyskanie
zaréwno bardzo wytrzymatych i biokompatybilnych implantéw, jak rowniez elastycznych folii
0 potencjale wykorzystania w elektronice (Sharma i in. 2019). Nanoceluloza moze by¢ takze
uzywana nie jako sam material bazowy, ale jako dodatek wzmacniajacy inne kompozyty.
Dodatek CNC do filméw na bazie innych naturalnych polimeréw takich jak chitozan moze
zwicksza¢ wytrzymato$¢ na rozcigganie oraz zmniejszac przepuszczalnos¢ pary wodnej (Yadav

i in. 2020).
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1.6. Biopolimery pochodzace z odpadow zywnosciowych jako
alternatywa dla plastiku

Ilo$¢ badan okreslajacych wlasciwosci kompozytow na bazie celulozy oraz ich roznych
modyfikacji wzrosta w ostatnich latach, podkreslajac potencjat oraz potrzebe zastgpienia folii
plastikowych wlaénie tymi na bazie naturalnych polimeréw (Shen i in. 2020, Elfawal i in.
2025). Wigze si¢ to gléwnie z probami znalezienia alternatyw majacych ograniczy¢
powszechne zanieczyszczenie $rodowiska plastikiem (rowniez mikro- 1 nanoplastikiem)
(Elfawal i in. 2025 , Krysa 2025a) oraz rozwing¢ dalej mocno ograniczony recykling (wg.
raportu PlasticEurope z roku 2022 tylko 26,9% odpadéw plastikowych w Europie jest
recyklingowana). W badaniach zwraca si¢ uwage rowniez na to, ze produkty z plastiku, moga
uwalnia¢ substancje potencjalnie wptywajace na uktad hormonalny, takie jak ftalany (Rustagi
i in. 2011). Istnieja rowniez doniesienia naukowe informujace, ze uzycie plastiku z recyklingu
moze powodowaé wigksza migracje bisfenolu z materiatu wtornego do zywnosci, niz z plastiku
pochodzacego z produkcji pierwotnej (Nunez, 2024). Na podstawie tych doniesien, ponownie
zwrocono si¢ w strong Wykorzystania biopolimerow, w tym celulozy fibrylarnej, ktora jest od
wielu lat uzywana w kontakcie z zywnos$cig i jest zaliczana do materialdéw ogodlnie
bezpiecznych (Pradhan i in. 2020). Celuloza posiada wiele istotnych zalet, ktore czynig ja
atrakcyjnym surowcem do roznych zastosowan. Przede wszystkim jest to material powszechnie
wystepujacy w przyrodzie, co czyni go tatwo dostgpnym i dobrze poznanym (Aziz i in. 2020).
Dodatkowo, celuloza jest tatwo modyfikowalna, co pozwala na dostosowanie jej wlasciwosci
do konkretnych potrzeb, a takze jest kompostowalna i biodegradowalna, przez co jest przyjazna
dla srodowiska (Erdal i Hakkarainen, 2022).

Mimo duzej biodegradowalnosci, odpady zywnosciowe (w tym tez 1/3 zywnosci
produkowanej, ktora jest marnowana) stanowig ogromne zrodto gazoéw cieplarnianych (Kamal
i in. 2022). Odpady te trafiajac na wysypiska $mieci tworza drugie co do wielkosci zrodto
metanu w skali Unii Europejskiej (dane z strony Zero Waste Europe 2024). Odzyskanie
celulozy z odpadow spozywczych takich jak wytloki owocowe i warzywne (Szymanska-
Chargot i in. 2017) czy odpady rolnicze (Yadav i in. 2024) mogtoby pozwoli¢ na efektywniejsza

gospodarke odpadami i zwigksza¢ pozytywny wplyw na spowalnianie zmian klimatu.

Jednak celuloza ma réwniez pewne ograniczenia, ktore w niektorych przypadkach
utrudniaja jej bezposrednie zastosowanie. Jednym z gltownych problemow jest jej duza

hydrofilowos¢, a pochtaniajgc wode traci wlasciwosci barierowe oraz spada jej odporno$é
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mechaniczna (Martinez-Sanz i in. 2013). W konsekwencji, w niesprzyjajacych warunkach
moze nawet stac si¢ nosnikiem patogendw, takich jak bakterie czy grzyby, co moze ograniczac
jej wykorzystanie jako opakowania do zywnosci (Schmid i in. 2023). Z tych powodow
niezbedne jest odpowiednie modyfikowanie celulozy, aby zwigkszy¢ jej trwato$¢ 1

funkcjonalnos¢.

Najczescie] wykorzystywane substancje pochodzenia ros§linnego dodawane do matrycy
celulozowej w celu poprawy wlasciwosci mikrobiologicznych, wytrzymatosciowych i
barierowych moga by¢ inne naturalne polisacharydy pochodzenia nie tylko roslinnego jak
pektyny, skrobia, ale takze chitozan, czy alginian. Wszystkie z nich moga by¢ pozyskane z
surowcoéw wtornych takich jak odpady po zywnosci - skrobi¢ mozna pozyskaé z resztek
owocow (skorki, wyttoki, okrywy nasienne) (Kringel i in. 2019), chitozan moze by¢ pozyskany
z chityny znajdujacej si¢ w pancerzykach skorupiakow morskich np. krewetek (Pérez i in.

2022), a alginian z brunatnic (protisty) (Fenoradosoa i in. 2009).

Przyktadem uzycia kompozytu chitozanu oraz nanocelulozy moze by¢ membrana,
wykazujaca wlasciwosci antybakteryjne mogaca zastgpi¢ tradycyjne podktady w tackach na
migso (Costa i in. 202). Z drugiej strony dodatek polimeréw takich jak chitozan czy alginian ze
wzgledu na wzrost hydrofilowos$ci moze wptywaé na obnizenie wlasciwosci barierowych
wobec wody (Mayrhofer i in. 2023, Metha i in. 2024). Poza tym, zwiagzki te mogg si¢ taczy¢ w
sposob niejednorodny, np. problemem jest tworzenie wigzan mi¢dzyczasteczkowych miedzy
chitozanem a celulozg (chitozan preferuje samoagregacj¢), co moze ostabi¢ wytrzymatos¢
filmu (Yang i in. 2018). Z tego wzgledu zaczg¢to rozwazaé inne naturalne zwigzki,
wzbogacajace wiasciwosci barierowe 1 bakteriostatyczne filmow celulozowych, ale

zwigkszajace hydrofobowos¢ oraz wykazujace si¢ bardziej homogeniczng adsorpcja.

1.7. Kompozyty na bazie celulozy lub nanocelulozy oraz
polifenoli

Metoda na zwigkszenie hydrofobowosci przy réwnoczesnym zachowaniu
biodegradowalnos$ci 1 mozliwos$ci pozyskania tych zwigzkow z odpadow, moga by¢ kompozyty
celulozowe wzbogacone substancjami bioaktywnymi np. kwasami fenolowymi (Krysa i in.
2025a), flawonoidami (Krysa i in. 2025b) czy olejkami eterycznymi (Casalini i in. 2023).

Pozwala to nie tylko na poprawe wlasciwosci barierowych (szczegdlnie w konteksScie
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blokowania $§wiatta UV), ale takze ogranicza wzrost szkodliwych organizméw i wzbogaca te

kompozyty o wiasciwos$ci antyoksydacyjne.

Przyktadem takiego polaczenia w kontekscie biodegradowalnych opakowan do
zywnosci moga by¢ kompozyty na bazie biopolimerow oraz kwasu galusowego. Jego dodatek
poprzez dzialanie przeciwutleniajace wykazal zdolno$¢ do hamowania utleniania lipidoéw,
enzymatycznego brgzowienia zywnosci psujacego jej wyglad czy hamowania szkodliwych
mikroorganizmow (Gangadharan i in. 2024). Dodatek tej substancji do bakteryjnej
nanocelulozy oraz skrobi zwigkszyl wytrzymato$¢ na rozcigganie, zwickszyt hydrofobowos¢
oraz poprawit zdolno$¢ blokowana UV, co przypisuje si¢ tworzeniu silnych
miedzyczasteczkowych wigzan wodorowych wptywajacych na powstanie zwartej struktury.
(Almeida i in. 2023).

Innym wykorzystaniem uktadu celuloza-polifenol sa hydrozelowe opatrunki na bazie
nanokrysztatow celulozy z kwercetyng. Polepszyto to biodostgpnos¢ kwercetyny i przedtuzyto
jej uwalniane co poprawiato gojenie si¢ ran u szczuréw oraz na mysich modelach ran skornych
(Nayak i in. 2025). Podobne badanie przeprowadzono z uzyciem kwasu galusowego, ktore
rowniez potwierdzito przy$pieszenie gojenia si¢ ran i lepsza regeneracji naskorka (Yan i in.
2025)

Kolejnym ciekawym przyktadem sa kompozyty wykorzystane jako kolorymetryczne
bioindykatory psucia si¢ zywnosci, szczegdlnie w kontekscie przechowywania migsa i owocow
morza. Tego typu produkty podczas procesu psucia si¢ wydzielaja organiczne zwigzki
zawierajace azot o charakterystycznym zapachu oraz zasadowym odczynie, ktoére moga
zmieniac¢ kolor kompozytu zawierajacego indykator pH (Xu i in. 2025b). Taka strategia, wazna
w konteks$cie bezpieczenstwa zywnosci, moze pozwoli¢ na lepsze monitorowanie jej $wiezosc,
tym samym prowadzi¢ do zmniejszania si¢ ilosci odpadow spozywczych. W celu wytworzenia
tego typu materiatow uzyskano hydrozele 3D z mieszaniny jadalnych biopolimerow takich jak
alginian, zelatyna i nanokrystaliczna celuloza oraz indykatoréw pH (Popoola i in. 2024). Co
wigcej, takimi w petni naturalnymi wskaznikami moga by¢ filmy na bazie celulozy bakteryjnej
I antocyjanéw z czarnej marchwi, ktore z powodzeniem moglyby zastapi¢ syntetyczne pH-
wrazliwe barwniki (Moradi i in. 2019). Przedstawione bioindykatory reagowaly w czasie
rzeczywistym na przechowywanie i proces psucia si¢ filetow pstraga teczowego i karpia,

monitorowanych przez 15 dni w temperaturze 4°C (Moradi i in. 2019).
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Biorgc pod uwage bardzo duzy §wiatowy transport owocow, cieckawym 1 dos¢ nowym
pomystem na zastgpienie plastiku, ktérym czesto zabezpiecza si¢ nawet pojedyncze owoce, jest
otoczkowanie ich naturalnymi kompozytami. Proces otoczkowania polega na naniesieniu
wybranego polimeru, czesto wzbogacanego substancjami czynnymi, bezposrednio na
powierzchnie owocu, w celu poprawy jego wiasciwosci barierowych, co wptywa na dtugo$¢
jego przechowywania oraz zachowanie jego pierwotnych wilasciwosci (Matloob i in 2023).
Metody nanoszenia moga by¢ rézne: od maczania owocu w roztworze przez okreslony czas i
okreslong ilo$¢ powtdorzen (dipping method), przez metod¢ natryskowsg (spray coating), do
nanoszenie pedzelkiem (brushing) (Dai i in. 2025). Przyktadem takiego kompozytu do
otoczkowania moze by¢ hydrozel z nanowlokien karboksymetylocelulozy wzbogacony
ekstraktem z czerwonej kapusty, ktoéry wydhluzat przydatno$¢ do spozycia banandw oraz
spowalniat ich brgzowienie. Kompozyt tworzac powloke na ich powierzchni ograniczat proces

transpiracji owocow (Kwak i in. 2023).

Mimo tych wszystkich danych dotyczacych interakcji 1 mozliwosci tworzenia
miedzyczasteczkowych oddziatywan celuloza-polifenol, wcigz niejednoznaczne jest czy
wylacznie liczba grup wodorowych jest istotna w strukturze zwigzkow polifenolowych, czy
moze chodzi takze o strukture przestrzenng zard6wno czasteczki polifenolu, jak i celulozy do
wytworzenia tego typu oddzialtywania. Brakuje tez prac poroéwnujacych kilka rodzajow
polifenoli na takiej samej matrycy celulozowej. Co wigcej, niejednoznaczne jest rOwniez to,
czy mozliwe jest uzyskanie takiego materialu w pelni pozyskanego z odpadow, jakie
wlasciwosci taki materiat posiada i1 jak potencjalnie mozna go wykorzysta¢ w kontekscie

Zywnosciowym.
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2. Hipoteza badawcza i cele rozprawy doktorskiej

Pomimo duzego zainteresowania naukowego na $wiecie, wcigz brakuje systematycznych
prac dotyczacych opracowania, metod otrzymywania, badania wtasciwosci oraz oddziatywan
pomiedzy sktadnikami kompozytow celulozowych wzbogaconych zwigzkami polifenolowymi.
Dlatego tez w niniejszej rozprawie zdecydowano uzy¢ dwoch rodzajow celulozy:
mikrofibrylarnej (CMF) oraz nanofibrylarnej (CNF) izolowanej z materialu odpadowego,
jakim sg wyttoki jabtkowe pozostate po wyciskaniu soku. Natomiast do wzbogacenia filmow
otrzymanych z CMF 1 CNF uzyto przedstawicieli trzech grup zwiazkéw polifenolowych:
kwasow fenolowych, flawonoidéw oraz mieszaniny antocyjanéw pozyskiwanych ze skorek
owocoOw jagodowych. Celuloza moze by¢ wykorzystywana do wytwarzania folii oraz
kompozytow o dobrych wiasciwosciach barierowych i mechanicznych, a przy tym
biodegradowalnych 1 nietoksycznych. Jednak ze wzgledu na swoja porowatg strukture
niemodyfikowana celuloza moze wykazywaé niepozadane w konteks$cie opakowan
wilasciwosci hydrofilowe i zbyt niskie wiasciwosci barierowe. W celu poprawy tych
wlasciwo$ci mozna zastosowaé¢ inne formy celulozy np. celuloz¢ mikrofibrylarng i
nanofibrylarng, ktéra charakteryzuje si¢ lepszymi wilasciwosciami barierowymi i wigksza
hydrofobowoscia. Jednak zarowno sama celuloza, jak i jej nanostrukturalne formy nie posiadaja
cech, ktore mogltyby zwigksza¢ bezpieczenstwo i wydluzaé trwalo$¢ zywnosci. Z drugiej
strony, polifenole sg naturalnymi, biologicznie czynnymi zwigzkami obecnymi w tkankach
roslinnych. Wykazujg szereg pozadanych wlasciwosci takich, jak antyoksydacyjnosc,
przeciwdrobnoustrojowos¢, a takze petnig role naturalnych barwnikoéw. Ich adsorpcja na
powierzchni filmu celulozowego mogtaby umozliwi¢ wytwarzanie kompozytow 0
dodatkowych, korzystnych w kontekscie przechowywania zywnosci wiasciwosciach. Z kolei
sam film celulozowy moglby mie¢ wlasciwosci stabilizujace zwiagzki polifenolowe.
Jednocze$nie uzycie tych materialdow pozwolitoby otrzymaé¢ kompozyt biodegradowalny i

wytworzony na bazie surowcow odpadowych.
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Hipoteza badawcza:

Zwiazki polifenolowe stabilizowane celuloza mikro- i/lub nanofibrylarng tworza bezpieczny dla

srodowiska kompozyt o wtasciwosciach przeciwdrobnoustrojowych oraz antyoksydacyjnych.

Cele rozprawy doktorskiej:

e Opracowanie filmu/kompozytu na bazie celulozy mikrofibrylarnej lub/i nanofibrylarnej

oraz wybranych substancji polifenolowych,

e Pordwnanie wlasciwosci matrycowych mikro- 1 nanofibrylarnej celulozy, jako no$nika

dla substancji biologicznie czynnych,

e Podjecie tematu wyjasnienia interakcji molekularnych miedzy czgstkami celulozy oraz
wybranymi polifenolami oraz wptyw tych interakcji na wlasciwos$ci powierzchniowe i

strukturalne kompozytu,

e Okreslenie wlasciwosci wytworzonych kompozytow w kontekscie ich potencjalnego
zastosowania (wlasciwosci barierowe, badania mechaniczne, odpornos¢ na UV i

pojemno$¢ antyoksydacyjna, wlasciwosci bakteriostatyczne),

e Zbadanie mozliwych interakcji fizycznych najbardziej obiecujacego kompozytu z

powierzchnig owocow pod katem potencjalnego zastosowania jako powtoka owocow,

e Sprawdzenie czy mozliwe jest stworzenie w petni wykonanego z biodegradowalnych
surowcow bioindykatora do psucia si¢ zywnos$ci opartego na antocyjanach zawartych

w wyciagach z wyttokéw owocowych.
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3. Materialy i metody badawcze wykorzystane w
badaniach:

3.1. Materialy:

3.1.1. Otrzymywanie i oczyszczanie pulpy celulozowej:

Wiyttok jabtkowy o koncowej zawartosci suchej masy 10%, zostala otrzymany metoda
laboratoryjng. W tym celu uzyto tloczni soku z podwdjng $rubg (Green Star Elite GSE-5000,
Anaheim, USA) oraz oczyszczonego z pestek gniazda nasennego miazszu owocoéw jabtoni
zwyczajnej (Malus domestica), zakupionych na lokalnym rynku (Lublin, Polska). Tak powstaty
wyttok oczyszczono metodg termo-chemiczng z uzyciem HCI1 (35-38%, Chempur) i NaOH
zgodnie z procedurg opisang przez Szymanska-Chargot i in. (2017), a nastgpnie wybielono w
roztworze (okoto 2%) podchlorynu sodu (NaClO, 25-28%, Biomus), pozbywajac si¢ z wyttoku
lignin, hemiceluloz, pektyn oraz cukréw. Nastepne celuloza byta przegotowana w destylowane;j
wodze 1 wielokrotne przeplukiwana w wodze o temperaturze pokojowej, nastgpne odsaczona,

az do 10% suchej masy, zamknigta w szczelnym pojemniku 1 przechowywana w 4 °C.

3.1.2. Otrzymywanie filmu z celulozy mikrofibrylarnej:

Zawiesing celulozy o 0,1% stezeniu z punktu 3.1.1. homogenizowano za pomoca
homogenizatora mechanicznego Ultra-Turrax (T10 basic Ultra Turrax, IKA, Niemcy) przez 10
min. Tak przygotowana dyspersje wylewano na zestaw do sgczenia pod ciesnieniem sktadajacy
si¢ z szklanego zestawu filtracyjnego (kolba 1000 ml, lejek i zacisk; Chempur, Polska) oraz
filtra membranowego PVDF (EMD Millipore™ Durapore™, ¢ = 90 mm) oraz pompy
prozniowej z ci$nieniem ustawionym na 0,8 bara (Basic 36, AgaLabor, Polska), a nastepnie
sgczono przez maksymalnie 15h. Na koncu, taki film byt oddzielany od filtra membranowego

i suszony pod naciskiem 7kg przez 72h (Krysa i in. 2025a).
3.1.3. Otrzymywanie filmu z celulozy nanofibrylarnej:

Aby otrzymaé celuloz¢ nanofibrylarna uzyto dyspersji celulozy o stezeniu 0,2%,
przygotowanej zgodnie z opisem z punktu 3.1.2., ktorg poddano dziataniu ultradzwickow za
pomocg homogenizatora ultradzwigkowego Sonics Vibracell (model VCX-130FSJ; Sonics i
Materials Inc., USA) o mocy wyjsciowej 130 W, amplitudzie roboczej 95% (amplituda
nominalna = 120um, czestotliwos¢ = 20 kHz) przez 30 minut. Zeby unikna¢ przegrzania probki,
umieszczano ja w tazni z lodem (T = 0 °C). Nastepnie probki podzielono na dwie rozcieficzone
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dyspersje o stezeniu 0,1% wag. 1 obie porcje poddano dodatkowej obrobce 60 minut
identycznie, jak w publikacji Szymanska-Chargot i in. (2019). Nast¢pnie tak przygotowang
porcje filtrowano, jak w punkcie 3.1.2. i otrzymywano w ten sposob film z celulozg

nanofibrylarng (nanoceluloza).
3.1.4. Otrzymywanie wodnej dyspersji lecytyny

Dyspersj¢  wodng (10% m/v) lecytyny stonecznikowej (czysta, Biomus, Polska)
zhomogenizowano za pomocg Ultra-Turrax (T10 basic Ultra Turrax, IKA, Niemcy) przez 5

minut.
3.1.5. Otrzymywanie filmu z celulozy mikro/nanofibrylarnej z lecytyng

W przypadku celulozy mikrofibrylarnej, przygotowano 200g wodnej dyspersji celulozy z
punktu 3.1.2. o stezeniu 0,1% wag. i dodano 0,5g dyspersji lecytyny z punktu 3.1.4. i
homogenizowano za pomoca Ultra-Turrax (T10 basic Ultra Turrax, IKA, Niemcy) przez 10
minut. Nastepnie film byt sagczony tak jak w przypadku filmow celulozowych, jednakze czas
sgczenia ulegt skroceniu i trwal maksymalnie 6h. Nastepnie film byt zostawiany w uktadzie do

saczenia pod ci$nieniem (0,5 bara) az do catkowitego wyschnigcia (ok 9h).

W przypadku celulozy nanofibrylarnej do 200g dyspersji z punktu 3.1.3. dodano 0,5g dyspersji
lecytyny z punktu 3.1.4. i mieszano przez 2 minuty za pomoca homogenizatora Ultra-Turrax
(T10 basic Ultra Turrax, IKA, Niemcy), nastgpnie sagczono i suszono tak samo, jak filmy z

celulozg mikrofibrylarng (Krysa i in. 2025b).
3.1.6. Ekstrakcja fosfatydylocholiny z lecytyny:

Fosfatydylocholing (PC) wyekstrahowano z roztworu lecytyny w etanolu (96% EtOH, stezenie
1%) poprzez mieszanie przez 10 minut na mieszadle magnetycznym (metoda opracowana na
podstawie badan Cabezas i in., 2009). Nastepnie dyspersje odwirowano z predkoscia 6000 x g
przez 5 minut (wirowka MPW-260R, MPW Med. Instruments, Polska) w celu uzyskania
alkoholowego roztworu PC oczyszczonego z nierozpuszczalnych tak efektywnie w
niskorzedowym alkoholu innych sktadowych lecytyny. Supernatant ostroznie przesaczono
przez filtr nylonowy ($rednica porow 0,2 um, Millipore) i odparowano w temperaturze
pokojowej w celu uzyskania jak najbardziej czystej PC (st¢zenie uzyskanego roztworu PC
wynosito okoto 1,1 g PC/L EtOH). Potwierdzono uzyskanie gtéwnie PC uzyskujac widmo FT-

IR i poréwnujac je z danymi literaturowymi Hindarto i in., (2017).
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3.1.7. Uzyte zwiazki polifenolowe:

Kwas kawowy - CAF - (98%, SIGMA); kwas chlorogenowy - CHL (98 %, AmBeed); kwas
galusowy - GAL (bezwodny, 98%, Merck 98%); kwercetyna - QUE (>95% HPLC, Sigma Life
Science); rutyna - RUT (hydrat, >94% HPLC, Sigma-Aldrich); naringenina - NAG (hydrat,
97%, Glentham Life Sciences); naringina - NRG (>95%, Acros Organics).

3.2. Metody

3.2.1. Interakcje molekularne:

3.2.1.1. Spektroskopia FT-IR

Widma FT-IR uzyskano za pomocag spektrometru Nicolet 6700 FT-IR (Thermo Scientific,
Madison, USA) z przystawka ATR (Smart ITR) i rozdzielaczem wigzki KBr. Pomiar wykonano
na trzech probkach kazdego rodzaju kompozytu, skupiajac si¢ na powierzchni z adsorpcja
emulsji flawonoidu/kwasu fenolowego/antocyjanu. Zebrane dane obejmowaty zakres 4000—
650 cm™; dla kazdego widma usredniono 200 skandéw przy rozdzielczosci 4 cm™'. W
przedstawionych widmach wykonano korekcje linii bazowej i normalizacje do pola
powierzchni pod widmem, z uzyciem programu ORIGIN (wersja 8.5 PRO, OriginLab
Corporation, USA).

3.2.1.2. Spektroskopia FT-Ramana

Widma FT-Raman rejestrowano przy uzyciu spektrometru NXR FT-Raman z detektorem
InGaAs i rozdzielaczem wigzki CaF2 (Thermo Scientific, USA) jako kompatybilnej przystawki
do FT-IR (Nicolet 6700, Thermo Scientific, USA). Probki (fragmenty filmoéw) umieszczano w
stalowych statywach i oswietlano laserem Nd:YAG (dtugos¢ fali lasera 1064 nm i maksymalnej
mocy 1 W). Zebrano widma w zakresie 3500-150 cm ™, kazde jako $rednia z 256 skanow przy
rozdzielczosci 8 cm™. Analiz¢ rozpoczeto od wykonana $redniego widma z trzech wybranych
widm, korekcji linii bazowej i normalizacji do pola powierzchni pod widmem, wykonujac je w
programie ORIGIN (wersja 9.0 PRO, OriginLab Corporation, USA).
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3.2.2. Morfologia powierzchni:

3.2.2.1. Mikroskopia Ramana

Do badan wykorzystano system obrazowania alpha300R (WITec GmbH, Niemcy) z laserem
czerwonym o dtugosci fali 785 nm, mocy 50 mW i czasie integracji 0,5 s. Obserwacj¢ probek
prowadzono za pomocg obiektywu powietrznego 50%/0,9 NA (Carl Zeiss, Niemcy).
Rozpraszanie ramanowskie zbierano $wiattowodem (Srednica 50 um), polaczonym ze
spektrometrem UHTS 300 (WITec, Niemcy) wyposazonym w siatke dyfrakcyjng o 300 liniach
na 1 mm. Sygnat rejestrowano kamera CCD (DU401A BV, Andor, Irlandia Potnocna). Podczas
analizy map uzywano filtrow intensywnosci ramanowskiej dla charakterystycznych pasm
poszczegdlnych zwigzkow. W przypadku filméw z celuloza  mikrofibrylarng lub
nanofibrylarng z lecytyng analizowano odpowiednio pasma 1050 cm™ Iub 1120 cm™
charakterystyczne dla celulozy, natomiast dla flawonoidow: 1611 cm™! (dla QUE), 1090 cm™!
(RUT), 1591 cm™ (NAG) oraz 1645 cm™ (NRG). Usredniono zebrane widma ramanowskie,
poddano usunigciu tla (wiclomian rzedu 9, poziom szumu 3), a nastepnie znormalizowano do
pola powierzchni pod widmem. Dla widm zastosowano réwniez filtr medianowy (rozmiar 4) i
algorytm usuwania zaktocen kosmicznych (parametry 4/8), porownujac wyniki w catym

zakresie 0—4000 cm™.
3.2.2.2. Mikroskopia SEM

Analize morfologii powierzchni filmu wykonano przy uzyciu skaningowego mikroskopu
elektronowego Phenom Pro X (Thermo Fisher Scientific, Waltham, MA, USA), ktory pracowat
z napigciem 15 kV. Do badan uzyto fragmenty filméw o rozmiarze 1x1cm, napylone warstwg

ztota z uzyciem napylarki CCU-010 (Safematic, Zizers, Szwajcaria).
3.2.2.3. Pomiary zwilzalnosci powierzchni

Zwilzalno$¢ filmoéw oceniano poprzez katy zwilzania woda (WCA). Krople o objetosci 5 pulL
(woda MilliQ) dla kompozytow z flawonoidami lub 10 pL dla filméw z kwasami fenolowymi
nanoszono za pomoca automatycznego podajnika kropli na powierzchnie filméw
zamocowanych na szkietkach za pomocg tas§my dwustronnej. Pomiarow kata dokonywano przy
uzyciu goniometru Rame Hart 200Std. Rejestracje prowadzono z op6znieniem 0,5 ms co 5 s
przez 30 sekund, wykonujac pig¢ powtorzen dla kazdego typu probki (dla kompozytow z
flawonoidami) lub co 60 sekund przez 10 minut (dla filméw z kwasami fenolowymi, wykonano

7 powtorzen). Analiz¢ katow zwilzania wykonano w programie DROPimage Advanced (Rame
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Hart Instrument Co., USA). Istotno$¢ statystyczng zmian WCA oceniono, poréwnujgc warto$ci
poczatkowe 1 koncowe dla kazdej grupy. Roznice stezen flawonoidow w danej grupie oceniano

jedynie w punkcie poczatkowym.
3.2.2.4. Zdolnos¢ antyoksydacyjna

Procedur¢ oznaczenia zdolnosci antyoksydacyjnej powierzchni filméw zaadaptowano na
podstawie metody uzytej w publikacji Kusznierewicz i in. (2020). Do oznaczenia zdolnoS$ci
antyoksydacyjnej supernatantu lub wyciagu uzywano metody opartej publikacji Biskup i in.,
2013. Za pomocg dziurkacza biurowego przygotowano krazki o $rednicy 0,5 cm z kazdego
rodzaju filmu. Pojedynczy krazek dla kazdego typu umieszczano w probéwce Eppendorfa i
zalewano 300 pl wody destylowanej, a nast¢pnie 5,7 mL roztworu ABTS wykonanego na
podstawie procedury Biskup i in., 2013. Probki mieszano na mieszadle obrotowym (neoLab
Migge GmbH, Niemcy) przez 30 minut. Po mieszaniu krazki usuwano, a pomiar absorbancji
prowadzono w kuwetach polipropylenowych w spektrofotometrze UV-Vis (Cary 60, Agilent)
przy dhugosci fali 734 nm. W kazdym przypadku przeliczono zdolno$¢ antyoksydacyjng na
podstawie wykonanej krzywej dla Troloxu (syntetyczna pochodna witaminy E), a zdolno$¢
antyoksydacyjna ptynnych probek okreslano jako stezenie rownowaznika Trolox (mg TE/L), a

dla kompozytéw wyniki wyrazano jako mg TE/cm? powierzchni.
3.2.3. Badania barierowe:

3.2.3.1. Badania mechaniczne

Przed badaniem mechanicznym przygotowano ok. 15 paskéw folii celulozowej o wymiarach
40 x 3 mm. Szeroko$¢ probek zmierzono mikroskopem Olympus SZX16 (Japonia) z kamerg
DFK 51BUO02.H (The Imaging Source Europe GmbH, Niemcy), a grubo$¢ mikrometrem
cyfrowym BAKER (Baker Gauges India Private Limited, Indie) z doktadnoscig do 0,001 mm.
Testy rozciggania przeprowadzano na mikrotesterze (Deben Microtest, Wielka Brytania) do
momentu zerwania probki (odstep szczek 10 mm, szybkos¢ rozciggania 0,1 mm/min). Site 1
wydtuzenie przeliczano na naprezenie i odksztalcenie za pomoca kodu napisanego w Pythonie.
Dzigki temu analizowano powstale odksztalcenie okreslajac: modut sprezystosci, modut

utwardzania, wydluzenie przy zerwaniu i naprezenie przy zerwaniu.
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3.2.3.2. Przepuszczalnosé pary wodnej

Wspotczynnik przepuszczalnosci pary wodnej (WVP) oznaczano metodg opracowang na
podstawie metody zawartej w publikacji Cazoén i in. (2022), rejestrujac ubytek masy probki w
czasie. WVP wyliczano na podstawie zmian masy i réznicy ci$nien zgodnie z wlasciwym

wzorem:
C-d -A:-AP=WVP (wyrazone w g'm'-s!-Pa™)

Gdzie: gdzie WVP podano w d to grubo$¢ folii (m), A to pole powierzchni folii poddanej
ekspozycji na przepuszczalno$é pary (m?), AP to rdznica ciSnienia pary wodnej po obu stronach
folii (Pa), a C to nachylenie wykresu ubytku masy naczynia wzgledem czasu (r?) , z
doktadnoscig do 0,0001 g.

Temperatura = 40°C
Wilgotnosé = 13-17%

@ pow. = 12 mm

h =4cm ,
I 0

&

Rys. 3.: Schemat przedstawiajacy badania przepuszczalnos$ci pary wodnej (WVP).

Kazdy typ folii badano w czterech powtorzeniach, a grubo$¢ probek okreslano jako Srednig z
picciu losowych pomiaréw mikrometrem cyfrowym. Wyniki poddano analizie statystycznej

zgodne z punktem 3.3.
3.2.3.3. Przepuszczalno$¢ $wiatla w zakresie UV-Vis-NIR

Zdolno$¢ barierowa kompozytow wobec $wiatla oceniano przy pomocy spektrofotometru
(UV-Vis Cary 60, Agilent). Po trzy probki kazdego typu filmu o wymiarach 45mm x 12,5mm
(wymiary takie jak uzytej] kuwety kwarcowej) byly przymocowywane do $ciany kuwety

kwarcowej (droga optyczna 10 mm), a nastepnie umieszczano w komorze spektrofotometru i
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analizowano w zakresie 200-1000 nm (zakres dla UV-Vis-NIR). Wyniki usredniono i

wyrazono jako procent transmitancji §wiatla w badanym zakresie.
3.2.3.4. Wlasciwosci hamujace rozwdéj drobnoustrojow:

Whasciwosci hamujgce rozwdj filmoéw oceniano za pomocg testow hamowania wzrostu wobec
wybranych szczepow grzybow (Botrytis cinerea G227/18, Penicillium sp. G122/18) i /lub
wybranych szczepoéw bakterii (Escherichia coli B4/14, Staphylococcus capitis B6/15 czy
Staphylococcus aureus NCTC 8530, ATCC 12598).

Szczepy bakteryjne i grzybicze pochodzity z kolekcji izolowanych organizméw
srodowiskowych Zakladu Badan Systemu Gleba-Roslina Instytutu Agrofizyki PAN w
Lublinie, oprocz S. aureus, ktory to szczep zostato zakupiony od dystrybutora American Type
Culture Collection (ATCC). Grzyby hodowano na bulionie ziemniaczano-glukozowym (PDB),
E. coli na pozywce Eijkmana, a S. capitis i S. aureus na pozywce Nutrient Broth. Pierwotna
inkubacja prowadzona byta przez 5 dni (grzyby) lub 24 godziny (bakterie) w temperaturze 26°C
i przy 120 obr./min. Po przygotowaniu zawiesiny grzybiczej i bakteryjnej (300 pL)
rozprowadzono ja na odpowiednio przygotowanych ptytkach z pozywka agarowa
ziemniaczano-dekstrozowg (Potato Dextrose Agar, PDA) dla grzybow oraz ,,Plate Count Agar”
(Biomaxima, Poland) dla bakterii. Na kazdej ptytce umieszczano po trzy sterylne krazki (5 mm
srednicy). Inkubacje przeprowadzano w temperaturze 26°C przez 5 dni, mierzac codziennie

srednice stref zahamowania wzrostu drobnoustrojow.
3.3. Analiza statystyczna:

Wykonane analizy statystyczne przeprowadzono w programie Statistica (wersja 14.1.0.4,
USA). Wszystkie grupy porownawcze obejmowaty rowna liczbg prob. Rozktad normalny oraz
jednorodnos$¢ wariancji weryfikowano za pomocg testow Lillieforsa i Levene’a. Dla wykrycia
istotnych roznic zastosowano analiz¢ ANOVA z testem post-hoc Tukeya. Uzyskano takze
szczegotowe dane takie jak: $rednia, odchylenie standardowe (SD), wzgledne odchylenie

standardowe (%RSD), warto$¢ F oraz poziom istotnosci (p) dla poszczegdlnych analiz.
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4. Omowienie wynikow przedstawionych w publikacjach:

W przestawionych nizej publikacjach skupiono si¢ na molekularnej budowie oraz
mechanizmach wigzania 1 oddzialywania polifenoli, a doktadniej wybranych kwasow
fenolowych, flawonoidow, a na koniec bogatych w antocyjany ekstraktow z wyttokow z
owocow, z dwoma typami celulozy - celulozg mikrofibrylarng oraz nanofibrylarng
wyizolowang z wytlokow jabtkowych. Celem nadrzednym badan bylo zglebienie sposobu
dziatania i1 oddzialtywania polifenoli na materialy celulozowe, mogace by¢ potencjalnie
wykorzystanymi w przysztosci do tworzenia w pelni biodegradowalnych opakowan do

zywnosci, opartych na recyklingu odpadow.

W publikacji P1 szczegétowo sa omdéwione 1 badane przy pomocy spektroskopii
wibracyjnej (FT-IR oraz Ramana) rozne grupy flawonoidow pod wzgledem ich budowy

molekularnej oraz identyfikacji charakterystycznych pasm dla tych zwigzkow.

W publikacji P2 badano w jaki sposob adsorpcja trzech kwasow: galusowego,
kawowego oraz chlorogenowego wptywata na wilasciwosci filmoéw opartych na celulozie
mikrofibrylarnej (celuloza) i nanofibrylarnej (nanoceluloza). Praca przybliza roéwniez
interakcje migdzyczasteczkowe miedzy kwasami polifenolowymi a powierzchnig celulozy, co
moze mie¢ znaczenie w dalszym opracowywaniu biomateriatbw mogacych mie¢ zastosowanie

w opakowaniach zywnosci.

W publikacji P3 zbadano czynniki moggce wptywac na interakcje chemiczne i fizyczne
zachodzace migedzy celuloza w dwoch formach (nanofibrylarnej i mikrofibrylarnej), a dwoma
parami flawonoidow (glikozydem i aglikonem) z dwoch réznych podgrup flawonoidow:
kwercetyng i rutyng (flawonole) oraz naringening i nargining (flawony). Flawonoidy byty
przygotowane w formie liposomalnej w celu ufatwienia ich adsorpcji na powierzchni
kompozytu. Celem badan byto okreslenie zwigzku migdzy obecnoscig flawonoidu na
powierzchni, a ich wlasciwo$ciami funkcjonalnymi oraz wybor najlepszego kompozytu w celu
pokrycia skorki jabtka, jako proba podjecia tematu otoczkowania ekologicznym kompozytem

w pelni powstatym z odpadéw spozywczych.

Ponizej znajduje si¢ bardziej szczegdlowe omowienie poszczegdlnych publikacji.
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4.1. Publikacja P1

Krysa, M., Szymanska-Chargot, M., i Zdunek, A. (2022). FT-IR and FT-Raman
fingerprints of flavonoids — A review. Food Chemistry, 393, 133430.

Publikacja P1 jest przegladem literaturowym, wzbogaconym o wyniki wtasne,
dotyczacym analizy widm spektroskopowych (FT-IR oraz FT-Ramana) dla struktur
chemicznych wszystkich grup flawonoidéw. Szczegdélowy opis oraz podsumowanie
podobienstw i réznic zostalo wykonane na podstawie danych dostepnych w literaturze oraz
widm FT-IR i FT-Ramana wykonanych na czystych zwigzkach bg¢dacych przyktadami danej

grupy flawonoidow (najczgsciej flawonoidu i jego glikozydu).

Na wstepie opisywane jest pochodzenie flawonoidéw oraz ich ogdlne wihasciwosci,
ktére opierajg si¢ na zdolno$ciach antyoksydacyjnych, ktére w konsekwencji moga wplywac
na zdrowie cztowieka poprzez neutralizacje wolnych rodnikow, chelatowanie metali cigzkich,
a takze majacych dziatanie przeciwzapalnie. Nastgpnie opisany zostat podzial flawonoidow na
poszczegodlne podgrupy ze wzgledu na roznice w ich budowie oraz wlasciwosci. Na tej
podstawie zostaly wyszczegdlnione nastepujace grupy: flawonole (ktorych przedstawionym
przyktadem byty kwercetyna i rutyna), flawony (apigenina, luteonina, chryzyna), flawanony
(naringenina, hesperydyna), izoflawony (genisteina, daidzeina), antocyjany (peonidyna,
cyjanidyna, malvidyna, delfinina), oraz flawanole (epikatechina, epigallaktokatechina), ktore

nastepnie byly analizowane pod katem charakterystycznych pasm.

Dzigki tym badaniom wskazano i szczegétowo opisano ,fingerprints”, czyli
charakterystyczne obszary widma najcze$ciej w zakresie liczby falowej od 1300 — 400 cm™,
dla poszczegdlnych grup flawonoidow pozwalajagce na wykrycie ich w probcee.
Doprecyzowujac, réznice W widmie w tym obszarze, mowig o obecnos$ci poszczegdlnych grup,
pierscieni aromatycznych, ale takze zmianach w strukturze chemicznej (powstawaniu wigzan

pomiedzy zwigzkami oraz rodzaj wigzania).

Wszystkie widma FT-IR flawonoidow zawieraty specyficzne pasma odpowiadajace
drganiom rozciagajacym C=C: pierscienia aromatycznego B w zakresie 1650-1560 cm™ oraz
pierscienia aromatycznego A W zakresie 1560-1465 cm™ (brak tego pasma w widmach grupy
flawanoli). Najbardziej charakterystyczne wigzania C=C dla antocyjanéw oraz flawonoli

wystepowaty przy 1475-1400 cm™, a dla flawonow i izoflawonow przy 1380-1350 cm™. Dla
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flawanoli specyficzny uznaje sie zakres 1570-1545 cm™. Jednak nalezy pamictaé, ze w tym
zakresie liczb falowych naktadaja si¢ drgania grupy karbonylowej (C=0), wodorowej 6(OH)
oraz te pochodzace od pierscienia v(C2=C3). Spektroskopia FT-Ramana uzupehnia te zakresy
0 3189-2 890 cm™* (C-H) obecne w flawonach, izoflawonoach i flawononach, 1694-1590 cm™
(C=0) dla flawonéw, izoflawonoidoéw, flawanonoéw oraz 1575-1540 cm™ (C=0) flawanony i

flawonole.

Dane dotyczace widm z FT-IR oraz FT-Ramana zebrane w kompleksowy sposob, jak
zostalo to zrobione w publikacji Pl, pozwalaja na skuteczniejsze rozpoznawanie
poszczegdlnych flawonoidow. Pozwala to na szybka analiz¢ probek pochodzenia naturalnego
np. tkanek roslinnych czy liofilizatow réznych ekstraktow roslinnych pod katem zawarto$ci
flawonoidow. Warto rowniez podkresli¢, ze wykorzystane metody spektroskopii wibracyjnej,
jako techniki komplementarne, pozwalaja na efektywne badanie niewielkich ilo$ci materiatu
(juz od kilku miligraméw), w krotkim czasie, co czyni je szczeg6lnie atrakcyjnymi dla

przemystu farmaceutycznego i spozywczego.
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4.2. Publikacja P2

Krysa, M., Szymanska-Chargot, M., Pieczywek, P. M., Adamczuk, A., Pertile, G., Frac,
M., Zdunek, A. (2025). The effect of surface adsorption of caffeic, chlorogenic, and gallic
acids on the properties of cellulose-and nanocellulose-based films, Industrial Crops and
Products, 224, 120349

Publikacja P2 prezentuje badania dotyczace wplywu trzech, wybranych kwasow
fenolowych - kwasu kawowego (CAF), chlorogenowego (CHL) i galusowego (GAL) — na
wlasciwosci filmow na bazie celulozy mikrofibrylarnej (CEL) oraz nanofibrylarnej (NCEL)
otrzymywanej i oczyszczone] z wytlokow jabtkowych. Celem pracy bylo zrozumienie
oddziatywania polifenol-celuloza, poprzez uzycie zwigzkow o prostej budowie (takich jak
kwasy fenolowe) z powierzchnig celulozy, a nastepnie zbadanie wptywu tych interakcji pod
katem wykorzystania takiego kompozytu, jako potencjalny material do zastosowan
opakowaniowych.

W pierwszym kroku przygotowane zostaty filmy celulozowe. W tym celu, celuloza
zostata wyizolowana z wytloku jabtkowego i oczyszczona. Celuloza mikrofibrylarna (CEL)
byla przygotowana poprzez homogenizacj¢ mechaniczng (tzw. metoda ,,high speed blending”),
natomiast celuloza nanofibrylarna (NCEL) za pomoca homogenizacji ultradzwigkowej (metoda
,high intensity ultrasound”). Nastepnie filmy zostaly przygotowane metoda saczenia pod
cisnieniem. Naste¢pnie na takie filmy, pod koniec procesu sgczenia, wylewano 5% roztwory
etanolowe wybranych kwasoéw fenolowych w dwoch stezeniach (450 ppm oraz 900 ppm), po

czym probki suszono pod obcigzeniem 7 kg przez 72h.

Tak przygotowane filmy zostaty poddane analizie spektroskopowej FT-Raman w celu
okreslenia miedzyczasteczkowych mechanizméw oddziatywania prostych polifenoli z
celulozg. Mikroskopia SEM oraz mikroskopia Ramana zostaly uzyte w celu okreslenia
dystrybucji kwasoéw fenolowych na powierzchni filmow celulozowych. Pomiar zwilzalnos$ci
pozwolil okresli¢ wihasciwosci hydrofobowe powierzchni. Wykonano testy mechaniczne,
okreslajac modut Younga czy odporno$¢ na rozcigganie, zeby scharakteryzowaé wptyw
kwasow fenolowych na strukture i uzytecznosci filmow, jako materialu potencjalnie stuzacego
do opakowan. Okreslanie ogolnej aktywnosci antyoksydacyjnej (TEAC), jak i tej w wodnym

roztworze 0,9% NaCl, ktory miatl kontakt z filmem, jako test uwalniania si¢ zwigzkoéw
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fenolowych do zywnosci. Te wyniki razem z analizg dzialania przeciwdrobnoustrojowego
wzgledem réznych szczepoéw bakterii i grzybow miaty na celu dostarczenie informacji o

mozliwym wykorzystaniu filmow, jako elementu opakowan funkcjonalnych.

Analiza widm spektroskopowych wykazata, ze wybrane kwasy fenolowe preferowaty
adsorpcje na powierzchni celulozy poprzez wigzania wodorowe. Mimo, ze wyniki badan
obrazowych nie wykazaty widocznych zmian na powierzchni kwasy polifenolowe wptywaty
na strukture matrycy celulozowej poprzez zmiane wlasciwosci mechanicznych oraz

wskaznikow wykazujacych mozliwy dodatni wptyw na wydtuzanie §wiezosci zywnosci.

Przeprowadzone testy mechaniczne wykazaly, ze nizsze stgzenie kwasow (450 ppm)
prowadzito do zwigkszonej sztywnosci i odporno$ci na zerwanie, natomiast wyzsze st¢zenie
(900 ppm) do wigkszej elastycznosci filméw. Oceniono takze stopien zwilzalnosci i wykazano,
ze obecno$¢ CAF w wyzszych stezeniach znacznie podnosi hydrofobowo$¢ kompozytow

wzgledem kontrolnych filméw CEL, podczas gdy GAL najbardziej zwigkszat hydrofilowos$¢.

Aktywnos$¢ antyoksydacyjna kompozytdw wzrastala wraz ze wzrostem st¢zenia
kwasow polifenolowych, szczegolnie w przypadku filméw NCEL z dodatkiem 900ppm kwasu
galusowego. Badania wtasciwosci przeciwdrobnoustrojowych dos¢ niejednoznacznie
wskazaly, ze z badanych filméw te z kwasem kawowym miaty najsilniejsze efekty hamowania
wzrostu wybranych bakterii (E. coli i S. capitis) i grzybow, ale nadal nie wykraczaty one poza
strefe inhibicji (3mm). Brak odpornosci na grzyby z gatunku Penicillium sp. moga wskazywac

na mozliwosci biodegradowalnosci kompozytow.

Najlepsze wlasciwosci mechaniczne uzyskano dla filméw NCEL z dodatkiem kwasu
kawowego - wykazywatly si¢ one wieksza sztywnoscia, odpornoscig na deformacje. Filmy te
wykazywaty rowniez zwickszong hydrofobowos¢  powierzchni.  Ponadto, filmy
nanocelulozowe charakteryzowaty si¢ bardziej jednorodnym rozktadem badanych kwasow na
powierzchni, co pokazato mikrografie SEM. Filmy z kwasem kawowym posiadaty takze
najwigksze zdolno$ci ograniczajace wzrost drobnoustrojow, przy ich niskich wlasciwosciach
antyoksydacyjnych. Z kolei filmy zawierajace kwas galusowy byty duzo bardziej hydrofilowe,
ale wykazywaty najwieksza pojemnos¢ antyoksydacyjna.

Na podstawie wynikow z publikacji P2 mozna wyciggna¢ wniosek, ze filmy

nanocelulozowe z dodatkiem kwasu kawowego, moga by¢ szczegdlnie przydatne, jako

biodegradowalne opakowania 0 zwigkszonej wytrzymatosci mechanicznej z kontaktowa
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odporno$cig na mikroorganizmy (w poréwnaniu z czystym filmem nanocelulozowym) i
nieznacznym uwalnianiem kwasow fenolowych do roztworu soli fizjologicznej imitujacej
kontakt z zywnoscig. Je$li priorytetem w projektowaniu materiatu do opakowan byloby
przedtuzenie $wiezosci zywnoSci hajlepszy bytby material z wykorzystaniem kwasu
galusowego ze wzgledu na jego wlasciwosci antyoksydacyjne; wada tych kompozytow bytaby
ich zwigkszona hydrofilowo$¢ w poréwnaniu z innymi kompozytami. Mogtoby to powodowac
rozwoj szkodliwych mikroorganizméw, na ktore kompozyty z kwasem galusowym nie

wykazywaly odpowiedniej opornosci.
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4.3. Publikacja P3

Krysa M., Szymanska-Chargot M., Adamczuk A., Pertile G., Frac M., Zdunek A. (2025).
Properties of composites based on microfibrillar and nanofibrillar cellulose from apple
pomace and two pairs of flavonoids — quercetin/rutin and naringin/naringenin in

liposomal form. Food Research International, 221, 117335

W publikacji P3 podjeto probe opracowania w petni ekologicznego kompozytu na bazie
sktadnikow pochodzacych z odpadow przemystu spozywczego. Celulozg, ktéra stanowita baze
kompozytu, uzyskano tak samo, jak w publikacji P2 z wyttokoéw jabtkowych; uzyto czystych
flawonoidow powszechnie wystepujacych w owocach oraz lecytyny stonecznikowej, ktora jest

odpadem po oczyszczaniu oleju.

Badania opieraly si¢ na czterech celach glownych: 1. poréwnaniu celulozy
mikrofibrylarnej i nanofibrylarnej, jako nosnikow dla flawonoidow; 2. zbadaniu i porownaniu
dwoch par flawonoidow (glikozyd/aglikon) z dwdch réznych podgrup: flawonoli (kwercetyna
I rutyna) oraz flawanonéw (naringenina i naringina); 3. okresleniu interakcji molekularnych
miedzy poszczegdlnymi flawonoidami a powierzchnig celulozy i ich wptywu na wlasciwosci
funkcjonalne tych kompozytow oraz 4. naniesieniu najbardziej obiecujacego kompozytu na
powierzchnie skorki jablka i sprawdzenie potencjatu kompozytu do zastosowania jako

materialu do otoczkowania owocow.

Uzyte techniki analityczne obejmowaty mikroskopi¢ SEM, mikroskopi¢ ramanowska,
analiz¢ widm FT-IR, zwilzalno$¢ powierzchni przez wode, wlasciwosci barierowe takie, jak
przepuszczalno$¢ pary wodnej, przechodzenie $wiatta, wptyw promieniowania UVC na

zdolnosci antyoksydacyjne flawonoidéw oraz badania mikrobiologiczne.

Celuloza do kompozyty w publikacji P3 zostaty przygotowane tak samo jak w
publikacji P2. Natomiast do dyspersji celulozy mikro- i nanofibrylarnej zostala dodana
lecytyna, jako czynnik emulgujacy. Jako substancji bioaktywnych wykorzystano cztery czyste
flawonoidy: kwercetyng, rutyne, naringening oraz naringing, ktore zostaty naniesione na wcigz
wilgotng powierzchni¢ filmoéw celulozowych z lecytyna, w formie 29% alkoholowej dyspersji

z fosfatydylocholing. Tak otrzymane kompozyty byty suszone pod cisnieniem.

Wszystkie tak wykonane roztwory flawonoidu wykazaly stabilng adsorpcje na

powierzchni celulozy - nie kruszyly si¢, ani nie oddzielaty od powierzchni kompozytu.
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Opierajgc si¢ na zdjeciach, obrazach mikroskopowych SEM oraz Ramana, kompozyty oparte
na celulozie nanofibrylarnej byty bardziej jednolite, niz te na bazie celulozy mikrofibrylarnej.
Najbardziej jednolita powierzchnia wykazywaly si¢ kompozyty z kwercetyna, tworzac
praktycznie nieprzenikalng dla $wiatta warstwe na filmie. Kompozyty z rutyng
charakteryzowaty si¢ bardzo heterogeniczng powierzchnig, z okragtymi skupiskami flawonoidu
na powierzchni. Naringenina tworzyta formy krystaliczne na powierzchni filmow, a kompozyty
z naringing wykazywaty najbardziej jednolitg powierzchni¢, przypominajaca filmy kontrolne

bez dodatku flawonoidow.

Analiza widm FT-IR wykazata, ze tylko kwercetyna w formie liposomalnej
zaadsorbowana na powierzchni wchodzita w interakcje migdzyczasteczkowe z powierzchnig
celulozy mikro- lub nanofibrylarnej, gtéwnie poprzez zwigzania wodorowe. W widmie FT-IR
rutyny, naringiny i naringeniny obecne jest charakterystyczne pasmo z maksimum przy 1800
cm?, dajace podstawe by sadzi¢, ze udalo sie uformowaé struktury liposomalne. Natomiast
dalsza analiza widm tych flawonoidow, wskazuje, ze nie wigzaty si¢ one na powierzchni
filmow celulozowych poprzez wigzania chemiczne, a raczej przez oddziatywania fizyczne. Na
podstawie tych wynikow oraz literatury wyciagnigto wniosek, ze adsorpcja jest zalezna od
ilosci grup OH flawonoidow oddziatujacych z celulozg. Kwercetyna posiadata az 5 wolnych
grup hydroksylowych, najwiecej sposrod badanej grupy flawonoidéw. Istotny mogt tez byé

rozmiar czasteczki oraz jej przestrzenna struktura.

Pomiary kata zwilzania woda (WCA) wykazaly znaczace jego zmniejszenie dla
wszystkich wariantow kompozytow z kwercetyng w poréwnaniu z kontrolg, co $wiadczy o
silnych wtasciwos$ciach hydrofilowych powierzchni, szczegdlnie dla kompozytow opartych na
nanocelulozie nanofibrylarnej (NCL_QUE_15: 23,84°£1,55 i NCL_QUE 30 31,12°+3,47).
Kompozyty z rutyng takze wykazywaty wigksza hydrofilowo$¢ w porownaniu do filmow
kontrolnych. Natomiast, kompozyty z dodatkiem naringiny i naringeniny byty najbardziej

hydrofobowe, ale nie bardziej niz filmy kontrolne.

Wiasciwosci barierowe filmow zostaty okreslone poprzez przepuszczalno$¢ dla pary
wodnej oraz przepuszczalno$¢ dla Swiatta w zakresie dtugosci fali 200 - 1000 nm. Dodatek
flawonoidow w wigkszosci powodowal zmniejszenie przepuszczalno$ci pary wodnej.
Jednakze, istotnie statystyczny spadek wystepowat goéwnie w kompozytach opartych na
celulozie nanofibrylarnej. NCL_NAG 30 wykazal najnizszg przepuszczalno$¢ pary wodnej

sposrdéd wszystkich typow kompozytow. Badania przepuszczalnosci filmow dla badanego
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zakresu swiatta UV-Vis-NIR ujawnity, ze wszystkie typy kompozytow miaty znacznie nizszg
transmitancj¢ $wiatta w poréwnaniu z filmami kontrolnymi, a wszystkie warianty zawierajace
kwercetyn¢ miaty zdolno$¢ blokowania $wiatta w catym badanym zakresie (transmitancja o
wartos$ciach bliskich 0%).

Zbadano takze odpornos¢ flawonoidéow na utlenianie pod wptywem promieniowania
UVC. W wyniku tego eksperymentu zaobserwowano faktyczny wpltyw promieniowania UVC
na spadek pojemno$ci antyoksydacyjnej, jednakze nalezy podkresli¢, ze wcigz kompozyty
zachowaly znaczaca zdolno$¢ antyoksydacyjng. Kompozyty zawierajace kwercetyng
charakteryzowaty si¢ najwigksza zdolno$cig antyoksydacyjng ze wszystkich badanych

wariantow.

Aktywno$¢ przeciwdrobnoustrojowa wykazata dos¢ stabe i bardzo selektywne dziatanie
kompozytow z flawonoidami na drobnoustroje, jednakze byto ono bardziej widoczne niz to
otrzymane dla kwasow fenolowych (publikacja P2). Dziatanie przeciwdrobnoustrojowe
kompozytéw wobec bakterii Gram-dodatnich potwierdzono na przyktadzie Staphylococcus
aureus. Tylko kompozyty zawierajace kwercetyng wykazywaty dos¢ stabg (nie przekraczajacg
12mm) strefe zatrzymania wzrostu. Reszta badanych kompozytéw nie wykazywata lub

wykazywata minimalne wlasciwosci hamujace wzrost bakterii.

Z uzyskanych wynikow wyciagnieto wniosek, ze kompozyt celulozy nanofibrylarnej z
kwercetyng (wariant NCL_QUE_30) wykazal najwyzsza aktywno$¢ przeciwdrobnoustrojowa
1 silne wilasciwosci antyoksydacyjne, przypisywane najwigkszej ilosci, sposréd badanych
flawonoidow, grup hydroksylowych w czasteczce kwercetyny. Pozwolito to nie tylko na
uzyskanie najwickszej pojemnosci antyoksydacyjnej kompozytu z kwercetyna, ale tez na
homogeniczne 1 trwate pokrycie przez nig powierzchni filmu celulozowego. Kompozyty z
kwercetyna utrzymywaty rowniez wysoka stabilno$¢ antyoksydacyjna nawet po ekspozycji na
swiatto UVC. Poza tymi pozadanymi wilasciwosciami, niestety kompozyty z kwercetyng
charakteryzowaly si¢ duza hydrofilowoscig powierzchni oraz duza przepuszczalnoscig pary
wodnej (poréwnywalne z kontrolg). Jednakze badania kompozytu naniesionego bezposrednio
na skorke jabtka, pokazywaty jego duze powinowactwo do hydrofobowej powierzchni owocu,
co skutkowalo powstaniem dos¢ jednolitej warstwy na powierzchni skorki, zmniejszajac
przepuszczalno$¢ swiatla, bez widocznej zmiany koloru powierzchni jabtka. Wskazuje to na

duzy potencjat badanego kompozytu w opracowaniu preparatu do otoczkowania owocoOw.
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5. Badania uzupelniajace
5.1. Wstep

Antocyjany to zwigzki z grupy flawonoidow, ktére wystepuja naturalnie w owocach,
warzywach i w kwiatach. Wymienia si¢ 7 glownych antocyjanow: cyjanidyna (az okoto 50%
wszystkich wystepujacych w owocach i warzywach antocyjanow), pelargonidyna, delfinina,
petunidyna, peonidyna oraz malwidyna, ktére posiadaja do$¢ zréznicowang palete barw (Zhao
iin., 2022, Enaru i in., 2021)

Ich charakterystyczng cecha jest to, ze ich struktura chemiczna jest wrazliwa na zmiany
pH i w niskim pH przyjmuje posta¢ kationu flawyliowego, a wraz ze wzrostem pH nastgpuje
deprotonowanie grup hydroksylowych co prowadzi do zmiany adsorbowanej dtugosci $wiatla,
a wiec w konsekwencji widoczng zmiang koloru z czerwonej, przez fioletowa az do niebieskie;j
(Khoo i in., 2017). Gloéwng wadg antocyjanow jest jednak ich staba stabilno$¢ w narazeniu na

m. in. $wiatlo, tlen, temperature czy enzymy (Enaru i in., 2021).

W ostatnich latach opracowano wiele bioindykatorow z uzyciem antocyjanow i
biodegradowalnych polimeréw majacych stabilizowacé te zwiazki taki jak chitozan, skrobia czy
zelatyna (Li i Li, 2025, Erna i in., 2022, Chen i in. 2022). Poprawiato to czgsto zdolnosci

mechaniczne 1 hydrofobowos¢ filmu.

Mimo to czgsto opracowywane bioindykatory nie sg w peini pozyskane z surowcow
pochodzenia odpadowego. W zaprezentowanych badaniach uzupetiajacych podjeto probe
stworzenia filmu mogacego peti¢ funkcje bioindykatora wykrywajacego psucie si¢ zywnosci
wytworzonego w cato$ci z surowcoOw odpadowych - wykorzystano celuloze nanofbrylarng
oczyszczong z wyttokow jabtkowych, zrobiono ekstrakty z trzech wyttokow owocowych: z
owocoOw aronii (Aronia arbutifolia), czarnej porzeczki (Ribes nigrum) i ciemnych winogron
(Vitis vinifera) oraz lecytyny stonecznikowej, tworzac kompozyt, bedacy w stanie reagowaé
zmiang barwy w czasie rzeczywistym na psucie si¢ zywnosci. Ponadto taki kompozyt zostat
zbadany pod wzgledem wlasciwosci antyoksydacyjnych i1 zawartosci antocyjandw w
poréwnaniu do czystych wyciggéw. W badaniu poréwnano takze, ktore wyciagi maja najlepsze

wlasciwosci barierowe w kontek$cie opakowaniowym.
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5.2. Materialy:

5.2.1. Przygotowanie dyspersji nanofibrylarnej celulozy:

Celuloza (o zawartosci suchej masy 10%) wyizolowana z wyttokéw owocow jabtoni
zwyczajnej (Malus domestica), zakupionych na lokalnym rynku (Lublin, Polska), zostata
wyekstrahowana i oczyszczona metodg termo-chemiczng zgodnie z procedurg opisang przez
Szymanska-Chargot i in. (2017). Nastepnie otrzymano z niej dyspersj¢ celulozy nanofibrylarnej
z lecytyng (NCL) metoda szczegdtowo opisang w publikacji Krysa i in. (2025b) oraz w
podrozdziale 3.1.3.

5.2.2. Zbior owocow i przygotowanie wytlokéw owocowych

Owoce aronii (Aronia arbutifolia), czarnej porzeczki (Ribes nigrum) i ciemnych
winogron (Vitis vinifera) zostaty zebrane z przydomowego ogrodu w fazie petnej dojrzatosci
(Putawy, lubelskie, Polska). Z kazdego owocow zostaly przygotowane wytloki zwierajace
glownie skorki owocow. Kazde 100g tak przygotowanego wyttoku zostato umieszone w
szklanej zlewce o objetosci 2L, zalane do pelna woda destylowang o temperaturze pokojowe;j,
mieszane na mieszadle magnetycznym przez 30 minut, a nastepnie przesgczone przez sito. W
celu wyptukania wytloku z pozostatosci po soku, proces ten powtdrzono trzykrotnie.
Wyptukane wytloki zostaly pozostawione do wyschnigcia w temperaturze pokojowej bez
dostepu do swiatta. Nastepnie wysuszone wytloki zmielono w mtynie kulowym (czestotliwosé
drgan 30,0 Hz/s przez 15 minut, Retsch MM 400, Verder Company), szczelnie zamknigto i

przechowywano w suchym miejscu bez dostepu do swiatla.
5.2.3. Przygotowanie ekstraktu

Do 0,5 g wybranego suchego i zmielonego wyttoku, dodano z 3,7 mL etanolu o stgzeniu
70% i umieszczono w tazni ultradzwiekowej (80W, 50Hz, Polsonic) na 3 minuty. Nastepnie do
mieszaniny dodano 21,3 mL wody destylowanej i ponownie poddano sonikacji w tazni przez 5
minut. Otrzymany ekstrakt odwirowano przez 5 minut w temperaturze pokojowej przy obrotach
6000 x g (wirowka MPW-260R, MPW Med. Instruments, Polska), a supernatant przefiltrowano
przez filtr nylonowy ($rednica porow 0,2 um, Millipore). Tak przygotowano ekstrakty czarnej
porzeczki (BC), aronii (CB) oraz ciemnych winogron (BG) w 3 powtorzeniach. Ekstrakty do

dalszych analiz zostaty zliofilizowane.
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5.2.4. Przygotowanie filmu:

Przygotowang dyspersje celulozy nanofibrylarnej z lecytyna z punktu 5.1.1 filtrowano
przez 6h zestawem do filtracji prézniowej (kolba 1000 mL, lejek i zacisk; Chempur, Polska)
podiaczonym do pompy prozniowej Basic 36 (Agalabor, Polska) z ustawionym ci$nieniem 0,5
bara. Na powierzchnie wilgotnego filmu wylano przygotowany na $wiezo wybrany ekstrakt
(BC, CB lub BG) i filtrowano catos¢ przez 17 godzin, az do catkowitego wyschnigcia filmu.
Suchy film zdjeto z filtra i poddano dalszej analizie. Filmem kontrolnym byt film z czystej
celulozy nanofibrylarnej (NCL). Wszystkie filmy (NCL, NCL_BC, NCL_CB, NCL_BG)

przygotowano w trzech powtorzeniach.

5.3. Metody:

5.3.1. Mikroskopia optyczna

Do obrazowania powierzchni probki wykorzystano mikroskop WITec wyposazony w obiektyw
Zeiss EC Epiplan-Neofluar 100x/0.9. Obszar analizowany obejmowatl powierzchni¢ o
wymiarach 377,564x377,564um Obrazowang w rozdzielczosci 6501x6501 pikseli. Pomiar
zostat przeprowadzony w formie mapy powierzchniowej z zastosowaniem ,,Stitchingu” —
potaczenia serii 36 obrazow utozonych w siatke 6 x 6 w celu uzyskania obrazu
mikroskopowego badanego obszaru. Czas ekspozycji wynosit 1/25 s. Po akwizycji seria

obrazow zostata scalona automatycznie za pomoca oprogramowania ProjectSix (WITec).
5.3.2. Interakcje Molekularne:

5.3.2.1. Spektroskopia FT-IR

Widmo w podczerwieni zostato zmierzone za pomocg spektrometru Nicolet 6700 FT-
IR z przystawka Smart iITR i dzielnikiem wigzki KBr (Thermo Scientific, Madison, USA).
Zebrano po 200 skandéw w trzech powtérzeniach, wykonanych z rozdzielczoscig 4 cm™ w
zakresie 4000-650 cm™. W ten sposob zostaty wykonane widma zaréwno dla kompozytow, jak
1 dla ekstraktow w formie liofilizatow. Korekcja linii bazowej przeprowadzono przy uzyciu
oprogramowania OMNIC (OMNIC Specta Software, Thermo Scientific), a normalizacje do
pola powierzchni pod widmem przy pomocy programu ORIGIN (wersja 8.5 PRO, OriginLab
Corporation, USA).
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5.3.3. Badania spektrofotometryczne:

5.3.3.1. Wydajnos¢ ekstrakcji:

Dla kazdego typu ekstraktu (BC, CB, BG) przygotowanego zgodnie z metodyka opisang
w punkcie 5.1.3, wykonano oznaczenie masy po odparowaniu wody w trzech powtdrzeniach.
W tym celu ekstrakty o okreslonej objetosci (25ml) zostaty poddane liofilizacji przez 4 dni
(Labconco, model 700401015), po czym liofilizaty zostaly zwazone.

5.3.3.2. Zawarto$¢ zwiazkow fenolowych w ekstraktach:

Metode Folin-Ciocalteu wykonano poprzez 20 pul badanego wyciggu, dodajac 1,58 mL
wody, 100uL odczynnika Folin-Ciocalteu (Folin-Ciocalteu phenol reagent, Supleco) oraz
300pL Na2COs w stezeniu 1,89mol/L. Nastgpnie mieszanina byta inkubowana w ciemno$ci w
40 °w cieplarce (cieplarka laboratoryjna, DanLaB). Dla przygotowanych prob mierzono
absorbancj¢ przy dlugosci fali 765nm (Genesys 10S, Thermo Scientific). Pomiary wykonano
w trzech powtdrzeniach. Srednie stezenie wyliczono z krzywej wzorcowej otrzymanej dla
kwasu galusowego. Zawarto$¢ zwiazkéw fenolowych wyrazono w rownowaznikach kwasu

galusowego na litr (GAE/L).
5.3.3.3. Zawartos$¢ antocyjanow:

Zawarto$¢ antocyjanéw W zliofilizowanych ekstraktach oznaczono zgodnie z metoda
opisang przez Sganzerla i in. (2021). W przypadku wyciagdéw, 0,5 mL probki zmieszano z 5
mL roztworu etanolu z dodatkiem HCI (85% v/v EtOH, 1,5% HCI), a nastgpnie mieszaning
inkubowano bez dostepu swiatta przez 30 minut. W przypadku kompozytéw, najpierw zostaly
przygotowane krazki o $rednicy 0,5 cm, ktore nastepnie zanurzono w 10 mL roztworu etanolu
z dodatkiem HCI (85% v/v EtOH, 1,5% HCI) i poddano dziataniu tazni ultradzwigkowej przez
5 minut. Nastepnie rowniez inkubowano je bez dostepu do $wiatta przez 30 minut. Po tym
czasie, zmierzono absorbancje przy dlugosci fali 535 nm, (spektrofotometr UV-Vis, Genesys
10S, Thermo Scientific). Dla kazdego pomiaru wykonano po 3 powtdrzenia. Zawarto$¢
antocyjandw wyrazono jako mg cyjanidyno-3-glukozydu (C3G) na gram suchej masy (dla

wyciggow) lub przeliczajgc dodatkowo te warto$¢ na cm? powierzchni filmu (dla kompozytow).
5.3.3.4. Zdolnos$¢ antyoksydacyjna:

Pojemnos$¢ antyoksydacyjng oznaczono metoda TEAC, zgodnie z procedura opisang
przez Krysa i in. (2025a) - dla wyciagow i Krysa i in. (2025b) - dla kompozytow. W przypadku
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wyciagow, po 30 minutach inkubacji probki bez dostepu do $wiatla, absorbancj¢ mierzono przy
dhugosci fali 734 nm za pomocg spektrofotometru UV-Vis (Genesys 10S, Thermo Scientific).
Dla kazdego rodzaju wyciggu wykonano po 3 powtdrzenia, oraz po 5 powtorzen w przypadku
kompozytow. Pojemno$¢ antyoksydacyjng obliczono na podstawie krzywe] wzorcowej
otrzymanej dla ekwiwalentu Troloxu (TE) i wyrazono jako mg TE/L dla wyciggéw oraz mg

TE/L przeliczone na cm? powierzchni dla kompozytow.
5.3.4. Oznaczenia RGB w kontekscie zmian koloru:

5.3.4.1. Okreslenie koloru:

Kolor filmow zostat okreslony przy pomocy skanera Lexmark MX431 (Lexmark International
Polska). Kazdy wariant kompozytu zostal zeskanowany w rozdzielczosci 600 DPI w trzech
powtdrzeniach. Nastepnie otrzymane obrazy zostaly zanalizowane pod katem wartosci RGB

(czerwony-zielony-niebieski) przy pomocy programu ImageJ (ImageJ, ver. 1.54g, USA).

5.3.4.2. Zmiana zabarwienia w zaleznosci od stezenia amoniaku:

Przygotowano nast¢pujace wodne roztwory amoniaku: 0,5M, 0,25M 0,125M, 0,0625M,
0,03125M. Zanurzono krazek filmem w danym roztworze (SmL) po 10 sekundach wyjgto i

wysuszono. Nastepnie okreslono zmiane koloru w RGB wg punktu 5.3.4.1.
5.3.4.3. Zmiana zabarwienia w reakcji na zmiane pH:

RoztworyopH: 1, 3,5,7,9, 11, 12, 14, zostaly wczes$niej przygotowane za pomoca roztworéw
HCI oraz NaOH. Ustabilizowane pH zostalo okre§lone przez pH-metr (TitraLab AT1000
Series, HACH Polska). Nastepnie 3 skrawki kazdego typu filmu o $rednicy 0,5cm umieszczono
w 5 mL roztworu o wybranym pH na 10 sekund a nastgpnie wysuszono i poddano analizie RGB
wg punktu 5.3.4.1

5.3.4.4. Symulowany test zepsucia:

W szklanej zlewce o objetosci 600mL umieszczono mniejsza zlewke z SmL wodnego roztworu
amoniaku (stezenie 0,5M) oraz szalke Perttiego na ktdérej umieszczono 6 krazkéw danego
wariantu kompozytu o $rednicy 0,5cm. Cato$¢ przykryta byta szklang pokrywa i zostawiona
pod dygestorium. Co 10 minut wyjmowano po jednym krazku z badanej puli kompozytu -
ostatni zostat wyjety 60 minut po rozpoczgciu eksperymentu. Dla kazdego rodzaju kompozytu

wykonano 3 powtdrzenia i oznaczono zmiang koloru tak jak w punkcie 5.3.4.1
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Szczelnie zamknieta
> szklana zlewka
V = 600mL

S5mL
0,5M roztworu

pe=t"" " amoniaku
v -

Rys. 4.: Schemat wykonania symulowanego test zepsucia z uzyciem kompozytéow z wyciggami.

7 krazkéw o @ =5 mm

5.3.5. Badania barierowe:

5.3.5.1. Przepuszczalnos¢ dla §wiatla w zakresie UV-Vis-NIR:

Zdolno$¢ kompozytu oraz wyciagu (rozcienczonego 32-krotnie w celu umozliwienia pomiaru
transmisji) do blokowania $wiatta oceniano na podstawie S$redniej z trzech niezaleznych
pomiardw dla kazdego rodzaju probki. Na podstawie uzyskanych danych obliczono procentowg
transmisj¢ $wiatla. Pomiary przeprowadzono w kuwecie kwarcowej, z wykorzystaniem
spektrofotometru UV—Vis (Cary 60 UV-Vis, Agilent), w zakresie dtugosci fal od 200 do 900

nm.

5.3.5.2. Katy zwilzania:

Katy zwilzania kropli wody (WCA) mierzono za pomoca standardowego goniometru (model
200-Ul, Rame-Hart Instrument Co., USA) z automatycznym dozownikiem kropli. Pasek
wyciety z filmu o szeroko$ci 0,75cm zostal przyklejony na calg dlugos¢ szkietka
mikroskopowego podstawowego za pomocg tasmy dwustronnej. Krople wody MilliQ o
objetosci 5 plL umieszczano na powierzchni filmu, a kat zwilzania mierzono co minut¢ przez

tacznie 10 minut. Dla kazdego filmu wykonano po 7 powtorzen. Kazdy punkt na wykresie
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odpowiada Sredniej wartosci lewego 1 prawego kata zwilzania w danym punkcie czasowym

(DROPimage Advanced).
5.3.5.3. Przepuszczalnos¢ dla pary wodnej:

Przepuszczalnos¢ dla pary wodnej (WVP) zostata okreslona dla kragzkoéw z filmow o $rednicy
1,7cm, przymocowanych gumowa nakrywka z otworem o $rednicy 1,2cm do wylotu szklanych
pojemnikow o wysokosci 4cm z wodg destylowang w srodku wg. procedury zawartej w punkcie
3.2.3.2. Czas analizy to 24h w warunkach 40°C i 13-17% wilgotnosci powietrza. Wykonano 4

powtorzenia.
5.3.6. Analiza statystyczna:

Analiza statystyczna zostala wykonana przy pomocy programu Statistica (ver. 14.1.0.4., USA),
Kazda przebadana grupa miala takg sama liczbg powtorzen. Po okresleniu rozktadu normalnego

i jednorodnosci zostat uzyty test wariancji ANOVA a nastepnie post-hoc Tukeya.
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5.4. Wyniki:

5.4.1. Obraz mikroskopowy kompozytow

Zdjecia mikroskopowe uzyskane za pomoca mikroskopu $wietlnego pokazaty rdznice
w wygladzie kompozytow. Na rys. 5. wida¢, ze dodatek wyciagu z czarnej porzeczki (rys. 5b)
zmienit kolor kompozytu na wyraznie rézowo-fioletowy (wartosci w skali RGB dla obrazu:
R:179, G:134, B: 145), ten z wyciagiem z ciemnych winogron miato kolor lekko fioletowy (rys.
5¢), ale w mikroskopie §wietlnym oraz w skanowanych obrazach ten kolor byt bardziej szary
(R: 189, G:186, B: 173), zas kompozyty z aronig (rys. 5d) miaty kolor brazowy z odcieniem
czerwieni (R:156, G:134, B: 108).

70 pm

Rys. 5.: Zdjecia mikroskopowe (pow. 100X, wymiar mapy 6501x6501 pikseli) pokazujace kolor i
powierzchnie kompozytéw: nanofibrylarnej celulozy z lecytyng — NCL (a), NCL z wyciagiem z wytloku
owocu czarnej porzeczki NCL_BC (b), ciemnych winogron - NCL_BG (c) i owocu aronii - NCL_CB (d).
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5.4.2. Interakcje molekularne
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Rys. 6.: Widma FT-IR dla a) filmu z nanofibrylarnej celulozy z lecytyna (NCL), zliofilizowanego wyciagu z
wytloku z ciemnych winogron (BG) i kompozytu z zaadsorbowanym na powierzchni NCL wyciagu z
ciemnych winogron (NCL_BG) b) zliofilizowanego wyciagu z wytloku z owocow aronii (CB) i kompozytu
z zaadsorbowanym na powierzchni NCL wyciggu z owocow aronii (NCL_CB) c) zliofilizowanego wyciagu
z wytloku z owocéw czarnej porzeczki (BC) i kompozytu z zaadsorbowanym na powierzchni NCL wyciagu

z owocow czarnej porzeczki (NCL_BC).
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Dla wigkszosci kompozytéw obecne byty zarowno pasma pochodzgce od antocyjanéw,
jak i dla matrycy z celulozy nanofibrylarnej z lecytyna: okoto 1604 cm™ dla pierscienia
aromatycznego antocyjanéw (C-C) (Ji i in., 2025), czy 1144 cm™ i 1020 cm™ dla celulozy
(Szymanska-Chargot i in. 2019) (rys. 6). Mimo wystepowania pasm dla antocyjanow w
kompozytach, znaczgco zmniejszyta si¢ intensywnos¢ dla pasma z maksimum okoto 1053 cm’
1 (rozciagajace wigzanie C-O-C) oraz okoto 1640cm™ (C=0) typowych dla zwigzkow
polifenolowych (antocyjanow) (rys. 6) (Krysa i in. 2022). Dodatkowo, wszystkie kompozyty
wykazaty si¢ spadkiem intensywnosci pasma przy 894 cm? odpowiadajacemu drganiom
wigzania B-1,4-glikozydowego w celulozie, co moze wskazywac na interakcje miedzy celulozg
a zwiazkami polifenolowymi. Bylo to szczegdlnie widoczne w widmie otrzymanym dla
NCL_CB (Chambre i Dochia 2021). Wystapito tez poszerzenie oraz przesunigcie dla pasm
odpowiadajacym drganiom grup OH (3400-3200cm™), co moze rdéwniez potwierdzaé

interakcje polifenol-celuloza (Krysa i in. 2025b).

5.4.3. OkreSlenie zawarto$ci zwigzkow polifenolowych oraz pojemnosci
antyoksydacyjnej wyciagow i kompozytow

Przygotowane ekstrakty poddano liofilizacji w celu oznaczenia wydajnos$ci ekstrakcji
(rys. 7a) oraz oszacowaniu ogodlnej zawartosci wyekstrahowanych sktadnikow z wyttokow
owocowych (rys. 7b). Najwigksza masa po odparowaniu wody zostata otrzymana dla liofilizatu
ekstraktu z czarnej porzeczki (178+6,6 mg). Liofilizaty z ciemnego winogrona oraz z aronii
miaty podobne wartosci (BG: 78+0,2mg oraz CB: 89+2,5mg) jednakze byly one o ponad
potowe nizsze niz dla ekstraktu z czarnej porzeczki (rys.7a.). Interesujagcym wynikiem jest
ogolna zawartosci fenoli w ekstraktach (TPC) (rys. 7b.), ktéra mimo znaczacej roéznicy dla
suchej masy nie jest istotnie statystycznie rézna migdzy probkami dla ekstraktow BC
(592,2+53,73 mg GAE/L) i CB (582,9+£26,53 mg GAE/L). Dla BG wartos¢ TPC wynosita
240+14,3 mg GAE/L, czyli prawie 3-krotnie nizsza niz dla pozostatych. Inny stosunek warto$ci
miedzy ekstraktami w poréwnaniu do stosunku suchej masy liofilizatéw moze wynikac¢ z faktu,
ze sama metoda Folina-Ciocalteu (TPC) jest metoda niespecyficzng tzn. reaguje nie tylko z
polifenolami ale rowniez z aromatycznymi aminami, aminokwasami, kwasem cytrynowym czy

witaming C (Dominguez-Lopez i in. 2023).
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Rys. 7.: Przedstawia zawarto$¢ suchej masy po liofilizacji (a) oraz ogélna zawartos$¢ fenoli oznaczona
metoda Folina-Ciocalteu (b) dla wyciagéw. BC oznacza liofilizat wyciagu z owocu czarnej porzeczki, BG z
ciemnych winogron i CB z owocu aronii. Wartosci oznaczone roznymi literami wykazujg istotnie

statystycznie roznice wedlug testu post-hoc Tukeya (RIR), p < 0,05.

Z tego powodu wykonano dodatkowe badania zawartosci antocyjanow (rys. 3a) i
zdolnosci antyoksydacyjng (rys. 3b). Najwicksza zawarto$cig antocyjanéw wykazat si¢ ekstrakt
z czarnej porzeczki (29,7+2,2mg C3G/g), nastgpnie z aronii (21,4+1,85mg C3G/q) i z ciemnych
winogron (15,3+0,6mg C3G/g). W tym przypadku wyraznie widaé, ze zawarto$¢ antocyjanow
dlaBC i CB nie jest podobna i ta zalezno$¢ utrzymuje si¢ dla wigkszosci wynikow. Co cieckawe,
dla kompozytow z NCL BG (1,46+0,55 mg C3G/g przeliczone na 1lcm? powierzchni
kompozytu) i NC_CB (1,59+0,44 mg C3G/g?) zawarto$¢ antocyjanow jest statystycznie
podobna, mimo poczatkowej mniejszej ilosci antocyjanow w wyciggu BG. (rys. 7a)
Kompozyty NCL BC charakteryzowaly si¢ najwyzsza zawarto$cia antocyjandéw na

powierzchni (3,92 + 0,65 mg C3G/g).
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Rys. 8.: Schemat przedstawia: a) zawartos$¢ antocyjanéw oraz b) pojemnos$¢ antyoksydacyjna uzyskang dla
wyciagow i kompozytow. Skroty uzyte na wykresie oznaczaja: NCL — kontrolny film z nanofibrylarnej
celulozy z lecytyna; BC - liofilizat wyciagu z owocow czarnej porzeczki; NCL_BC — kompozyt z dodatkiem
wyciagu BC; BG - liofilizat z ciemnych winogron oraz NCL_BG - odpowiadajacy mu kompozyt; CB —
liofilizat z owocow aronii i kompozyt NCL_CB. Wartosci oznaczone réznymi literami réznia sie istotnie

statystycznie wedlug testu post-hoc Tukeya (RIR), p < 0,05.

Zgodnos¢ wynikow ogolnej zawartosci fenoli (TPC) (rys. 8b) z pojemnoscia
antyoksydacyjng (rys. 8a) w ekstraktach CB i BC jest potwierdzony przez brak statystycznie
istotnych roznic w aktywnos$ci antyoksydacyjnej (CB: 7337,6+1123,8 mg TE/L; BC:
7384,0+1092,9 mg TE/L). By¢ moze jest to spowodowane obecnoscig innych polifenoli o
duzych wiasciwosciach antyoksydacyjnych zawartych w aronii, w tym np. glikozydami

kwercetyny (w tym rutyng) czy katechinami (w tym epikateching) (Gao i in. 2024b).

W kwestii zdolno$¢ antyoksydacyjnych kompozytow (rys. 8b), utrzymywala si¢

tendencja, ze najlepsze wlasciwosci antyoksydacyjne charakteryzujace ekstrakty z BC
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przektadaty sie na lepsze zdolnos$ci antyoksydacyjne kompozytu NCL_BC - oznaczono dla nich
najwigkszg pojemnoscia antyoksydacyjng ze wszystkich badanych kompozytéw (2309,9+345,0
mg TE/L przeliczone na 1 cm? pow. kompozytu). Pojemnos¢ antyoksydacyjna kompozytu
NCL BG byta na poziomie 1115,5+107,6 mg TE/L, a kompozytu NCL_CB - 627,1+53,8 mg
TE/L. Najnizsza pojemno$¢ antyoksydacyjna kompozytu z CB, moze wynikac z tego, ze wytlok
z aronii posiada gtownie pochodne cyjanidyny (Gao i in. 2024b), a skorki z ciemnych winogron
posiadajg zaré6wno pochodne cyjanidyny, jak i delfinidyny czy malwidyny. Delfinidyna ma
duzo wieksza zdolno$¢ antyoksydacyjng niz cyjanidyna (Koss-Mikotajczyk i Bartoszek, 2023)
I moze skuteczniej wigzac si¢ z celulozg niz inne antocyjany, podobnie jak ma to miejsce w
przypadku jej interakcji z pektyna, gdzie delfinidyno-3-O-glukozyd wykazywal wigksze
powinowactwo do polisacharydu niz pochodna cyjanidyny, co przypisuje si¢ wigkszej liczbie
grup hydroksylowych (Fernandesi in. 2014). W zwiazku z tym, mozna przypuszczaé, ze
delfinidyna odgrywa istotng rol¢ w wigzaniu antocyjanéw z matryca kompozytu. Biorac pod
uwage badania wykonane wczesniej (Krysa i in. 2025b), jest to mozliwe, ze to byt glowny
powdd wystapienia wigkszej pojemnosci antyoksydacyjnej dla kompozytu NCL BG niz
NCL_CB. Co ciekawe czyste filmy NCL rowniez posiadaly nieznaczng zdolnos¢
antyoksydacyjnag (269,9+27,6 mg TE/L).
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5.4.4. Wlasciwosci barierowe kompozytow

5.4.4.1. Przepuszczalnosé dla Swiatla:

Zbadano przepuszczalno$¢ dla zakresu $wiatta UV—Vis-NIR (200-900nm) zaréwno
kompozytéw, jak i rozcienczonych ekstraktow. Wszystkie kompozyty charakteryzowaty si¢
podobng przepuszczalnoscig od 0-25 %T w calym badanym spektrum, gdzie maksimum dla
NCL wynosito 64 %T dla fali o dtugo$ci 900 nhm. Zaobserwowano istotnie wiekszg redukcje
transmitancji dla swiatta w zakresie UV-C i UV-B przez kompozyty w poréwnaniu z kontrolg
(czysty film NCL), ktora blokowata gtownie przechodzenie $wiatta w zakresie UV-C. W tym
zakresie wystgpowalo tez charakterystyczne zwigkszone pochtanianie $wiatta przy zakresie

okoto 285nm dla samych wyciggoéw (rys. 9a), co jest charakterystyczne dla antocyjanow.
(Slimestad i in. 2002)
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Rys. 9.: Wlasciwosci barierowe dla zakresu §wiatla UV-Vis-NIR dla kompozytoéw na bazie nanofibrylarnej
celulozy z lecytyna (NCL), kompozytu (NCL_BC) oraz rozcienczonego 32-razy ekstraktu z wytloku z
czarnej porzeczki (BC), kompozytu z wyciggiem z aronii (NCL_CB) i samego rozcienczonego ekstraktu
(CB) oraz kompozytu z ekstraktem z czarnego winogrona (NCL_BG) i samego ekstraktu (BG). Wyniki

przedstawiono jako procentowa przepuszczalno$é dla §wiatla (transmitancje) w zakresie 200-900 nm.

Lokalny spadek przepuszczalnos$ci dla §wiatla wystapit takze w zakresie dlugosci 480-
595nm dla NCL_BC (rys. 9b). Absorbcja dla tego zakresu dtugosci fali jest charakterystyczna
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dla glikozydow delfinidyny i cyjanidyny, co wskazuje na obecno$¢ tych antocyjanow w

ekstrakcie z czarnej porzeczki (Slimestad i in. 2002, Sganzerla i in. 2021).

5.4.4.2. Zwilzalnos$¢ powierzchni:
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Rys. 10.: Badania zwilzalno$ci powierzchni kompozytow. NCL - oznacza kompozyty na bazie celulozy
nanofibrylarnej z lecytyna, NCL_BC - kompozyt z wyciagiem z wytloku z czarnej porzeczki, NCL_CB -
kompozyt z wyciagiem z aronii i NCL_BG kompozyt z wyciagiem z wytloku z ciemnego winogrona. Litery
w indeksie gornym oznaczaja statystycznie istotne réznice w grupie wartosci poczatkowych oraz w grupie
wartosci koncowych, warto$ci oznaczone tymi samymi literami nie réznia sie istotnie statystycznie wg. testu

post hoc Tukeya (RIR, p <0,05).

W badaniach zwilzalno$ci powierzchni wszystkie kompozyty wykazywaly bardzo duza
hydrofobowos¢. Katy zwilzania dla kontroli NCL byty na poziomie (82,0+2,1°), co jest typowe
dla tego rodzaju powierzchni (Krysa i in. 2025b). Interesujace jest to, ze dodatek wyciggow
zwigkszat hydrofobowos$¢ powierzchni (rys 10.). Najwiekszym katem zwilzania wykazaty si¢
kompozyty z wyciagiem z aronii (98,1+0,9°) i tendencja ta utrzymywata si¢ przez catos¢
trwania badania (po 10 min - 90,6+0,9"). Koreluje to z wczesniejszymi badaniami dotyczacymi
zawartosci polifenoli oraz pojemnos$ci antyoksydacyjnej - najprawdopodobniej z ekstraktu
wyekstrahowaty si¢ rowniez inne polifenole, ktore mogg tworzy¢ na powierzchni warstwe

sprawiajac, ze powstaje bardziej hydrofobowa powierzchnia (Tang i in. 2003). Mozliwe tez, ze
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miedzy polifenolami, a matrycg celulozowg powstaly wigzania oparte na grupach OH.
Obecnosc¢ tych wigzan determinuje wiasciwosci hydrofilowe, wigc mniejsza ilo$¢ wolnych grup
OH na powierzchni zwigksza wlasciwosci hydrofobowe (Krysa i in. 2025b, Wu i Li, 2022). W
przypadku kompozytu NCL_BC poczatkowa warto$¢ kata zwilzania wynosita: 92,6+1,9°, a
koncowa: 83,942,2°). Kompozyt NCL_BG pomimo poczatkowej warto$ci kata zwilzania
90,6+2,2" roznigcej si¢ istotnie od kontroli po 10 minutach osiggnat warto$¢ podobng do
kontroli (73,5+8,5).

5.4.4.3. Przepuszczalno$¢ pary wodnej:

Zmierzono przepuszczalno$¢ dla pary wodnej kompozytéw z wyciggami w poréwnaniu
do filmu kontrolnego (NCL) (Rys. 11.). Kompozyty NCL BC wykazywaly najmniejsza
przepuszczalnoéé dla pary wodnej (2,062-10°+1,10-10* g-s1-m™-Pa), kompozyty NCL_BG
mialy te warto$¢ nieznacznie wigksza (2,134-10'%+1,56-10™ g-st-m™*-Pal). Kompozyty z
NCL_CB przepuszczaly wiecej pary wodnej (2,56-10+9,89-10*2 g-s*-m?*-Pa™) niz kontrola

(2,4-101°+9,58-10'2 g-s-m™-Pa’t), cho¢ ta réznica nie byla istotna statystycznie.
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Rys. 11.: Przepuszczalno$¢ pary wodnej dla kompozytow na bazie nanofibrylarnej celulozy z lecytyng -
NCL, kompozytem z wyciagiem z wytloku z czarnej porzeczki - NCL_BC, kompozyt z wyciagiem z aronii -
NCL_CB i kompozyt z wyciagiem z wytloku czarnego winogrona - NCL_BG. Analize statystyczna

przeprowadzono za pomocy testu ANOVA post-hoc z testem Tukeya - réznice pomiedzy kompozytami

zostaly oznaczone réznymi literami jako statystycznie istotne.
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Mimo najlepszych witasciwosci hydrofobowych kompozytu NCL_CB, ma on
jednoczesnie najwigksza przepuszczalnos¢ dla pary wodnej (rys.11.). Ten paradoks moze
wynika¢ z duzej interakcji miedzy matryca celulozowa, a polifenolami, ktére zazwyczaj tacza
si¢ ze sobg przez wigzania wodorowe, ktore z kolei odpowiadajg za wilasciwosci hydrofilowe
powierzchni - kompozyt staje sie bardziej hydrofobowy. Natomiast sama wysoka
przepuszczalno$¢ moze wynikac¢ z wysokiej porowatosci kompozytow (mikroszczeliny) (Yue
I in. 2022). Kompozyty z NCL BC najprawdopodobniej wykazujg si¢ najlepsza rownowaga
hydrofobowo-hydrofilows, dzigki czemu przy zwickszonej hydrofobowosci posiadajg takze

duze wiasciwos$ci zatrzymujace wodg (Othman i in. 2021)

Ta hipoteza zgadza si¢ takze z analiza widma FTIR gdzie dla kompozytéw NCL CB
widaé spadek intensywnoéci pasma 894 cm? odpowiadajacego drganiom wigzan PB-1,4-
glikozydowych celulozy. Moze to sugerowa¢ zmniejszenie liczby dostepnych miejsc wigzania

poprzez wigzanie polifenoli (Chambre i Dochia 2021).
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5.4.5. Zmiany koloru (RGB):

Wyznacznikiem zmiany barwy antocyjanéw jest zmiana intensywno$¢ dwoch
glownych koloréw - czerwonego (R) oraz niebieskiego (B). W srodowisku kwasnym, ktore
zazwyczaj wystepuje w owocach, antocyjany przyjmuja barwy czerwone i1 wtedy wystepuje
wyzsza intensywnos$¢ dla barwy czerwonej (rys. 12¢), a w $srodowisku zasadowym barwa

zmienia si¢ na niebieska.
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Rys. 12.: Wartosci koloréw RGB (czerwony-zielony-niebieski) dla kompozytow: NCL_BC - kompozytu z
wyciggiem z wytloku z czarnej porzeczki, NCL_CB - kompozytu z wyciagiem z aronii i NCL_BG -
kompozytu z wyciggiem z wytloku czarnego winogrona, zbadane dla: a) skali pH (wartosci RGB dla pH 1,
3,5, 7,9, 11, 12, 14), b) reakcji na stezenie amoniaku (wartosci RGB dla 0,5, 0,25, 0,125, 0,0625, 0,03125,
0,015625, 0,0078125 M/L NHs), c) test zepsucia czyli zmiana koloru kompozytu w czasie reakcji na
parowanie wodnego roztworu amoniaku (stez. 0,5M) po 10, 20, 30, 40, 50 i 60 minutach. Paski na dole
kazdego wykresu daja pogladowa zmiane koloru kompozytu, uzyskang z usrednionych wartosci RGB w

danych warunkach.
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Ta zalezno$¢ wystepuje dla NCL BC oraz NCL BG, dla ktorych znaczaca roznica
zazwyczaj wystepuje w mocno zasadowym srodowisku (wysokie pH) (rys. 12a). DlaNCL_CB
taka zalezno$¢ nie wystgpita dla zadnej uzytej wartosci pH (rys. 12a, b, c) - nasycenie barwa R
1 B zmniejszalo lub zwigkszaty swoja intensywnos¢ rownolegle tj. jesli rosta intensywnos$¢
barwy czerwonej, rosta tez intensywno$¢ barwy niebieskiej 1 na odwrot. Jedynym wyjatkiem,
zarowno dla stezenia NHa, jak i skali pH, jest spadek intensywno$ci barwy niebieskiej
(B=144,5) i wzrost intensywnosci barwy czerwonej (R=197,2) przy pH =1 lub przy bardzo
malym stezeniu amoniaku w roztworze wodnym (0,0078125 M/L). Najprawdopodobniej
zmiana barwy na bardziej brgzowg w $rodowisku zasadowym dla NCL CB wynikata z
obecnosci innych polifenoli (np. katechin), ktére utleniajac si¢ mogly maskowac odcien
antocyjanow (Gao i in. 2024a). Dla NCL BC zazwyczaj ta zalezno$¢ byta dos¢ liniowa - im
wyzsze pH tym mniejsza intensywnos¢ R, a wieksza B (pH 14: R=114,5 B=134,7). R6znice te
byly rowniez wyrazne wizualnie, jednak w przypadku kompozytow NCL BG ze wzgledu na
bardzo zblizone wartos$ci intensywnosci kolorow RGB (odcienie szaro$ci), ocena zmian byla

utrudniona zaréwno na podstawie obserwacji, jak i przy uzyciu programu ImageJ.

Wszystkie kompozyty wykazywaty reakcje poprzez zmiang barwy juz przy matych
ilo$§ciach amoniaku, zar6wno w postaci roztworu (0,015625M NHzs/L), jak i uwalnianego
gazowego amoniaku NHs (rys M c). Po poréwnaniu barw uzyskanych dla testu zepsucia oraz
st¢zenia wodnego roztworu amoniaku do skali pH, mozemy zobaczy¢, ze wszystkie probki
mieszcza si¢ w zakresie od 8-11 pH, typowym dla srodowiska zasadowego tworzonego przez
amoniak. Pierwsza niewielka zmiana koloru wystgpowata po 10 minutach od umieszczenia
kompozytow w szalce z roztworem dla NCL_BG spadek intensywnosci koloru R wynosit 1,4%,
dlaNCL_CB - 3,95%, adla NCL_BC - 5,96%. Koncowy spadek wartosci R wynosit: NCL_BG
- 9,09%, NCL_CB - 9,89%, NCL_BC - 18,47%, co dodatkowo potwierdza, Zze najlepszym
bioindykatorem zmian pH lub obecnosci grup aminowych byt kompozyt z wyciggiem z

wyttoku z czarnej porzeczki.
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5.5. Whnioski

Kompozytem o najlepszych wtasciwosciach zaréwno pod wzglgdem zawarto$ci
antocyjanow, odpowiednich wtasciwo$ciach antyoksydacyjnych, barierowych wzgledem pary
wodnej czy hydrofobowych oraz matej przepuszczalnos$ci dla $wiatta w zakresie UV okazat si¢
kompozyt na bazie celulozy nanofibrylarnej z wyttokiem z czarnej porzeczki (NCL_BC).
Ponadto jego dodatkowym atutem byta najszersza skala zmiany koloru pod wptywem pH
posrod wszystkich badanych kompozytéw oraz wysoka czutos¢ na rozne st¢zenia zwigzkow
aminowych, uwalnianych podczas psucia si¢ miesa. Kompozyty z wytlokiem aronii
(NCL_CB) mimo odpowiednich wlasciwosci hydrofobowych, duzej pojemnos$ci
antyoksydacyjnej oraz zdolnosci blokowania promieniowania UV mialy bardzo duza
przepuszczalno$¢ dla pary wodnej oraz bardzo stabo reagowaty na zmiane barwy pod wpltywem
zmian pH, co czyni je gorszym wyborem niz kompozyty NCL BC. Najmniej uzytecznymi
wlasciwosciami wykazaty si¢ kompozyty z wyttokiem ze skorki winogron (NCL_BG). By¢
moze w celu osiggniecia lepszych efektow, wskazane by bylo uzycie innej metody ekstrakc;ji,
biorac pod uwage niska ilo$¢ ogolng polifenoli, antocyjandw oraz pojemnos¢ antyoksydacyjng

w ekstrakcie.

Podsumowujgc, wybrane kompozyty zostaly wykonane w catosci z surowcow, ktore sg
typowymi odpadami po produkcji sokow. Pod tym wzgledem, moga wigc stanowi¢ ekologiczng
1 bezpieczng alternatywe¢ dla materialdow opakowaniowych z plastiku uzywanych do
zabezpieczania zywno$ci. Takze ich wlasciwosci optyczne, szczegoélnie kompozytow
NCL_BC, powodujg, ze moga réwniez sta¢ si¢ tatwymi do odczytania przez potencjalnego

konsumenta bioindykatorami swiezo$ci produktu, co stanowi dodatkowy atut.
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6. Podsumowanie i wnioski

W rozprawie doktorskiej przedstawiono wyniki dotyczace badan kompozytéw na bazie
celulozy oraz zwigzkoéw polifenolowych. Wyniki zgromadzone w dwoch z trzech
opublikowanych prac pokazuja, ze mozliwe jest stworzenie biodegradowalnego i opartego w
peini na surowcach wtérnych kompozytu wzbogaconego o funkcjonalne zwigzki bioaktywne z
grupy polifenoli. W badaniach uzyto celulozy wyizolowanej z wyttoku jablkowego jako
matrycy do nanoszenia i stabilizowania zwigzkow polifenolowych. Uzyte zostaly dwie formy
celulozy: mikro- i nanofibrylarna. Natomiast, zwigzki polifenolowe zostaly uzyte jako
substancje o witasciwosciach przeciwutleniajacych w celu potencjalnego przedluzenia
swiezosci zywnosci. Przebadane zostaly nastepujace grupy zwigzkow polifenolowych: kwasy
fenolowe (kwas galusowy, kawowy oraz chlorogenowy), flawonoidy (kwercetyna, rutyna,
naringina i naringenina) oraz ekstrakty wyizolowane ze skorek owocow jagodowych (aronii,

czarnej porzeczki i czarnych winogron) zawierajace znaczace ilosci antocyjanow.

Najlepsza matryca do stworzenia kompozytow ze zwigzkami polifenolowymi okazata
si¢ celuloza nanofibrylarna. Kompozyty na bazie celulozy nanofibrylarnej posiadaty wicksza
przepuszczalno$¢ dla swiatta w zakresie widzialnym, charakteryzowaly si¢ najbardziej
jednorodnym rozmieszczeniem zwigzkéw polifenolowych na powierzchni oraz lepszymi
wilasciwosciami barierowymi wzgledem pary wodnej, przy jednoczesnym zachowaniu
wlasciwos$ci antyoksydacyjnych polifenoli. Najlepszym zas$, ze wzgledu na te whasciwosci,
zwigzkiem polifenolowym z grupy kwasow okazat si¢ kwas kawowy, a z grupy flawonoidow
kwercetyna. Sposrod ekstraktow wyizolowanych ze skorek owocow jagodowych najlepsze
wilasciwosci barierowe i pod wzgledem posiadanego spektrum zmiany koloru okazat si¢

ekstrakt z czarnej porzeczki.

Najlepsze, chociaz bardziej w kontakcie niz powodujgc strefe inhibicji, wlasciwosci
bakteriostatyczne z grupy filmow z kwasami fenolowymi posiadal kwas kawowy, a w grupie
flawonoidow kwercetyna. Jednakze w przypadku kompozytow z kwercetyna zdolnosci
hamujace wystgpity tylko w przypadku S. aureus, cho¢ dla tego patogenu strefy inhibicji byty
silniejsze niz w przypadku filméw z kwasami fenolowymi. Kompozyty zawierajgce rutyne oraz

naringing wykazaty najwyzsza stabilno$¢ podczas dlugotrwatego naswietlania §wiattem UV-C,
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zachowujac pojemnos$¢ antyoksydacyjng na poziomie zblizonym do kompozytow
niepoddanych naswietlaniu. Z kolei kompozyty z kwercetyng charakteryzowaty si¢ najwyzsza
aktywno$cig antyoksydacyjng sposréd wszystkich analizowanych probek i pomimo
najwickszego spadku tej pojemnosci w czasie, nawet po 48 godzinach ekspozycji zachowywaty
one najwyzsze wlasciwosci antyoksydacyjne sposrod wszystkich badanych typow
kompozytéw. Natomiast najlepszymi bioindykatorami psucia si¢ zywnosci i ogolnej reakcji na

zmiang¢ pH okazaty si¢ filmy z wyciggiem z wyttoku z czarnej porzeczki.

W toku badan pokazano, ze znaczacy Wplyw na adsorpcj¢ na powierzchni filmu
celulozowego ma ilos¢ i lokalizacja grup wodorotlenowych w strukturze chemicznej polifenoli.
Na podstawie przedstawionych wynikow i wiedzy literaturowej wysuwa si¢ wniosek, ze
wlasnie przez te grupy polifenoli oddziatuja z powierzchnig celulozy. Przy dalszym
opracowywaniu odpowiedniej metody rownowazacej rownomierng dystrybucje polifenoli na
zmodyfikowanej matrycy celulozowej z zachowaniem ich pierwotnych wiasciwosci jest
mozliwe wykorzystanie tego typu kompozytow zardwno jako material opakowaniowy do

zywnosci zarowno w postaci folii, jak i jako otoczki do swiezej zywnosci.
W toku prac badawczych w pelni zostaty zrealizowane postawione cele:

e Opracowano metody otrzymywania kompozytow na bazie celulozy mikrofibrylarnej i
nanofibrylarnej oraz wybranych substancji polifenolowych,

e Pokazano, ze najlepszg matryca i no$nikiem do substancji polifenolowych jest celuloza
nanofibrylarna,

e Pokazano, ze najwickszy wplyw na oddziatywanie zwigzkow polifenoli z powierzchnia
celulozy ma ilo$¢ i lokalizacja grup OH w ich strukturze, a takze wielko$¢ czasteczki
zwigzku polifenolowego co pokazano na przyktadzie flawonoidow,

e Okreslone zostaly wlasciwosci wytworzonych kompozytow w kontekscie ich
potencjalnego zastosowania jako materialdw opakowaniowych z potencjalem
przedluzania $wiezosci zywnosci: wlasciwosci barierowe, badania mechaniczne,
odpornos¢ na UV i pojemnos¢ antyoksydacyjna, wiasciwosci bakteriostatyczne

e Wybrany kompozyt zostat przetestowany jako potencjalny material do otoczkowania
swiezych owocow

e Utworzono materiat mogacy w pelni pochodzi¢ z odpadéw spozywczych, ktory
roéwnoczes$nie posiada wiasciwosci bioindykatora, zmieniajac kolor pod wplywem

zmiany pH oraz obecnosci grup aminowych imitujacych proces psucia si¢ zywnosci.
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Bioragc powyzsze wnioski pod uwage, uwazam, ze mozna potwierdzi¢ postawiong na
poczatku badan hipotez¢ badawcza - zwigzki polifenolowe stabilizowane celulozg i/lub
nanoceluloza moga tworzy¢ bezpieczny dla $rodowiska kompozyt o wlasciwosciach

przeciwdrobnoustrojowych oraz antyoksydacyjnych.
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Flavonoids are secondary metabolites commonly found in plants. They are known for their antioxidant prop-
erties, are part of the defense mechanisms of plants and are responsible for the pigmentation of fruit and flowers
petals. Consumption foods rich in flavonoids in the daily diet brings a number of pro-health benefits - for example
blood pressure regulation, delaying the aging process or anti-cancer effect. These compounds in synthetic or
natural form are also used in pharmacy. The profile of flavonoid compounds can be quickly, accurately and easy
determine in the test sample by using the infrared and Raman spectroscopy. Those methods are successfully used
in the food and pharmaceutical industries. Spectroscopy methods allow us to determine the chemical structure of
these compounds. This review describes and compares differences between the spectroscopic spectra of indi-
vidual compounds with the chemical structure for the flavonoids subgroups: flavones, isoflavones, flavanones,
flavonols and anthocyanins.

1. Introduction

Human daily diet, in most cases, is rich in flavonoids. These com-
pounds are mostly found in vegetables, fruits, seeds, tee, coffee, and
wine. Daily consumption per person in Western Europe averages be-
tween 100 and 1000 mg of flavonoids (Koziowska & Szostak-Wegierek,
2014). For example, in Japan, flavonoid consumption reaches up to 2 g
per day due to various types of soy products and tea drinking traditions.
Also, vegetarians and vegans eat a lot of legumes rich in these com-
pounds (Lyons Wall & Samman, 1997), therefore consumption of fla-
vonoids daily depends on lifestyle and type of diet.

The main feature of flavonoids is their antioxidant capacity. First of
all, they block free radicals chain reactions through ion chelation,
especially iron and cooper, that participate in the initiation of this re-
actions and reduces a reactive oxygen species to a stable, nonreactive
forms (Matlawska, 2008). Flavonoids inhibit activity of the enzymes that
take part in free radical chain reactions: xanthine oxidase (5-LOX),
protein kinase (15-LOX), lipoxygenase (12-LOX), cyclooxygenase (COX
1 and 2). They decrease prostaglandin PGE2, leukotriene B4 and
thromboxane A2 synthesis. Moreover they stop arachidic acid chain
reactions and reduce the amount of proinflammatory and

* Corresponding author.

proaggregational agents, also causing the inhibition of the oxygenation
of LDL lipid fraction and regulation of the blood pressure (Koziowska &
Szostal-Wegierek, 2014), Flavonoids also have an anti-inflammatory
effect, decrease local pain and block aggregation of platelets in the
blood vessels (Panche et al., 2016). They also inhibit ascorbic oxygenase
activity. The inhibition prevents oxidation of vitamin C. This increases
the time of action of the vitamin C in human organism, which leads to
more efficient antioxidation processes (Mattawska, 2008). Flavonoids
also exert an anti-edematous effect. Quercetin is an example of the
flavonoid that inhibits conversion of histidine to histamine. Flavonoids
like kaempferol cause sealing of the endothelium of blood vessels,
strengthens the connective tissue, which causes improved blood flow in
a tissue and reduces the permeation that leads to edema. Such activity
can be observed in the pharmaceutical use of flavonoids in the treatment
of varicose veins, bleeding, and allergies (Matlawska, 2008).
Flavonoids belong to phenolic secondary metabolites produced by
bacteria, fungi and primarily by the higher plants. The basic skeleton
structure of flavonoids is a heterocyclic ring with oxygen atom (ring C),
like pyran, that contains two benzene rings (A and B) [Fig. 1A] (Mat-
fawska, 2008). The different members of this large compounds group
can be classified based on differences in the chemical structure, mainly:
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the amount and localization of methyl and hydroxyl group, type of
glycoside binding, amount carbohydrate molecules, size of molecules
and presence of sulfone groups. Flavonoids are solid substances, rarely
colorless, most often yellow (mainly flavones and chalcones), blue, red
and purple (mainly anthocyanins). They may also give flavor to plants
and products in which they appear, e.g. naringenin gives grapefruit a
bitter taste, capsaicin - chili spiciness. The division of flavonoids into
groups with the examples of each group representatives with the
detailed characterization of each group structure is presented in Fig. 2.
(Panche et al., 2016).

The most common method of isolation of the flavonoids involves
liquid extraction for example in water, alcohol, ether, chloroform. To

A
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increase the yield and rate of extracted compound the ultrasound or
microwave-assisted methods are used (Watson, 2014). The character-
ization of profile of flavonoids is usually based on chromatographic
techniques coupled with mass spectrometry (Watson, 2014). In com-
parison to those techniques, FT-IR and Raman spectroscopies are rela-
tively easy, cheap and does not require extended preparation methods of
samples or additional chemicals (Geraldes, 2020). On the other hand,
they often require the use of a spectrum library or an experienced user to
interpret spectrum, as each compound has different and unique pattern
of spectroscopic bands. Those techniques differentiate classes of func-
tional groups, the structure of bonds within compounds and their
conformation, making them useful in identification and quantification

FLAVONES ISOFLAVONES FLAVANONES

CHRYSIN APIGENIN LUTEOLIN
C
GENISTEIN DAIDZEIN

NARINGIN

HESPERETIN HESPERIDIN

FLAVONOLS FLAVANOLS ANTHOCYANINS

(-) EPICATECHIN EPIGALLOCATECHIN GALLATE

G

o, |\
O/

PEONIDIN

MALVIDIN DELPHINIDIN

Fig. 1. Section of flavonoids by chemical structure (A) and example compounds from each group of flavonoids: flavones: chrysin, apigenin, luteolin (B); isoflavones:
genistein and daidzein (C); flavanones: narigenin and naringin (D), hesperetin and hesperidin (D); flavonols: quercetin and rutin (E); flavanols: (-)epicatechin and
epigallocatechin gallate (F); anthocyanins: peonidin and cyanidin (G); malvidin and delphinidin (G).
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Fig. 2. FT-IR (A, C) and FT-Raman (B, D) spectra of hesperetin and hesperidin (A, B) and naringin and naringenin (C, D).

of compounds (Gniadecka et al., 1997). The information about the
structure is most often critical for functional characteristic of molecules,
as example for flavonoids, where the structure is directly related to their
antioxidant and antibacterial/antifungal properties (Brown et al.,
1998). Therefore the Raman and FT-IR spectroscopies give an insight on
the chemical structure and enable to see substituents regulating function
of molecules.

The mid-infrared and Raman spectroscopies are widely used in
investigation of biomolecules. The nature of the phenomena behind
both techniques makes them complementary. The infrared spectroscopy
is absorption technique, were vibration of molecules are excited by
infrared light (0.7 pm — 1 000 pm wavelength, 14 000 em ™' - 10 em™1).
The bonds in this range are used to compare and determine individual
chemical compounds. The IR light is absorbed by the molecules and
causes a change in molecule’s dipole moment, thus inducing vibrations.
The infrared light emitted by the globar is absorbed and then reflected or
emitted by the molecule. The change in vibration energy can be related
to a particular bond. This feature enables to determine the chemical
composition of the studied sample. The most popular is mid-infrared
region in the range of 4,000-400 em ™! (2.5-25 pm). Most of the
bonds characteristic of functional groups of compounds are found in the
region of 4000 cm™' -1300 cm ™. Bonds that are unique to each
molecule called “fingerprint” are found in the 1300 cm™' —400 cm™!
region. However, the limitations of the FT-IR method should be always

on mind: the presence of water interfere spectrum (samples should be
very carefully dewatered) and infrared light must change dipole
moment of given compound (Boskey & Pleshko Camacho, 2007).

Raman spectra are result of light scattering by vibrating molecules.
Raman spectroscopy technique uses monochromatic light beam of high
intensity laser in UV, visible or IR regions. The Raman scatter is the
result of photon interaction with molecule’s electron cloud. As a result,
the molecule is excited, resulting in the photon emission from the
sample. Most of the light is reflected from the sample in the same length
as the light emitted (Rayleigh), but some are of shorter (Stokes shift) or
longer (anti-Stokes shift) wavelength. The shifts depend on the polari-
zation of the molecule - a change in dipole-electric polarization must
occur. This causes that the Raman spectrum is dependent on the
rotation-vibration-electrical state of the test molecule, which is specific
for each chemical compound. The advantage of Raman spectroscopy
over IR spectroscopy is that the water in the sample does not interfere
with spectroscopic measurement, and the samples do not need special
preparation. On the other hand, the Raman scattering is very weak and
spectrum is very sensitive to fluorescence which also hinder Raman
bands (Barnett et al., 1990; Harris et al., 1977).

Spectroscopic techniques, especially the FT-IR technique, have been
widely used for many years to study the quality and composition of food
(Osborne, 2000). The advantage of these techniques is quick and accu-
rate analysis, often without the need for special sample preparation for
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measurement and the use of chemicals to determine changes in food (Liu
et al., 2020). An example of the use of spectroscopic studies is the
determination of the degree of thermal oxidation of edible oils or their
contamination with other oils. During the spectrum analysis, it is
possible to detect changes in the content of, among others, aldehydes,
ketones or the acid value, which is related to the degree of oxidation of
fats. This is for example used in determining the fatty acid profile which
helps to detect adulteration associated with the addition of other types
of oil to extra-virgin olive oil (Mahesar et al., 2019). Referring to poly-
phenolic compounds, FT-IR spectroscopy and Raman spectroscopy so far
have been used to study the profile of polyphenolic compounds and the
antioxidant capacity of honey, which are important quality parameters
for the consumer (Tahir et al., 2017).

Spectroscopy is a commonly used technique to improve winemaking
techniques (Miramont et al., 2020). Especially combination of FT-IR and
chemometric methods was used in prediction of the concentration of
phenolic compounds, mainly the profile of flavonoids, anthocyanins and
total phenolic in fermented products (Miramont et al., 2020). The profile
of phenolic compounds also influences parameters important for con-
sumers such as taste, color and health value of the wine (Petrozziello
et al., 2018). Also, the differentiation of individual types of wine can be
made by determining the content of carbohydrate and polyphenols,
which can be also possible using spectroscopic techniques (Condurso
et al., 2018).

Spectroscopic techniques are also used as a method to determine the
profile of chemical compounds in post-production food waste. For
example the polyphenol profile in an instant coffee production waste
was determined, which gave insight how to reuse the waste (Pujol et al.,
2013). The obtained polyphenols could serve to improve the quality of
other food products, for instance. An example of such use may be the
enrichment of wheat flour dough with polyphenols for the production of
e.g. bread (Krekora et al., 2020).

The aim of this review is to collect and systematize the existing data
on FT-IR and Raman spectra of main groups of flavonoids. So far there
are only scattered fragments of spectroscopic literature data about
flavonoid compounds. The main reasons for this are the difficulties in
obtaining and isolating individual flavonoids, their multitude, but also
the requirements of spectroscopic techniques. While Raman techniques
do not require much preparation of sample, infrared spectroscopy re-
quires thorough dehydration of the samples. On the other hand, Raman
spectroscopy requires the selection of the appropriate laser length for
the substance under study.

2. Classification and spectroscopic specification of the group of
flavonoids

Flavonoids differ by their structure among the groups. They have a
different degree of oxidation in the pyran C ring, they possess double
bonded oxygen or hydroxyl group in the C-4 position or the B ring is
connected either to C-2 or C-3 position. This structure determines the
division of flavonoid compounds into subclasses. Among those sub-
classes several thousand different flavonoids are known. Such an
amount and variety of compounds is a result of presence of hydroxyl,
methoxy or sugar groups. Sugars, such as glucose, galactose, rhamnose,
xylose, arabinose or glucuronic acid, can be linked by an O- (which is
more often) or C-glycosidic bond. In flavones and isoflavones, the
glycosidic bond is often found at position C-7, in flavonols at position C-
3 and C-7, and in anthocyanidins at position C-3 and C-5. Diversity is
also due to the possibility of creating polymer structures (Barbehenn &
Peter Constabel, 2011; Khoo et al., 2017; Kiizova et al., 2019; Pacz-
kowska et al., 2015; Rudrapal & Chetia, 2016).

Vibration spectroscopy with the use of complementary FT-IR and
Raman techniques is a very good method to identify and compare the
structure of various compounds, including flavonoids. In this section,
the biological function and the wavenumbers’ characteristic chemical
bonds to illustrate the differences and similarities in the chemical
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structure of each flavonoid group will be discussed (Schulz & Baranska,
2007).

2.1. Flavones

Flavones (together with flavonols) are responsible for very bright
pigmentation of the flowers - white and cream color of the petals in the
inflorescences. As copigments with anthocyanins, they form a blue color
of flowers (Barbehenn & Peter Constabel, 2011). Other functions of
flavones in the plant is to protect the plant from UV-B rays while they
absorb the light range 280-315 nm or to defense against fungal parasites
and herbivorous insects (Barbehenn & Peter Constabel, 2011). Moreover
they enable symbiosis between the plant and the nitrogen-fixing bac-
teria or mycorrhizal fungi (Barbehenn & Peter Constabel, 2011), They
are found in the ground parts of plants, mainly in the leaves and skins of
the fruit. The main sources of flavones are parsley and celery as well as
green tea, citrus, grapes, apples, tomatoes and red peppers. About 100
different flavones have been identified in plants, among them the most
common is apigenin and luteolin.

Flavones in their overall structure have a double bond in the middle
ring between the C2 and C3 carbon and additional oxygen (ketone
group) at the C4 position compared to the general formula for flavonoids
(Fig. 1 A). (Barbehenn & Peter Constabel, 2011). The differences be-
tween each member of flavone groups is based on substitution with
hydroxyl group in the phenyl rings e.g. apigenin have 3 hydroxyl groups
in C-5, C-7 and C-4' positions, luteolin have 4 hydroxy groups in C-5, C-
7, C-3' and C-4' positions and 6-hydroxyflavone have 1 hydroxy group in
C-6 position, etc. (Fig. 1 B).

The summarized FT-IR and FT-Raman bands of flavones group are
gathered in Suppl. Mat. Table 1. For the most compounds the IR bands
around 3100-3400 c¢m ™' are characteristic for hydroxyl groups and
intermolecular hydrogen bonds and with maximum around 2900-3000
em™ for stretching of C—H. The flavone with simplest structure is
chrysin and apart of abovementioned bands IR spectrum also contains
bands typical for carbonyl group stretching in benzopyrone C ring
(1655 em ™), (G=C) in aromatic rings (1620, 1505, 1460 em 1), in
plane bending of hydroxyl groups (1168 cm 1) and out of plane bending
of C—H groups (850, 815 cm ™) (Pusz et al., 2000). Apigenin is a flavone
abundant in vegetables such as parsley or celery but also in chamomile
flower (Svehlikova et al., 2004). The typical IR bands of apigenin are
similar positions as for chrysin for example conjugated band with
maximum around 1655-1646 cm ™ originating from carbonyl group
C=0 and C2 = C3 of G ring, bands at 1578 and 1497 cm™! originating
from ring C=C, 1466 - C—O—H, and 1024 cm ™! stretching of C—0—C
of central heterocyclic ring (El Shoubaky et al., 2016; Peng et al., 2016).
Apigenin also occurs in glycoside forms, and for instance apigenin-7-f-p-
glycoside isolated from aerial parts of E. splendens contain f-coupled p-
glucose to the C7 substituting H in hydroxyl group in apigenin (Peng
et al., 2016).The characteristic bands for apigenin-7-p-p-glycoside in-
volves band typical for apigenin core such as: at 1655 cm ™ stretching of
carbonyl group, 1609, 1590 and 1510 cm™! — vibration of C=C of ar-
omatic rings, 1371 and 1276 cm ™! - hydroxyl at aromatic rings, 1499,
1452 cm™! - C—H of aromatic rings, 1416, 910, 834, 771 cm™! - related
to especially bending vibration of groups C—0 and C—H in aromatic
rings and vibration of G—O characteristic for glycoside at 1100, 1082,
1030 em ! (Peng et al., 2016).

The comparative study of Raman spectra of chrysin, apigenin and
luteolin was made (Corredor et al., 2009). All of them had similarities in
Raman spectrum, mostly involving conjugated stretching vibration of
C—O0 and C2 = C3 groups stretching of carbonyl group around 1600
em ! and 1633 cm ™7, respectively, and the greatest differences involves
the bands in range of 1500-1000 em ™! related to B ring which can vary
in hydroxylation degree. In the range of 1100-900 cm™! ring breathing
mode occur which for chrysin is at 1002 em ™! with accompanying band
at 1101 cm™", while for apigenin this band is present at 983 em~'and is
very weak due to presence of C4' hydroxyl group, and for luteolin this
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band is present at 1000 cm!. C ring band position differences are
present, for example C3-H in plane bending vibration appeared at 1247
em™! for chrysin, at 1245 cm™! for apigenin, and at 1270 cm™! for
luteolin. Finally, bands allowing discrimination of those flavones were
determined: 1002 cm ™! breathing B ring mode for chrysin, 1171 em”
1C-H of B ring in plane bending for apigenin, and 1505 cm™" stretching
of C—H at C3’ in B ring for luteolin (Corredor et al., 2009).

2.2. Isoflavones

The most known isoflavones are genistein, daidzein and biochanin A.
The main source of isoflavones are soybeans and products from soy-
beans. They are especially popular in Asian countries, the people on a
vegetarian and vegan diet. The isoflavones in soy products which are
often fermented are present in their aglycone form as fermentation leads
to sugar molecule release from the isoflavone glycoside (Zaheer &
Humayoun Akhtar, 2017). Also preparations from soy isoflavones are
very popular. They are thought to be a safer alternative to standard
hormonal drugs that are used in treatment of many conditions such as
some hormone-dependent cancers, obesity, diabetes or reducing
menopause symptoms (including osteoporosis). This is possible due to
their chemical structure, reminiscent of the chemical compound estra-
diol. Due to this property, isoflavones are also called phytoestrogens
(Zaheer & Humayoun Akhtar, 2017).

Isoflavones in terms of structure are flavone isomers, differing in
location of phenyl group - B ring is in the C-3 position (Fig. 1A) (Zaheer
& Humayoun Akhtar, 2017). Similarly to flavones, the structural dif-
ferences among this group are mainly due to the ring substitution by
chemical groups mainly hydroxyl. For example genistein has 3 hydroxyl
groups in C-5, C-7 and C-4' position, daidzein has 2 hydroxyl groups in
C-7 and C-4' position and biochanin A has two hydroxyl group in C-5 and
C-7 position and one methoxy group in C-4 position (Fig. 1C).

The most characteristic IR and Raman bands for isoflavones are
presented in Suppl. Mat. Table 2. Singh et al. (2014) determined with
help of DFT simulation the main FT-IR and Raman bands of daidzein
(Singh et al., 2014). Stretching of hydroxyl groups in IR spectrum was
determined at 3173 cm ™! for A ring and at 3223 cm ™! for B ring, while
their deformation for both rings was assigned at 1188 c¢m ™! for IR
spectrum and 1183 cm™! for Raman spectrum. Other IR bands are
stretching vibration of C—H in range 3100-2900 ¢cm}, stretching of
carbonyl group at 1667 cm %, stretching of ring C—C: 1634-1300 cm !,
stretching of ring G—O—C around 1227 em ™, rings breathing modes
around 1000 em ™!, G—H bending: in plane in the range of 1300-1000
em™! and out of plane 700 - 500 cm ™. The Raman bands had similar
positions, slightly shifted comparing with IR bands.

Skeine et al. (2011) presented differences in IR and Raman spectra
calculated by DFT of genistein, biochanin, prunetin and 4',7-dime-
thoxygenistein, all shearing hydroxyl group at C5 position (Sekine et al.,
2011). The main differences between those substances is different sub-
stitution of C7 and C4': genistein contain two OH groups, biochanin OH
group at C7 and OCHj3 at C4', prunetin has OH group at C4’ and OCHj at
C7, 4,7-dimethoxygenistein contain two OCHs groups. Therefore the
differentiating bands in IR and Raman spectra are mainly connected
with vibration with those hydroxylation and O-methylation sub-
stitutions. In plane bending vibration of C4'-OH and C7-OH can be found
at 1146 cm ! in IR, and 1149 ¢cm ! in Raman spectrum, additionally
bending vibration of C4'-OH is also assigned to bands at 1320 cm ™! and
1318 cm ! in IR and Raman spectra, respectively. Bond of C4'-O is
represented by out of plane bending vibration found at 536 - 522 cm ™!
and stretching vibration band between 1274 cm™' and 1260 em ™! for
both IR and Raman spectra. Stretching of O7-CHs bands are weak with
maximum at around 1018-1022 cm ™! (for both IR and Raman spectra)
and don’t enable to distinguish between prunetin and 4',7-dimethox-
ygenistein. While stretching of 07-CH3 IR band has maximum at around
1028 cm™! (biochanin) and at 1038 ecm™! (4',7-dimethoxygenistein),
Raman band for this mode is only visible for 4',7-dimethoxygenistein at
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1041 cm™ L.
2.3. Flavanones

Flavanones are most often found in various citrus fruit species. They
are direct precursors of most of other flavonoids and are synthesized
from the phenylalanine or tyrosine (Fowler & Koffas, 2009). Naringin is
the dominant flavanone in grapefruit (up to 10% of dry matter) and is
responsible for the bitter taste of this fruit (Ribeiro & Ribeiro, 2008).
Naringin has importance in pharmacy as an inhibitor of cytochrome
P450 enzymes, and strongly affects the metabolism of a large part of
drugs, by slowing down or inhibiting drug metabolism, causing the in-
crease of the concentrations of medications in human tissues (Ameer &
Weintraub, 1997; Ueng et al., 1999).

The basic skeleton of flavanones is characterized by the saturation of
the C2-C3 double bond (Fig. 1A). Moreover the B ring is behind the
plane of A and C rings. This group of flavonoids is represented by e.g.
naringenin substituted with 3 hydroxyl groups in C-5, C-7 and C-4' po-
sition or by hesperetin substituted with 3 hydroxyl groups in C-5, C-7
and C-3' position and with methoxy group in C-4 position (Fig. 1 D).
Most often they are present in form of glycosides. For instance naringin a
naringenin glycoside and hesperidin a hesperetin glycoside both contain
disaccharide composed of rhamnose and glucose.

The most characteristic IR and Raman bands for flavanones are
presented in Suppl. Mat. Table 3. The Fig. 2. presents FT-IR and Raman
spectra of naringin and naringenin, and hesperidin and hesperitin. The
typical bands for naringenin such as carbonyl stretching at around 1660
em~! for both IR and Raman spectra or vibration of C—C in aromatic
ring around at 1618 em ™! and 1019 cm™? for IR and at around 1613
em™! and 1104 em ™! for Raman spectra are present. The bending vi-
bration of HCG were represented by 1452, 1335, 1211 em™* (C ring) and
1183 em ™! (A and B ring) in IR spectra. Related Raman bands appear at
1451, 1235 (C ring) and 1191 cm ! (A and B ring). The bending vi-
bration of C-OH (A ring) were present at 1161, 1283 and 1296 em”! (IR
spectra) and 1284 cm ™! (Raman spectra). Stretching vibration of CO
groups are more visible in IR spectra (bands at 1388, 1083, 1034, 971,
824 cm’l) than in Raman spectra (only 1357 cm’l). Below 100 ¢m !
the torsion, wagging and bending vibration were detected in Raman
spectrum (Unsalan et al., 2009). In the case of hesperetin the carbonyl
stretching vibration was detected at 1646 cm ™! and at 1609 cm ™! in IR
and Raman spectra, respectively. The C—C stretching vibration (aro-
matic ring) were observed at 1609, 1518, 1444, 1402 and 1294 cm ! in
FT-IR spectrum and Raman bands were identified at 1563, 1485, 1464,
1454, 1301 and 1291 em™ . Range between 1260 and 1000 cm ! are
characteristic for stretching vibration of C—0. Below 1000 cm ™! mostly
bending and torsion vibration are to be found (Govindammal et al.,
2019). While the naringenin and hesperetin are the most studied fla-
vanones, there is lack of comparative study of those aglycons and their
glycosidic forms by vibrational spectroscopy. In the case of glycosidic
forms of hesperetin and naringenin the similar bands are present as
those named above and related to the flavanone core. But additionally
the bands characteristic for rhamnose and glucose can be found. The
most typical are IR bands related to the pyranose ring which in the case
of naringenin is 921 cm™ ' and 911 cm ™! for hesperetin,

2.4. Flavonols

They are the most common flavonoids in food. The accumulation of
flavonols is regulated by the amount of light reaching the plant’s tissues.
Flavonols have been shown to have an inhibitory effect on auxin
transport (Silva-Navas et al., 2016). Due to the structural similarity of
flavonols to androgens (like testosterone), these compounds influence
androgen receptors. Additionally low possibility of side effects makes
this group a potential agent in the prevention and treatment of prostate
cancer, as demonstrated in in vitro and in vivo studies (Boam, 2015). The
most widespread and studied flavonols are quercetin and its glycoside
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form rutin (quercetin-3-O-rutinoside).

The basic flavonol structure is a 3-hydroxyflavone (Fig. 1 A). The
number of hydroxyl groups in the skeleton structure affects the antiox-
idant and vasorelaxant properties of flavonols (Leo & Woodman, 2015).
The differences among the flavonols is caused by their substituents to
the main 3-hydroxyflavone structure e.g. additional 3 hydroxyl groups
in C-5, C-7 and C-4' position in kaempferol or 4 additional hydroxyl
groups in C-5, C-7, C-3' and C-4’ positions in quercetin (Fig. 1 E).

The most characteristic IR and Raman bands for flavonols are pre-
sented in Suppl. Mat. Table 4. And more specific differences in vibra-
tional spectra between flavonol aglycons and glycosides are described
on the basis of quercetin and rutin (Fig. 3) (Hanuza et al., 2017). Hy-
droxyl groups of quercetin which are at C 3, 3/, 4, 5 and 7 are repre-
sented in IR spectra by stretching vibration at 3400-3200 cm ™, in plane
bending at 1504, 1350 and 1160 cm ! (Fig. 3.) While for Raman spectra
bands related OH stretching is at 3260 cm™?, in plane bending at 1498,
1367, 1179 em %, out of plane bending at 846, 599, 403 and 347 cm L
The carbonyl group stretching vibration is visible at 1604 cm ! in IR
spectra and at 1615 and 1586 cm ! in Raman spectra. Bending vibra-
tions of carbonyl group are visible at 930, 842, 786 (out of plane) for IR
spectra, and for Raman spectra at 846, 690 and 642 cm ™! (out of plane).
Below 700 cm™! for both IR and Raman spectra are visible wagging
vibration of C—O—H groups. In this range the breathing modes of rings
are represented by bands at 786 em™ (IR) and 790 em™' (Raman)
(Hanuza et al., 2017).

Rutin molecule has quercetin’s C3 hydroxyl group substituted with
disaccharide rutinose (o-L-rhamnopyranosyl-(1 — 6)-$-p-glucopyr-
anose). Therefore the most differences of IR and Raman spectra are
connected with C ring vibration and vibration of pyranosyl rings
(Paczkowska et al., 2015). For example IR band at 999 em ! is super-
position of wagging vibrations of C—H at rhamnopyranosyl ring and
bond between rhamno- and glucopyranosyl rings. This vibration is
represented by Raman band at 946 cm™'. Rocking vibration of C—H
bonds of rhamnopyranosyl and glucopyranosyl is located at 1121 cm ™t
and 1168 cm ™', The vibration of C—O bond between rhamnopyranosyl
and glucopyranosyl is represented in IR spectrum by bands at 1041 cm !
and 1093 cm ™', The Raman spectra of rutin apart of bands typical for
quercetin core contain only three characteristic for rutinose: 846 cm™*
(C—C stretching vibration of glucopyranosyl ring), 1130 cm™!
(breathing of rhamnopyranosyl ring, stretching of C—O at rhamnopyr-
anosyl ring and between rhamnopyranosyl and glucopyranosyl rings),
1208 em™! (bending vibration of C—C—H and C—O—H groups at
chromen, dihydroxyphenyl ring and rhamnopyranosyl ring)
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(Paczkowska et al., 2015).

2.5. Flavanols

Flavanols are a group of compounds closely related to the human
diet. They can be found in tea, chocolate or red wine. Flavan-3-ols (or
flavanols) are derivatives of flavans that possess a 2-phenyl-3,4-dihydro-
2H-chromen-3-ol skeleton (Fig. 1A). They form class of flavonoids
without carbonyl group. Among them the most common is family of
catechin and its derivatives. They often appear in the form of polymers
called tannins made up of catechin molecules. Tannins have the ability
to nonspecifically bind to proteins or metals through hydrogen and co-
valent bonds. As a result, tannins are included in the plant’s defense
system, having antioxidant, antimicrobial, antiparasitic properties and
prevent oxidative stress response to heavy metals. In the human body it
causes the astringent of mucous membranes (especially helpful in
diarrhea). It also influences the circulatory system: it prevents platelet
aggregation, atherosclerosis, regulates blood pressure and has a positive
effect on the overall metabolism of the whole organism (de Pascual-
Teresa et al., 2010; Gupta & Pandey, 2019).

Catechin itself occur in four diastereoisomers with the most common
isomer which is (+) — catechin. The diversity of the structure among the
flavanols group is due to their hydrogen group and their esterification
with gallate group. The members of the flavanol group are e.g. catechin
substituted with 4 hydroxyl groups in C-3 and C-4 position on benzene
ring and C-5, C-7 position in chromone structure. There are also mem-
bers of the flavanol group esterified with gallate group eg. epi-
gallocatechin gallate substituted with hydroxyl groups in the same
position as the catechin with an additional hydroxyl group in C-5 on ring
B and esterified with gallate group on the position of C-3 hydroxyl group
of the flavan-3-ol (Fig. 1 F).

The typical IR and Raman bands assignments are presented in Suppl.
Mat. Table 5. Spectra of catechins’ family ((+)-catechin, (-)-epicatechin,
(-)-gallocatechin, epigallocatechin, (-)- epicatechin gallate, (-)-epi-
gallocatechin gallate obviously contains similarities in bands position.
Most of the bands were assigned to phenolic hydroxyl group stretching
(3372 cm™ D), carbonyl group vibration (1613 and 1518 cm™ ), 1460
(phenyl ring), deformation vibration of OH group (1280 cm™Y), C—0
stretching vibration of an aromatic alcohol (1144 cm’l), and C—O0—C
stretching vibration (1034 cm’l) (Geng et al., 2016; Robb et al., 2002).
The region of 900 — 750 cm ™! is dominated by wagging vibration of
hydroxyl groups. The differences among catechins are mostly connected
with the position of OH group e.g. for (+)- catechin and gallocatechin,
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Fig. 3. FT-IR (A) and FT-Raman (B) spectra of rutin and quercetin.
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which structures differ in presence of hydroxyl group at C5" and spectra
exhibit differences in bands related to OH and CO vibrations. Band
characteristic for OH stretching which is sharp and present at 1280 cm ™!
for catechin, it forms broad peak from 1373 to 1280 cm ! for galloca-
techin. Gallocatechin IR spectrum also contain additional band at 740
em™ assigned to out of plane wagging of CH in aromatic ring, which
isn’t present for catechin itself (Robb et al., 2002). The similar differ-
ences in those spectral regions were also observed for (-)-epicatechin,
epigallocatechin, (-)- epicatechin gallate, (-)-epigallocatechin gallate
(Xia et al., 2020). The example FT-IR spectra of epicatechin and epi-
gallocatechin- 3- gallate (EGCG) are presented in Fig. 4A. The most
striking difference is the presence of band at 1690 cm ™! assigned to ester
C=0O0 in the case of EGCG which is absent for epicatechin (Liang et al.,
2014; D. Wang et al., 2019). Other bands characteristic for aromatic
C=0 are bands at 1612 cm™!, 1543 cm ™}, and 1466 cm™ L. While, the
bands around 1342 cm ™%, 1218 em ™!, 1140 cm ™%, and 1013 cm™! can be
assigned to vibration of alcohol C—O, aromatic O—H, antisymmetric
stretching of C—0—C, alcohol C-OH, and C—O, respectively. The FT-IR
bands characteristic for epicatechin 1619 cm’], 1518 cm’l, 1467 cm ! -
C=0 (phenyl ring), 1139 cm ! and 1042 cm ' (C—O—C stretching
vibration).

In the case of Raman spectra there is very little information about
flavanols. Xia et al. presented calculated and experimental Raman
spectra of catechins which are tea components however without in
depth band assignment (Xia et al., 2020). While Pompeu et al. per-
formed detailed chemometric analysis of Raman spectra of several
phenolic acids and flavonoids with flavanols among them. They showed
that the most pronounced bands differentiating catechins are those with
maximum in the range between 1700 and 1600 cm_l, characteristic for
stretching vibration of C=C (Pompeu et al., 2018). The example Raman
spectra of epicatechin and epigallocatechin- 3- gallate (EGCG) are pre-
sented in Fig. 4B. As in the case of FT-IR spectra the most striking dif-
ference is the presence of band at 1692 cm ! for EGCG Raman spectrum
which can be assigned to vibration of ester C=0.

2.6. Anthocyanins

The most characteristic function of anthocyanins is the pigmentation
of flowers and fruits of higher plants (pigmentation is due to their
aglycon group). They provide a red to blue color depending on soil pH
(blue in alkaline, purple in neutral, red in acidic pH) This is because of
the molecular structure of anthocyanins having an ionic nature [Fig. 1
G] (Khoo et al., 2017). Their stability, like the most of flavonoids, is
dependent on pH, light and temperature.
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Anthocyanins are made of a sugar residue combined with an aglycon.
Anthocyanidins (anthocyanins aglycons) can be grouped by their posi-
tion into: 3-hydroxyanthocyanidins, 3-deoxyanthocyanidins and O-
methylated anthocyanidins e.g. cyanidin substituted with 5 hydroxyl
groups in C-3, C-5, G-7, C-3', C-4' positions or peonidin substituted with
4 hydroxyl group in C-3, C-5, C-7, C-4' positions and methoxy group in
C-3' position. Anthocyanins are commonly in the form of anthocyanidin
glycosides and acylated anthocyanins.

There is little information in literature regarding the spectroscopic
investigation of anthocyanins and describing the relationship between
bands pattern and structure of those compounds. The typical IR and
Raman bands assignments characteristic for anthocyanins are presented
in Suppl. Mat. Table 6. In the FT-IR spectra the bands around
3600-3200 cm™! are connected with the H-bonds and around
3000-2800 cm ™! with C—H groups. The spectra of anthocyanin dye
extracted from purple cabbage contained bands characteristic for C=0
stretching vibration around 1639 cm™! (probably other than anthocy-
anins flavonoid compounds) and stretching vibration of C—0—C esters
around 1053 em ! (Chang et al., 2013). Also blue pigment from corn-
flower was investigated and the band around 1600 cm ! was attributed
to the skeletal stretching vibration of the aromatic ring A and B of fla-
vonoids and the functional group = C—O—C of the C ring of flavones.
Bands at 1516, 1450, 1270 and 1072 cm ' were assigned to the
stretching vibration of the = C—0O—C group in the aromatic ring of
flavonoids. The ring vibration in anthocyanins can be associated with
the bands at 818 cm ™! and 762 ecm ™! (Rozylo et al., 2021).

The Raman spectroscopy was found to be sensitive to changes of
anthocyanins structure under the different pH (Buchweitz et al., 2012).
At low pH values the dominant structure in anthocyanins is flavylium
cation in the C-ring which as results causing red color of anthocyanins
solutions. The raising of pH to neutral value causes the predominance of
hemiacetal form of anthocyanins and color loss, and further increase of
PH value leads to other forms such as quinoidal base and the chalcone.
The most promising bands distinguishing these forms are in the range of
1700 - 1000 cm ™! (Zaffino et al., 2015). The cyanidin based antho-
cyanidin at pH 4 exhibited the strongest signal connected with vibration
characteristic to ring stretching vibrational modes (1330, 1530, 1590
and 1640 cm’l) and to the stretching of C-OH bond (1240 cm’l)A While
in neutral pH, the bands attributed to cyanidin- 3-glucoside (1190
cm’l), ring stretching vibrational modes (1250, 1320-1330 cm’l) and
to C=0 stretching (1630 cm™) characteristic for anthocyanidin blue
quinoidal form (Zaffino et al., 2015).

Also the interaction of anthocyanins with metal ions especially
crucial for winemakery can be detected by Raman spectroscopy. For
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example bands 729 and 725 cm ™! characteristic to a ~CH out of plane
twist vibration of the aromatic system disappear for chloride salts of
cyanidin- 3-glucoside and delphynidin- 3-glucoside at pH 5.0, but after
addition of aluminium or ferric ions to these anthocyanins the bands
appeared again. While in the case of ferric ions addition a very intense
additional signal appeared at approximately 1510 cm ! attributed to an
in-plane deformation vibration of the phenyl ring (Buchweitz et al.,
2012). The Raman spectrum blue pigment from cornflower exhibited
bands 1353, 1322 and 623 cm™! characteristic to anthocyanins com-
plexed with metal ions (Rézylo et al., 2021).

2.7. Similarities and differences between the flavonoid spectra

Both methods, FT-IR and Raman spectroscopy reflects the structural
differences between samples. However, the structural similarities makes
difficult to differentiate samples on the basis of vibrational spectra. For
example all the spectra contain the bands characteristic of stretching
vibrations of ring C=C but present for slightly different wavenumbers.
In the case of FT-IR spectra this vibration is present at c.a. 1650-1560
em ™! for all of the flavonoids. At c.a. 1560-1465 cm ! the band ascribed
to vibrations of ring C—C is present for all of the flavonoid groups except
flavanols. The band at c.a. 1475-1400 cm " (assigned to the C—C bond)
is present in flavonols and anthocyanins groups. Similarly the band at c.
a. 1380-1350 em ™ ? (assigned to the C—=C bond) is present in the fla-
vones and isoflavones group. Other bands ascribed to the v (C=C) of the
ring is present at c.a. 1310-1200 cm ™! for all flavonoid groups except
anthocyanins, at c.a. 1225-1180 cm™ is present only for isoflavones,
flavonols and flavanols spectra, at c.a. 1046-970 cm ™! is present only
for isoflavones, flavonols and anthocyanins. In the case of FT-IR spectra
the band ascribed to the v (C=0) present at c.a. 1700-1625 cm ™, in the
case of anthocyanins it is present only for their quinoidal form. The band
at 1570-1545 cm ! assigned to v (C=0), & (OH) and v (C2 = C3), the
band at 1255-1235 cm ! assigned to T (C—C) of ring B and C, the band
at 1140-1125 cm™" ascribed to 8 (C—H) of ring A and the band at
1095-1075 em ™ assigned to & (G—H) of ring B are specific for the fla-
vonols. The band specific to flavanols is at 1135-1120 cm ! and is
ascribed to the v (C=C) of A and B ring. The bands below 970 cm ! are
unique for each flavonoid group however mainly by their ascription, not
by their position.

The Raman spectra also presented some similarities. The band at c.a.
3189-2890 cm ! ascribed to the v (C—H) was presented by flavones,
isoflavones and flavanones. The bands characteristic for v (C—=0) at c.a.
1694-1590 em~! was present the flavones, isoflavones, flavanones
groups. The band at 1575-1540 cm ™! (v C=0) was found in the flava-
nones and flavonols group. The band assigned to the (C—C—C) of the
flavonoid ring at c.a. 900-880 cm™~! was found for isoflavones and fla-
vonols spectra. As in the case of FT-IR spectra, also there are several
Raman bands that can be ascribed to the v (C=C) vibration of the ring.
The bands characteristic for this vibration was present at 1640-1600
em ™ for all the flavonoid groups except flavanones. Band with the same
ascription at 1530-1480 cm ™! was found in the flavonols and antho-
cyanins group, the band at 1490-1420 ecm ™! and at 1380-1350 cm ™!
(with the same ascription) in the flavones and flavonols group, at
1345-1240 cm ! in flavanones, flavonols and anthocyanins, at
1250-1160 em ™! in flavones, isoflavones and flavonols, at 1025-970
em™!in isoflavones, flavonols and flavanols and at 545-510 em ! in
flavonols and anthocyanins. There were also several bands in the
880-545 cm ! range that was unique to each flavonoid group, however
mostly to their ascription. The spectra of flavanones group also contains
several bands characteristic for deformation and torsion vibration such
as 5(HCC) of ring C at 1500-1480 cm ™', the S(HCC) of ring C at
1460-1445 em ™! and © (HCCC) of ring C at 1010-990 em ™. Moreover,
the specific pattern band in the 880-545 cm ™! region was found for the
isoflavone group. They also presented characteristic band at 1185-1179
em™! ascribed to the v (C=C) of the flavonoid rings. Flavonol group
presented characteristic bands at 1190-1180 cm ™! and at 1140-1115
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cm ! ascribed to the v (C-OH) and & (C—H) of ring B and & (C—H) of ring
A, respectively. Whereas, the specific band for flavanol group was
assigned to v (OH) of C-3 position on the flavonoid rings and at
3670-3660 cm ), that was only present in the not esterified flavanols.
The band specific to the most flavonoids at 880-545 cm™! range had
different ascription (usually tetrasubstituted flavylium cation) in the
anthocyanins group. Anthocyanins were also characterized by the band
at the 1280-1240 cm ™~ ascribed to the v(C=0).

3. Conclusions

Both methods, FT-IR and Raman spectroscopy reflects the structural
differences between samples. Their unquestionable advantages are
simplicity and low cost of obtaining spectra. However the main disad-
vantage concerning the difficulties in distinguishing the spectra of
substances with a similar structure should also be mentioned. Most of
the bands characteristic to different flavonoid groups are assigned to
stretching vibration between the carbons in the flavonoid ring. Despite
the fact that there are some bands characteristic for specific groups of
flavonoids they should be carefully interpreted, because each flavonoid
apart from bands characterizing whole group also has bands charac-
teristic for substituted groups. That is why rather than searching for the
bands characteristic only to the specific flavonoid group, the fingerprint
and discrimination method should be applied when the flavonoid sam-
ple is to be identified. Moreover the best results in the differentiation of
flavonoid samples would be assessed when both Raman and FT-IR
techniques are used.
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1. Supplementary materials
Materials and methods
Materials

The pure substances in powder were measured: Naringin (hydrate, 97%
purity, ACROS ORGANICS), Naringenin (Glentham Life Sciences), Quercetin (95% purity HPLC,
SIGMA), Rutin (hydrate, 94% purity, HPLC, SIGMA), (-)-Epicatechin (AmBeed) and
Epigallocatechin gallate (SIGMA-ALDRICH), Hesperetin and Hesperidin

(Glentham Life Sciences).
Methods
FT-IR ATR

FT-IR spectra of chosen polyphenols were measure on Nicolet 6700 FT-IR spectrometer
(Thermo Scientific, Madison, WI, USA) with a diamond attenuated total reflectance
attachment (ATR). A small amount of pure solid substance was placed on the ATR crystal and
measured. Spectra in the range of 4000-400 cm~" with 4 cm~! resolution were collected. Each
spectrum was average of 200 scans. Spectra were baseline-corrected using OMNIC software
(version 8.2, Thermo Fischer Scientific Inc., Madison, WI, USA). For each sample the analyzed
spectrum was averaged over three measured spectra. Spectra were normalized to the highest

peak for each flavonoid pair.
FT-Raman

The FT-Raman spectra were measure on FT-Raman with InGaAs detector (Thermo
Scientific, Madison, USA). The small amount of pure substance in solid were placed in stainless
cubes. The spectra were recorded over the range of 3500—150 cm™ with a resolution of 8 cm™.
The laser power was 1W and each spectrum was average of 200 scans. The spectra were
baseline corrected and normalized to the highest peak using ORIGIN (v.9.0 PRO, OriginLab
Corporation, USA). For each sample the analyzed spectrum was averaged over three

measured spectra. Spectra were normalized to the highest peak for each flavonoid pair.

Tables
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Suppl. Mat. Tab. 1 Region and assignments of infrared and Raman characteristic bands of the

flavones group (Abbas et al.,, 2017; Baranovi¢ & Segota, 2018; Mariappan et al., 2012;

Paczkowska et al., 2015; Teslova et al., 2007).

band

v(C-H)

v(C=0)

v(C=C)

v(C=C)

v(C=C) + v(C=0)
v(C=C) + v(C=0)
v(C=C)

v(C=C)

6(CCC) of ring

FT-IR

3287-3060 cm
1670-1625 cm
1620-1560 cm™
1510-1480 cm™

1380-1350 cm™
1250-1200 cm?
740-700 cm?
635-610 cm?

RAMAN

3189-3042 cm'?
1660-1590 cm™!
1620-1605 cm™*

1490-1450 cm™?

1380-1350 cm™

1250-1200 cm?

640-620 cm!

6- bending vibration, v — stretching vibration, T — torsion vibration

Suppl. Mat. Tab. 2 Region and assignments of Infrared and Raman characteristic bands of the

isoflavones group (Machado et al., 2013; Sekine et al., 2011; Tao et al., 2016).

band

v(C-H)

v(C=0) of ring B

v(C=C) of ring

6(C-H) + v(C=C) of ring B
v(C=C)

v(C=0) + v(C=C)

v(C=C)

v(C=0) + v(C=C)

v(C=C)

6(C-C-C) ring C + v(C=C) ring
A

o(C-C) of aromatic ring

6(C-C-C) of ring B + §(C-0)

FT-IR

3090-3070 cm?
1702-1654 cm?
1616-1611 cm™
1520-1516 cm™?
1362-1354 cm?
1260-1252 cm
1184-1180 cm?
1046-1043 cm™?

886-867 cm?

730-704 cm?
568-547 cm™

RAMAN

3100-3000 cm*!
1649-1694 cm™?
1623-1608 cm™?

1200-1160 cm™?

1185-1179 em!

991-970 cm!

890-880 cm

566-547 cm™
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8- bending vibration, v — stretching vibration, T — torsion vibration

Suppl. Mat. Tab. 3 Region and assignments of Infrared and Raman characteristic bands of the

flavanones group (Govindammal et al., 2019; Unsalan et al., 2009).

band

v(C-H)
v(AR-C=0)
v(C=C) of ring B
v(C=C) of ring A
6(HCC) of ring C
6(HCC) of ring C
v(C=C) of ring Aand B
T(HCCC) of ring C
T(HCCC) of ring C
T(HCCC) of ring B
T(HCCC) of ring A
6(CCC) of ring A

FT-IR

3135-2910cm*?
1670-1625 cm?
1620-1560 cm™!
1530-1510 cm™

1300-1235 em?

975-960 cm!
880-845 cm!
780-770 cm!
545-515 cm!

RAMAN
3110-2890 cm?

1660-1590 cm?

1555-1575 cm™*
1500-1480 cm*
1460-1445 cm™
1300-1240 cm?
1010-990 cm?

780-770 cm!

6- bending vibration, v — stretching vibration, T — torsion vibration

Suppl. Mat. Tab. 4 Region and assignments of Infrared and Raman characteristic bands of the

flavonols group (Hanuza et al., 2017; Milenkovi¢ et al., 2019; M. Wang et al., 2007).

band

v(CH) of B ring

v(C=0), v (OH), v (C2=C3)
v(C=0) and v (C,=C3)

v(C=0), 6 (OH) and v (C,=C3)
v(C=C) of A ring and & (CH)
v(C=C) of B ring and & (OH)
6(0OH) and v (C=C) of A ring
v(C=C) of A and B ring and &
(OH)

FT-IR

3230-3200 cm?
1665-1645 cm™
1620-1605 cm'?
1570-1545 cm?
1520-1485 cm™?
1475-1435 cm™?

1310-1270 cm?

RAMAN

1620-1600 cm™?
1570-1540 cm™?
1515-1485 cm*
1475-1420 cm™?
1370-1350 cm™?
1320-1275 em™?
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t(C-C) of ring Band C

v(C=C) of ring C

v(C-OH) and & (C-H) of ring B
8(C-H) of ring A

8(C-H) of ring b

v(C-C) of ring A, B and C
v(C-C) of ring A,Band C
v(OH) and & (C-C) of ring A, B
and C

v(C-C) of ring A,Band C
v(C-C) of ring A, B and C
v(C-C) of ring B

v(C-C) of ring A, Band C
v(C-C) of ring A,Band C

1255-1235cm™?
1225-1205 cm™?

1140-1125 cm™
1095-1075 cm?

1000-970 cm?

1230-1210 cm’?
1190-1180 cm
1140-1115 cm™

1010-995 cm™*

900-880 cm!

850-825 cm™
695-670 cm?
640-620 cm™
600-575 cm!
525-510 cm?

6- bending vibration, v — stretching vibration, T — torsion vibration

Suppl. Mat. Tab. 5 Region and assignments of Infrared and Raman characteristic bands of the

flavanols group (Pompeu et al., 2018; Torreggiani et al., 2008; Xia et al., 2020).

band

v(OH) of C-3 position (only in
not esterified flavanols)
v(C=0)

v(C=C) of A ring

v(C=C) of A and B ring
v(C=C) of B ring

v(C=C) of Aand C ring
v(C=C) of A and B ring
v(C=C) of B ring and v (CH)

6 of ring A, & (C-0-C), & (C-C-
)

FT-IR

1680-1690
1625-1580 cm™?

1305-1215 cm'?t
1210-1190 cm™
1135-1120 cm™?

RAMAN
3670-3660 cm!

1680-1690

1630-1600 cm*

1025-1000 cm™?
780-740 cm

6- bending vibration, v — stretching vibration, T — torsion vibration
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Suppl. Mat. Tab. 6 Region and assignments of Infrared and Raman characteristic bands of the

anthocyanins group (Abbas et al., 2017; Zaffino et al., 2015).

band

v(C=C) of the ring
v (C=C)

v(C=C) of the ring
v(C=C)

v(C=C) of the ring
v(C=C)

v(C=0)

v(C=C) of the ring

v(C-H) of
tetrasubstituted
cation

v(C-H) of
tetrasubstituted
cation

v(C-H) of
tetrasubstituted
cation

v(C=H) of
tetrasubstituted
cation

v(C=C) of the ring

2,3,4,6-

flavylium

2,3,5,6-

flavylium

2,3,4,6-

flavylium

2,3,5,6-

flavylium

FT-IR RAMAN
1650-1615 cm

1640-1610
1560-1465 cm™
1530-1480
1450-1400 cm™?
1345-1315
1280-1240
1000-970 cmt
~920 cm!
900-880 cm™
890-870 cm!
~705 cm-l A small amount of pure
solid substance was placed on the ATR
crystal and measured.,
545-510

6- bending vibration, v — stretching vibration, T — torsion vibration.
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ARTICLE INFO ABSTRACT

Keywords:

Plant waste-based composites
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Polysaccharide films
Antioxidant properties
Molecular structure

Surface properties

The study of plant waste-based composites as alternatives to plastic is significant due to their biodegradability
and environmental impact. However, composites based on natural plant fibers still need improvement, partic-
ularly in terms of mechanical, hydrophobic, antioxidant, and antimicrobial properties. Bioactive compounds
such as phenolic acids may enhance these properties. This study aims to elucidate the mechanisms and effects of
polysaccharide films made from micro- and nanofibrillated cellulose derived from apple pomace, and the
adsorption of phenolic acids (caffeic, chlorogenic, and gallic acids) on their surface. Molecular interactions
affecting the surface, mechanical, antioxidant, and antimicrobial properties of the composites were investigated.
Raman spectroscopy revealed spectral changes in C-O and C-OH bonds, which influenced the composites” surface
wettability. Nanocellulose-based composites with caffeic acid exhibited the best packaging properties, including
a homogeneous structure, increased stiffness, deformation resistance, and enhanced hydrophobicity. Composites
with gallic acid showed the highest surface hydrophilicity and antioxidant capacity. Understanding these mo-
lecular interactions can aid in the further development of packaging materials

1. Introduction

The issue of plastic waste pollution has become one of the most
important challenges facing the world today (Rhein and Schmid, 2020).
The production of various types of packaging accounts for up to 40 % of
the global production of plastics (Pathak et al., 2023). Plastic material
despite benefits to consumers such as affordability, transparency,
lightweight, and durability, has long-term negative impact on the
environment (Demeneix, 2020), Packaging discarded by consumers
(without proper disposal) alters landscapes, creates garbage patches in
oceans, destroys coral reefs, and even leads to the direct death of wildlife
(PlasticsEurope, 2022, Horn et al., 2019). Unfortunately, as of 2021,
global plastic packaging recycling amounted to only 8.3 %
(PlasticsEurope, 2022). Moreover, plastic decomposition takes thou-
sands of years (Blasing and Amelung, 2018). These global challenges
have prompted researchers to explore natural polymers and modify
them to create alternatives to conventional food packaging. Reprocess-
ing and utilizing raw materials or waste from post-industrial, agricul-
tural, or forest areas are considered the most sustainable approaches to

* Corresponding author.

waste management, as opposed to widespread practices such as land-
filling or incineration (Li et al., 2018; Rossetto et al., 2020). Even a basic
method of directly collecting food waste can provide a significant raw
material base for reuse (Tu et al., 2020). This method allows for the
collection of 60 to even 100 kg of waste per year from the average
resident in the European Union, where fruits, vegetables, and roots
constitute up to 50 % of the content (Favoino and Giavini, 2020; De
Laurentiis et al., 2018). Plant residues of this type contain unused plant
fibers, primarily cellulose, but also hemicellulose and lignin (Li et al.,
2018; Debnath et al., 2021). On the other hand, peels, seeds, and pomace
serve as a source of diverse secondary plant metabolites, especially
phenolic compounds, which are present in fruit tissues (Sharma et al.,
2019; Campos et al., 2022).

Cellulose, the most abundant natural polymer on Earth, has the po-
tential to replace petroleum-derived polymers (Szymanska-Chargot
et al., 2018). This type of polymer has been long used in sectors such as
paper and clothing production, mainly obtained from cotton or wood
pulp (Chang, 2023). Cellulose microfibrils consist of both amorphous
and crystalline fragments, and the hydroxyl groups present on their
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surface facilitate the binding of a wide range of chemicals (Nizam et al.,
2021). While nanocellulose in form of nanocrystals or nanofibrillated
cellulose presents processed cellulose material with improved new
functionality and performance (Dufresne, 2012). Due to increasing de-
mands for polymers, researchers are increasingly focusing on the utili-
zation of nanocellulose and microfibrillated cellulose due to their
natural origin, safety, biodegradability, and ease of processing (Chang,
2023; Szymanska-Chargot et al., 2019a). Despite these properties, the
unmodified form of cellulose is more hydrophilic and less mechanically
durable, which limits its use as a packaging material (Ci et al., 2024).
Moreover, nanocellulose forms a thin film material with unique prop-
erties such as transparency, thermal stability, and mechanical strength
The high availability, biocompatibility, and biodegradability of cellu-
losic materials could make them also ideal packaging materials (Jin
et al., 2021). On the other hand, the mechanical resistance and hydro-
phobicity still need to be improved. A possible way to increase hydro-
phobicity as well as introduce antimicrobial or antioxidant properties
could be the addition of biologically active compounds that also occur in
plant material (Chen and Chi, 2021). For instance, research on nano-
cellulose films with added starch demonstrated that the inclusion of
polyphenolic compounds like gallic acid resulted in a slight increase in
the material’s resistance to deformations and overall stability (Luo et al.,
2023). Agricultural and industrial waste, such as peels, seeds, and
pomace, also constitute a source of diverse secondary plant metabolites,
especially phenolic compounds, which are present in fruit tissues
(Sharma et al., 2019; Rossetto et al., 2020). In the context of food,
polyphenols can inhibit the growth of harmful microorganisms and
protect products from lipid oxidation, which may extend the products’
shelf life (Almeida et. al., 2023). Plant polyphenols have antimicrobial
and antioxidant proprieties and for this reason serve plants as defense
mechanisms against harmful factors (Treutter, 2006). On the other
hand, to meet the assumptions of the circular economy the plant wastes
can be also used as a source of cellulose and nanocellulose. Usually, the
wood pulp is used, however agro-industrial, fruit and vegetable wastes
become important source of cellulose and nanocellulose (Kumar et al.,
2024, Zaini et al., 2023, Khiari et al., 2011, Saberi Riseh et al., 2024). In
our previous research of different compositions, the apple and carrot
pomace, residue after juice production as the nanocellulose source was
used (Szymanska-Chargot et al., 2017, 2018, 2019b, 2019a).

So far, the study of cellulose- or nanocellulose containing composites
enriched by phenolic acids are scarce and usually focused on gallic, p-
coumaric or vanillic acids (Harlen et al., 2024, Lin et al., 2024, Javed
et al., 2024, Criado et al., 2016). Moreover, in most of them the nano-
celluloses is mixed with other polymers. Only, LakshmiBalasu-
(2022) presented research on composites of
nanofibrillated cellulose films esterified to vanillic and syringic acid.
Therefore, the study aims to investigate the properties of composites
based on microfibrillated and nanofibrillated cellulose isolated from
apple pomace and enriched by phenolic acids. To achieve this objective,
three phenolic acids: gallic, caffeic, and chlorogenic acid, were selected
due to their abundance, low cost, and wide distribution in various plant
tissues. These acids were then adsorbed onto the surface of cellulose and
nanocellulose films derived from apple pomace cellulose. The use of
both types of cellulose—microfibrillated and nanofibrillated cellulo-
se—can provide a broader understanding of the interactions between
phenolic acid and cellulose. Additionally, it can help determine how
changing the composite substrate to a more hydrophobic one affects acid
adsorption on surfaces and the overall film properties
(Szymanska-Chargot et al., 2019a; Luo et al., 2021). Moreover, a
simplified method of obtaining composites that does not require many
chemical reagents was proposed. The properties of the films were
determined by the following methods: Raman spectroscopy, determi-
nation of contact angles, antimicrobial properties, surface imaging
(SEM, Raman microscopy), and mechanical tests. Utilizing the collected
data on the properties of the generated composites, distinctions between
the various composite variants with specific acids were delineated,
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determining which of the selected phenolic acids exerted the most
favorable influence on the characteristics of polysaccharide films.

2. Materials and methods
2.1. Materials

2.1.1. Cellulose and nanocellulose preparation

Never-dried cellulose (approx. 10 % solid-to-water ratio) was
extracted from apples pomace. The pomaces were prepared in labora-
tory using a de-pulping machine with a double screw shredder (Twin
Gear Juice Extractor, Green Star Elite GSE-5000, Anaheim, CA, USA)
using apples purchased at the local market in an attempt to replicate
typical waste from juice production (Szymanska-Chargot et al., 2017).
The preparation of cellulose was described in detail by Szy-
marnska-Chargot et al. (2019a). Briefly, the thermochemical method by
Szymanska-Chargot et al. (2017) was used to remove free sugars, starch,
pectin, hemicelluloses, and lignins. The thermochemical method uses
the acidic and alkaline treatment at 85°C followed by lignin removal in
sodium hypochlorite at 90°C. After purification, cellulose was boiled in
hot distilled water to remove reagents, and several times rinsed in water
(25°C) and left in a wet state (10 % dry matter) in the cold (4 °C).

The isolated apple cellulose was used for the preparation of cellulose
(microfibrillated cellulose) and nanocellulose (nanofibrillated cellulose)
dispersions as the basis of composites (Szymanska-Chargot et al.,
2019a). First, 300 g of 0.2 % wt cellulose suspension in water was
prepared using Ultra-Turrax (T10 basic ULTRA TURRAX, IKA, Germany)
for 10 min. At this stage, the microfibrillated cellulose suspension after
dilution to 0.1 % wt was used to prepare cellulose-based composites.
Then initially dispersed cellulose was introduced to ultrasound treat-
ment to prepare nanocellulose suspensions using an ultrasonic homog-
enizer (Sonics Vibracell, VCX-130FSJ; Sonics & Materials Inc., USA)
with a net power output equal to 130 watts and a frequency of 20 kHz
was used (Szymanska-Chargot et al., 2019a). The processor was equip-
ped with a 6-mm-diameter probe with a maximum oscillation (nominal)
amplitude equal to 120 pm. The operating amplitude of the ultrasonic
homogenizer was maintained at 95 % of the nominal amplitude. The
sonication system contained a temperature probe, and an ice bath was
used to avoid heating the samples. The dispersed cellulose after
Ultra-Turrax treatment was subjected to ultrasonication for 30 min.
Afterward, the samples were divided into two portions and then diluted
to obtain 0.1 % weight (wt) dispersions (300 g each). Each portion was
subsequently subjected to ultrasonication for 30 min. Afterward, a 0.1 %
wt of nanofibrillated cellulose dispersion was obtained and used further
for nanocellulose-based composites preparation.

The properties of the obtained cellulose and nanocellulose (raw
material and films) have been characterized in the following publica-
tions: Szymarniska-Chargot et al., (2019b) and Szymarska-Chargot et al.,
(2019a).

2.1.2. Cellulose and nanocellulose-based composites preparation

The composites were prepared by high vacuum filtration method
(Szymanska-Chargot et al., 2019a). For each composite 300 g of 0.1 %
wt of either cellulose or nanocellulose suspension was used. The filtra-
tion system was composed of a Basic 36 vacuum pump with pressure set
to 0.8 bar (AgaLabor, Poland) and a filtration set (1000 mL flask, funnel,
and clamp; Chempur, Poland). In each case, a 0.2 pm pore diameter
nylon membrane filter (EMD Millipore™ Durapore™, ¢ = 90 mm) was
used. The filtration process lasted approximately 15 h. The cellulose
(CEL) and nanocellulose (NCEL) control films were prepared by simply
removing them from nylon filter and then drying them under load of
7 kg for 72 h Three films with a diameter of 7.5 cm were produced of
each type of films (SM Fig. 1).

In the case of the phenolic acids additives, onto the still-wet cellulose
or nanocellulose film, a solution of selected phenolic acids: caffeic (CAF)
(SIGMA 98 % purity, PubChem: CID 689043), chlorogenic (CHL)
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Fig. 1. FT-Raman spectra of cellulose- (CEL) (2a,b,c) and nanocelulose-based (NCEL) (2d,e,f) composites with the addition of 900 or 450 ppm of caffeic (CAF) (a, d),
chlorogenic (CHL) (b,e) and gallic (GAL) (c,f) acidsin range 3750-250 cm . 0 is for control films i.e. cellulose or nanocellulose. The region of 1650-1175 cm ! was
maximized to highlight the differences. The region 2550-1850cm ! was removed as it didn’t contain any spectral features.

(AmBeed 98 % purity, PubChem: CID 1794427), or gallic (GAL)
(anhydrous, Merck 98 % purity HPLC, PubChem: CID 370) in two con-
centrations of 450 ppm or 900 ppm was poured and filtered again. The
concentration of 900 ppm for the solutions was the maximum solubility
achieved for all three selected acids (for a 5 % EtOH solution). There-
after, each composite was removed from the nylon filter and dried under
a load of 7 kg for 72 h, Three films with a diameter of 7.5 cm were
produced for each variant of the composites (SM Fig. 1)

2.2. Methods

2.2.1. Intermolecular interactions by Raman Spectra

The FT-Raman spectra were acquired on an FT-Raman (NXR) FT-
Raman for a Nicolet 6700 FT-IR bench using an InGaAs detector and
CaF2 beam splitter (Thermo Scientific, Madison, USA). The samples in

the form of composite cuts were placed in stainless cubes and were
illuminated using Nd: YAG excitation laser operating at 1064 nm. The
maximum laser power was 1 W. The spectra were recorded over the
range of 3500-150 em ™! and each spectrum was an average of 256 scans
at 8 cm ™! resolution. The spectra were baseline-corrected and normal-
ized to the area under the peaks composing the spectrum, using the
ORIGIN program (v.9.0 PRO, OriginLab Corporation, USA).

2.2.2. Mechanical properties

Before mechanical testing samples of cellulose films were cut into
approx. 15 rectangular strips, with a length of 40 mm and a width of
3 mm. Precise measurements of the sample width were carried out using
the Olympus SZX16 (Olympus Corporation, Japan) microscope with an
SDF PLAPO 0.5 XPF lens, equipped with a DFK 51BU02.H digital camera
(The Imaging Source Europe GmbH, Bremen, Germany). The thickness
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of each sample was measured using a digital micrometer BAKER IP54
(Baker Gauges India Private Limited, India) with a measurement accu-
racy equal to 0.001 mm. Following uniaxial tensile tests were performed
using a miniature tensile stage (Deben Microtest, Suffolk, UK). Tests
were carried out until sample mechanical failure. The initial gap be-
tween grips was set up to 10 mm. The samples’ deformation rate was
equal to 0.1 mm/min. Force-elongation curves were analyzed auto-
matically using Python code (https://github.com/ppieczywel/TDA).
Sample dimensions were used to recalculate the captured tensile force
and elongation into stress and strain, respectively. Obtained bilinear
stress-strain curves were characterized by four parameters: elastic
modulus (slope in the first linear section of the curve), strain hardening
modulus (slope in the second linear section, due to the bimodal nature of
the curves), strain at break, and stress at break. The detailed measure-
ment procedure and its stages were presented in the work by Chibrikov
et al. (2024).

2.2.3. Surface morphology by scanning electron microscope

The surface of the composites was analyzed using the scanning
electron microscopy technique (SEM). Samples were prepared by cut-
ting 1 x 1 cm squares, followed by coating with thin Au conductive
layers using a CCU-010 sputtering machine (Safematic, Zizers,
Switzerland). Microscopic images were made using a Phenom Pro X
scanning electron microscope (Thermo Fisher Scientific, Waltham, MA,
USA) at an accelerating voltage of 15 kV and magnifications of 200 and
2000x. Micrographs were taken from three different parts of composite,
and only for composites at a concentration of 900 ppm.

2.2.4. Surface imaging by Raman microscopy

The imaging system used in this study was alpha300RA (WITec
GmbH, Germany) equipped with a laser with redlight (A = 785 nm). The
laser power was set at 50 mW and integration time at 0.5 s was chosen.
The 50x/0,9NA (Carl Zeiss, Germany) air objective was used. The
Raman light was detected with an optic multifiber (50 pm diameter)
directed to a spectrometer UHTS 300 (WITec, Germany; 300 g mm ™!
grating) and finally to the CCD camera DU401A BV (Andor, Belfast,
North Ireland). Raman images were recorded with a spatial resolution of
1 pum in both directions, x, and y. The vertical z displacement was fixed.
The Control Six (WITec) acquisition software was used for the Raman
imaging setup. The true component analysis was performed using The
Witec Project Six (Witec, Germany)

The composite samples for Raman imaging were attached to the
microscope glass with double-sided tape. Additionally, for the true
component analysis, the spectra of pure phenolic acids, cellulose, and
nanocellulose were collected (single spectrum, integration time = 0.5 s,
number of accumulations = 10).

2.2.5. Wettability of composites

The contact angles of water droplets were measured using the Rame-
Hart model 200-U1 standard goniometer (Rame-Hart Instrument co.,
USA). The control films and phenolic acids composites were attached to
the microscopic glass by double-sided tape (T: 23.5+ 0.1 °C; RH:
31.6 %). A 10 pL droplet was dispensed onto a composite surface, and
the contact angle was measured every minute for 10 min. For each film,
6 droplets were measured. Each point on the plot corresponds to the
mean value of the left and right contact angle at a given point and time.

2.2.6. Antioxidant activity of composites by TEAC

The punch was used to make 0.5 cm diameter disks of each type of
composite. 1 disc from each type of composite was put into an Eppendorf
and poured with 1 mL of 0.9 % NaCl water solution. The analysis was
carried out on 4 samples of each composite type. Samples were mixed on
a rotary mixer (neoLab Migge GmbH, Heidelberg, Germany) for 30 min
and 7 days (after 7 days results were showed in Supplemental material
Fig. 4). After mixing the supernatant was taken. The Trolox Equivalent
Antioxidant Capacity (TEAC) was determined following the method of
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Biskup (Biskup et al., 2013). Measurement was performed in 3 mL
polypropylene cuvettes - 75 L of sample and 1425 pL of ABTS *® radical
solution was used. Measurements on the UV-VIS spectrophotometer
(Genesys 108, Thermo Scientific) were taken after 30 min at a wave-
length of 734 nm. The Dunn’s test with Benjamini-Hochberg's Test
correction and HSD Tukey Test was performed (Python).

2.2.7. Antimicrobial properties of composites

The antimicrobial effect of different composites was tested against
fungal (Botrytis cinerea and Penicillium sp.) and bacterial (Escherichia coli,
Staphylococcus capitis) representatives using inhibition tests. The mi-
crobial strains (B. cinerea G227/18, Penicillium sp. G122/18, E. coli B4/
14, S. capitis B6/15) were selected from the environmental microor-
ganisms isolates of the Laboratory of Molecular and Environmental
Microbiology, Institute of Agrophysics, Polish Academy of Sciences
(Lublin, Poland). The fungi were cultivated on Potato Dextrose Broth
(PDB), E. coli on Eijkman Broth, and S. capitis in Nutrient Broth. All
cultures were incubated at 26°C at 120 rpm by 5 days or 24-h for fungi
and bacteria, respectively. Successively, the fungal mycelium was ho-
mogenized and 300 pL of inoculum was spread on the Potato Dextrose
Agar (PDA) in each Petri dish. The bacterial inoculum (300 pL was
spread on Plate Count Agar. Then, 3 sterile discs 5 mm@ for each tested
composites were placed on the surface of the media inoculated with each
tested bacterial and fungal strains. All the Petri discs were incubated at
26°C for 6 days. The inhibition zone were measured each day during
incubation period.

3. Results
3.1. Molecular mechanisms of cellulose-polyphenol interactions

The Raman spectra of cellulose and nanocellulose composites with
phenolic acids are presented in Fig. 1. Generally, Raman spectroscopy
can reveal comparable spectral patterns between cellulose/nano-
cellulose and other composite materials (Szymanska-Chargot et al.,
2019b, LakshmiBalasubramaniam et al., 2022). No characteristic bands
for phenolic acids were found in the spectrum. Observation emerged at a
concentration of 900 ppm across all cases, showing peaks at 1049 cm !
and 1032 cm™! from cellulose (Lau and Wong, 2000). The peak at
1049 cm™! corresponds to the vibrational modes of C-C and C-O
stretching, while the 1032 ecm™' peak signifies vibrations related to
C-OH bonds within the ring structure. The bands at frequencies of
1049 em™ and 1039 cm™ were not observed in the case of the control
sample and for composites with acid concentrations of 450 ppm. Such
bands on the spectra of nanocellulose and cellulose films derived from
apple pomace residue (as in this case) were also not observed by Szy-
maniska-Chargot (2019b), which may indicate the influence of higher
acid concentrations on the appearance or exposure of these bonds on the
surface of the films (Szymanska-Chargot et al., 2019b). This may indi-
cate the stabilization of phenolic acids on the surface of the composites
through C-O and C-OH bonds or at a concentration of 900 ppm,
hydrogen and methyl groups present in the structural structure of
selected phenolic acids become visible on the surface of the composites.

Interestingly, in composites containing 450 ppm of phenolic acids, a
doubled relative intensity of the Raman signal at 2894 ecm ™ for C-H
stretching bonds (Edwards et al., 1997) was observed and compared to
900 ppm concentration or control samples. Notably, the intensity within
the fingerprint region (in this case 1462-893 cm ') remained consistent
across all cases. The higher intensity of the 2908 cm™! band for the
450 ppm composites would suggest greater hydrophobicity of the
composites by exposing the CH bonds from the carbon chain, however,
we did not observe such a trend in the wettability studies (please see
Fig. 4). Therefore, the increase in intensity in this band may be related to
the presence of polyphenols, which can affect the intensity of the band in
this range to a small degree (Szymanska-Chargot et al., 2019b).

In the range of 1650-1175 cm ™, slight differences in the occurrence
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of specific bands are observed. For all types of composites with caffeic
acid and NCEL CHL 900, a peak was observed at 1600 cm ! attributed to
the stretching vibration of the C-C ring, most likely originating from
phenolic acids (Olszewska et al., 2020). For these same composites, an
increase in intensity is also noticeable for the band at 1378 ecm ™! (vi-
brations for 3(CH2), 8(HCC), §(HCO), and 8(COH) bonds, associated
with cellulose skeleton deformation) (Machado et al., 2009, Edwards
et al., 1997). For composites at a concentration of 450 ppm of phenolic
acid, the intensity was either the same or lower compared to the control
(Fig. 1). For all types of composites at a concentration of 900 ppm, an
increase in intensity was observed at the band 1410 em ™! (3GH»), along
with the absence of bands at 1288 cm ! (8CH_ twisting) and 1240 em !
(8COH out-of-plane), which are present in the spectrum for cellulose and
nanocellulose (Zhang et al., 2011).

3.2. Mechanical properties

The mechanical properties of the composites were characterized by
determining Young’s modulus (elastic modulus, E), strain hardening
modulus (Eh), strain at break, and stress at break (Fig. 2).

The Young’s modulus of pure cellulose and nanocellulose films was
5.78 GPa and 8.98 GPa, respectively. The addition of phenolic acids ata
concentration of 450 ppm increased Young’s modulus in all cases
compared with pure cellulose or nanocellulose films, ranging from
6.66 GPa (CHL) to 9.96 GPa (CAF) for cellulose-based composites, and
between 9.68 GPa (CHL) for 12.11 GPa (CAF) for nanocellulose-based
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composites (Fig. 3a). Doubling the amount of phenolic acids in the
composites generally resulted in a decrease in Young’s modulus (except
for CEL CHL 900, where the modulus value slightly increased). In the
case of nanocellulose-based composites, Young's modulus value
decreased by 1 GPa - 3.5 GPa between composites with lower and higher
acid concentrations (Fig. 2a). The strain hardening modulus for
cellulose-based composites decreased only for CEL GAL 900 (0.78 GPa)
and CEL CAF 900 (0.55 GPa), while nearly doubling occurred for CEL
CAF 450 (1.62 GPa) (Fig. 2b). Regarding nanocellulose-based compos-
ites, all modulus values were lower than the control (1.56 GPa), except
for NCEL CAF 450, which had a significantly higher value (2.03 GPa).
Nanocellulose-based films exhibited a slightly higher strain at break
values compared to cellulose films (NCEL 6.74 %, CEL 5.81 %). The least
resilient material among all types of composites was CEL CHL 450,
which demonstrated a strain at a break of 2.80 %. The remaining
cellulose-based composites ranged from 5.36 % (CEL CAF 450) to
6.90 % (CEL GAL 900). Composites with higher concentrations in this
group exhibited greater deformation compared to composites with
lower concentrations of phenolic acid and the control (except for CEL
CHL 900 - 5.81 %), suggesting they were more extensible and less rigid
at the point of rupture (see Fig. 2¢). In the group of nanocellulose-based
composites, such a clear relationship could not be established. The
highest degree of deformation among all types of composites was
observed in NCEL CAF 900 (10.36 %), followed by NCEL GAL 450
(9.06 %). The lowest deformation in this group was recorded for NCEL
CAF 450 (4.92%). Composites with chlorogenic acid at both
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Fig. 2. Mechanical properties: elastic modulus E (a), strain hardening modulus Eh (b), strain at break (c), stress at break (d) of cellulose- (CEL) and nanocellulose-
based (NCEL) composites with addition of 900 or 450 ppm of gallic acid (GAL), chlorogenic acid (CHL), and caffeic acid (CAF). Data points stand for mean values of
measured parameters, while bars indicate standard deviations. Treatments with the same letter are not significantly different. Groups calculated according to the HSD

Tukey test of the probability of means differences with alpha level 0.05.
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Fig. 3. Scanning electron microscopy (SEM) micrographs in magnification (200x) of cellulose- (CEL) and nanocellulose-based (NCEL) composites with addition of
900 ppm of gallic acid (GAL), chlorogenic acid (CHL), and caffeic acid (CAF). High-magnification (2000x) scanning electron microscope (SEM) images had been

included in the supplementary material (SM Fig. 2).

concentrations exhibited the most similar values compared to the con-
trol (CHL 450 - 6.64 %, CHL 900 - 5.95 %) (see Fig. 2¢).

The addition of phenolic acids to cellulose-based composites resulted
in lower stress at break (CEL CHL 450-92.4 MPa, CEL GAL
450-135.5 MPa) compared to the control for cellulose films (CEL -
148.6 MPa) in the 450 ppm concentration group. An exception was CEL
CAF 450, which had a stress at a break value of 176.7 MPa. Adding acids
at higher concentrations increased the mechanical stress resistance (CEL
GAL 900 - 165.3 MPa, CEL CAF 900-174.1 MPa) except for the addition
of chlorogenic acid (CEL CHL 900-145.9 MPa). For nanocellulose-based
composites, the most significant differences between concentrations and
compared to the control (NCEL - 128.0 MPa) were observed with the
addition of caffeic acid at higher (NCEL CAF 900-77.24 MPa) and lower
concentrations (NCEL CAF 450-141.7 MPa) (see Fig. 3.d). The me-
chanical resistance of nanocellulose-based composites with gallic and
chlorogenic acids decreased after adding acids at lower concentrations
(NCEL CHL 450-115.4 MPa, NCEL GAL 450-113.4 MPa). However,
incorporating these acids at higher concentrations did not significantly
change the resistance to rupture (NCEL CHL 900-129.6 MPa, NCEL GAL
900-125.3 MPa) (Fig. 2d).

Nanocellulose-based composites exhibited greater resistance to me-
chanical deformation compared to cellulose-based films (Fig. 2. a,b),
which likely resulted from the composite’s structure - nanocellulose
films are composed of smaller units, which may lead to a more densely
packed film structure (please see Fig. 3). Lower concentrations of
phenolic acids resulted in increased stiffness compared to 900 ppm
concentrations. These composites also showed differences in Young’s
modulus, suggesting that the addition of phenolic acids at 450 ppm
concentration results in stiffer, more resistant but less extensible com-
posites, whereas the addition at 900 ppm reduces the stiffness and in-
creases flexibility (Fig. 2). Specifically, among all composites, NCEL CAF
450 emerged as the most resistant in tensile stress, contrary to CEL CAF
900, which exhibited the lowest mechanical resilience. Comparing the
addition of other ingredients of natural origin, e.g. chitosan to films
made from cellulose derived from apple pomace, as in this case, resulted
in a decrease in the strength of the composites and reduced tensile
strength (Szymanska-Chargot et al., 2019a). On the other hand, films
made from cellulose nanofibers with the addition of syringic or vanillic
acid did not show significant differences in tensile strength or Young’s

modulus values (LakshmiBalasubramaniam et al., 2022). In comparison,
Lin et al. (2024) showed that in the case of chitosan-cellulose nano-
crystal films, adding gallic acid increased tensile strength and decreased
elongation at break values. Contrary, Ru et al. (2021) presented that the
addition of p-coumaric acid to the quaternized nanofibrillated cellulose
films caused the decrease of both tensile strength (from 126 MPa to
99 MPa) and Young modulus (From 4.4 GPa to 3.4 GPa). In this study,
lower concentrations of phenolic acids typically increased stiffness and
mechanical strength, while higher concentrations often led to increased
film flexibility. Additionally, significant structural heterogeneity of the
samples is observed, possibly due to large deviations that occurred.

3.3. Surface morphology

The surface morphology was evaluated using SEM microscopy and
Raman imaging (supplementary material Fig. 2).

SEM micrographs of composites revealed a more ordered structure in
the case of nanocellulose-based films than cellulose-based ones.
Cellulose-based composites exhibited a heterogeneous surface with
phenolic acid aggregates, particularly prominent for caffeic acid (CEL
CAF 900) (Fig. 3., upper panel). Conversely, nanocellulose and phenolic
acid composites displayed a smooth surface compared to those based on
cellulose (Fig. 3., lower panel). Only in the case of NCEL CAF 900 were
some aggregates observed for nanocellulose films, albeit smaller than
those for CEL CAF 900. SEM micrographs confirmed the assumption
regarding the uneven adsorption of polyphenolic compounds on the
surface of cellulose and nanocellulose films, especially evident for
composites with caffeic acid.

The results of SEM analysis were corroborated by maps obtained
from Raman microscope surface imaging (SM Fig. 3). Spectroscopic
surface imaging confirmed the presence of each type of phenolic acid on
the film surface and noted that the distribution of acids in cellulose films
is more clustered (as in the case of nanocellulose-based films) than ho-
mogeneous. It is also notable that there is significantly less substance on
the surface of nanocellulose films than on cellulose film surfaces.

The surface smoothness of nanocellulose composites with phenolic
acids is confirmed by the study of Almeida et al., (2023), where gallic
acid showed no aggregation on the base film surface, unlike in the films
examined in this publication (Luo et al., 2021). The surface porosity
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observed in microcrystalline cellulose-based films was also confirmed by
Wu et al. (2020) In the mentioned study, the phenolic acid, gallic acid,
also did not lead to surface smoothing and closure of pores normally
present in microfibrillated cellulose films (Chakraborty et al., 2022).

3.4. Wettability

The contact angles of the composites indicate that cellulose-based
composites (Fig. 4. a,c,e) were more hydrophilic than nanocellulose-
based composites (Fig. 4. b,d,f). In the wettability studies, the contact
angle of all composites decreased relatively evenly, decreasing by an
average of 1.5° per minute. After 10 min, all composites showed reduced
wetting angles by 15°-13° degrees compared to the initial state (Fig. 4).
Due to the uniform decrease in angles in all types of composites, the
degree of wettability between the composites was compared based on
the angles after 1 min.

In all cases (except for composites with gallic acid), composites with
higher concentrations of phenolic acids were more hydrophebic than
those with lower concentrations (Fig. 4). At lower concentrations, the
composites were more hydrophilic than the CEL and NCEL control
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samples (57.8° and 48.4°, respectively). The composite with the addi-
tion of 900 ppm of caffeic acid had the most hydrophobic surface in the
cellulose-based composites group (CEL CAF 900-67.7°), while in the
nanocellulose-based composites group, chlorogenic acid (NCEL CHL
900-75.6°) exhibited the most hydrophobicity. CEL GAL 450 composites
were the most hydrophilic among all composites (40.2°). CEL CHL 450
and CEL CHL 900 composites had similar hydrophilic properties to
cellulose film (Fig. 4. a, b).

Overall, the addition of gallic acids increased the hydrophilicity of
the sample surfaces (Fig. 4. ¢, ). Surprisingly, cellulose-based compos-
ites with 900 ppm caffeic acid exhibited significant hydrophobicity,
both in cellulose and nanocellulose films, which was not observed in
CHL, which, despite having the highest hydrophobicity in
nanocellulose-based composites, did not exhibit this capability in
cellulose-based composites.

The surface of the produced composites is amorphous due to the
spatial arrangement of cellulose fibers (Szymanska-Chargot et al.,
2019b). Tang et al. (2003) indicate that hydrogen bonds and hydro-
phobic interactions are important in the interactions between cellulose
and polyphenols, and that both interactions depend on the polarity of
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Fig. 4. Contact angels of water drop obtained on the surface of cellulose- (a,c, €) and nanocelullose-based composites (b, d, f) with addition of 450 ppm or 900 ppm

of caffeic (CAF), gallic (GAL) or chlorogenic (CHL) acids.
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the solvents used (Tang et al., 2003). In this case, it is possible that at the
lower concentration of phenolic acids in the aqueous solution (450 ppm
composites) the solution was more hydrophilic, thus favoring hydro-
phobic interactions, which (referring to the spectroscopic spectra in
Fig. 1) were revealed with greater intensity in the 2908 em ™' band,
characteristic of CHy bonds. At higher concentrations (900 ppm), the
solution became more hydrophobic, so the polyphenols preferred to
adsorb to the surface via hydrogen bonds. This would confirm the
presence of hydrogen bonds (1032 em™) in the spectrum for all com-
posites (Fig. 1). Based on these wettability results, this relationship can
be confirmed - for higher concentrations, the composites are more hy-
drophobic than the control (occupied hydrophilic bonds, i.e., OH on the
surface of amorphous cellulose), while composites with lower concen-
trations of adsorbed phenolic acid are similarly or more hydrophilic than
the control. The exception is composites with the addition of gallic acid,
which at higher concentrations are similarly hydrophilic as the control.
This may be because gallic acid is the most water-soluble compound
among the selected phenolic acids (the rest are poorly soluble), making
it similarly hydrophilic to cellulose. (Tang et al., 2003, Daneshfar et al.,
2008, Ji et al., 2016)

3.5. Antioxidant activity

The Trolox Equivalent Antioxidant Capacity revealed that the
released polyphenolic acids into the solution were predominantly higher
for nanocellulose-based films than cellulose films (Fig. 5). For each type
of acid, the highest antioxidant activity was observed in the supernatant
samples obtained from the mixing of nanocellulose composites at a
concentration of 900 ppm in 0,9 % NaCl solution. Due to the suspected
higher concentration on the surface, phenolic acids from 900 ppm films
were released to a greater extent than in 450 ppm films - especially
notable in the case of NCEL GAL composites, with an approx. six-fold
difference (Fig. 5). The smallest changes between groups for caffeic
acid occurred (Fig. 5) For the chlorogenic acid the difference between
concentrations in nanocellulose-based composites was nearly twofold
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Fig. 5. Antioxidant activity of cellulose- (CEL) and nanocellulose-based (NCEL)
composites. Phenolic acids: gallic acid (GAL), chlorogenic acid (CHL), and
caffeic acid (CAF) adsorbed on the surface at a concentration of 900 ppm or
450 ppm on cellulose (CEL) and nanocellulose (NCEL) based composites. The
antioxidant capacity results were measured for 1 film measuring 0.5 cm in
diameter after 30 min of macerating in 1 mL of 0.9 % NaCl solution. The results
were recalculated to Trolox equivalent antioxidant capacity per 1 cm? of sur-
face area was determined. The control (CEL and NCEL) did not show any
antioxidant properties. Groups calculated according to Dunn’s test with Ben-
jamini-Hochberg’s Test correction was performed, and only the gallic acid
group was determined by the HSD Tukey Test. The same superscript letters
denote no statistically significant differences within each phenolic acid group.
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(Fig. 5). The results demonstrated that the composite with caffeic acid
exhibited the lowest antioxidant capacity compared to all other types of
composites, particularly with a focus on CAF CEL 450 (Fig. 5). Similarly,
CHL CEL 450 demonstrated a low antioxidant capacity, which doubles
after a 7-day rotate mixing exposure in an aqueous saline solution (SM
Fig. 4). The antioxidant capacity of the composites after 7 days of rotor
mixing increases slightly in almost all cases, except for the composites
with chlorogenic acid, where the antioxidant capacity increases up to
five times (CHL NCEL 450). This may be due to the better binding of
chlorogenic acid to the film surface, and the prolonged contact with the
solution allows for more acid to be released, resulting in significant
differences in antioxidant capacity between day zero and day seven (SM
Fig. 4). The control (CEL and NCEL) did not show any antioxidant
properties, therefore data were not included in the Fig. 5.

All composites, exposed to 0.9 % NaCl, release phenolic acids into
the supernatant but variously. In the release study of phenolic acids, a
0.9 % NacCl solution was utilized because it is isotonic to cells, poten-
tially providing an indication of the release of these compounds upon
contact with the potential food product. This suggests that binding be-
tween cellulose and polyphenolic acid is not permanent. The polar sol-
vent environment (0.9 % NaCl) may have influenced the degree of
release into the solution of acids, especially caffeic acid (which strongly
prefers nonpolar solvents) (Daneshfar et. al, 2008)

Almeida et al. (2023) suggest that incorporating polyphenols into
packaging currently appears to be a better choice due to avoiding the
issue of flavor alteration. However, according to the results presented
above, such changes may still occur due to the release of polyphenols
into the solution (Almeida et. al, 2023). The release of substances into
the solution may imply that the presence of surface-adsorbed poly-
phenols could influence the taste, given that polyphenols are recognized
for their bitter flavor (Soares et al., 2018). The antioxidant efficacy of
polysaccharide-based films has been corroborated by numerous re-
searchers who integrated polyphenol-rich extracts or powders into
diverse film matrices (Chen and Chi, 2021, Wu et al., 2020). Considering
the antimicrobial properties (Fig. 5) and the health-promoting attributes
of polyphenolic acids, this could be an advantage for using composites in
the food industry (Szymanska-Chargot et al., 2017).

3.6. Antimicrobial properties

The evaluation of antimicrobial properties of tested composites
(Table 1) showed that the composites with phenolic acids presented high
growth inhibition of B. cinerea and both bacterial strains. In the opposite,
no evident inhibition of Penicillium sp. was observed. The highest
inhibitory effect against microorganisms was exhibited by caffeic acid at
both concentrations, especially in nanocellulose composites (NCEL CAF
450/900), whereas cellulose/caffeic acid (CEL CAF 450,/900) exhibited
a negative effect only on bacterial strains. Chlorogenic acid showed a
very ambiguous effect. In cellulose composite, its antimicrobial prop-
erties were mainly evident at higher concentrations, whereas in
nanocellulose-based composites, only at lower concentrations. In gen-
eral all composites with the addition of gallic acid exhibited the weakest
inhibitory effect of growth on tested bacterial and fungal strains.

The addition of phenolic acids to composites exerted a comparable
effect on both Gram-negative (E. coli) and Gram-positive bacteria (S.
capitis) (SM Fig. 5). In the case of B. cinerea, fungi changed the shape,
density, and structure of mycelium compared to the control, indicating
an inhibitory effect on fungal growth upon contact with the composite.
None of the selected phenolic acids showed clear growth inhibition of
upon contact with Penicillium sp. inoculum, responsible for mold on
fruits or vegetables. These results indicate that composites enriched with
selected phenolic acids show contact inhibitory activity against the
growth of microorganisms (E. coli and S. capitis) and exhibit weaker but
noticeable inhibitory activity against phytopathogenic fungi (B. cinerea).
The lack of inhibition of Penicillium sp. may confirm the potential
biodegradability of composites, as fungi of this type participate in
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Table 1
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Microbial growth inhibition under the influence of composites after 6 days of incubation. 900 ppm or 450 ppm of gallic acid (GAL), chlorogenic acid (CHL), and caffeic
acid (CAF) was adsorbed on the surface cellulose- (CEL) and nanocellulose-based (NCEL). The inhibition ability of the composites was determined based on the average
calculated radius measured around three discs of 0.5 em diameter from each composite type placed on Petri dishes inoculated with bacteria or fungi. ‘+ * microbial
growth inhibition — signifies that the average inhibition zone around the composite ranged from 1 to 3 mm; ‘+ /-* uncertain microbial growth inhibition — indicates
inhibition up to 1 mm; ‘-’ no microbial growth inhibition — denotes the absence of inhibition zones around the composite.

Samples/ Microbial strains CEL CEL CEL CEL CEL CEL CEL NCEL NCEL NCEL NCEL NCEL NCEL NCEL
CAF CAF CHL CHL GAL GAL CAF CAF CHL CHL GAL GAL
450 900 450 900 450 900 450 900 450 900 450 900

Botrytis cinerea - - - + + /- - + - + + + - + -

(G277/18)

Penicillium Sp. - - + /- + /- - - - - - - - - -

(G122/18)

Escherichia coli - + + - + - - - + + + - + -

(B4/14)

Staphylococcus capitis - + + - + - - - + + /- - - - -

(B6/15)

cellulolytic reactions and can remove or deactivate phenolic compounds
(Leitao, 2009)

Differences in the action of phenolic acids are confirmed by studies
by Lima et al. (2016), was observed that caffeic acid exhibited increased
antibacterial activity against three groups of tested bacteria (S. aureus, E.
coli, Pseudomonas aeruginosa) while gallic acid showed activity only
against S. aureus (despite being combined with conventional antibiotics)
(Lima et al., 2016). On the other hand, studies by Kabir et al. (2014)
conducted for pure phenolic acids showed that chlorogenic acid had a
greater inhibitory ability against E. coli infections than caffeic acid,
contrary to the results obtained in this study. Chitosan films with gallic
acid showed a significant impact on inhibiting the growth of E. coli,
however, at much higher concentrations (0.5 g-1.5 g per 100 g of film)
than those used in this study, which may explain the lack of inhibition
zones for such composites (Sun et al., 2014).

4. Conclusions

In this study, the effects of selected phenolic acids on the surface
properties, mechanical properties, molecular structure, antioxidant ca-
pacity and antimicrobial potential of cellulose- and nanocellulose-based
films derived from apple waste were investigated.

Adsorption of caffeic acid at a concentration of 900 ppm onto the
surface of nanocellulose films resulted in the formation of the most
extensible material among all variants produced in the study, while at a
lower concentration (450 ppm), the composites exhibited the greatest
stiffness and resistance to deformation. Characteristic peaks for poly-
phenolic compounds (at 1600 em™") were observed in the vibrational
spectra, which did not appear for other types of composites. Composites
of CEL and NCEL with 900 ppm of caffeic acid had the most homoge-
nously distributed polyphenolic compound on the surface of the poly-
saccharide film and exhibited high surface hydrophobicity. All variants
of composites with this acid demonstrated the ability to reduce the
growth of microorganisms (bacterial and fungal) in contact with the
composite, especially nanocellulose-based films. However, the com-
posites were not resistant to Penicillium spp. infection, which may indi-
cate the retention of their biodegradability. The weakest antioxidant
activity may result from both the activity of the pure compound and the
use of an unfavorable solvent for the leaching of caffeic acid, which
prefers nonpolar solvents.

The addition of chlorogenic acid at a concentration of 450 ppm to
both types of cellulose/nanocellulose films resulted in the greatest
reduction in Young's modulus values compared to the control, sug-
gesting that the material becomes the most elastic among all variants for
the lower concentration. Higher resistance to deformation was observed
only for CEL CHL 900 composites, which were also the stiffest in the
cellulose-based group at higher concentrations. The addition of
chlorogenic acid at a 900 ppm concentration to nanocellulose film

(NCEL CHL 900) resulted in the most hydrophobic surface among all
created composites. SEM images revealed smooth composite surfaces
comparable to the control. Adsorption of this acid on the surfaces led to
antioxidant properties, much greater than caffeic acid and most com-
parable among the variants in the acid group. Such composites
demonstrated the ability to inhibit the development of pathogens,
mainly in the CEL 900 group. However, NCEL 900 showed no inhibitory
capacity, and for the rest of the composites at lower concentrations, no
clear ability to limit the growth of microorganisms was observed.

Gallic acid at a higher concentration adsorbed to cellulose film
increased the stiffness of the composite but to a lesser extent than the
addition of caffeic acid. Nanocellulose-based composites, particularly at
lower concentrations, showed a decrease in mechanical strength, sug-
gesting that the material becomes more susceptible to cracking. The
gallic acid in every concentration and variant increased surface hydro-
philicity compared to the control (except for CEL GAL 900, which was
equally hydrophilic as the cellulose film) and exhibited the smoothest
and most homogeneous surface of all studied composites. Composites
with gallic acid at the applied concentrations practically did not possess
the ability to inhibit the growth of microorganisms.

The results of these studies aim to elucidate certain mechanisms and
the effects of polyphenols on the properties of cellulose/nanocellulose
films, enabling the preparation of material from apple pomace. It was
suggested that 900 ppm of caffeic acid adsorbed it on the nanocellulose
film’s surface had the best properties. This composite demonstrated
superior hydrophobic properties, ability to reduce the growth of unde-
sirable microorganisms, increased strength, and enhanced extensibility
compared to other polyphenols investigated. Further research is needed,
including typical packaging tests such as gas and water vapor perme-
ability and food contact performance assessments such as shelf life.
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8. Supplemental material

CAF GAL CHL CONTROL
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SM Fig. 1. Photo of composites with selected phenolic acids gallic acid (GAL), chlorogenic acid (CHL), and caffeic
acid (CAF) adsorbed on the surface at a concentration of 900 ppm and 450 ppm on cellulose (CEL) and

nanocellulose (NCEL) based.
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SM Fig. 2.: Scanning electron microscopy (SEM) micrographs of cellulose/nanocellulose-based composite for

900 ppm phenolic acid concentration (2000x). Phenolic acids: gallic acid (GAL), chlorogenic acid (CHL), and
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caffeic acid (CAF) adsorbed on the surface at a concentration of 900 ppm and 450 ppm on cellulose (CEL) and

nanocellulose (NCEL) based.

CEL CAF 900
combined combined

NCEL CAF 900

CEL CHL 900 NCEL CHL 900
combined combined

combined combined

SM Fig. 3: True component analysis of cellulose/nanocellulose-based composites with phenolic acids. As basis
Raman spectra the pure phenolic acids, cellulose, and nanocellulose were used. The distribution of each
phenolic acid (blue), cellulose, or nanocellulose (red), and combined images are presented. Phenolic acids:
gallic acid (GAL), chlorogenic acid (CHL), and caffeic acid (CAF) adsorbed on the surface at a concentration of

900 ppm and 450 ppm on cellulose (CEL) and nanocellulose (NCEL) based.
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SM Fig. 4: Antioxidant activity of cellulose- (CEL) and nanocellulose-based (NCEL) composites. Phenolic acids:
gallic acid (GAL), chlorogenic acid (CHL), and caffeic acid (CAF) adsorbed on the surface at a concentration of
900 ppm or 450 ppm on cellulose (CEL) and nanocellulose (NCEL) based composites. The antioxidant capacity
results were measured for 1 film measuring 0.5 cm in diameter after 7 days of macerating in 1 ml of 0.9% NaCl
solution. The results were recalculated to Trolox equivalent antioxidant capacity per 1cm2 of surface area was
determined. The control (CEL and NCEL) did not show any antioxidant properties. Groups calculated according
to Dunn's test with Benjamini-Hochberg's Test correction were performed, and only the gallic acid group was
determined by the HSD Tukey Test. The same superscript letters denote no statistically significant differences

within each phenolic acid group.
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E. coli CAF NCEL 900 B. cinerea CHL CEL 450 S. capitis CHL CEL 450 Peicillum sp. CHL CEL 450

AFTER 1 DAY

AFTER 6 DAYS

SM Fig. 5.: Inhibitions zone for 3 discs of composites (CAF NCEL 900, CHL CEL 450, CHL CEL 900) on Petri Dish
after 1 day and after 6 days of treatment in Escherichia coli, Botrytis cinerea Staphylococcus capitis and
Penicillium sp. infection. Phenolic acids: gallic acid (GAL), chlorogenic acid (CHL), and caffeic acid (CAF)
adsorbed on the surface at a concentration of 900 ppm and 450 ppm on cellulose (CEL) and nanocellulose

(NCEL) based.
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ABSTRACT

Keywords:

Nanofibrillated cellulose
Flavonoids

Food wastes

Chemical compounds studied in this article:
Naringin (PubChem CID:442428)
Naringenin (PubChem CID:932).
Quercetin (PubChem CID:5280343).
Rutin (PubChem CID:5280805).
Phosphatidylcholine (PubChem
CID:10425706).

Flavonoids possess valuable food-preserving activities such as antioxidant, antibacterial, and UV-blocking effects,
but are prone to rapid degradation outside plant cells. To protect these properties, this study developed a
composite based on ingredients derived from food industry by-products. The research compared micro- (MCL)
and nanofibrillar (NCL) cellulose films with surface-adsorbed, liposomal-form flavonoids - two aglycone/
glycoside pairs: quercetin/rutin and naringenin/naringin, each at two concentrations. Morphological analysis
showed smoother, more uniform surfaces in NCL films, with quercetin exhibiting the most even distribution.
Flavonoid incorporation, especially in NCL at higher concentrations, improved water vapor barrier properties,
despite the increased hydrophilicity of the composites. Spectral analysis showed reduced light transmittance,
particularly with quercetin almost completely blocking UV-Vis-NIR wavelengths, while other flavonoids pri-
marily reduced UVA. Antioxidant tests confirmed notable stability improvements, especially in NCL with
quercetin. Antimicrobial assays showed selective activity against Gram-positive Staphylococcus aureus, most
pronounced in quercetin-NCL composites. The NCL-quercetin composite showed the greatest potential as a

multifunctional, plant-based food-protection material.

1. Introduction

One of the world’s most pressing challenges is combating climate
change. A key aspect of this effort involves reducing food waste and
developing biodegradable materials for fresh food packaging. These
materials must not only preserve food and ensure food security but also
extend freshness (Xu et al., 2024). Among promising alternatives to
plastics, cellulose and its derivatives, such as carboxymethyl cellulose,
cellulose acetate, and nanocellulose, have attracted significant attention
(Amara et al., 2021; Xu et al., 2024).

Nanocellulose, produced by mechanical or chemical processing of
cellulose into nanofibers or nanocrystals (Nagarajan et al., 2021), is
renewable, biodegradable, and biocompatible. It can be sourced from
plant wastes, including wood chips, agricultural by-products, and food
processing residues (Jonoobi et al., 2015). Cellulose-based materials
have been explored as food additives, biomedical materials, cosmetic
ingredients, and, notably, as additives in packaging composites (Amara

* Corresponding author.
E-mail addresses: m krysa@ipan.lublin.pl (M. Krysa), m.szymansk

et al., 2021). Nanocellulose is typically used to reinforce other biode-
gradable polymers, thereby improving the mechanical, thermal, and
barrier properties of these composites (Amara et al., 2021; Szymanska-
Chargot, Chylinska, Pertile, et al., 2019; Szymariska-Chargot et al.,
2020). Recently, nanocellulose composites have also been tested as
edible and safe coatings for fresh products (Wang et al., 2023). The
application of additional barriers reduces moisture loss, delays ripening,
and maintains physico-chemical properties, thereby extending fruit
shelf life (Priya et al., 2023).

The production of cellulose from agri-food wastes such as apple
pomace is a cost-effective and sustainable approach for obtaining high-
quality natural polymers, providing a more responsible strategy for
packaging material development (Leonel et al., 2020; Krysa et al., 2025).
These materials, especially when produced from renewable sources, are
favored due to their biodegradability, minimal environmental impact,
and ability to incorporate natural active agents (Liu et al., 2023; Samir
et al,, 2022). Moreover, the cellulose from apple pomace, due to
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insignificant quantities of lignin, is easily accessible and does not require
harsh treatment during isolation and purification (Szymanska-Chargot
et al., 2017).

Cellulose derivative-based materials might also be enriched with
bioactive compounds to impact antioxidant and antimicrobial proper-
ties (Krysa et al., 2025). Flavonoids possess such properties, which make
them a promising enrichment group. Flavonols are among the most
common flavonoid subgroups, while flavanones predominate in citrus
fruits, making them readily available bioactive components (Panche
et al.,, 2016). Among these, flavonoids such as quercetin, rutin, and
naringenin are particularly promising due to their natural origin,
availability, safety, and well-documented properties (Al-Naymi et al.,
2024; Ezati & Rhim, 2021; Jin et al., 2021; Li & Yang, 2020; Nagula &
Wairkar, 2020; Yusmaniar et al., 2023).

However, achieving a homogeneous dispersion of flavonoids for
adsorption onto the cellulose surface to obtain an eco-friendly composite
is challenging. The use of highly stable organic solvents such as tri-
fluoroacetic acid (TFA) for dissolving flavonoids can result in compos-
ites with limited degradability (Arp et al., 2024; Guzman-Puyol et al.,
2022). A potential, nature-origin solution to this challenge is the
incorporation of flavonoids in liposomal form (Gurtovenko et al., 2018;
Halevas et al., 2022; Hao et al., 2017; Kerdudo et al., 2014; Liu et al.,
2024; Park et al., 2013; Toniazzo et al.,, 2017; Wang et al., 2020).
Lecithin, a natural emulsifier, can facilitate the formation of aqueous
flavonoid emulsions (Ramadan, 2012; Ramadan & Asker, 2009). It is a
mixture of phospholipids, predominantly phosphatidylcholine (PC),
which is integral to cell membrane structure and is commonly used in
the food industry to improve texture (Ramadan & Asker, 2009). More-
over, sunflower lecithin is an allergen-free alternative to soy lecithin,
which has similar phosphatidylcholine content (Cabezas et al., 2009; Wu
& Wang, 2003). Among lecithin’s main phospholipids, phosphatidyl-
choline exhibits the best emulsifying abilities and greater solubility in
low-grade alcohols compared to phosphatidylcholine and phosphati-
dylinositol (Cabezas et al., 2009; Cabezas et al., 2016).

Enrichment of cellulose films with flavonoids, especially in liposomal
form, enables more efficient and durable binding to the polymer carrier,
while preserving the antioxidant and antimicrobial properties of flavo-
noids and reducing their tendency to oxidize (Halevas et al., 2022; Vidal
et al., 2024). Using entirely natural substrates, such as cellulose, leci-
thin, and flavonoids, enables the production of fully natural and safe
composites with potential for use as food packaging materials (Xu et al.,
2024).

Based on these properties, this research attempted to develop an eco-
friendly composite based on ingredients derived from the food industry
by-products. For this purpose, microfibrillated and nanofibrillated cel-
lulose from apple pomace were used as a carrier for two pairs of flavo-
noids to investigate differences in adsorption behavior and properties of
composites. Utilizing fruit waste as a cellulose source further enhances
the ecological value of the composites, while flavonoids serve as
bioactive compounds with antioxidant and antimicrobial properties
(Szymanska-Chargot, Chylinska, Pieczywek, et al., 2019; Krysa et al.,
2025; Krysa et al., 2022). Liposomes of each flavonoid form were ob-
tained via mixing with phosphatidylcholine from sunflower lecithin and
then immobilized on the surface of microfibrillar or nanofibrillar cel-
lulose (Vidal et al., 2024). Based on the obtained results, the composite
with the best properties, which can be used in the future as a fruit
coating, was chosen.

Therefore, the objectives of this study were to: (1) compare micro-
fibrillated and nanofibrillated cellulose from apple pomace as carriers
for flavonoids; (2) examine the effects of the selected flavonoid form
(aglycone/glycoside) from two pairs belonging to different subgroups
(flavonols and flavanones) on the properties of the composites; (3)
investigate the relationship between flavonoid presence and the func-
tional properties of the resulting composites including barrier, antioxi-
dant, and antimicrobial activities; and (4) explore possible physical
interactions of the most promising composite with the apple skin surface
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2. Materials and methods
2.1. Materials

2.1.1. Cellulose and nanocellulose preparation

Never-dried cellulose derived from apple pomaces was prepared in
the laboratory according to the methodology for cellulose extraction
detailed in prior work (Szymanska-Chargot et al., 2017). Briefly, the
apples purchased at the local market in an attempt to replicate typical
waste from juice production, the pomaces were prepared in a laboratory
using a de-pulping machine with a double screw shredder (Twin Gear
Juice Extractor, Green Star Elite GSE-5000, Anaheim, CA, USA). Then,
the thermochemical method was used for cellulose extraction
(Szymarnska-Chargot et al., 2017). This method effectively eliminated
free sugars, starch, pectin, hemicelluloses, and lignins. Post-extraction,
the cellulose underwent boiling in distilled water to remove any resid-
ual reagents, followed by thorough rinsing with water at 25 °C and
subsequent storage in a moist state (10 % dry matter) at 4 °C (Krysa
et al., 2025).

2.1.2. Lecithin dispersion preparation

Water dispersion (10 % w/v) of sunflower lecithin (pure, Biomus,
Poland) was suspended with Ultra-Turrax for 5 min at high speeds (T10
basic ULTRA TURRAX, IKA, Germany).

2.1.3. Microfibrillar cellulose-lecithin film preparation

Initially, a 200 g dispersion of 0.1 % wt cellulose in water with 0.5 g
lecithin dispersion was prepared using an Ultra-Turrax apparatus (T10
basic ULTRA TURRAX, IKA, Germany) for 10 min. The dispersed
microfibrillar cellulose (MC) was obtained according to method
described by Szymanska-Chargot et al. (2019). Then, 0.5 g water solu-
tion of lecithin (point 2.1.2.) was added to MC and mixed for 2 min at
high speed. The prepared dispersion of microfibrillar cellulose with
lecithin (MCL) was poured on a high vacuum filtration set (1000mL
flask, funnel, and clamp; Chempur, Poland) linked to the Basic 36 vac-
uum pump with pressure set to 0.5 bar (AgaLabor, Poland) to obtain dry
MCL film PVDF membrane filter (EMD Millipore™ Durapore™, ¢ = 90
mm), to obtain dry MCL film (filtration time up to 6 h and 9 h left to dry
on the vacuum pump set with pressure 0.5 bar) (Krysa et al., 2025).

2.1.4. Nanofibrillar cellulose-lecithin film preparation

To obtain nanocellulose (NC), the dispersed cellulose (MC) under-
went ultrasonication treatment using a Sonics Vibracell ultrasonic ho-
mogenizer (power output = 130 W, VCX-130FSJ; Sonics & Materials
Inc., USA), equipped with a temperature probe and a 6-mm diameter
horn. The ultrasonication was conducted at an operational amplitude of
95 % of the nominal amplitude (120 ym) and a frequency of 20 kHz,
while an ice bath (T = 0 °C) was employed to prevent sample over-
heating (Szymanska-Chargot, Chylinska, Pieczywek, et al., 2019).
Following Ultra-Turrax treatment, the dispersed cellulose underwent
ultrasonication for 30 min. Subsequently, the samples were divided into
two equal portions, each of which was further diluted to achieve 0.1 %
wt dispersions (200 g each, solid content = 0.2 g). Both portions un-
derwent an additional 60-min ultrasonication step, resulting in the
production of 0.1 % wt nanocellulose dispersions (NC), which were then
utilized for the fabrication of nanocellulose-based composites. Lecithin
dispersion (point 2.1.2.) was added to nanocellulose dispersion and the
nanofibrillar cellulose with lecithin (NCL) dispersion was obtained. The
NCL film was prepared in an analogous way to MCL film (point 2.1.3).

2.1.5. Phosphatidylcholine extraction from lecithin

Phosphatidylcholine was extracted from a lecithin solution in
ethanol (96 % EtOH, 1 % concentration) by stirring for 10 min on a
magnetic stirrer (Cabezas et al., 2009). Subsequently, the dispersion was
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centrifuged at 6000 xg for 5 min. (Centrifuge MPW-260R, MPW Med.
Instruments, Poland) to obtain an alcoholic solution of phosphatidyl-
choline from lecithin. The supernatant was filtered by nylon filter
(0.2pm pore, Millipore) and evaporated at room temperature to obtain
pure phosphatidylcholine (PC, PubChem CID:10425706). The extracted
concentration of PC was about 1.1 g/L. The FTIR spectrum confirmed
the successful extraction of purified phosphatidylcholine in alcohol
(FTIR spectra in Fig. SM2e).

2.1.6. Flavonoid-phosphatidylcholine solution

The flavonoids used for flavonoid-phosphatidylcholine solution
were: quercetin — QUE (>95 % HPLC, Sigma Life Science, PubChem
CID:5280343), rutin — RUT (hydrate, >94 % HPLC, Sigma-Aldrich,
PubChem CID:5280805), naringenin - NAG (hydrate, 97 %, Glentham
Life Sciences, PubChem CID:932), and naringin — NRG (>95 %, Acros
Organics, PubChem CID:442428). Ethanol solutions of each flavonoid
were prepared to obtain final concentrations of 300 mg L' and 150 mg
L’l, with 0.1 % (w/v) phosphatidylcholine (PC) and a final ethanol
concentration of 28.8 %. (from point 2.1.5). During mixing with an
Ultra-Turrax (T10 basic ULTRA TURRAX, IKA, Germany) for 5 min,
distilled water was slowly added until a water-based solution was ob-
tained, resulting in a flavonoid concentration of 0.03 % (w/v) in both
cases. The flavoneid content in the solution was 30 mg and 15 mg,
respectively.

2.1.7. Flavonoid-cellulose composites preparation

Hundred (for 30 mg) or fifty milliliters (for 15 mg) of the aqueous
flavonoid emulsion (see Section 2.1.6) was poured onto the still-moist
microfibrillar or nanofibrillar film (as described in Sections 2.1.3 or
2.1.4) and filtered for 15 h under a pressure of 0.5 bar at room tem-
perature (22 + 2 °C) and relative humidity 45 + 5 % (vacuum pump:
Agalabor, Poland). The main solvent drainage and adsorption occurred
during the up to 4 h of filtration. Subsequently, the composite was left to
dry for the remainder of the process (11h), resulting in a fully dried and
flat material ready for removal from the filter (PVDF membrane filter -
EMD Millipore™ Durapore™, ¢ = 90 mm).

The initial dry mass ratio of the components used in the composites is
for 15 mg: MC/NC:LEC:PC:FLAV = 200:50:8:15 and for 30 mg: MC/NC:
LEC:PC:FLAV = 200:50:8:30.

2.2, Methods

2.2.1. Scanning electron microscope

The composite surface was examined through scanning electron
microscopy (SEM). To prepare the samples, 1 x 1 cm squares were cut
and coated with gold using a CCU-010 sputtering machine (Safematic,
Zizers, Switzerland) before SEM imaging. Microscopic observations
were carried out with a Phenom Pro X scanning electron microscope
(Thermo Fisher Scientific, Waltham, MA, USA) at an operating voltage
of 15 kV (Krysa et al., 2025).

2.2.2. Raman microscopy

The alpha300RA imaging system (WITec GmbH, Germany) was
employed in this study, featuring a red-light laser (A = 785 nm) with a
power setting of 50 mW and an integration time of 0.5 s. A 50x /0.9 NA
air objective (Carl Zeiss, Germany) facilitated sample observation.
Raman scattering was collected via an optical multifiber (50 pm diam-
eter) linked to a UHTS 300 spectrometer (WITec, Germany) equipped
with a 300 g/mm grating. The recorded signal was captured using a CCD
camera (DU401A BV, Andor, Belfast, Northern Ireland). The spectra
underwent post-processing, including median filtering, cosmic ray
removal, and polynomial fitting for background correction (ProjectSix
WIiTec, Germany). For the analysis of individual maps, Raman signal
intensity filters for characteristic bands of each compound were applied
(Project Six, WITec, Germany). The specific bands used for MCL or NCL
were 1050 em™! or 1120 cm™". At the same time, the characteristic
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bands used for compounds with flavonoids were 1611 cem! (QUE),
1090 em ™! (RUT), 1591 ecm ™! (NAG), and 1645 cm ™! (NRG).

The average Raman spectrum of the map was extracted. Polynomial
background correction was performed (order 9 + noise level 3), fol-
lowed by area normalization. The cosmic ray remover (parameters: 4/8)
and median filter (size: 4) were applied. The spectra were compared
across the entire spectral range (0-4000 cm™1).

2.2.3. FT-IR spectra

The FT-IR spectra were acquired using a Nicolet 6700 FT-IR spec-
trometer (Thermo Scientific, Madison, USA) equipped with a Smart ITR
ATR sampling accessory and a KBr beam splitter. Measurements were
performed on three samples of each composite type, focusing specif-
ically on the side with surface adsorption of the flavonoid emulsion. The
data were collected across the range of 4000-650 cm ™!, with each
spectrum representing an average of 200 scans at a resolution of 4 cm™!
(Krysa et al., 2025). Post-processing involved baseline correction and
normalization to the area under the peaks, performed using ORIGIN
software (version 8.5 PRO, OriginLab Corporation, USA).

2.2.4. Wettability of composites

The wettability of the composites was assessed by measuring static
water contact angles (WCA) (Szymanska-Chargot, Chylinska, Pertile,
et al., 2019; Krysa et al., 2025). Droplets of 5 pL MilliQ water were
dispensed onto the composite surfaces, which were mounted on mi-
croscope slides using double-sided tape. A Rame Hart 200Std goniom-
eter was employed to measure the water contact angles. Measurements
were recorded with a 0.5 ms delay and at 5-s intervals, with a total of 5
measurements taken for each sample. The analysis of contact angles was
performed using DROPimage Advanced program (Rame Hart Instru-
ment Co., USA). The statistical significance of the WCA changes in time
was determined by comparing the beginning and the end points for each
composite type. The differences between flavonoid concentrations in the
given flavonoid group were determined only at the beginning point.

2.2.5. Water vapor permeability (WVP)

The water vapor permeability was determined according to the wet-
cup method of Cazon et al. (2022). The water vapor transferred through
the film was determined by measuring the weight loss. WVP was
calculated from the following equation:

WVP = C.d-A-AP (1)

where WVP isin g mts?! Pa’l, d is the film thickness (m), A is an area
of the exposed film (m?), AP is the water vapor pressure differential
across the film (Pa), and C is the slope of the weight loss of the dish, to
the nearest 0.0001 g, versus time. Generally, weighing was taken over a
1-24 h period at 40 °C and 13-17 % humidity. Slopes were calculated by
linear regression and the correlation coefficient (+%) for all reported data
was above 0.99. Four replicates of each film type were tested for WVP.
Composite thickness was measured using a Baker Electronic Outside
Micrometer thickness gauge (India), with the final thickness value
calculated as the average of five random measurements taken at
different parts of the film for WVP testing. Statistical analysis was con-
ducted to evaluate WVP among composites.

2.2.6. UV-vis-NIR light barrier property

The light-blocking performance of the composite was evaluated by
scanning three samples of each type in a quartz cuvette using a UV-Vis
spectrophotometer (Cary 60 UV-Vis, Agilent) over a wavelength range
of 200-1000 nm. The results were averaged, and the percentage trans-
mittance was calculated.

2.2.7. Antioxidant capacity in UV-C resistance of composites
Nine discs (5 mm in diameter) from each type of composite were
placed in separate Petri dishes dedicated to each composite type. The
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discs were grouped within each dish based on exposure time into three
sets of three discs each. All films were exposed to UVC light at a distance
of 30 cm (bulb: Philips UV 15W/G15T8, lamp: UltraViol NBV-15 N,
Poland) for 0, 24, and 48 h. After the exposure period, 300 pL of distilled
water was added to each disc, followed by 5.7 mL of ABTS solution. The
samples were mixed using a rotary mixer (neoLab Migge GmbH, Hei-
delberg, Germany) for 30 min. After mixing, the disks were removed and
measurements were taken using a UV-VIS spectrophotometer (Cary 60
UV-Vis, Agilent) in polypropylene cuvettes at a wavelength of 734 nm.
The procedure was adapted from the method described by Kusznier-
ewicz et al. (2020). The Trolox standard was used for preparing a cali-
bration curve, and further antioxidant capacity of samples was
measured as Trolox equivalent (TE) concentration. Statistical differ-
ences of composites were performed between time-exposure groups for
the same type of composite in mg TE/cm? on composite surface.

2.2.8. Antimicrobial activity

Escherichia coli (B4/14), isolated previously from soil, was selected
from the microorganism collection of the Laboratory of Molecular and
Environmental Microbiology, Institute of Agrophysics, Polish Academy
of Sciences (Lublin, Poland), and Staphylococcus aureus subsp. aureus
Rosenbach (strain designation NCTC 8530 from American Type Culture
Collection (ATCC) catalog number 12598) were tested to evaluate
antimicrobial activity of composites. E. coli was cultivated in Eijkman
medium (Biomaxima, Poland), and S. aureus was cultured in Nutrient
Broth (Biomaxima, Poland). Both cultures were incubated at 26 °C with
shaking at 120 rpm to ensure strain activation to grow (Atlas, 2005;
Krysa et al., 2025). For inhibition tests, 300 pL of each microorganism
suspension was evenly spread onto Plate Count Agar (Biomaxima,
Poland). Subsequently, three sterile 5 mm@ discs for each type of
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composite were placed on the agar surface inoculated with the respec-
tive bacterial strains. The evaluation of microbial growth and inhibition
was performed according to Krysa et al. (2025), with slight modifica-
tions concerning 5-day incubation time instead of 6 days due to quicker
bacterial growth.

2.2.9. Statistical analysis

All statistical analysis was performed using the Statistica software
(Statistica ver. 14.1.0.4., USA). Normal distribution and homogeneity of
variance were confirmed using the Lilliefors and Levene's tests,
respectively. Each group in all studies comprised an equal number of
subjects. Based on these results, to identify significant differences,
ANOVA followed by Tukey’s post-hoc test was used (Statistica 14.1.
StatSoft Inc. USA). More detailed results, including the mean, standard
deviation (SD), relative standard deviation (%RSD), F-statistic, and p-
value for the individual analyses, were obtained (Tables SM1, SM2, and
SM3 in Supplemental material).

3. Results and discussion
3.1. Flavonoid distribution on the film surface

The photographs in Fig. 1. illustrate the macroscopic appearance of
the composite from the side where the flavonoid was adsorbed. All
surface adsorptions were relatively stable, showing no flaking upon
touch or during the slicing of the composite. However, adsorbed flavo-
noids could be extracted from those composites into a solution upon
exposure to solvent (e.g., ethanol, water). Generally, comparing
microfibrillar and nanofibrillar cellulose films the nanofibrillar film is
more uniform.

NCL_QUE_15 MCL_QUE_15 NCL_RUT_15 MCL_RUT_15

NCL_NAG_15

NCL_NAG_30

‘\~ .
NCL_QUE_30 M QUE_30

NCL_RUT_30

MCL_RUT_30

MCL_NAG_15 NCL_NRG_15 MCL_NRG_15

MCL_NAG_30 NCL_NRG_30 MCL_NRG_30

Fig. 1. Photographs of composites containing four flavonoids, including two types of flavonoids and their glucosides: quercetin (QUE) and rutin (RUT), naringenin
(NAG) and naringin (NRG), at concentrations of 15 mg or 30 mg (15/30), adsorbed into liposomal form onto the surface of films based on microfibrillar- (MCL) and

nanofibrillar (NCL) cellulose with lecithin.
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In the case of films with QUE, all the films were uniformly covered by
a yellow layer of flavonoid, and films were opaque. RUT formed visible
aggregates on the film surface; these aggregates were larger in the case
of MCL-based films. Similarly, for films with the addition of NAG and
NRG, the films based on nanofibrillar cellulose were more transparent
and uniform (Fig. 1).

3.1.1. Scanning Electron microscope

The SEM micrographs showed more details on the surface of the films
(Fig. 2). The surface of nanofibrillar cellulose at the microscale level is
visibly more uniform and smooth due to the smaller fibril size than
microfibrillar cellulose (Fig. 2a, b). The surfaces of microfibrillar and
nanofibrillar cellulose films were most uniformly covered by the lipo-
somal form of QUE, forming an even layer on the surface (Fig. 2b, g).
Composites containing RUT exhibited a very heterogeneous surface,
similar to those with NAG, which formed characteristic shapes: circular
for RUT (Fig. 2b, g) and crystalline structures for NAG, distributed quite
symmetrically across the surface (Fig. 2d, i), which are more clearly
visible in the micrographs from the Raman microscopy (Fig. 3h). The
surface of NRG was the most uniform and visually resembled the control
films (Fig. 2e, j).

3.1.2. Raman microscopy

Additionally, the Raman maps of film surfaces were obtained (Fig. 3)
at a similar scale as SEM images (Fig. 2). Raman maps combine the
ability to image surface data with the identification of individual sub-
stances based on Raman spectra obtained at each point (pixel) of the
map. The maps were presented using the single-band method. The bands
around 1090 cm™" and 1120 cm™ were characteristic for C—0—C
bonds in the glycosidic ring in glucose molecules of microfibrillar and
nanofibrillar cellulose (Szymanska-Chargot et al., 2016). The stretching
vibrations of the B-ring in flavonoid molecules bands were presented at
1611 cm™! for quercetin and 1601 cm ™! for rutin, while stretching vi-
brations of the carbonyl groups (C—0) and stretching vibrations (C—C)
from the aromatic ring were characteristic for naringenin (1591 em™h)
and naringin (1645 cm’l), respectively (Krysa et al., 2022; Puri et al.,
2011).

The Raman maps of microfibrillar and nanofibrillar cellulose films
are similar, showing smooth surfaces with some voids (darker zones that
are out of the focal plane of the microscope) (Fig. 3a, b). On the other
hand, QUE composites presented the uniform map of the Raman signal

00 um,

NCL_QUE_30

NCL_RUT_30
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from the band characteristic for this flavonoid (Fig. 3c, d). In the case of
RUT the aggregates on the surface were revealed, which were bigger for
the microfibrillar cellulose-based film (Fig. 3e). Similarly, the composite
with NAG contained some large rectangular forms resembling the
crystallites (Fig. 3h). Finally, the Raman maps of NRG composites
confirmed the homogeneous distribution of flavonoids on the surface of
the film (Fig. 3i, j).

Additionally, the average Raman spectrum from each map was ob-
tained (Fig. SM 1). Generally, the average Raman spectra of composites
with QUE are mostly composed of bands typical of pure quercetin
regardless of the MCL or NCL used (Fig. SM 1a, €). Moreover, the band’s
intensity can be related to the concentration of flavonoid used in the
composite. In the case of composites of MCL or NCL with RUT, the
Raman spectra exhibit the bands that can be related to the rutin (bands
in the range 1700-1200 cm ™), but also to the MCL or NCL (1121, 1090,
and 892 crn_l) (Fig. SM 1b, f). Raman spectra observed for the com-
posite of MCL or NCL with either NAG or NAG were very similar to those
of MCL or NCL (Fig. SM 1¢, d, g, h). Only the low-intensity bands around
1660 cm ™! can be assigned to the carbonyl stretching vibration of NAG
and NRG (Krysa et al., 2022).

3.2. Cellulose-flavonoid intermolecular interactions

3.2.1. FT-IR spectra

The FT-IR spectra of MCL, NCL, PC and pure flavonoids and their
composites in two concentrations of liposomal form of flavonoid are
presented in Fig. 4. Generally, in the case of composites, FT-IR spectra
resemble either MCL/NCL spectrum (MCLRUT_30, MCL_NRG_15,
MCL_NRG_30, NCL_NRG_15, NCL_NRG_30, MCL_NAG_15, MCL_NAG_30,
NCL_NAG_30) or given flavonoid spectrum (MCL_RUT_30, NCL_RUT_15,
NCL_RUT_30, NCL_NRG_15). Only bands in the spectra of composites
with QUE cannot be attributed to either MCL/NCL (Fig. 4a and b), PC, or
the pure flavonoid (Fig. SM2), therefore, only QUE composite spectra
are analyzed to study interactions. The first region, 3500-2750 cm ™%, is
characteristic of OH and CH2 stretching vibrations. In the case of com-
posites with QUE, the broad OH band contained two small maxima
around 3400 and 3297 cm ™!, which can result from the interaction of
QUE/PC liposome with MCL/NCL surface (Fig. 4a, b). The first
maximum can be associated with changes of vibration of the intra-
molecular O2H---06 bonds, while the second with the changes of
intermolecular O6H---03' bonds, both in cellulose (Szymanska-Chargot,

MCL_NRG_30

NCL_NAG_30 NCL_NRG_30

Fig. 2. Scanning electron microscopy (SEM) micrographs at 500 x magnification. The surface of microfibrillar cellulose and nanofibrillar cellulose films with lecithin
(a—MCL and b - NCL) and their composites with liposomal form of flavonoids: quercetin (b,g - QUE), rutin (c,h - RUT), naringenin (d,i - NAG), naringin (e,j - NRG) in

the highest concentration (30 mg).
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MCL

C) Light microscopy image 1120 e band intensity

MCL_QUE_15 Sl vicL

d)‘

NCL_NAG_15

Fig. 3. Raman and light micrographs of surface control films (MCL and NCL) (a, b) and their composites with flavonoids: quercetin (QUE, ¢,d), rutin (RUT, e,f),
naringenin (NAG, g,h), naringin (NRG, i, j) in two concentration (15 and 30 mg). The specific bands used for MCL and NCL were 1090 cm ' or 1120 cm ™, for QUE
1611 ecm™}, for RUT 1606 cm ™!, for NAG 1591 cm ™!, and for NRG 1645 cm ™. Yellow colour means high intensity of Raman signal, black — low intensity. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Chylinska, Pieczywek, et al., 2019). This can result from the interaction
between the MCL or NCL surface and QUE/PC liposomes. The bands
with maxima at 2925 and 2852 cm ™! are associated with stretching
vibration of CH2 and CH3 of PC molecules, respectively (Liu et al.,
2024). Below 1800 cm ™! bands characteristic of liposomal forms of QUE
are present. The bands at 1506, 1348, and 1160 cm*l, which are
characteristic of in-plane bending of hydroxyl groups in quercetin, are
shifted to 1521, 1382, and 1167 em™ ! for composites, which is the result
of the interaction of QUE with PC (Krysa et al., 2022). Additionally, the
band at 1464 cm ™!, which is characteristic of the bending vibration of
the polymethylene chain (—(CH2)n) of the phospholipid, is shifted to

1446 cm™! in the composite, which results from the interaction of
flavonoid with the hydrophobic tail of phospholipid (Toniazzo et al.,
2017). The FTIR spectra confirmed that only quercetin interacted with
the surface of microfibrillar or nanofibrillar cellulose. RUT, NAG, and
NRG, despite the presence of the characteristic band at 1800 cm ™,
which would indicate the formation of their liposomal forms, did not
adsorb on the surface of the MCL- or NCL-based films via molecular
bonds.

The appearance of composites showing the adsorption result of a
given flavonoid on the surface may result from several things, e.g., the
number of free OH groups in the aglycone, which interact with cellulose

105



Food Research International 221 (2025) 117335

M. Krysa et al.

m. M_ w. .
g g g
g g g N
z z “ m
| ! ! |
I.- l._ 1_ “
3 ~ |2 < B 5 |
i 5 e 50 £ m
3 Z M “ .W
| m 7 : |l : P
g B |z g [ g |
_ al 2 |l g8
STEE STEE
&
= (‘'e) 22UBQIOSqY = = (‘0'e) 23UBqIOSqY =
2 2 ; 3 2
8 g ' E g g .
_. g 8 g T8 g 58 .
I <_.1 <_, 0501 *l
8 ico e Be le Bo g ,
g g8 |¢ g g & |
5 35 |% : % |8 g _ i
| 1 A 1 [
—1_ 5§ || g )
: Bl § % 1k 2 || .
= = o
; 3 _ 5 = u_m {
g g & r
0LTE (743 STEE
g g g r
© (we) omeqrosqy T (we)oomquosqy T (v somauosay W (v emgosy

1800 1600 1400 1200 1000 800
‘Wavenumber (cm”)

3500

Wavenumber (cm”)

(caption on next page)

106



M. Krysa et al.

Food Research International 221 (2025) 117335

Fig. 4. FTIR-ATR spectra of microfibrillar and nanofibrillar cellulose film with lecithin (MCL/NCL) present by black line and MCL/NCL-based composites in two
concentrations of flavonoid in liposomal form (15 mg - green line/30 mg red line) quercetin (QUE) - a,b; rutin (RUT) - ¢,d; naringenin (NAG) - e,f; or naringin (NRG) -
g,h. The 2750-1800 cm ! region was removed. The bands denoted in grey are connected with adsorbed flavonoid, black - MCL/NCL; in a black square - phos-
ghatidylcholine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

via hydrogen bonds and hydrophobic interactions (Phan et al., 2015;
Rocchetti et al., 2022). Quercetin has five free hydroxyl groups, rutin -
four groups (due to the disaccharide attached to it), naringenin - three
groups, and naringin only two OH groups (Krysa et al., 2022). The
conformation of the selected flavonoid molecules may also have an
impact on adsorption. These two pairs of flavonoids differ in their spatial
structure - quercetin has a planar aromatic ring structure in contrast to
naringenin (Tu et al., 2015). Another important fact may be that the
naringenin/naringin pair has a saturated C ring in its structure, which
limits the possibility of 7—x interactions with cellulose (Ermeydan et al.,
2012; Madureira et al.,, 2023). The size of the molecule may also be
important, as glycosides are larger molecules than aglycones (e.g., RUT:
611 g/mol, QUE: 302 g/mol) (PubChem). In the case of naringin and
naringenin, which have fewer available OH groups, even the use of
liposomal forms did not improve their affinity for cellulose and failed to
obtain their uniform adsorption on the cellulose surface (Fig. 1 and
Fig. 2).

3.3. Composite properties

3.3.1. Water contact angle

Fig. 5 shows air-water contact angle (WCA) changes in time for each
composite (Fig. 5). The values of WCA relate directly to surface wetta-
bility. Generally, it is assumed that liquid with good wettability of a
given surface has a water contact angle lower than 90°, and poor
wettability - between 90° and 180° (Zhang et al., 2024).

The initial WCA values obtained for the MCL and NCL were 59.82° +
2.82 and 84.56° + 1.40, respectively, and were stable during the mea-
surement period. These values indicate that the MCL surface has better
hydrophilic properties compared with NCL films (Fig. 5).

Significant WCA reduction was noted for all QUE MCL-based and
NCL-based samples compared to the control samples. The WCA reduc-
tion was especially high in 15 and 30 mg NCL QUE composites (to
23.84° £ 1.55 and 31.12° + 3.47, respectively) compared to 15 and 30
mg MCL QUE composites (to 31.66° + 1.98 and 23.56° + 0.99,
respectively) since the MCL-based control composites had lower WCA
(Table SM 1).

MCL_RUT group presented a smaller but still significant decrease,
after the addition of 15 and 30 mg of RUT (to 36.98° + 5.23 and 50.82°
+ 4.54, respectively), compared with NCL_RUT (Fig. 5¢). In the case of
NCL_RUT_15, the WCA was around 18.62° =+ 2.30, and was 35.98° +
1.48 for NCL_RUT_30 (Fig. 5d).

Interestingly, the addition of NAG or NRG to the MCL-based com-
posites caused a decrease in wettability, and the obtained WCA values
were higher than those for MCL (Fig. Se, g). However, the WCA of
composites after adding 15 mg of NAG was around 61° + 4.42, and for
30 mg - 80° + 2.05. Conversely, for NCL films, the addition of NAG
caused a decrease in WCA compared with NCL film alone (68.5 + 3.40
for 15 mg and 83.92 + 6.49 for 30 mg).

The addition of NRG in the case of NCL films caused the decrease of
WCA to 73.08° + 1.59 for 15 mg and 65.86° + 2.57 for 30 mg. For NRG
adsorbed onto MCL, the initial value of WCA was 63.34 + 2.74° and
78.06° + 1.40 for 15 mg and 30 mg of NRG, respectively. A fast drop
below the WCA value obtained for MCL_NRG was observed in the range
49.56-54.86° and 46.16-48.92 MCL_NAG (Fig. 5 g).

Statistical differences in start point and end point WCA, %RSD, p,
and F value for the composite group with adsorbed liposomal flavonoids
are shown in Table SM 1.

According to Stoyanova et al. (2022), the addition of quercetin and
rutin to cellulose acetate/polyethylene glycol mats improved their

wettability, thus causing hydrophilicity of the surface. Liposomal forms
could also reduce wettability compared to the control, which may
enhance the adhesion of such composites to hydrophobic food surfaces
(Vidal et al., 2024). In the study by Surya et al. (2022), the surface of
CNF films derived from seaweed with silane surface treatment exhibited
a significant increase in water contact angle (WCA), which the authors
attributed to a reduction in the number of free hydroxyl groups on the
surface. In the present case, this phenomenon may be related to the
higher number of hydroxyl groups present in the chemical structure of
QUE and RUT compared to NAR and NRG (Krysa et al., 2022), thereby
increasing the number of sites capable of binding water on the surface
(Cichosz et al., 2023). On the other hand, at higher flavonoid concen-
trations, flavonoid molecules can form multilayered structures and
interact with each other with hydrophobic n-r stacking and hydrogen
bonding, which can lead to a more hydrophobic surface (Deogratias
et al., 2022).

3.3.2. Water vapor permeability

Water vapor permeability (WVP) is one of the important factors for
the materials used for biocoatings. In the case of pure MCL and NCL
films, the WVP was 1.59-10 1% 5,56 * 10 ¥ and 1.39 - 10710 +- 6.21
-107'2 (g s ! m~! Pa™!), respectively, and those values are similar to
those reported previously (Grzybek et al., 2024).

The addition of flavonoids generally caused a decrease in WVP
values except for MCL_RUT_30, however, the significant decrease was
only present in NCL-based composites (Fig. 6 and Table SM 2). In the
case of MCL composites, the WVP was on the level of 1.31-1.53 - 10~ 1°
(gs ' m~! Pa!), and for NCL on the level of 1.04-1.30 - 107 (g s~
m~! Pa~1) (Table SM2). These results showed that the addition of fla-
vonoids enhances the vapor barrier properties of the nanocellulose
films. In the group of composites with QUE, the addition of the flavonoid
significantly reduced the WVP only in the case of NCL_QUE_15. (Fig. 6b).
However, the WVP obtained for films with surface-adsorbed QUE
remained relatively low value (not exceeding those observed for MCL or
NCL), despite exhibiting the lowest WCA indicative of their hydrophilic
surface properties (Fig. 5a, b). This result is in line with what was pre-
viously observed - the addition of quercetin to the chitosan/cellulose
microcrystals composite influenced the WVP value, i.e. a quercetin
concentration above 5 % w/w increased the permeability of the com-
posite, while a concentration below this level maintained the WVP at a
similar level as for the pure composite (Yusmaniar et al., 2023).

In the case of NAG, all samples differed significantly, and
NCL _NAG _30 exhibited the lowest water vapor permeability among all
composite types. This decrease in the water vapor transmission rate
might be explained by the presence of naringenin, which reduces the
void spaces within the cellulose film (Guzman-Puyol et al., 2022).

These results demonstrate that nanofibrillated cellulose-based com-
posites are more sensitive to flavonoid type and concentration compared
to microfibrillated cellulose-based composites, particularly with nar-
ingenin and quercetin. A higher flavonoid concentration had a non-
significant effect on WVP of composites in most cases (only in case
NCL NAG_30 differed significantly from lower concentration).
Comparing aglycone-glycoside pairs in NCL-based composites, a greater
effect of the glycoside form on permeability values was observed at the
30 mg concentration for flavonols. For flavanones, the opposite trend
was observed — NCL NAG 30 exhibited lower permeability than
NCL_NRG_30.

3.3.3. UV-vis-NIR light barrier properties
The transmittance values of the composites were investigated across
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Fig. 5. Determination of the surface wettability of composites. Air-water contact angles (WCA) measured on the surfaces of microfibrillated (MCL) and nano-
fibrillated (NCL) cellulose films with lecithin and adsorbed liposomal forms of flavonoids: quercetin (QUE; a, b), rutin (RUT; c, d), naringin (NAG; e, f), and nar-
ingenin (NRG; g, h) at two concentrations (15/30 mg), compared to control samples. Statistical differences (RIR Tukey’s post hoc test (p < 0.05)) were carried out for
each flavonoid group separately for start and end points; therefore, the same superscript letter for the start point in a given group indicates no significant difference.
The same is true for the endpoints. %RSD, p and F value for the composite group were presented in Table SM 1.
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ab

o

Fig. 6. The water vapor permeability (WVP) of microfibrillar cellulose with lecithin (MCL), MCL-based (a), and nanofibrillar cellulose with lecithin (NCL), NCL-
based composites (b) with the liposomal forms of quercetin (QUE), rutin (RUT), naringenin (NAG), and naringin (NRG) in two concentrations (15/30 mg) was
analyzed. The analysis of statistical differences was conducted for each flavonoid group separately; values with the same letters are not significantly different in the
RIR Tukey’s post hoc test (p < 0.05). The values of WVP, SD, %RSD, F-statistic, and p-value from the analysis are presented in the table included in the supplementary

material (Table SM 2).

the entire UV light spectrum (UV-C: 200-280 nm, UV-B: 280-315 nm,
and UV-A: 315-400 nm), the entire visible light spectrum (Vis: 400-780
nm), and a small range of the near-infrared spectrum (NIR: 780-1000
nm, which is part of the broader 780-2500 nm range).

For MCL-based films, the transmittance across the entire investigated
range reached values up to 27 %, while for NCL-based films trans-
mittance was higher - about 66 % (Fig. 7). All types of composites
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significantly reduced light transmittance, most likely due to the pres-
ence of a physical, visible layer on the surface of the adsorbed composite
(Fig. 1). MCL- based composites consistently exhibited greater thickness
(0.084-0.050 mm) than their NCL-based counterparts (0.061-0.038
mm), which may also contribute to reduced light transmission through
the composites in the MCL group. For NCL-based composites, the
transmittance within the investigated range varied from approximately
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Fig. 7. UV-Vis-NIR light barrier properties of liposomal flavonoids adsorbed on the surface: quercetin (QUE) and rutin (RUT) on microfibrillated cellulose (MCL) —
(a) and nanofibrillated cellulose (NCL) - (¢); naringenin (NAG) and naringin (NRG) on MCL (b) and NCL (d), each at two concentrations (15 and 30 mg). Results for
each flavonoid group are compared to MCL and NCL films without flavonoids (controls). Data are presented as percent transmittance in the 200-1000 nm range.
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53 % (for NCL_NAG_30) to 0 % (for NCL_QUE_15), while for MCL-based
composites, the maximum transmittance value was 16 %
(MCL_NAG 30). The most surprising results were observed for compos-
ites containing QUE at all concentrations and based on all types of cel-
lulose used in this study (Fig. 7a and b). These composites blocked the
entire spectrum of investigated light to values close to 0 % (Fig. 7). At
lower QUE concentrations, the composites exhibited slight light trans-
mittance (up to 15 %) in the near-infrared range (Fig. 7a, b). This dif-
ference was particularly significant for highly permeable NCL-based
films across the entire spectrum (for Vis: 33-47 % T). Composites with
RUT specifically blocked light transmission in the UV range, which was
particularly evident in NCL-based composites (Fig. 7c and d). For com-
posites with NAG and NRG, no specific blocking of UV-C light was
observed; the differences were in the UVA range (Fig. 7e, f, g, h).
Composites with NAG and NRG performed comparably; however, in the
case of NRG-based composites, light transmittance was approximately
half that of the control across the entire investigated spectrum, with no
significant differences between higher (30 mg) and lower (15 mg)
flavonoid concentrations (Fig. 7e, f, g h). Only in the case of
NCL_NAG_30, an initial higher transmittance for visible light and part of
the NIR range was obtained, but it shows increased blocking of UV light
transmission (Fig. 7f).

Ito et al. (2018) measured the light transmission through films based
on nanofibrillated cellulose, observing that light transmission stabilized
at approximately 80 %. Flavonoids exhibit the capacity to absorb these
wavelengths; however, they generally do not block light in the visible
range (Ferreyra etal., 2021; Ye etal., 2017). A potential drawback of the
developed films lies in their low transparency to visible light, which may
affect visibility through the composite and limit their use as a potential
coating material. However, here the opaqueness of films is also caused
by their thickness. Another limitation is that UV-B light, which has been
reported to induce the internal synthesis of flavonoid compounds in
plant foods, may be less effective in the case of the studied composites
(Santin et al., 2023). Nevertheless, in the context of progressing climate
change, light-blocking properties could be critical in preventing fruit
browning caused by excessive UV-B radiation and high temperatures,
which ultimately lead to spoilage (Xu et al., 202.2).

3.3.4. Antioxidant capacity in UV-C resistance of composites

The potential protective function of MCL and NCL as carriers of
antioxidant properties of flavonoids was tested. The antioxidant prop-
erties of the obtained composite were also tested before and after UV-C
exposure for 24 and 48 h. The antioxidant capacity test revealed that
MCL and NCL exhibited limited antioxidant properties - MCL: 831.4 +
75.8 mg TE/1 cm? on composite surface and NCL: from 823.0 + 102.3
mg TE/cmz, which decreased to MCL: 227.9 + 55.0 and NCL: 153.9 +
36.7 in terms of TEAC after 48 h of UV-C exposure. The initial antioxi-
dant properties of MCL and NCL are most likely due to the presence of
lecithin, known for its antioxidant properties (Ramadan, 2012). The
addition of flavonoids caused TEAC value to increase in every case
compared to the control. However, the aglycone form exhibited 3—4
times higher antioxidant capacity compared to the glycosidic form. This
is typical for these compounds, as aglycones contain a greater number of
free hydroxyl groups (Table SM 3). A significant reduction in antioxi-
dant capacity was observed after 48 h of UV-C exposure for all com-
posites, except for the NCL_QUE_30, NCL RUT 30, and NCL NAG_30
variants. The results suggest that the stability of the antioxidant capacity
is determined by the carrier not only depend of aglycone and glucoside
form - in this case, but the NCL-based composites also provide greater
oxidation resistance (Fig. 8). QUE has exceptionally high antioxidant
potential (approximately 20,000 mg TE/cm? on composite surface in
our samples) compared to the lowest NRG composites potential (about
1800 mg TE/em? on composite surface). The composites most resistant
to antioxidant degradation after irradiation are both MCL-based and
NCL-based composites with NAG. Although NAG exhibits lower anti-
oxidant activity than QUE, it shows greater oxidative stability.
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Therefore, despite also being an aglycone, it behaves differently. UV-C
illumination is a widely used method for reducing microbial growth
and extending the shelf life of food products (Zhu et al., 2024). However,
in studies on blueberries exposed to UV-C light, it was shown that the
polyphenol content (including two quercetin derivatives) decreased by
nearly half after 24 h of exposure (Wang et al., 2009). The superior
antioxidant capacity of quercetin (a flavonol) can be attributed to its
structure: it is an aglycone, contains catechol groups, and has the highest
number of hydroxyl groups among the studied compounds, which are
critical for scavenging free radicals (Mendes et al., 2012; Duenas et al.,
2011). Rutin also belongs to the flavonol group, but its antioxidant ca-
pacity is lower than that of its aglycone due to its sugar moiety (Krysa
et al., 2022; Mendes et al., 2012).

3.3.5. Antimicrobial activity of the composite films

Flavonoid-based composites were evaluated for their antimicrobial
activity against two bacterial species: Escherichia coli, representing
Gram-negative bacteria, and Staphylococcus aureus, representing Gram-
positive bacteria (Fig. 9). In the case of E. coli, the composites did not
exhibit any inhibitory effect, despite the reported ability of quercetin
and rutin to suppress such infections (Baqer et al., 2024; Veiko et al.,
2023). This lack of effect may be attributed to the inherent resistance of
Gram-negative bacteria to flavonoids, due to their unique cell wall
structure, and the too low concentration of flavonoids on the composite
surface (Baqer et al., 2024). Liposomal forms of flavonoids, themselves
also exhibit stronger activity against bacteria, especially Gram-positive
bacteria (Halevas et al., 2022).

Quercetin displayed the strongest antimicrobial activity, particularly
in its lipophilic form, as confirmed in these results (Veiko et al., 2023).
For S. aureus, tested composites containing quercetin at both concen-
trations and on both cellulose substrates demonstrated significant
inhibitory effects against S. aureus. Composites on MCL-based produced
inhibition zones of approximately 10 mm in diameter, whereas those on
NCL-based yielded zones of about 12 mm. The inhibitory effects of other
composite variants were less pronounced. Small inhibition zones were
observed adjacent to the composites containing naringenin (Fig. 9).

3.3.6. Application on apple skin

This study investigated potential application of developed compos-
ites as coatings for fruits, using apple skin as a model system (the
methodology of this experiment is described in Supplemental Material).
The NCL_QUE _30 was chosen as exhibiting the best properties among all
tested composites. Further, the apple skin coated by composite was
analyzed by Raman microscopy to determine the distribution of coating
within the apple skin (Fig. SM 3), and light transmission (200-1000 nm)
through the peel coated with the composite (Fig. SM 4). Additionally,
contact angle interactions between the skin and NCL, and NCL_QUE_30
(Fig. SM 5).

The Raman depth imaging (measured at 1611 cm ™! wavelength)
revealed a visible layer of composite on the apple skin surface with a
thickness of approximately 1 pm. The layer was visualized using a
quercetin-ascribed 1611 cm™! band (Fig. SM 3). Research by Solo-
vchenko and Merzlyak (2003) demonstrated that UV-A and UV-B ab-
sorption in apple skin is dependent on the polyphenol composition of the
cuticle, with a significant role played by specific flavonoids, such as
quercetin glycosides in their study Solovchenko and Merzlyak (2003). In
this experiment involving the application of different composite types
(NCL and NCL_QUE_30) to the surface, the quercetin-coated composites
reduced light transmission across the entire tested wavelength range
(Fig. SM 4).

The addition of quercetin reduced the contact angle compared to
NCL, indicating a higher affinity for the peel surface, which may
enhance adhesion to such surfaces (Fig. SM 5). As it was stated above,
the liposomal forms of flavonoids can enhance the adhesion to a hy-
drophobic surface which was confirmed by contact angles of
NCL_QUE 30 dispersions on apple skin (Fig. SM 5).
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Fig. 8. Antioxidant capacity reported as Trolox Equivalent (TEAC) per 1 cm? of surface area, assessing the resistance of flavonoids to oxidation under UV-C exposure

at 0 h, 24 h, and 48 h. Line graph included control films microfibrillar- (MCL) and nanofibrillar-based (NCL) with lecithin, and composites with liposomal form of

flavonoids: quercetin (QUE), rutin (RUT), naringenin (NAG), and naringin (NRG) at two concentrations (15/30 mg). Letters in superscript indicate statistically
significant differences between time-exposure groups (the same type of composite compared in 0, 24, and 48 h): values with the same letters are not significantly
different in the RIR Tukey’s post hoc test (p < 0.05). %RSD, F-statistic, and p-value for the composite group were presented in Table SM 3.

L_QUE_15

Fig. 9. Staphylococcus aureus was utilized to examine the antibacterial activity of different composites. The photographs were taken 5 days after the start of in-
cubation. Control films (MCL and NCL) and micro- (MCL) and nanofibrillar-based (NCL) composites with liposomal form of flavonoid: quercetin (QUE) in two

concentrations (15/30).
4. Conclusions

This study aimed to identify the most effective fully plant-based,
biodegradable, cellulose-lecithin-flavonoid composite for application
in food protection. The results indicated that a composite containing a
higher concentration of quercetin in liposomal form within a nano-
cellulose matrix (NCL_QUE_30) demonstrated the most promising
properties. Specifically, this formulation exhibited the highest antimi-
crobial activity and robust antioxidant properties, attributed to QUE
abundance of free hydroxyl groups. These groups not only enhanced
antioxidant capacity but also facilitated hydrogen bonding with the
cellulose substrate, resulting in a homogeneous distribution of liposomal
quercetin throughout the composite.

Furthermore, the composite with QUE maintained high antioxidant
stability even after exposure to UV-C light, likely due to stabilization
effects provided by the NCL. Additionally, the composite can offer strong
UV-blocking capability, which further enhances its potential for use in
the food protection industry. However, this formulation also increased
hydrophilicity and did not affect water vapor permeability - ideally,
both of these properties should be reduced for optimal food-protection
applications.

Importantly, this research demonstrates that highly hydrophobic
flavonoids can be successfully incorporated into cellulose-based com-
posites when first encapsulated within phospholipid liposomes. More-
over, our findings suggest a direction for future improvement: aglycone
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flavonoids with numerous free hydroxyl groups exhibit greater potential
than their glycoside or less hydroxylated counterparts as composite
additives. Future research should focus on exploring other such flavo-
noids, as well as assessing the mechanical properties of these composite
films, to further advance their practical utility in the food protection
industry. Further studies should also address the application of coatings
to whole fruits as well as the assessment of their storage stability.

CRediT authorship contribution statement

Martyna Krysa: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Investigation, Formal analysis, Data cura-
tion, Conceptualization. Monika Szymanska-Chargot: Writing - re-
view & editing, Supervision, Project administration, Methodology,
Funding acquisition, Formal analysis, Data curation, Conceptualization.
Agnieszka Adamczuk: Methodology, Investigation, Formal analysis.
Giorgia Pertile: Writing - review & editing, Methodology, Investiga-
tion, Formal analysis. Magdalena Frac: Writing — review & editing,
Methodology, Investigation, Formal analysis. Artur Zdunek: Writing —
review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

112



M. Krysa et al.
the work reported in this paper.
Acknowledgments

This study was partially funded by The National Science Centre,
Poland (grant number NCN OPUS UMO-2018/29/B/NZ9/00141).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodres.2025.117335.

Data availability
Data will be made available on request.

References

Al-Naymi, H. A. S., Oladzadabbasabadi, N., Karim, D. K., Al-Musawi, M. H.,
Mohammadzadeh, V., Torki, S. H., & Ghorbani, M. (2024). Development of an
innovative reinforced food packaging film based on corn starch/Hydroxypropyl
methylcellulose/Nanocrystalline cellulose incorporated with Nanogel containing
quercetin, Food and Bioprocess Technology, 2024, 1-20. https://doi.org/10.1007/
511947-024-03545-3

Amara, C., El Mahdi, A., Medimagh, R., & Khwaldia, K. (2021). Nanocellulose-based
composites for packaging applications. Current Opinion in Green and Sustainable
Chemistry, 31, Article 100512. https://doi.org/10.1016/J.COGSC.2021.100512

Arp, H. P. H., Gredelj, A., Gliige, J., Scheringer, M., & Cousins, 1. T. (2024). The global
threat from the irreversible accumulation of trifluoroacetic acid (TFA). Environmental
Science & Technology, 58(45), 19925-19935. https://doi.org/10.1021/acs,
est.4c06189

Atlas, R. M. (2005). Handbook of Media for Environmental Microbiology (2nd ed.). CRC
Press. https://doi.org/10.1201/9781420037487

Bager, S. H., Al-Shawi, S. G., & Al-Younis, Z. K. (2024). Quercetin, the potential powerful
flavonoid for human and food: A review. Frontiers in Bioscience (Elite Edition), 16(3),
30. https://doi.org/10.31083/j.fbe1603030

Cabezas, D. M., Diehl, B., & Tomas, M. C. (2009). Effect of processing parameters on
sunflower phosphatidylcholine-enriched fractions extracted with aqueous ethanol.
European Journal of Lipid Science and Technology, 111, 993-1002. https://doi.org/
10.1002/¢j1t.200900001

Cabezas, D. M., Diehl, B. W. K., & Tomas, M. C. (2016). Emulsifying properties of
hydrolysed and low HLB sunflower lecithin mixtures. European Journal of Lipid
Science and Technology, 118, 975-983. https://doi.org/10.1002/ejlt. 201500182

Cazén, P., Morales-Sanchez, E., Velazquez, G., & Vazquez, M. (2022). Measurement of
the water vapor permeability of chitosan films: A laboratory experiment on food
packaging materials. Journal of Chemical Education, 99(6), 2403-2408, https://doi.
org/10.1021/ACS.JCHEMED.2C00449

Cichosz, 8., Pesko, M., & Masek, A. (2023). Empirically distinguished anti-aging
behaviour of quercetin physically and chemically supported on cellulose carrier: In-
situ examination for ethylene-norbornene copolymer. Sustainable Materials and
Technologies, 36, article e00590. https://doi.org/10.1016/j.susmat.2023.e00590

Deogratias, G., Shadrack, D. M., Munissi, J. J. E., Kinunda, G. A., Jacob, F. R., Mtei, R. P.,

.. Nyandoro, S. S. (2022). Hydrophobic n-n stacking interactions and hydrogen
bonds drive self-aggregation of luteolin in water. Journal of Molecular Graphics and
Modelling, 116, Article 108243, https://doi.org/10.1016/j.jmgm.2022.108243

Duenas, M., Surco-Laos, F., Gonzal S., Gonzélez-Paramas, A. M., & Santos-
Buelga, C. (2011). Antmxldant properties of major metabolites of querceun
European Food Research and Technology, 232(1), 103-111, https://doi.org/10.1007/
500217-010-1363-y

Ermeydan, M. A., Cabane, E., Masic, A., Koetz, J., & Burgert, L. (2012). Flavonoid
insertion into cell walls improves wood properties. ACS Applied Materials &
Interfaces, 4(11), 5782-5789. https://doi.org/10.1021/am301266k

Ezati, P., & Rhim, J. W. (2021). Fabrication of quercetin-loaded biopolymer films as
functional packaging materials. ACS Applied Polymer Materials, 3(4), 2131-2137.
https://doi.org/10.1021 /acsapm.1¢00177

Ferreyra, M. L. F., Serra, P., & Casati, P. (2021). Recent advances on the roles of
flavonoids as plant protective molecules after UV and high light exposure.
Physiologia Plantarum, 173(3), 736-749. https://doi.org/10.1111/ppl.13543

Grzybek, P., Dudek, G., & van der Bruggen, B. (2024). Cellulose-based films and
membranes: A comprehensive review on preparation and applications. Chemical
Engineering Journal, 495, Article 153500, https://doi.org/10.1016/J.
CEJ.2024.153500

Gurtovenko, A. A., Mukhamadiarov, E. I, Kostritskii, A. Y., & Karttunen, M. (2018).
Phospholipid-cellulose interactions: Insight from atomistic computer simulations for
understanding the impact of cellulose-based materials on plasma membranes. The
Journal of Physical Chemistry B, 122(43), 9973-9981. https://doi.org/10.1021 /acs,
jpeb.8b07765

Guzman-Puyol, S., Hierrezuelo, J., Benitez, J. J., Tedeschi, G., Porras-Vazquez, J. M.,
Heredia, A., ... Heredia-Guerrero, J. A. (2022). Transparent, UV-blocking, and high
barrier cellulose-based bioplastics with naringin as active food packaging materials.

Food Research International 221 (2025) 117335

International Journal of Biological Macromolecules, 209, 1985-1994. https://doi.org/
10.1016/j.ijbiomac.2022.04.177

Halevas, E. G., Avgoulas, D. L, Katsipis, G., & Pantazaki, A. A. (2022). Flavonoid-
liposomes formulations: Physico-chemical characteristics, biological activities and
therapeutic applications. European Journal of Medicinal Chemistry Reports, 5, Article
100059, https://doi.org/10.1016/j.ejmer.2022.100059

Hao, J., Guo, B., Yu, S., Zhang, W., Zhang, D., Wang, J., & Wang, Y. (2017).
Encapsulation of the flavonoid quercetin with chitosan-coated nano-liposomes. LWT
- Food Science and Technology, 85, 37-44. https://doi.org/10.1016/J
LWT.2017.06.048

Ito, H., Sakata, M., Hongo, C., Matsumoto, T., & Nishino, T. (2018). Cellulose nanofiber
nanocomposites with aligned silver nanoparticles. Nanocomposites, 4(4), 167-177.
https://doi.org/10.1080/20550324.2018.1556912

Jin, T., Yan, L., Liu, W., Liu, S., Liu, C., & Zheng, L. (2021). Preparation and
physicochemical /antimicrobial characteristics of asparagus cellulose films
containing quercetin. Food Science and Human Wellness, 10(2), 251-257. https://doi.
org/10.1016/J. FSHW.2021.02.015

Jonoobi, M., Oladi, R., Davoudpour, Y., Oksman, K., Dufresne, A., Hamzeh, Y., &
Davoodi, R. (2015). Different preparation methods and properties of nanostructured
cellulose from various natural resources and residues: A review. Cellulose, 22(2),
935-969. https://doi.org/10.1007/510570-015-0551-0

Kerdudo, A., Dingas, A., Fernandez, X., & Faure, C. (2014). Encapsulation of rutin and
naringenin in multilamellar vesicles for optimum antioxidant activity. Food
Chemistry, 159, 12-19. https://doi.org/10.1016/J.FOODCHEM.2014.03.005

Krysa, M., Szymanska-Chargot, M., Pieczywek, P. M., Adamczuk, A., Pertile, G., Frac, M.,
& Zdunek, A. (2025). The effect of surface adsorption of caffeic, chlorogenic, and
gallic acids on the properties of cellulose- and nanocellulose-based films. Industrial
Crops and Products, 224, Article 120349. https://doi.org/10.1016/]
inderop.2024.120349

Krysa, M., Szymariska-Chargot, M., & Zdunek, A. (2022). FT-IR and FT-Raman
fingerprints of flavonoids — A review. Food Chemistry, 393, Article 133430. https://
doi.org/10.1016/J.FOODCHEM.2022.133430

Kusznierewicz, B., Staroszczyk, H., Malinowska-Pariczyk, E., Parchem, K., &
Bartoszek, A. (2020). Novel ABTS-dot-blot method for the assessment of antioxidant
properties of food packaging. Food Packaging and Shelf Life, 24, Article 100478.
https://doi.org/10.1016/j.fps1.2020.100478

Leonel, L. V., Sene, L., da Cunha, M. A. A., et al. (2020). Valorization of apple pomace
using bio-based technology for the production of xylitol and 2G ethanol. Bioprocess
and Biosystems Engineering, 43, 2153-2163. https://doi.org/10.1007/500449-020.
02401-w

Li, B., & Yang, X. (2020). Rutin-loaded cellulose acetate/poly(ethylene oxide) fiber
membrane fabricated by electrospinning: A bioactive material. Materials Science and
Engineering: C, 109, Article 110601. https://doi.org/10.1016/J.MSEC.2019.110601

Liu, L., Lv, L., Dai, W., & Nie, J. (2024). The effect of naringenin-phospholipid complex
on thermal oxidative stability of soybean oil under heating condition. Food
Chemistry, 444, Article 138631. https://doi.org/10.1016/J.
FOODCHEM.2024.138631

Liu, X,, Qin, Z., Ma, Y., Liu, H., & Wang, X. (2023). Cellulose-based films for food
packaging applications: Review of preparation, properties, and prospects. Journal of
Renewable Materials, 11(8), 3203-3225. https://doi.org/10.32604/jrm.2023.027613

Madureira, M. B., Concato, V. M., Cruz, E. M. S., Bitencourt de Morais, J. M.,
Inoue, F. S. R., Concimo Santos, N., ... Pavanelli, W. R. (2023). Naringenin and
hesperidin as promising alternatives for prevention and co-adjuvant therapy for
breast cancer. Antioxidants (Basel, Switzerland), 12(3), 586. https://doi.org/
10.3390/antiox12030586

Mendes, A., Borges, R., Neto, A., Macedo, L., & Silva, A. (2012). The basic antioxidant
structure for flavonoid derivatives. Journal of Molecular Modeling, 18(4), 4073-4080.
https://doi.org/10.1007/s00894-012-1397-0

Nagarajan, K. J., Ramanujam, N. R., Sanjay, M. R., Siengchin, S., Rajan, B. S.,
Basha, K. S., ... Raghav, G. R. (2021). A comprehensive review on cellulose
nanocrystals and cellulose nanofibers: Pretreatment, preparation, and
characterization. Polymer Composites, 42(4), 1588-1630. htips://doi.org/10.1002/
pc.25929

Nagula, R. L., & Wairkar, S. (2020). Cellulose microsponges based gel of naringenin for
atopic dermatitis: Design, optimization, in vitro and in vivo investigation.
International Journal of Biological Macromolecules, 164, 717-725. https://doi.org/
10.1016/J.1JBIOMAC.2020.07.168

Panche, A. N, Diwan, A. D., & Chandra, S. R. (2016). Flavonoids: An overview. Journal of
Nutritional Science, 5, Article e47. hitps://doi.org/10.1017/jns.2016.41

Park, S. N., Lee, M. H., Kim, S. J., & Yu, E. R. (2013). Preparation of quercetin and rutin-
loaded ceramide llposomes and drug-releasing effect in liposome-in-hydrogel
complex system. Bi and Bis ical Research Ce icatic 435(3),
361-366. https://doi.org/10.1016/J.BBRC.2013.04.093

Phan, A. D. T., Netzel, G., Wang, D., Flanagan, B. M., D’Arcy, B. R., & Gidley, M. J.
(2015). Binding of dietary polyphenols to cellulose: Structural and nutritional
aspects. Food Chemistry, 171, 388-396. https://doi.org/10.1016/j
foodchem.2014.08.118

Priya, K., Thirunavookarasu, N., & Chidanand, D. V. (2023). Recent advances in edible
coating of food products and its legislations: A review. Journal of Agriculture and Food
Research, 12, Article 100623. https://doi.org/10.1016/J.JAFR.2023.100623

Puri, M., Kaur, A., Schwarz, W. H., Singh, S., & Kennedy, J. F. (2011). Molecular
characterization and enzymatic hydrolysis of naringin extracted from kinnow peel
waste. International Journal of Biological Macromolecules, 48(1), 58-62. https://doi
org/10.1016/j.ijbiomac.2010.10.006

113



M. Krysa et al.

Ramadan, M. F. (2012). Antioxidant characteristics of phenolipids (quercetin-enriched
lecithin) in lipid matrices. Industrial Crops and Products, 36(1), 363-369. https://doi
0rg/10.1016/j.indcrop.2011.10.008

Ramadan, M. F., & Asker, M. M. S. (2009). Antimicrobical and antivirial impact of novel
quercetin-enriched lecithin. Journal of Food Biochemistry, 33, 557-571. https://doi
org/10.1111/j.1745-4514.2009.00237.x

Rocchetti, G., Perez Gregorio, R., Lorenzo, J. M., Barba, F. J., Garcfa Oliveira, P.,
Prieto, M. A., ... Motilva, M.-J. (2022). Functional implications of bound phenolic
compounds and phenolics—food interaction: A review. Comprehensive Reviews in Food
Science and Food Safety, 21(3), 2557-2580. https://doi.org/10.1111/1541
4337.12921

Samir, A., Ashour, F. H., Hakim, A. A. A., et al. (2022). Recent advances in biodegradable
polymers for sustainable applications. npj Materials Degradation, 6, 68. https://doi.
org/10.1038/541529-022-00277-7

Santin, M., Simoni, S., Vangelisti, A., Giordani, T., Cavallini, A., Mannucci, A.,

Ranieri, A., & Castagna, A. (2023). Transcriptomic analysis on the Peel of UV-B-
exposed peach fruit reveals an upregulation of phenolic- and UVR8-related
pathways. Plants, 12(9), 1818. https://doi.org/10.3390/plants12091818

Solovchenko, A., & Merzlyak, M. (2003). Optical properties and contribution of cuticle to
UV protection in plants: Experiments with apple fruit. Photochemical &
Photobiological Sciences, 2, 861-866. https://doi.org/10.1039,/b302478d

Stoyanova, N., Spasova, M., Manolova, N., Rashkov, I., Georgieva, A., & Toshkova, R.
(2022). Quercetin- and Rutin-containing electrospun cellulose acetate and
polyethylene glycol fibers with antioxidant and anticancer properties. Polymers, 14
(24), 5380. https://doi.org/10.3390/POLYM14245380/51

Surya, I, Hazwan, C. M., Abdul Khalil, Yahya, E. B., Suriani, A. B., Danish, M., &
Mohamed, A. (2022). Hydrophobicity and Biodegradability of Silane-Treated
Nanocellulose in Biopolymer for High-Grade Packaging Applications. Polymers, 14
(19), 4147. https://doi.org/10.3390,/polym14194147

Szymarnska-Chargot, M., Chylinska, M., Gdula, K., Koziol, A., & Zdunek, A. (2017).
Isolation and characterization of cellulose from different fruit and vegetable
pomaces. Polymers, 9(10), 495. https://doi.org/10.3390/polym9100495

Szymanska-Chargot, M., Chylinska, M., Pertile, G., Pieczywek, P. M., Cieslak, K. J.,
Zdunek, A., & Frac, M. (2019). Influence of chitosan addition on the mechanical and
antibacterial properties of carrot cellulose nanofibre film. Journal of Applied Polymer
Science, 136(12), 47999. https://doi.org/10.1002/app.47999

Szymariska-Chargot, M., Chylifiska, M., Pieczywek, P. M., Walkiewicz, A., Pertile, G.,
Frac, M. Zdunek, A. (2020). Evaluation of nanocomposite made of polylactic acid
and nanocellulose from carrot pomace modified with silver nanoparticles. Polymers,
12(4). https://doi.org/10.3390,/POLYM12040812

Szymanska-Chargot, M., Chyliniska, M., Pieczywek, P. M., & Zdunek, A. (2019). Tailored

structure ing on the origin. Example of apple parenchyma and
carrot root celluloses. Carbohydrate Polymers, 210. hittps://doi.org/10.1016/].
carbpol.2019.01.070

Szymanska-Chargot, M., Chylinska, M., Pieczywek, P. M., et al. (2016). Raman imaging
of changes in the polysaccharides distribution in the cell wall during apple fruit
development and senescence, Planta, 243, 935-945, https://doi.org/10.1007/
500425-015-2456-4

Toniazzo, T., Peres, M. S., Ramos, A. P., & Pinho, S. C. (2017). Encapsulation of quercetin
in liposomes by ethanol injection and physicochemical characterization of

15

Food Research International 221 (2025) 117335

dispersions and lyophilized vesicles. Food
10.1016/J.FBI0.2017.05.003

Tu, B, Liu, Z.-J., Chen, Z.-F., Ouyang, Y., & Hu, Y.-J. (2015). Understanding the
structure-activity relationship between quercetin and naringenin: In vitro. RSC
Advances, 5(128), 106171-106181. htips://doi.org/10.1039/C5RA22551E

Veiko, A. G., Olchowik-Grabarek, E., Sekowski, S., Roszkowska, A., Lapshina, E. A.,
Dobrzynska, L., ... Zavodnik, 1. B. (2023). Antimicrobial activity of quercetin,
Naringenin and Catechin: Flavonoids inhibit Staphylococcus aureus-induced
hemolysis and modify membranes of Bacteria and erythrocytes. Molecules, 28(3),
1252. https://doi.org/10.3390/molecules28031252

Vidal, C., Lopez-Polo, J., & Osorio, F. A. (2024). Physical properties of cellulose
derivative-based edible films elaborated with liposomes encapsulating grape seed
tannins. Antioxidants, 13(8), 989. https://doi.org/10.3390/antiox 13080989

Wang, C. Y., Chen, C.-T., & Wang, S. Y. (2009). Changes of flavonoid content and
antioxidant capacity in blueberries after illumination with UV-C. Food Chemistry, 117
(3), 426-431. https://doi.org/10.1016/j.foodchem.2009.04.037

Wang, Q., Wei, H., Deng, C., Xie, C., Huang, M., & Zheng, F. (2020). Improving stability
and accessibility of quercetin in olive oil-in-soy protein isolate/pectin stabilized O/W
emulsion. Foods, 9(2). https://doi.org/10.3390/FO0DS9020123

Wang, Y., Zhang, J., Wang, D., Wang, X., Zhang, F., Chang, D., You, C., Zhang, S., &
Wang, X. (2023). Effects of cellulose nanofibrils treatment on antioxidant properties
and aroma of fresh-cut apples. Food Chemistry, 415, Article 135797. https://doi.org/
10.1016/J.FOODCHEM.2023.135797

Wu, Y., & Wang, T. (2003). Soybean lecithin fractionation and functionality. Journal of
the American Oil Chemists” Society, 80(4), 319-326. https://doi.org/10.1007 /511746
003-0697-x

Xu, H., Watanabe, Y., Ediger, D., Yang, X., & Iritani, D. (2022). Characteristics of sunburn
Browning fruit and rootstock-dependent damage-free yield of Ambrosia™ apple
after sustained summer heat events. Plants, 11(9), 1201. https://doi.org/10.3390/
plants11091201

Xu, Y., Wu, Z., Li, A., Chen, N., Rao, J., & Zeng, Q. (2024). Nanocellulose composite films
in food packaging materials: A review. Polymers, 16(3), 423. htips://doi.org/
10.3390/POLYM16030423

Ye, Y., Sun-Waterhouse, D., You, L., & Abbasi, A. M. (2017). Harnessing food-based
bioactive compounds to reduce the effects of ultraviolet radiation: A review
exploring the link between food and human health. International Journal of Food
Science and Technology, 52(3), 595-607. https://doi.org/10.1111/ijfs.13344

Yusmaniar, Y., Fadillah, 1., Paristiowati, M., & Saputra, I. (2023). Effect of quercetin
addition on chitosan film composite of cellulose microcrystals from coconut fibers
(Cocos Nucifera). Journal of Physics: Conference Series, 2596(1), Article 012029.
https://doi.org/10.1088/1742-6596,/2596/1/012029

Zhang, M., Chu, L., Chen, J., Qi, F,, Li, X, Chen, X., & Yu, D.-G. (2024). Asymmetric
wettability fibrous membranes: Preparation and biologic applications. Composites
Part B: Engineering, 269, Article 111095. hitps://doi.org/10.1016/j.
compositesb.2023.111095

Zhu, B., Yang, Y., Jing, S., Wang, K., Wang, C., Nian, S., Shi, Y., Xu, H., & Kou, L. (2024).
Effect of ultraviolet radiation C treatment on preservation of Naematelia aurantialba
in modified atmosphere packaging. Food Packaging and Shelf Life, 45, Article 101343.
https://doi.org/10.1016/j.fps1.2024.101343

19, 17-25. https://doi.org/

114



P3 Materialy dodatkowe:

Supplementary material:

a)] 7 e T - . FrE—

g
)i Lo
AT W\ VRS et WV
—NGL —NGL QUE 15— NCL_QUE_%0

LSV

——MCL ——MCL_QUE_15 ——MCL_QUE_30

Reiative intensity of Raman signal
1
Relatve Intensity of Raman signal

b) | "o RUT- PG f)

——MCL —— MCL_RUT_15

Relatve Intensity of Raman signal
Relatve Intensity of Raman signal

Relative intansity of Raman signal
Relatve intensty of Raman signai

d)

Z

CL = NCL_NRG_15 ===NCL_NRG_30

Relative intensity of Raman signal
Reiative intensity of Raman signal

Fig. SM1. The average Raman spectra extracted from Raman maps of composites, microfibrillar cellulose with
lecithin (MCL), and nanofibrillar cellulose with lecithin (NCL) with liposomal form of flavonoids and pure
substance (quercetin (a, e) - QUE, rutin (b, f) - RUT, naringenin (¢, g)- NAG, naringin (d, h)- NRG), and
phosphatidylcholine (PC) were measured. Additionally, the bands used in Raman maps for presenting the
distribution of each compound are highlighted in the spectra.
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Fig. SM2. Fig. SM2. The average FTIR-ATR spectra for microfibrillar cellulose with lecithin MCL, and nanofibrillar
cellulose with lecithin (NCL) in the range of 3600—-650 cm~". The reference spectra of flavonoids (quercetin (a) — QUE, rutin
(b) — RUT, naringenin (¢) — NAG, naringin (d) - NRG) and phosphatidylcholine (e) — PC, were obtained as the averages of
single spectra measured for the powdered samples.
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Table SM1. Initial wettability (") assessment of composites: contact angles measured at t =0 min (BEG) and at t = 10 min
(END). Water droplet contact angles were determined on composite surfaces containing liposomal form of flavonoids:
quercetin — QUE, rutin — RUT, naringenin — NAG, naringin — NRG at concentrations of 15 mg and 30 mg, alongside control
samples (MCL/NCL, 0 mg flavonoid). The presented values include mean WCA, standard deviation (SD), relative standard
deviation (%oRSD), F-statistic, and p-value have been defined for group (control + flav 15 + flav 30) by the analysis of
variance (ANOVA) (Statistica 14.1, StatSoft Inc. USA).

WCA WCA

SAMPLE (?) | SD | %RSD p F SAMPLE | (o) | SD | %RSD p F
MCLBEG | 59.40| 2.82| 474 ) NCLBEG | 84.56| 1.40| 1.66 ) )
MCLEND |57.94| 2.87| 4.95 NCLEND | 82.58| 2.78| 3.37
MCL_QUE_15 NCL_QUE_15
BEG 31.66| 1.98] 626 . . BEG 23.84| 1.56| 6.54 e
MCL QUE 30 862710 | 4130 ro o ors 4.52*107 | 2160.1
BEG 23.56| 0.99 4.19 BEG 31.12| 3.47| 11.15
MCL_QUE_15 NCL_QUE_15
END 20.90| 2.00| 9.56| . END 21.72| 1.78| 8.20 e
MCL_QUE_30 241710% | 5122 [ ones 4.83*10% | 671.4
END 21.84)| 0.92| 4.23 END 26.84] 2.51| 9.35
MCL_RUT_15 NCL_RUT_15
BEG 3.98| 5.23| 14.15| o ool 4., |BEG 18.62| 2.30| 1235| oo | yoca
MCL_RUT_30 NCL_RUT_30
BEG 50.82| 4.54| 8.94 BEG 35.98| 1.48| 4.12
MCL_RUT_15 NCL_RUT_15
END 3248| 445 12.77|_ END 16.06| 2.09| 13.03 !
MCL RUT 30 7.09"10% | 575 [0 auT 30 141710 | 1214.8
END 49.40| 4.28| 8.67 END 34.06| 1.58| 4.65
MCL_NAG_15 NCL_NAG_15
BEG 61.40| 4.42| 7.20| . BEG 68.50| 3.40| 4.97 !
MCL NAG_30 4937107 | 615 F Tt 0 9.20°10% | 22.3
BEG 78.84| 4.43| 5.62 BEG 83.92| 6.49| 7.74
MCL_NAG_15 NCL_NAG_15
END 46.28| 6.47| 1398 _ . END 62.52| 3.76| 6.01 e
MCL NAG_30 679"10% | 78 [ NAG 30 1.00*10% | 34.5
END 49.40| 7.25| 14.68 END 80.66| 5.55| 6.8
MCL_NRG_15 NCL_NRG_15
BEG 61.14| 5.94| 9.72| o . oon| gag |BEG 73.08| 1.59| 218 .o | 4003
MCL_NRG_30 NCL_NRG_30
BEG 78.06| 1.40| 1.80 BEG 65.86| 2.57| 3.90
MCL_NRG_15 NCL_NRG_15
END 48.08| 2.61| 5.43| . END 70.48| 2.28| 3.24 !
MCL NRG_30 3.38"10% | 167 [ NrG 30 1.00%10% | 54.5
END 54.86| 2.59| 4.72 END 64.78| 3.13| 4.83
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Table SM2.: Water vapor permeability (g-s-'m-'-Pa-') of MCL- and NCL-based composites with liposomal form of
flavonoids: quercetin (QUE). rutin (RUT). naringenin (NAG). and naringin (NRG) at two concentrations (15 and 30 mg).
The presented values include mean WVP. standard deviation (SD). relative standard deviation (%RSD). F-statistic. and p-
value for time-dependent changes defined for group. Variations between concentration groups were statistically evaluated
using ANOVA followed by Tukey’s post-hoc test (Statistica 14.1. StatSoft Inc. USA).

SAMPLE WVP SD %RSD p F
MCL 1.59E-10 5.56E-13 0.4
MCL_QUE_15 1.53E-10 2.66E-11 17.4 0.106974 2.89
MCL _QUE 30 1.31E-10 7.32E-12 5.6
MCL 1.59E-10 5.56E-13 0.4
MCL_RUT_15 1.39E-10 1.23E-11 8.9 6.07E-05 34.43
MCL_RUT 30 2.14E-10 1.67E-11 7.8
MCL 1.59E-10 5.56E-13 0.4
MCL_NAG_15 1.39E-10 2.46E-12 1.8 0.120987 2.70
MCL _NAG 30 1.38E-10 2.2E-11 15.9
MCL 1.59E-10 5.56E-13 0.4
MCL_NRG_15 1.39E-10 5.78E-12 4.2 0.179815 2.09
MCL_NRG 30 1.4E-10 2.4E-11 17.1
NCL 1.39E-10 6.21E-12 4.5
NCL_QUE_15 1.26E-10 3.09E-12 2.5 0.002306 12.85
NCL _QUE 30 1.47E-10 7.59E-12 5.2
NCL 1.39E-10 6.21E-12 4.5
NCL_RUT_15 1.3E-10 5.94E-12 4.6 0.014962 6.95
NCL RUT 30 1.17E-10 1.15E-11 9.8
NCL 1.39E-10 6.21E-12 4.5
NCL_NAG_15 1.16E-10 8.63E-12 7.4 7.32E-03 32.84
NCL NAG 30 1.04E-10 1.85E-12 1.8
NCL 1.39E-10 6.21E-12 4.5
NCL_NRG_15 1.15E-10 9.24E-12 8.1 0.018627 6.41
NCL_NRG 30 1.18E-10 1.43E-11 12.1
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Table SM3. Antioxidant capacity reported as Trolox Equivalent Antioxidant Capacity (TEAC) for MCL=- and NCL-based
composites containing liposomal forms of flavonoids: quercetin (QUE), rutin (RUT), naringenin (NAG), and naringin
(NRG), at two concentrations (15 and 30 mg). Significant differences between time points (0, 24, and 48 hours) for each
composite type were statistically evaluated using ANOVA followed by Tukey’s post-hoc test. The presented values include
mean TEAC, standard deviation (SD), relative standard deviation (%RSD), F-statistic, and p-value for time-dependent
changes) (Statistica 14.1, StatSoft Inc. USA).

mg TE/ mg TE/
cm? SD %RSD | p F cm? SD [%RSD|p F
OH 831.4| 75.8 9.1 OH 823.0|102.3| 12.4
MCL 24H 420.6| 63.3| 15.0|0.000079 67.0 NCL 24H 262.7| 29.0| 11.1/0.000032 91.7
48H 227.9| 55.0] 24.1 48H 153.9| 36.7| 23.8
OH |21003.3|742.1 3.5 OH |19455.6| 59.3 0.3
MCL_QUE_15 | 24H | 13419.1 | 361.7 2.7| 2.6*10% 469.3| NCL_QUE_15 | 24H | 22297.5| 133.8 0.6| 5.3*10%7|1719.2
48H| 6825.6|532.6 7.8 48H | 9626.5|458.3 4.8
OH |19100.4|182.0 1.0 OH |11052.5|608.1 5.5
MCL_QUE_30 | 24H | 22420.2 | 37.2 0.2| 1.4*10™|12542.1| NCL_QUE_30 | 24H | 10407.4 | 611.6 5.9 | 0.001199 25.2
48H| 7250.2 | 105.5 1.5 48H | 13828.5 | 659.0 4.8
OH 5029.3|224.2 4.5 OH 3250.9|347.4| 10.7
MCL_RUT 15 | 24H| 3706.6|532.7| 14.4|0.011342 10.4| NCL_RUT_15 |24H| 2612.0|306.2| 11.7|0.040773 5.7
48H| 3863.2|346.4 9.0 48H | 2580.3|104.6 4.1
OH 3577.2|141.5 4.0 OH 6479.5| 10.1 0.2
MCL_RUT_30 | 24H| 2445.3|153.6 6.3|0.000072 68.9| NCL_RUT _30 | 24H| 5674.7 |376.6 6.6 0.041239 5.7
48H| 2749.2| 34.5 1.3 48H| 6160.4|343.7 5.6
OH 4352.2| 78.8 1.8 OH 3442.41515.0| 15.0
MCL_NAG_15|24H| 4776.1|434.7 9.1] 0.954519 0.0 NCL_NAG_15|24H| 5431.5|324.7 6.0]0.000016| 115.0
48H| 4412.2/500.9| 11.4 48H| 3266.6|511.7| 15.7
OH 2765.1|211.1 7.6 OH 5123.2|332.3 6.5
MCL_NAG_30|24H| 1885.2|392.6| 20.8|0.000006 166.4 NCL_NAG_30|24H| 3051.2| 70.7 2.3]0.000082 66.0
48H| 1659.5/169.0] 10.2 48H | 4922.5| 79.1 1.6
OH 1292.6 |254.0| 19.7 OH 2225.4125.0 5.6
MCL_NRG_15|24H| 1301.0|284.0| 21.8|0.403087 1.1|NCL_NRG_15|24H| 1600.2| 22.3 1.4|0.002062 20.6
48H| 1246.5]142.4| 11.4 48H| 1338.5| 10.6 0.8
OH 1723.7|131.7 7.6 OH 1810.5|243.1| 13.4
MCL_NRG_30 | 24H 555.4| 30.4 5.5|0.005992 13.5] NCL_NRG_30 | 24H 585.1| 81.9| 14.0|0.000027 96.6
48H 507.3| 86.1] 17.0 48H 580.9| 51.7 8.9
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Apple skin tests:
SM Methodology:

SM 1.1. Apple skin preparation

The apple skin was peeled from wild-growing domestic apple fruits Malus x domestica (Lublin, Poland). The skin was
washed, rinsed with distilled water, and dried on a microscope slide at room temperature, in the dark. A section of the
skin, free of pulp, measuring 2 x 2 cm, was used. Subsequently, approximately 50 mg of four different substances were
applied to the surface by airbrush spraying: distilled water, a nanofibrillar cellulose with lecithin dispersion (as in point
2.1.2), and the NCL_QUE 30 composite (as described in 2.1.7), with the modification that the quercetin emulsion was
mixed with the nanocellulose dispersion for 2 minutes using an Ultraturrax.

SM 1.2. Depth Profile of Skin-Composite Interaction

On the prepared apple skin (SM 1.1.), 80 pL of selected composite dispersions (H,O; NCL, or NCL_QUE _30) was
applied in spots using a pipette. Raman microscopy was used to analyze the depth profile. The methodology described
in point 2.2.2 was employed, with the integration time adjusted to 1 second and the depth profile measured to a length
of 50 um. Specific Raman bands were used to evaluate the presence of layers on the surface: 1611 cm~! (characteristic
of quercetin), 1120 em~' (for nanofibrillated cellulose), 1432 cm~' (C-H asymmetric bending of CH; and CHj; in cell
wall polysaccharides ), and 2900 cm~' (stretching vibrations of CH, and CH, in lipids, including waxes on the skin
surface) (Be¢, 2020).

SM. 1.3. Contact angle

The methodology outlined in point 2.2.6 was used, with specific parameter adjustments. Specifically, 10 pL of the
selected composite (NCL, or NCL_QUE_30) was applied to the surface of the apple skin on microscope slides using an
automatic pipette. Measurements were performed immediately, with 60-second intervals between each measurement.
A total of 10 measurements were taken.

SM 1.4. UV—Vis light barrier property

The light-blocking performance of the composite was evaluated by scanning three samples of each type on using a
UV-Vis spectrophotometer (Cary 60 UV-Vis, Agilent) over a wavelength range of 200 to 1000 nm. The results were
averaged, and the percentage transmittance was calculated (point 2.2.6.).
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SM Results:
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Fig. SM3: Raman micrographs of depth profiles of the apple skin surface without and with coating by three types of
substance: nanofibrillar cellulose with lecithin (NCL) and nanofibrillar cellulose with lecithin and 30mg of liposomal form
of quercetin (NCL_QUE_30). Specific Raman bands were used to evaluate the presence of layers on the surface: 1611 cm™*
(characteristic of quercetin), 1120 cm~* (for nanofibrillated cellulose), 1432 cm~' (C-H asymmetric bending of CH, and CH;
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in cell wall polysaccharides), and 2900 em~' (stretching vibrations of CH, and CH, in lipids, including waxes on the skin

surface). The white dashed line indicates the approximate level of the apple skin.
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Fig. SM4. UV-Vis light barrier properties for apple skin covered with: water (H20), nanofibrillar cellulose with lecithin
(NCL) or nanofibrillar cellulose with lecithin and 30mg of liposomal form of quercetin (NCL_QUE_30) applied to the

surface by airbrush spraying (about 50mg).
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Fig. SM5. Determination of the surface wettability of composites. Contact angels of distilled water (H,0), nanofibrillar
cellulose with lecithin (NCL) or nanofibrillar cellulose with lecithin, and 30mg of liposomal form of quercetin

(NCL_QUE_30) on the surface of apple skin.
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flavonoids — quercetin/rutin and naringin/naringenin in liposomal form. Food Research International, 117335
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e  Analiza danych literaturowych

e wspotudziat w opracowaniu koncepcji, metodyki i zakresu badan,
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e analiza i interpretacja wynikow badan,

e wiodacy udziat w procesie przygotowania, edycji i korekcie wymienionych manuskryptow,

e statystyczne i graficzne opracowanie danych
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and nanocellulose-based films. Products, 224, 120349.

Industrial ~ Crops  and
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e udziat w analizie i interpretacji wynikow badar,

e nadzorowanie i wspotudzial w procesie przygotowania, edycji i korekcie wymienionych
manuskryptow,

e pehienie funkcji autora korespondencyjnego

Jednoczesnie wyrazam zgodg, aby powyzsze publikacje zostaly wykorzystane w rozprawie doktorskiej mgr
Martyny Urszuli Krysy.
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P2: Krysa, M., Szymafiska-Chargot, M., Pieczywek, P. M., Adamczuk, A., Pertile, G., Frac, M.,
Zdunek, A. (2025). The effect of surface adsorption of caffeic, chlorogenic, and gallic acids on the
properties of cellulose- and nanocellulose-based films. Industrial Crops and Products, 224, 120349.
https:/doi.org/10.1016/j.indcrop.2024.120349

Méj wklad w ponizsze prace obejmowat:

® wspoludziale w opracowaniu metodyki wykorzystanej w badaniach,
e wykonaniu badan mechanicznych kompozytow,
¢ udziale w analizie i interpretacji wynikéw badan,

Jednoczesnie wyrazam zgode, aby powyzsza publikacja zostala wykorzystana w rozprawie

doktorskiej mgr Martyny Urszuli Krysy.
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Méj wkiad w powyzsze prace obejmowat:

e wspdludzial w opracowaniu metodyki wykorzystanej w badaniach,
e udzial w analizie i interpretacji wynikow badan,
e edycje i korekte manuskryptu,

Jednoczesnie wyrazam zgode, aby powyzsze publikacje zostaly wykorzystane w rozprawie

doktorskiej mgr Martyny Urszuli Krysy.
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Mdj wkiad w ponizsze prace obejmowat:
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udzial w analizie i interpretacji wynikéw badan,

edycje i korekte manuskryptow,

Jednoczesnie wyrazam zgode, aby powyzsze publikacje zostaly wykorzystane w rozprawie

doktorskiej mgr Martyny Urszuli Krysy.

Podpis

?t\/%@ (/r'l_)(_,

Instytut Agrofizyki ul. Do$wiadczalna 4 tel.: 81 744 50 61 www.ipan lublin Pl
im. Bohdana Dobrzaniskiego 20-290 Lublin faks: 81 744 50 67
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl
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Lublin, 20.08.2025 r.

Prof. dr hab. Artur Zdunek

Zaktad Mikrostruktury i Mechaniki Biomateriatow
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym os$wiadczam, ze w ponizszych pracach inicjatywa podjetych badan jest wkladem

intelektualnym mgr Martyny Urszuli Krysy:

P1: Krysa, M., Szymaiiska-Chargot, M., Zdunek, A. (2022). FT-IR and FT-Raman fingerprints of flavonoids
— A review. Food Chemistry, 393, 133430.
htips://doi.org/10.1016/).FOODCHEM.2022.1 33430

P2: Krysa, M., Szymaiiska-Chargot, M., Pieczywek, P. M., Adamczuk, A., Pertile, G., Frac, M., Zdunek, A.
(2025). The effect of surface adsorption of caffeic, chlorogenic, and gallic acids on the properties of cellulose-
and nanocellulose-based films. Industrial Crops and Products, 224, 120349.
https://doi.org/10.1016/j.indcrop.2024.120349

P3: Krysa, M., Szymanska-Chargot, M., Adamczuk, A., Pertile, G., Frac, M., Zdunek, A. (2025). Properties
of composites based on microfibrillar and nanofibrillar cellulose from apple pomace and two pairs of
flavonoids — quercetin/rutin and naringin/naringenin in liposomal form. Food Research International, 117335

https://doi.org/10.1016/.foodres.2025.117335

Mdj wkiad w powyzsze prace obejmowat:
e wspotudziat w oméwieniu wynikow badan,

® wspoludzial w procesie przygotowania i edycji wymienionych manuskryptow,

Jednoczesnie wyrazam zgode, aby powyzsze publikacje zostaly wykorzystane w rozprawie doktorskiej mgr
Martyny Urszuli Krysy.

Instytut Agrofizyki ul. Doswiadczalna 4 tel.: 81744 50 61 www.ipan.lublin.pl
im. Bohdana Dobrzanskiego 20-290 Lublin faks: 81 744 50 67
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl
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Lublin, 20.08.2025 r.

dr Adamczuk Agnieszka

Zaktad Fizykochemii Materiatow Porowatych
Instytut Agrofizyki im. Bohdana Dobrzafiskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w ponizej pracy inicjatywa podjetych badan jest wkladem

intelektualnym mgr Martyny Urszuli Krysy:

P2: Krysa, M., Szymanska-Chargot, M., Pieczywek, P. M., Adamczuk, A., Pertile, G., Frac, M., Zdunek, A.
(2025). The effect of surface adsorption of caffeic, chlorogenic, and gallic acids on the properties of cellulose-
and nanocellulose-based films. Industrial Crops and Products, 224, 120349.
https://doi.org/10.1016/j.indcrop.2024.120349

P3: Krysa, M., Szymanska-Chargot, M., Adamczuk, A., Pertile, G., Frac, M., Zdunek, A. (2025). Properties
of composites based on microfibrillar and nanofibrillar cellulose from apple pomace and two pairs of
flavonoids — quercetin/rutin and naringin/naringenin in liposomal form. Food Research International, 117335
https://doi.org/10.1016/j.foodres.2025.117335

Moj wktad w ponizsze prace obejmowat:

wspotudziale w opracowaniu metodyki wykorzystanej w badaniach,
wykonaniu obrazéw z uzyciem skaningowego mikroskopu elektronowego,
udziale w analizie i interpretacji wynikow badan,

edycji i korekcie manuskryptu,

Jednoczesnie wyrazam zgode, aby powyzsza publikacja zostala wykorzystana w rozprawie
doktorskiej mgr Martyny Urszuli Krysy.

Tllzfm'cssz fidemezyk

Instytut Agrofizyki ul. Doswiadczalna 4 tel.: 81744 50 61 i i
im. Bohdana Dobrzariskiego 20-290 Lublin faks: 81744 50 67 www.ipan.lublin.pl

Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin,pl
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10. Aneks — zyciorys naukowy

WYKSZTALCENIE:

2020 - 2025 — Szkota doktorska w Interdyscyplinarnej Szkole Doktorskiej Nauk
Rolniczych, Instytut Agrofizyki Polskiej Akademii Nauk, Lublin:

e Temat pracy doktorskiej: Wptyw dodatku zwigzkéw biologicznie czynnych na strukture
1 wlasciwosci kompozytow na bazie celulozy mikrofibrylarnej i nanoceluloza

e Promotor pracy doktorskiej: dr hab. Monika Szymanska-Chargot, Zaktad
Mikrostruktury i Mechaniki Biomateriatow

2017 - 2019 — Studia magisterskie na kierunku Biologia, specjalno$¢ Biochemia,

Uniwersytet Marii Curie-Sklodowskiej, Wydzial Biologii i Biotechnologii, Lublin:

e Temat pracy magisterskiej: Wplyw stresu biotycznego na zawarto$¢ metabolitow
wtornych w lisciach Aesculus hippocastanum L.
e Promotor pracy magisterskiej: prof. dr hab. Stawomir Dresler, Zaktad Fizjologii Ro$lin,

obecnie Katedra Fizjologii Ro$lin i Biofizyki UMCS

2014 - 2017 — Studia licencjackie na kierunku Biologia, specjalnos¢ Biologia medyczna,

Uniwersytet Marii Curie-Sklodowskiej, Wydzial Biologii i Biotechnologii, Lublin:

e Temat pracy licencjackiej: Alkaloidy indolowe i ich dziatanie na podstawie wybranych
grup zwiazkow

e Promotor pracy licencjackiej: dr Renata Bancerz, Zaktad Biochemii, obecnie Katedra
Biochemii i Biotechnologii UMCS
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DOSWIADCZENIE ZAWODOWE:

6-miesi¢czny staz naukowy w Instytucie Agrofizyki Polskiej Akademii Nauk — Zaktad
Mikrostruktury i Mechaniki Biomateriatow

Opieka naukowa: dr hab. Monika Szymanska-Chargot prof. IA PAN

3-miesi¢czna praca na stanowisku technika laboratoryjnego w Instytucie Agrofizyki
Polskiej Akademii Nauk — Zaktad Mikrostruktury i Mechaniki Biomateriatow

Opieka: dr hab. Monika Szymanska-Chargot prof. IA PAN

PROJEKTY BADAWCZE (1):

Czlonek zespolu projektowego na stanowisku Stypendysta projektu badawczego

sfinansowanego przez Narodowe Centrum Nauki w ramach grantu OPUS15 pt. ,,.Badania in

vitro oddzialywan polisacharydéw w celu zrewidowania istniejacych modeli budowy roslinnej

$ciany komorkowej” (nr projektu UMO-2018/29/B/NZ9/00141)

AKTYWNOSC PUBLIKACJNA (3):

Krysa M., Szymanska-Chargot M., Adamczuk A., Pertile G., Frac M., Zdunek A.
(2025). Properties of composites based on microfibrillar and nanofibrillar cellulose from
apple pomace and two pairs of flavonoids — quercetin/rutin and naringin/naringenin in
liposomal form. Food Research International, 221, 117335
https://doi.org/10.1016/j.foodres.2025.117335

Krysa, M., Szymanska-Chargot, M., Pieczywek, P. M., Adamczuk, A., Pertile, G.,
Frac, M., Zdunek, A. (2025). The effect of surface adsorption of caffeic, chlorogenic,
and gallic acids on the properties of cellulose-and nanocellulose-based films, Industrial
Crops and Products, 224, art. No. 120349
https://doi.org/10.1016/j.indcrop.2024.120349

Krysa, M., Szymanska-Chargot, M., i Zdunek, A. (2022). FT-IR and FT-Raman
fingerprints of flavonoids — A review. Food Chemistry, 393, 133430.
https://doi.org/10.1016/J.FOODCHEM.2022.133430
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https://doi.org/10.1016/j.foodres.2025.117335
https://doi.org/10.1016/j.indcrop.2024.120349
https://doi.org/10.1016/J.FOODCHEM.2022.133430

POZOSTALE PUBLIKACJE (1):

Dresler, S., Hawrylak-Nowak, B., Kovacik, J., Pochwatka, M., Hanaka, A., Strzemski, M.,

Sowa, I., i Wojciak-Kosior, M. (2019). Allantoin attenuates cadmium-induced toxicity in

cucumber plants. Ecotoxicology and Environmental Safety, 170, 120-126.
https://doi.org/10.1016/j.ecoenv.2018.11.119

UDZIAL W KONFERENCJACH NAUKOWYCH (9):

WYSTAPIENIA USTNE KRAJOWE (4):

Krysa Martyna, Szymanska-Chargot Monika, Adamczuk Agnieszka, Pertile Giorgia,
Frac Magdalena, Zdunek Artur, A. 2024, ,,Adsorpcja liposomalnych struktur
flawonoidowych na mikrofibrylarne i nanofibrylarnej celulozie”, VII Konferencja
Doktorantéw pt.: ,,Cztery Zywioty — Wspdlczesne Problemy w Naukach o Zyciu”,

Warszawa-Lublin str. 8

Krysa Martyna, Szymanska-Chargot Monika, Zdunek Artur, 2023, Wptyw adsorpcji
wybranych flawonoidow na strukture 1 wilasciwosci biokompozytdéw na bazie
mikrofibrylarnej celulozy i nanocelulozy, VI Konferencja Doktorantow pt.: ,,Cztery
Zywioty — wspolczesne problemy w naukach o zyciu”, Warszawa-Lublin, online,
14.12.20223r., 37-38

Krysa Martyna, Szymanska-Chargot Monika, Zdunek Artur, 2021, Wplyw dodatku
kwasow fenolowych na strukture 1 wtasciwosci kompozytéw na bazie mikrofirbrylarnej
celulozy oraz nanocelulozy, Warsztaty Dla Mlodych Badaczy, 25 paZzdziernika, Lublin,
Polska, str. 14

Krysa Martyna, Szymanska-Chargot Monika, 2020, Wykorzystanie spektroskopii
wibracyjnej do badania zwigzkow fenolowych, III Konferencja Doktorantow "Cztery

Zywioty - wspotczesne problemy w naukach o zyciu", Warszawa, 18.12.2020, str. 10

WYSTAPIENIA USTNE MIEDZYNARODOWE (3):

Krysa Martyna, Szymanska-Chargot Monika, Zdunek Artur, 2024, Smart food
packaging — pH responsive biocomposites, 23rd International Workshop for Young
Scientists ,,BioPhys Spring 2024”; Lublin, Poland, str. 77-78
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https://doi.org/10.1016/j.ecoenv.2018.11.119

Krysa Martyna, Szymanska-Chargot Monika, Pertile Giorgia, Frac Magdalena, Zdunek
Artur, 2022, influence of the flavonoids addition on the structure and properties of
microfibrillar cellulose and nanocellulose-based composites, 21th International
Workshop for Young Scientists ,,BioPhys Spring 2022 Nitra, Slovakia, str. 56-57

Krysa Martyna, Szymanska-Chargot Monika, 2021, Influence of the phenolic acids
addition on the structure and properties of microfibrillar cellulose and nanocellulose-
based composites, 20th International Workshop for Young Scientists ,,BioPhys Spring
20217, Lublin., Poland str. 62

POSTERY (1):

Krysa Martyna, Szymanska-Chargot Monika, Zdunek Artur, 2021, Influence of the
phenolic acids addition on the structure and properties of microfibrillar cellulose and
nanocellulose-based composites, 13th International Conference on Agrophysics:

Agriculture in changing climate 15-16 November 2021, Lublin, Poland, str. 137

WYROZNIENIA (2):

2024r. - Wyr6znienie przyznane przez komitet naukowy za wystapienie ustne na VII
Konferencji Doktorantow: “Cztery Zywioty — wspolczesne problemy w naukach o
zyciu” za wystgpienie pt.: “Adsorpcja liposomalnych struktur flawonoidowych na
mikrofibrylarnej i nanofibrylarnej celulozie”

2020r. - Wyr6znienie przyznane przez komitet naukowy za wystapienie ustne na III
Konferencji Doktorantow: “Cztery Zywioty — wspélczesne problemy w naukach o
zyciu” za wystapienie pt.: ,,Wykorzystanie spektroskopii wibracyjnej do badania

polifenoli”

STAZ ZAGRANICZNY (1):

Department of Materials and Enviromental Chemistry, Stockholm University, 2-19™ June,

2022, Supervisor: Prof. Leopold Luna llag
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AKTYWNOSC ORGANIZACYJINA (6):

e Reprezentantka II Wydziatu PAN - Sekretarz Rady Samorzgdu Doktorantow Polskiej
Akademii Nauk (2021-2022)

e Przewodniczgca w Radzie Samorzadu Doktorantow Instytutu Agrofizyki PAN (2021-
2022)

e Sekretarz Rady Samorzadu Doktorantow Instytutu Agrofizyki PAN (2020-2021)

e Czlonek Rady Wydziatu Instytutu Biologii i Biochemii UMCS w Lublinie (2017-2019)

e Wiceprzewodniczaca Rady Wydzialowej Samorzadu Studentow Wydzialu Biologii i
Biotechnologii UMCS (2017-2019)

e Wspolzatozyciel 1 Przewodniczaca Studenckiego Kota Naukowego Fitochemikow

UMCS (2015 — 2019)

AKTYWNOSC REDAKCYJNA (1):

Ksigzka abstraktow, IV. Konferencja Doktorantow "Cztery Zywioty - wspotczesne problemy
w naukach o zyciu" : Lublin, 14 grudnia 2021 r., redakcja: Martyna Krysa, Karolina Okon,
ISBN : 9788389969736

AKTYWNOSC POPULARYZATORSKA (4):

e Lubelski Festiwal Nauki (18-24 wrzesnia 2021) udziat w dwoch projektach: ,,Wybrane
wlasciwosci optyczne roztwordw, koloidow i zawiesin” oraz ,,Kolorowe czary mary”

e Organizacja IV. Konferencji Doktorantow "Cztery Zywioly - wspotczesne problemy w
naukach o zyciu": Lublin, 14 grudnia 2021 r.

e Organizowanie i udziat w Drzwiach Otwartych UMCS (2015 — 2019)

e Organizowanie i udzial w Nocy Biologow UMCS (2015 —2019)
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