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Streszczenie vrozprawy doktorskiej pt.  ,,Charakterystvka wybranych melanin
pochodzacyeh z biomasy grzybowej 1 ich zastosowanie do poprawy wiasciwosei
uzytkowych materialow opakowaniowych”

Modyfikacja materialéw opakowaniowych w kierunku poprawienia ich wilasciwoscei
uzytkowych i nadania im m.in. wlasciwosci przeciwutleniajgcych, przeciwdrobnoustrojowych
i barierowych wzgledem $wiatla, tlenu i pary wodnej jest jednym z kierunkdw rozwoju nowoczesnego
opakowalnictwa. Wieloma unikalnymi wlasciwosciami charakteryzuja sig¢ melaniny (m.in. pochodzace
z biomasy grzybowej), ktore moga znalez¢ zastosowanie w modyfikacji materialéw opakowaniowych,

Celem pracy bylo okreslenie mozliwosei zastosowania melanin pochodzacych z biomasy
grzybowej do poprawy whasciwosei uzytkowych materialéw opakowaniowych. Zalozono, ze biomasa
grzybowa (odpad z produkeji pieczarki dwuzarodnikowej Agaricus bisporus, ryzomorfy opienki
miodowej Armillaria mellea oraz owocniki tegoskora cytrynowego Scleroderma citrinum) moze
stanowi¢ Zrédlo melanin o wiadciwosciach przeciwutleniajageych, barierowych wzgledem
promieniowania UV, przeciwdrobnoustrojowych.

W pracy dokonano izolacji i charakterystyki fizykochemicznej melanin pochodzacych
z odpadu z 4. bisporus, ryzomorf A. mellea oraz owocnikdéw S. citriman. Ponadto okredlono
wlasciwosei  przeciwutleniajace,  barierowe  wzgledem  promieniowania UV-Vis  oraz
przeciwdrobnoustrojowe oczyszczonych i nieoczyszczonych barwnikéw. Uzyskane barwniki
wykorzystano jako dodatek do powlok z chitozanu i skrobi nanoszonych na folie PLA [poli(kwas
mlekowy)], PE (polietylen), BOPP ({polipropylen orientowany dwuosiowo) i PET [poli(tereftalan
etylenu)]. Analizowano wplyw dodatku melanin na wlasciwosci przeciwutleniajace powlok oraz ich
barwe. W przypadku folii BOPP i PET dokonano analizy wlasciwosci optycznych foiii. Odpad
z produkeji A. bisporus wykorzystano jako dodatek do folii PLA uzyskujac kompozytowy material
w postaci folii. Wykonano badania mechaniczne obejmujgce okreslenie sit rozerwania i przebicia, oraz
sily potrzebnej do rozerwania zgrzewn. Okres§lono réwniez dynamiczne mechaniczne wlasciwoscei
folii. Dokonano analizy barierowosci kompozytowych materialéw wzgledem pary wodnej metods
grawimetryczng, wiasciwosci powierzchniowych (pomiar kata zwilzania) oraz wplywu dodatku
melanin na Krystalicznosé. Przeprowadzono analizy spektroskopowe modyfikowanych folii z zelatyny
obejmujace analizg¢ w zakresie promieniowania UV-Vis, FT-IR oraz Ramana. Dokonano analizy
wplywu dodatku melaniny w réznych stezeniach na wartodci skladowych barwy w systemie CIE
Lab. Badaniom poddane zostaly rowniez wlasciwosci przeciwutieniajace, ilos¢ grup polifenolowych
dostepnych na powierzchni materiafu oraz wlasciwosci antymikrobiologiczne, Melaning z odpadu 4.
bisporus wykorzystano takze jako dodatek do folii z zelatyny. Analizowano rozpuszezalnos¢ folii,
wladciwoséci mechaniczne, przepuszezalnosé tlenu oraz pary wodnej, wlasciwosei powierzehniowe
(pomiar kata zwilzania). Dodatkowo przeprowadzono badania zawartosei grup polifenolowych w
foliach, wiasciwosci przeciwutleniajgcych, oraz przeciwdrobnoustrojowych. Dokonano analizy
wptywu dodatku melaniny w réznych stezeniach na wartosei skladowych barwy w systemie CIE
Lab. Przeprowadzono analizy spektroskopowe obejmujace analize w zakresie promieniowania UV-
Vis (pomiar transmitancji folii), FT-IR oraz Ramana. Aby okres$lic mozliwoddé zastosowania
modyfikowanego melaninami materialu z zelatyny na modelowym produkeie spozywczym wybrano
smalec. Smalec firmy . Nasze Smaki™ pokrywano roziworami powlokotworczymi, ktore wezesniej
wykorzystywano do otrzymywania folii z zelatyny (0.1%; 0.5%; 1%) z dodatkiem melaniny z odpadu






A. bisporus. Smalec przechowywano przez okres 21 dni w temperaturze 25°C. wilgetnodei 50% RH,
bez dostepu swiatla. Po 7, 14 1 21 dniach przechowywania oznaczano liczby: ponadtlenkowg (POV),
jodowg (1V) oraz kwasowa (AV).

W przedstawionej rozprawie doktorskiej otrzymano barwniki z trzech rodzajéw biomasy
grzybowej: odpadu powstajacego przy produkcji pieczarki dwuzarodnikowej (4. hisporus), ryzomorf
optenki  miodowej (4. mellea) oraz owocnikéw  tggoskéra  cytrynowego (5. citrinum).
Zaobserowowano, ze badane melaniny charakteryzuja si¢ zdolnoscig do pochtaniania promieniowania
UV-Vis, szczegblnie w  zakresie promieniowania ultrafioletowego oraz  wlasciwosciami
przeciwutleniajgcymi. Stwierdzono, ze oczyszczone melaniny majg lepsze niz nieoczyszczone formy
wilasciwosci przeciwutleniajgce, barierowe wzgledem promieniowania UV i charakteryzuja sie
nizszym parametrem L (jasno$¢) oraz wyzszymi parameframi a (w kierupku barwy czerwonej) i b (w
kierunku barwy zolte)), wyzsza zawartoscig grup polifenclowych, wykazuja takze réznice w obecnych
w czasteczkach grupach funkeyjnych. Analizowane melaniny charakteryzowaly sig¢ rowniez
wlasciwosciami przeciwdrobnoustrojowymi.

Na podstawie przeprowadzonych doswiadczen stwierdzono, ze dodatek melanin grzybowych
do powlok chitozanowych i skrobiowych nanoszonych na powierzchnig folii PE, PLA, BOPP i PET
pozwala nada¢ im wiasciwodei przeciwutleniajace. Wlasciwosdel te zaleza nie tylko od Zrédia
pochodzenia melanin, ale réwniez od nosnikoéw wykorzystanych do tworzenia powlok. Wzrastajgce
stezenie melanin  w  roztworach powlokotworezych  spowodowalo  wzrost  wlasciwoscei
przeciwutieniajgcych. Nie odnotowano znaczace] poprawy wilasciwosei barierowych wzgledem
promieniowania UV-Vis w przypadku modyfikowanych powlokami zawierajgcymi melaniny folit
BOPP i PET. Stwierdzono, ze dodatek melanin wplywa na barwe folii.

Na podstawie przeprowadzonych badan stwierdzono, ze mozliwe Jest uzyskanie
kompozytowego materialu opakowaniowego z poli(kwasuy mlekowego) 1 melaniny z odpadu
A. bisporus o polepszonych wlasciwosciach mechanicznych i barierowych wzgledem pary wodnej
(przy udziale 0.025% i 0.05% melaniny). Zaobserwowano niewielka poprawe wiasciwosci
barierowych wzgledem promieniowania UV-Vis. Stwierdzono, Zze dodatek melanin nie mial istotnego
wplywu na wihasciwosci powierzchniowe folii. Analiza DSC wykazala, ze pomimo zwickszenia
krystaliczno$ci materiatu w pordwnaniu do préby kontrolnej, dodatek melanin nie wplynal istotnie na
warto$ci temperatur zeszklenia (Ty), zimnej krystalizacji (T,) oraz topnienia (Ty,). Ponadto wszystkie
badanie folie charakteryzowaly sie wysoksg amorficznodeia. Badania kolorymetryczne wykazaly, ze
dodatek melanin obnizy! jasnosé folii (L) oraz zwickszyl wartosci parametréw a (w kierunku barwy
czerwonej) i b (w kierunku barwy zoéltej), a takze obnizyl warto$¢ parametru Y1 w poréwnianiu do
folii kontrolnej. Niemodyfikowane folie nie wykazywaly wladciwosci przeciwutlenigjacych.
Zaobscrowano, ze wraz ze wzrostem udzialu melanin w matrycy polimeru wzrastaly zardéwno
wiladciwodel przeciwutleniajgce folii jak 1 iloéé grup polifenolowych na powierzchnii materiatu.
Modyfikowane folie charakteryzowaly si¢ wiasciwosSciami antybakteryjnymi. Byly aktywne
przeciwko Enterococcus faecalis, Pseudomonas aeruginosa i Pseudomonas putida.

Przeprowadzone badania wykazaly, ze mozliwe jest uzyskanie folii z zelatyny
modyfikowanych melaning z odpadu A. bisporus. Stwierdzono, Zze dodatek melanin istotnie obnizyl
rozpuszezalnosé folii. Odnotowano znaczacy wzrost kata zwilzania dla folii modyfikowanych
melaning (53.3° dla folii niemodyfikowanych, 72.9° dla folii z dodatkiem 1% melaniny), co swiadczy
o zmianie wlasciwosci powierzchnioweh folii i wzroscie hydrofobowosci materiatn. Zaobserowano
nieznaczy spadek przepuszczalnosci wzglegdem pary wodnej {(nieistotny statystycznie), natomiast
wlasciwosci barierowe wzgledem tlenu ulegly poprawie. Nie stwierdzono istothego wplywu melanin






na wiasciwoéci mechaniczne folii. Odnotowano znaczaca poprawe wiasciwosei barierowych
wzgledem promieniowania UV-Vis. Dodatek melaniny do folii 2z zelatyny znaczaco poprawi
wlasciwasdei przeciwutleniajace. Zaréwno modyfikowane folie jak i folia bez dodatku melanin nie
wykazywaly wlasciwosci przeciwdrobnoustrojowych. Zaobserwowano, 7e dodatek melaniny do folii
zmmiejszyt wartosé parametru L, oraz zwigkszyd wartosé parametrow a1 b.

Na podstawie przeprowadzonych badan stwierdzono. 7e liczby ponadtlenkowa (POV)
i kwasowa (AV) niepokrytego smalcu wzrastaly w szybki sposob w czasie przechowywania.
Zaobserowano rowniez spadek liczby jodowej (IV). spowodowany zmniejszeniem zawartoéci
nienasyconych kwaséw thuszezowych. Odnotowano, ze obecnodé powlek z zelatyny znaczgco
spowalnia wzrost POV i AV, oraz spadek 1V. W calym okresie inkubacji POV i AV smalcu pokrytego
powlokami zawierajacymi melanine byly nizsze niz smalcu pokrytego powloka bez dodatku melaniny,
zas IV wyiZsze,

Uzyskane rezultaty badan wskazujg., Zze melaniny pochodzace z biomasy grzybowej moga
znalez¢ zastosowanie w modyfikacji wlasciwoscei materialéw opakowaniowych.






Summary of the PhD thesis "Characterisation of selected melanins derived from fungal biomass
and their application to improve the properties of packaging materials"

Modification of packaging materials in the direction of improving their properties and giving
them antioxidant, antimicrobial and barrier properties against light, oxygen and water vapor is one of
the directions of development of modern packaging. Melanins (including those from fungal biomass)
are characterizad by many unique properties, that may be used in the modification of packaging
materials.

The aim of the PhD thesis was to determine the possibility of using melanins derived from
fungal biomass to improve the properties of packaging materials. It was assumed that the fungal
biomass (waste from the production of Agaricus bisporus, the Armillaria mellea rhizomorphs and the
fruiting bodies of Scieroderma citrinunr) can be a source of melanins (with antioxidant, UV-Vis light
barrier and antimicrobial properties).

The work included the isolation, purification and physicochemical characteristics of melanins
derived from A. bisporus waste, A. mellea rhizomorphs and S. cirrimam fruiting bodies. In addition, the
antioxidant, UV-Vis light barrier and antimicrobial properties of native and purified pigments were
determined. Obtained pigments were used as an additive to coatings from chitosan and starch applied
on PLA, PE, BOPP and PET films. The effect of melanins addition on the antioxidant properties of
coatings and their color was analyzed. In the case of BOPP and PET films, the optical properties of the
films were analyzed. The waste from the 4. bisporus production was used as an additive to the PLA to
form a composite film materials. Mechanical tests were carried out, including the determination of
breakage and breakdown forces, and the force required to break the seal. The dynamic mechanical
properties of the films were also determined. Analysis of the barrier properties of composite materials
against water vapor using the gravimetric method, surface properties (measurement of contact angle)
and the effect of melanins addition on crystallinity were performed. Spectroscopic analyzes including
UV-Vis, FT-IR and Raman were carried out. The analysis of the effect of melanins addition in various
concentrations on the values of colour in the CIE Lab system was performed. Antioxidant properties,
amount of polyphenol groups available on the surface of the material and antimicrobial properties
were also analyzed. The melanin from A. bisporus was also used as an additive to the gelatin films.
The films solubility, mechanical properties, oxygen and water vapor permeability, surface properties
(measurement of contact angle) were analyzed. Additionally, the content of polyphenolic groups in
filins, antioxidant properties and antimicrobial properties were investigaled. The analysis of the effect
of melanin addition in various concentrations on the values of colour in the CIE Lab system was
performed. Spectroscopic analyzes were carried out, including analysis in the UV-Vis, FT-IR and
Raman. To determine the possibility of using gelatin-modified material from gelatin on a model food
product, lard was chosen. Lard from “Nasze smaki” company was coated with coating solutions that
were previously used to obtain a gelatin film (0.1%, 0.5%, 1% with the addition of melanin from A.
bisporus waste). Lard was stored for 21 days at 25 ° C. 50% RH, without light. After 7, 14 and 21 days
of storage, the following values were determined: superoxide (POV), iodine (IV) and acid (AV).

In the presented PhD thesis melanins have been obtained from three fungal biomass sources:
waste from harvesting of A. bisporus, rhizomorphs of 4. mellea and fruiting bodies of S citrinum. it
was noted, that analysed melanins have UV-Vis light barrier (especially in UV range) as well as
antioxidant properties. It has been found that purified melanins have better antioxidant properties,
barrier to UV radiation and are characterized by a lower L parameter (brightness) and higher






parameters g (in the red direction} and b (in the yellow direction), higher content of polypheno! groups
and also show differences in functional groups present in molecules. It was noted, that the analyzed
melanins have antimicrobial properties.

Based on the experiments conducted, it was found that the addition of fungal melanins to
chitosan and starch coatings applied to the surface of PE, PLA, BOPP and PET filims allows to give
them antioxidant properties. These properties depend not only on the source of the melanins, but also
on the carriers used to form the coatings. Increasing concentrations of melanins in coating-forming
solutions resulted in an increase in antioxidant properties. There was no significant improvement in
UV-Vis light barrier properties of BOPP and PET films. It was found that the addition of melanin
affects the colour of the films.

On the basis of the conducted tests, it was found that it is possible to obtain a composite
packaging material from poly(lactic acid) and melanin from 4. bisporus with improved mechanical
and barrier properties against water vapor (with melanin participation of 0.025% and 0.05%). A slight
improvement in the UV-Vis barrier properties was observed. It was found that the addition of melanin
had no significant effect on the surface properties of the film. DSC analysis showed that despite the
increased crystallinity of the material compared to the control sample, melanin addition did not
significantly affect the glass transition temperature (T,), cold ecrystallization (T.) and melting
temperature (T,), furthermore all foils were higly amorphic. Colorimetric studies showed that the
addition of melanin reduced the lightness of the films (L) and increased the values of parameters ¢ (in
the red direction} and b (in the yellow direction), as well as decreased the YI parameter in comparison
to the control film. The unmodified films did not exhibit antioxidant properties, it was observed that as
the melanin content increased in the polymer matrix, both the antioxidant properties of the films and
the amount of polyphenol groups on the surface of the material increased. Modified were active
against Enterococcus faecalis, Pseudomonas aeruginosa and Pseudomonas putida.

The tests have shown that it is possible to obtain gelatin films modified with 4. bisporus
melanin. It was found that melanin addition significantly reduced films solubility. There was
a significant increase in the contact angle for melanin modified films (53.3° for unmodified films,
72.9° for films with 1% melanin), indicating a change in surface film properties and hydrophobicity of
the material. The water vapor permeability decreased slighlty (not statistically significant), oxygen
barrier properties were improved. There was no significant influence of melanin on the mechanical
properties of the films. There has been a significant improvement in UV barrier properties. The
addition of melanin to the gelatin films significantly increased antioxidant properties. Both the
modified films and the film without the addition of melanin did not show antimicrobial properties.
was observed that the addition of melanin to the film decreased the values of colour parameter L, and
increased the values of parameters a and b.

Based on the conducted tests, it was found that the peroxide (POV) and acid (AV) values of
uncoated lard increased quickly during storage in controlled conditions. A decrease in the iodine value
(IV) was also observed, due to the decrease in the content of unsaturated fafty acids. It was observed
that the presence of gelatin coatings significantly retarded the growth of POV and AV. and decrease
V. During the incubation period, lard coated with melanin-containing coatings had lower POV and
AV, and higher IV than that of lard coated with gelatin devoid of melanin, and without coating.

The obtained results indicate that melanins from fungal biomass can be used to modify the
properties of packaging materials.
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1. Wstep i uzasadnienie wyboru tematu

Rozwo] gospodarczy, zmiany trvbu zyeia 1 trenddw Zywieniowych spowodowaly
lawinowy wzrost zapotrzebowania na opakowania. Rosnaca konkurencja wymusza na
producentach dazenie do ich produkeji w coraz lepszych 1 innowacyjnych formach.
spelniajgeych wymagania wszystkich ich uzytkownikéw, w tym konsumentéw. Pelnige weigz
swojg pierwotng funkcje zabezpieczania, opakowania odgrywaja réwniez role przyciagania
uwagi klienta do danego produktu i - pomimo ze spelniajg szereg réznych zadain, przez co
czesto bardzo réznig sig¢ miedzy soba — posiadajg wiele cech wspolnych. Powyzsze pozwala
zdefiniowaé opakowanie jako .wyrob zapewniajacy utrzymanie okreslonej jakodci
pakowanych produktdw, przystosowanie ich do transportu i skladowania oraz do prezentacji,
a takze chroniacy $rodowisko przed szkodliwym dzialaniem niektérych produktow™(PN-0-
79000:97).

Opakowanie powinno zatem bezpodrednio i skutecznie chronié produkt, przedhuzad
jego trwalo$¢, a przy tym posiada¢ wszystkie niezbedne informacje o zawartoscei,
zastosowanych dodatkach, wartosci odzyweczej, okresie przydatnodci oraz warunkach
przechowywania, Musi byé rowniez elementem strategii marketingowej 1 usprawniaé
zarzadzanie w fizycznym przeplywie towaréw. Wspdiczesnie stosowane opakowania
spelniajg zatem wiele funkeji, ukierunkowanych bezposrednio na produkt, dystrybutorow
i handlowcow, konsumentow czy $rodowisko naturalne, ktdre wynikaja ze $wiadomego oraz
celowego procesu projektowania i rozwoju (Stewart 2014).

Majac na uwadze powyzsze, podkresli¢c nalezy fakf, iz opakowanie jest formg
zabezpieczania umieszczonego w nim produktu przed uszkodzeniami w czasie transportu
i skladowania, powimnno ono takze umozliwia¢ zachowanie jakosci higienicznej towaru oraz
ulatwié jego uzytkowanie (Panfil-Kuncewicz [993). Materialy opakowaniowe winny
cechowaé sie wiec odpowiednia barierowodcia w stosunku do wody, gazdw, tluszczéow
i innych labilnych substancji, jak réwniez chroni¢ produkt przed zmianami chemicznymi oraz
mikrobiologicznymi i zapewnié¢ odbiorey (konsumentowi) dostarczenie wyrobu w atrakeyjnej
dla niego postaci. Co rowniez istotne, opakowania powinny charakteryzowac si¢ obojetnoscia
chemiczng w stosunku do pakowanego artykuhu, tym samym nie jest dopuszczalna migracja
skladnik6w materialu opakowaniowego do zywnosci w ilodcei zagrazajacej zdrowiu czlowieka
(wyjatek stanowia tzw. opakowania aktywne). Wplyw na jakos$¢ zapakowanych wyrobdw
moze by¢ posredni badZz bezposredni. Pierwszy z nich wystepuje, gdy opakowanie
zabezpiecza w wystarczajagcym stopniu przed zmianami jakie zachodza w produkcie
w wyniku dzialania tlenu, przenikania promieni slonecznych i pary wodnej. Natomiast wplyw
bezposredni polega na migracji skladnikéw opakowania do wyrobu lub odwrotnie.

Wér6d materialéw opakowaniowych wykorzystywanych w przetworstwie zywnosci
dominuja te z tworzyw sztucznych (Janicki i Cwiek-Ludwicka 1999). Liczba odmian
dostepnych tworzyw sztucznych stale wzrasta, a ilos¢ wzajemnych kombinacji oraz
mozliwosci ich fgezenia z tworzywami klasycznymi jest niemal nieograniczona (Hadryjariska
2004). Produkcja tworzyw sztucznych, w zwigzku ze swojg dynamikg, stala sie wigc we
wspdlczesnych czasach jednym =z najbardziej istolnych probleméw ekologicznych.






Wszechobecne 1 wszechstronnie stosowane polimery syntetyezne nie ulegaja biorozkladowi
lub sg trudno rozkladalne przy zastosowaniu skomplikowanych proceséw technologicznych.
Wiekszos¢ produktow opakowaniowych cechuje stosunkowo krotki .czas zyeia™ 1 zazwyezgj
przystosowane sg one do jednorazowego uzytku, W zwiazku z tym. istnieje potrzeba ciaglego
pozyskiwania surowcdw niezbednych do ich wytwarzania (np. ropy naftowej. gazu ziemnego.
aluminium, drewna itd.) co dodatkowo obcigza srodowisko naturalne.

Jednym z proponowanych rozwiazan jest wprowadzenie zasad gospodarki o obiegu
zamknietym (cyrkularnej). ktéra ma na celu minimalizacje zuzycia surowcow i wielkoscei
odpadéw oraz emisji i utraty energii poprzez tworzenie zamkniete] petli procesow.
Polega ona na tym, ze odpady z jednych proceséw sa wykorzystywane jako surowce dla
irmych, co maksymalnie zmniejsza ilo$é odpaddédw produkcyjnych. Nalezy podkreslic, ze
obecnie opakowania sa nieodzownym elementem obrotu towarowego, a stosowanie ich jest
wymagane nie tylko ze wzgledow logistycznych ale rowniez higieniczno-sanitarnych,
Rezygnacja z produkeji opakowan wydaje sig zatem niemozliwa. Istnieje natomiast naglaca
potrzeba znalezienia odpowiednich rozwigzan, pozwalajgcych na czesciowa likwidacje
zagrozenia dla érodowiska naturalnego, jakie stanowia zaymujace coraz wieksze obszary
skladowania odpadéw opakowaniowych. Sytuacja ta doprowadzila do zwrbcenia uwagi
$wiata naukowego i producentéw na poszukiwanie alternatywnego, a tym samym przyjaznego
dla érodowiska, naukowego rozwiazania, polegajgcego na rozwoju produkeji opakowan
opartych na biodegradowalnych materialach. Opakowania biodegradowalne sa wymieniane
jako jeden z alternatywnych kierunkdéw rozwoju opakowan w wytycznych gospodarki
o obiegu zamknigtym. Biodegradowalne materialy polimerowe wytwarzane sg z surowcédw
naturalnych lub syntetycznych. Ze wzgledu na sposéb otrzymywania moga one zostad
zaliczone do jednej z czterech grup (Macyszyn i Kozlowski 2012):

1. Polimery uzyskiwane przez bezposrednig ekstrakcje z biomasy. Nalezg do nich
polisacharydy (skrobia, celuloza, chityna, chitozan) i bialka (pochodzenia zwierzecego lub
roslinnego);

2. Tworzywa syntetyzowane z monomeréw pochodzacych z przyrody. Jednym
z przykladéw jest poli(kwas mlekowy) (PLA) syntetyzowany w wyniku procesu
polikondensacji z kwasu mlekowego, otrzymywanego w procesie fermentacji surowcow
cukrowych nalezacych do zasobdw odnawialnych;

3. Polimery produkowane przez mikroorganizmy. Jednymi z najczesciej stosowanych
w przemysle opakowaniowym polimeréw pochodzenia mikrobiologicznego sa polimery
i kopolimery kwasu 3-hydroksymastowego (HB) oraz 3-hydroksywalerianowego (HV);

4. Materialy otrzymywane przez synteze z surowcow petrochemicznych. Otrzymuje
sie tak m.n.: polialkohol winylowy (PVA), polikwas glikolowy (PGA), polikaprolakton
(PCL) (Kozlowski 2008).

Materialy biodegradowalne znajdujg zastosowanie w wiehu sektorach przemysiu. Do
celéw opakowaniowych produkowane sg one w formie m.in. pojemnikéw, tacek, folii.
kubkéw czy butelek. Znajdujg réwniez zastosowanie jako materialy do bezposredniego






powlekania produktéw spozywezyeh badz inmyeh materialow opakowaniowych (np. papieru.
tektury),

Niezbednosé stosowania opakowan nalezy uznaé za niezaprzeczaing. ze wzgledu na
ich wiele, roinie definiowanyeh funkcii. wérdd ktdryeh mozna wyrdznic: funkcje ochronna.
marketingowa, informacyjng oraz zarzadzajaca (Karpiel i Skrzypek 2000}, przy czym
szczegdlne zainteresowanie nalezy poswiecié plerwszej z nich. Funkeja ochronna polega
bowiem na zachowaniu wszelkich cech fizycznych. chemicznyeh 1 sensorycznych
zapakowanego produkiu i ochronie przed negatywnym oddzialywaniem czynnikow
zewnetrznych 1 wewnetrznych, w calym cyklu Zycia opakowania, ze szczegdlnym
uwzglednieniem przemieszczania towarow do konsumenta. Czynniki te moga byé
zlikwidowane badz zminimalizowane poprzez dobor odpowiedniego materiaju
opakowaniowego jak i jego formy konstrukeyjnej. Wazna jest réwnieZ technologia i technika
pakowania np. pakowanie w kontrolowanej lub modyfikowanej atmosferze MAP (ang.
modified atmosphere packaging) (Singh 2010), umieszczanie absorberéw tlenu (Mizielinska
i wspolaut. 2015), wilgoci (Suminiska i Kowalska 2014), pakowanie aseptyczne i utrwalanie
(fizyczne, chemiczne, biologiczne).

Istotnym trendem w rozwoju opakowan jest zastosowanie do ich modyfikacii
substancji pochodzenia naturalnego. Substancie te mogg wplywaé zaréwno na material
opakowaniowy (na jego wladciwodei mechaniczne, termiczne, barierowe, optyczne
i powierzchniowe) ale réwniez na zawarty w nim produkt (opakowania aktywne), chronige
przed niekorzystnymi zmianami, ktére moga zachodzi¢ w wyrobie w wyniku rozwoju
niepozadanych drobnoustrojéw czy procesdw oksydacyjnych. Obecnie najczesciej
wykorzystywanymi w opakowalnictwie zwiazkami aktywnymi sg: bakteriocyny, ekstrakty
z roédlin, olejki eferyczne, enzymy oraz kwasy organiczne (Lopusiewicz i Mizielinska 2016),
W srodowisku naukowym pojawila si¢ réwniez koncepcja wykorzystania w ten sposéb
melanin.

Terminem ,,melaniny™ okresla sie grupe wielkoczasteczkowych barwnikéw (czarnych,
brazowych, zéltoczerwonych i o barwach posrednich) odpowiedzialnych za ciemng
pigmentacje organizméw. Powstajg one w wyniku oksydacyjnej polimeryzacji zwigzkow
fenolowych i indolowych. Melaniny sg najprawdopodobniej najbardziej powszechnymi,
odpornymi, heterogenicznymi 1 najstarszymi ewolucyjnie pigmentami obecnymi w przyrodzie
(Solano 2014; Lopusiewicz i Lisiecki 2016). Sa syntetyzowane przez rosliny, zwierzeta,
grzyby oraz bakterie, wérdd ktérych pelnig istotna role w procesach termoregulacii,
chemoprotekcji, kamuflazu oraz procesach rozmnazania. Nazwa ,melanina” pochodzi
od greckiego terminu melanos, ktéry oznacza .czarny/ciemny” i najprawdopodobniej zostala
uzyta po raz pierwszy przez szwedzkiego chemika Jonsa Joacoba Berzeliusa w 1840 roku do
opisu ciemnego pigmentu wyizolowanego z oka (Solano 2014).

Melaniny to zwigzki o nieregulamej 1 tréjwymiarowej strukturze amorficznej,
obdarzone ladunkiem ujemnym, zbudowane z monomeréw zwiazkow fenolowych (przy czym
najczestszym substratem jest aminokwas tyrozyna) oraz indolowych. ktore laczac sie
w spos6b losowy tworzg strukture polimeru (Solano 2014; Lopusiewicz 1 Lisiecki 2016). Ich






struktura 1 sklad zaleza nie tylko od budujaeych ich monomerdw ale réwniez od warunkow
srodowiska w jakich zachodzi ich polimeryvzacja (Henson 20050,

Wiyrdznia sie lrzy grupy melanin: eumelaniny. {eomelaniny i allomelaniny (Plonka
i Grabacka 2006). Eumelaniny sg pelimerami zlozonymi z pochodmyeh tyrozyny. glownie
kwasu 3.6-dihvdroksyindolo-2-karboksylowego (DHICA) oraz dihydroksyindolu (DHI.
Wzajemny stosunek skiadowych eumelaniny decyduje o ostatecznej intensywnosci jej barwy.
In vivo eumelaniny tworza zlozone kompleksy z bialkami oraz metalami (gléwnie miedzia.
cynkiem, zelazem oraz wapniem). Feomelaniny to zofto-czerwone barwniki, bogate
w aminokwasy siarkowe (glownie cysteine), posiadaja w swojej strukturze podjednostki
benzotiazyny oraz benzotiazolu. Allomelaniny natomiast sg zréznicowana grupa barwnikow,
niezawierajgcych albo zawierajacych male ilosei azotu, ktére wystepuja gidéwnie w roslinach
i grzybach, sg syntetyzowane ze zwigzkéw fenolowych (Socaciu 2008).

Szezegdlnym rodzajem melanin jest neuromelanina, specyficzna dla naczelnych, kidra
stanowi kompleks zmodyfikowanej eumelaniny nawinigte] na rdzen utworzony
z feomelaniny. Rola neuromelaniny w moézgu polega prawdopodobnie na usuwaniu jonow

organicznych i nieorganicznych, oraz ochronie przez wolnymi rodnikami (Zecca i wspdlaut.
2001).

Warto wspommnied, iz melaniny znalazly szerokie zastosowanie m.in. w syntezie
nanoczastek metali o wlasciwosciach przeciwdrobnoustrojowych (Apte i wspolaut. 2013),
w diagnostyce medycznej (obrazowanie optoakustyczne) (Liopo 1 wspoélaut. 2015),
formowaniu powlok pélprzewodnikowych, soczewek chronigcych przed promieniowaniem
UV, modyfikacji powierzchni materialow w celu zwiekszenia ich odpornodci na korozje,
hydrofobizacji powierzchni materialéw oraz zwigkszania ich zdolnosci adhezyjnych
(Bernsman i wspoélaut. 2010; Moressi 1 wspdlaut. 2010; Sono 1 wspdlaut. 2012). Obecne sa
one rdéwniez w produktach i surowcach wykorzystywanych przez cziowicka w przemyéle
spozywezym (Lopusiewicz i Lisiecki 2016).

Melaniny maja zazwyczaj ciemmy kolor jednak prezentujg one szeroka palete barw od
czarnobrazowej (eumelanina, melaniny ro$linne, bakteryjne i grzybowe) do zéltoczerwonej
(feomelanina). Ta réznorodnoéé kolordw i odcieni wynika z réine] zdolnosci do absorbeji
i rozpraszania $wiatla. Przyjmuje sie, ze im mniejsze sg granule melaniny, tym jasniejszy
majg kolor (Prota 1992). Spektrum absorbecji $wiatla przez melaniny nie ma jednego
charakterystycznego maksimum pochlaniania 1 jest dod¢ szeroko rozloZone w zakresie
dlugodci  fal odpowiadajacych promieniowaniu UV, widzialnemu oraz czgsciowo
podezerwonemu, jednak lepiej pochlania fale o kidtszej dlugosei. Ogoélem, melaniny maja
ciemng barwe, poniewaz ich czasteczki nie wypromieniowujg z powrotem zaabsorbowanego
widzialnego lub niewidzialnego dla oka ludzkiego $wiatla, ale przekszialcajg jego energie,
rozpraszajge ja w postaci ciepla (Lopusiewicz i Lisiecki 2016).

Co wigeej, melaniny wykazujg specyficzne wlasciwosei fizykochemiczne, cechujac
sie silnymi wiasciwosciami przeciwutleniajacymi. Wplywa na to obecnosé stabilnej populacji
organicznych wolnych rodnikéw o-semichinonowych, a takZze grup utleniajacych lub
redukujacych, np. o-chinonéw oraz hydrochinondw (Prota 1992). Dzigki temu posiadajg
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wlasciwosel przeciwutleniajace. chronigee komdrki przed eytotoksyeznymi reaktywnymi
formami tlenu (ROS - ang. reacrive oxygen speciesy 1 wolnymi rodnikami, takimi jak: tlen
singletowy, rodnik hydroksylowy oraz anionorodnik ponadilenkowy (Roézanowska 1 wspdlaut.
1099:  Lopusiewicz 1 Lisiecki 2016). Melaniny wykazujg silne  wlaseiwodcl
przeciwutleniajgee. juz w stezeniach rzedu pg/ml czyvli poréwnywalne Jub lepsze do
wlasciwosci  powszechnie stosowanych przeciwutleniaczy takich jak  butylowany
hydroksytoluen (BHT) czy butylowany hydroksyanizol (BHA). Zwiazki te mogg by¢
szkodliwe dla zdrowia czlowieka, dlatego wiele uwagi poswieca si¢ przeciwutleniaczom
pochodzenia naturalnego. Wykazano, ze melaniny roS§linne obecne m.in. w herbacie.
orzechach kasztana chinskiego, nasionach arbuza, owocach roslin Vitex mollis. Randia
echinocarpa 1 Crescentia alata (endemicznych dla Meksyku) wykazujg silne wilasciwosci
przeciwutleniajace oraz chelatujgce jony metali np. Fe?* (Sava i wspdlaut. 2001 Yao
i wspolaut. 2012; Cuevaz-Juarez i wspdlaut. 2014; Lopusiewicz 2018b). Wiele melanin
grzybowych rowniez wykazuje wlasciwoscei przeciwutleniajace (Eisenman i Casadevall 2012;
Toledo 1 wspdlaut., 2017; Lopusiewicz 2018a).

Potwierdzono, ze niektére melaniny charakteryzujg sie  wlasciwosciami
przeciwdrobnoustrojowymi. Stwierdzono, ze melaniny z owocnikow kisielnicy kedzierzawej
(Exidia nigricans) oraz z nasion arbuza (Citrullus lanatus) wykazuja aktywnosé przeciwko
Enterococcus faecalis 1 Pseudomonas aeruginosa (Lopusiewicz 2018a,b). Laxmi i wspdlaut.
(2016) zaobserwowali aktywno$¢ melaniny z bakterii Providencia refigeri przeciwko
Pseudomonas aeruginosa, za$ Helan Soundra Rani 1 wspolaut. (2013) stwierdzili aktywnodé
przeciwdrobnoustrojowa melaniny z drozdzy Horraea werneckii. Xu 1 wspolaut. (2017)
zwrocili natomiast uwage na szerokg akiywnodé przeciwdrobnoustrojowa melaniny
pochodzacej ze szczepu grzyba Lachmum YM30. Autorzy ci sugeruja, ze aktywnoscé
przeciwdrobnoustrojowa melanin moze wynika¢ z mechanizmu uszkodzenia S$ciany
komdrkowej bakterii a tym samym zaburzenia jej funkcjonowania. Réznorodne spektrum
aktywnosci przeciwdrobnoustrojowej moze natomiast wynikaé z réznic w budowie i skiadzie
melanin (Correra i wspolaut. 2017). W pisSmiennictwie obecne sg réwniez doniesienia, ze
melaniny moga wplywaé na bakteryjny system guorum sensing (,porozumiewanie sie”
bakterii poprzez czasteczki sygnalowe), zaburzajgc tym samym mechanizm tworzenia
biofilmu m. in. przez patogeniczne szczepy P. aeruginosa (Zhu i wspdlaut. 2011; Bin i
wspolaut, 2012)

Dotychczas dostepne pismiennictwo dotyczace zastosowania melanin do modyfikacji
materialéw opakowaniowych nie jest szerokie i z pewnoscia nie wyczerpuje tego tematu.
Dong 1 wspdlaut. (2014) zastosowali melaning pochodzaca z sepii do modyfikacji
poli(alkoholu winylowego). Stwierdzili, Ze melaniny moga zwigkszal termostabilno$é
materialu, nawet w niskich stezeniach (0.5%), z uwagi na ich zdolno$¢ do wylapywania
wolnych rodnikéw, ktére odpowiedzialne sg za procesy degradacji. Shanmuganathan i
wspotaut. (2011} dodajac do PMMA (polimetylmetakrylanu) syntetyczng L-DOPA melaning
w ilociach 0.5-5% uzyskali znaczny wzrost temperatury rozkladu takiego polimeru (o 50-
90°C, w poréwnaniu do niemodyfikowanego polimeru), spowodowany wylapywaniem przez
melanine wolnych rodnikdéw powodujacych depolimeryzacje materialu. Dodatkowo, 1%






udzialu melaniny w folii z PMMA pozwolil na zatrzymanie 80% przechodzacego przez nia
$wiatla. Kiran 1 wspdlaut. (2017) opracowali kompozytowy material skladajaey  sie
z nanomelaniny i polihydroksymaslanu. kiory charaktervzowal sie silnymi wiasciwosciami
przeciwutleniajacymi 1 hamowal wzrost wielcopomego szczepu Stapiviococcus aureus.
Kuang 1 wspolaut. (2014} wykorzystali za§ melaniny do pokrywania poliweglanu, a nastepnie
do wzbogacania takiego ukladu antybiotykiem - gentamycyng. Tak przygotowane uklady
byly zdolne do kontrolowanego uwalniania antybiotyku i hamowania wzrostu niepozadanych
drobnoustrojow. Warto roOwniez zaznaczyé. Zze same melaniny moga by¢é wykorzystane do
wytwarzania cienkich powlok (Da Silva i wspdlaut. 2004; Dezidério i wspolaut. 2004;
Bernsman i wspolaut. 2010; Moressi 1 wspolaut. 2010; Sono i wspdlaut. 2012; Wu i Hong
2015).

Powyzsze publikacje niewatpliwie wskazuja na potencjal wykorzystania melanin
w produkeji materialéw opakowaniowych a co za tym idzie, wzbudzajg zainteresowanie tym
tematem, takze w zakresie dotyczacym sposobu pozyskiwania naturalnej melaniny na
szeroka, przemystows skale. Wydaje si¢, 1z na rynku polskim, odpowiednim Zrédlem tej
substancji moze by¢, w szczegolnoscei, hodowla pieczarek.

Produkcja pieczarki dwuzarodnikowej (Agaricus bisporus) w Polsce charakteryzuje
sie od lat dynamicznym wzrostem ilosciowym, ktéry wynosi nawet 320 tys. ton na rok.
Polska jest gléwnym producentem A. bisporus w Europie i jednym z najwigkszych na swiecie
{(pierwsze miejsce zajmujg Chiny) (Xu i wspolaut. 2016). Produkcja ta wprowadza do
érodowiska naturalnego duze ilosci odpadéw, nie tylko w postaci podioza do hodowli
pieczarki, ale rdwniez biomasy grzybowej, ktére musza byé zagospodarowane.

Rolnicze i pozarolnicze wykorzystanie zuzytych odpadéw grzybowych jest mozliwe,
gdy jest w odpowiedni sposdb zabezpieczone, poprzez minimalizacje ryzyka przenoszenia
szkodnikéw, patogennych mikroorganizmdw 1 nasion chwastdéw. Zuzyla materia organiczna,
powstajaca przy produkecji grzyboéw, zawiera znaczne ilosci wegla i azotn, przy czym
stosunek tych pierwiastkéw jest podobny do poziomu w humusie, obecnym w glebie
mineralnej i biologicznie aktywnej (Kalembasa i wspélaut. 2012). Wedlug Majchrowskiej-
Safaryan i Tkaczuka (2013) zastosowanie zuzytego substratu grzybowego do gleby poprawia
jej wlasciwosct fizyczne 1 zwieksza zawarto$é makro- i mikroelementdw, co sprawia, ze moze
by¢ on wykorzystany jako nawdz. Po zakonczeniu procesu uprawy, grzyby (kapelusze wraz
7z czesciami trzondw) sa odcinane i przekazywane do dalszego przetworstwa lub na sprzedaz.
Podstawy trzondw s3 traktowane jako odpad i uzywane wraz z substratem do wzrostu jako
nawoz. W dostepnym pismiennictwie nie znaleziono informacji na temat innych zastosowan
odpadéw z produkcji pieczarki. Biorge pod uwage skale produkeji pieczarek i ilo§é
powstajacych odpadow, zasadnym wydaje si¢ poszukiwanie innych sposobéw ich
wykorzystania, takich jak przetwarzanie ich do cemnych bioaktywnych produktéw, np.
melanin.

Pieczarki bogate sa w zwiazki fenolowe, ktdre moga by¢ substratem dla naturalnie
w nich wystgpujgeego enzymu, tyrozynazy. Tyrozynaza przeksztalca zwiazki fenolowe do
o-difenoli, ktére nastgpnie przeksztatcane sa do o-chinondw, wysoce reaktywnych zwigzkow,






ktore w warunkach tlenowyeh mogg polimeryzowad do melanin (w warunkach naturalnych to
zjawisko zwane jest jako ciemnienie enzymatyczne) (Jolivet i wspolaut. 1998: Weijn
i wspolaut, 2013; Lopusiewicz 1 Lisiecki 2016). Opierajge sic wiec na naturalnej obecnosci
zwigzkow fenolowyceh 1 tyrozynazy w pieczarkach. mozna ~ w znaczacy sposab — obnizvé
koszty pozyskiwania melanin.

Przytoczone powyze] mformacje daly asumpt do podjecia badan na temat mozliwosci
pozyskania z biomasy grzybowej melanin. ktdre mogg stanowic obiecujacg grupe zwigzkow
o wielu pozadanych wiasciwosciach. mogacych znalezé zastosowanie do modyfikacii
materialow opakowaniowych. Podjeta tematyka rozprawy doktorskiej porusza réwniez
zagadnienia z zakresu ekologii, poniewaz wskazuje kierunek zagospodarowania odpadu
przemystu rolno-spozywczego za pomoca procesow biokonwersji do uzyskania cennego
produktu.

2. Cel pracy i hipotezy badaweze

Celem pracy bylo okreslenie mozliwosci zastosowania melanin z biomasy grzybowej
do poprawy wilasciwoscei uzytkowych materiatéw opakowaniowych.

Hipotezy badawcze:

Zatozono, ze biomasa grzybowa (odpad z produkcji pieczarki dwuzarodnikowej
Agaricus bisporus, ryzomorfy opietki miodowej Armillaria mellea oraz owocniki tegoskora
cytrynowego Scleroderma citrinum) moze stanowié Zroédlo melanin o wladciwodciach
przeciwutleniajacych, barierowych wzgledem promieniowania uv oraz
przeciwdrobnoustrojowych.

Réwnoczednie zatozono, ze:

- melaniny z biomasy grzybowej mogg stanowié dodatek do powlok nanoszonych na folie
opakowaniowe i mie¢ wptyw na ich wlasciwosci przeciwutleniajace oraz optyczne;

- melaniny z biomasy grzybowej moga stanowi¢ dodatek do folii z poli(kwasu miekowego)
(PLA) 1 mie¢ wplyw na ich wladciwosci mechaniczne, termomechaniczne, barierowe,
powierzchniowe, optyczne, przeciwutleniajace 1 przeciwdrobnoustrojowe;

- melaniny z biomasy grzybowej moga stanowié dodatek do folii z Zelatyny i mie¢ wplyw na
ich wiasciwosci mechaniczne, termomechaniczne, barierowe, powierzchniowe, optyczne,
przeciwutleniajace i przeciwdrobnoustrojowe:

- powloki z Zzelatyny modyfikowanej melaning moga by¢ zastosowane na modelowym
produkcie spozywezym (smalec wieprzowy), chronige go przed procesami uileniania.
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3. Materialy i metody

Do pozyskiwania melanin wykorzystano 3 rodzaje biomasy grzybowe;j:

a) odpad powstajacy przy produkcji pieczarki dwuzarodnikowej {Agaricus hisporus)
w postaci trzondw owocnikow (ABW —~ Agaricus bisporus waste). pozyskany od lokalnego
producenta w Wolsztynie (wojewddziwo wielkopolskie). oraz owocniki pieczarek zakupione
w supermarkecie .. Tesco™

b) owocniki tegoskora cytrynowego (Scleroderma citrinumy;
¢) ryzomorfy opienki miodowej (Armilaria mellea).

Wybor materialu w postaci ABW podyktowany byl jego duza ilodcig oraz brakiem
dostepnej literatury dotyczacej jego zagospodarowania w kierunku pozyskiwania substancji
aktywnych. Ryzomorfy A. mellea 1 owoceniki S. citrinum zostaly wybrane z uwagi na
dostepnos¢ materiatu na stanowiskach naturalnych.

Aby oznaczy¢ sucha mas¢ zawarta w odpadzie z produkeji pieczarki dwuzarodnikowej
postuzono si¢ metodg grawitmetryczna (3-6 pojedynczych trzondw suszono w temperaturze
105°C do stale] wagi). Calkowitg zawartos¢ rozpuszezalnych polifenoli (TPC - rofal
polyphenolic content), tj. prekursoréw do syntezy melaniny, oznaczono metodg Folina-
Ciocalteau w 80% ekstrakcie etanolowym z ABW. Reakeje pozyskiwania melaniny z ABW
oparto na dwuetapowym procesie. W pierwszym wykorzystano naturalng zawartos¢ enzymu
tyrozynazy, odpowiedzialnej za hydroksylacje monofenoli to o-difenoli, oraz o-difencli do
chinonéw, inkubujgc zhomogenizowany odpad przez 24 godziny w temperaturze 37°C
(optimum temperaturowe dla tyrozynazy). W drugim etapie homogenat alkalizowano do pH
10 przy pomocy 1 M NaOH 1 inkubowano przez kolejne 24 godziny w temperaturze 65°C
(w warunkach alkalicznych i tlenowych zachodzila spontaniczna polimeryzacja chinonéw do
melanin). Po okresie inkubacji mieszanine reakcyjng filtrowano, odwirowywano (6000
obr/min, 10 min), uzyskujgc alkaliczny roztwér nieoczyszezonej melaniny ABW (ABW-RM
— Agaricus bisporus waste — raw melanin).

Natywne melaniny z ryzomorf A. mellea 1 owocnikéw S. citrimon pozyskiwano
poprzez bezposrednig ekstrakeje ze zhomogenizowanej biomasy w warunkach alkalicznych,
podobnie jak w przypadku ABW uzyskujac zasadowe roztwory AM-RM (drmillaria mellea ~
raw melanin) i SC-RM (Scleroderma citrinum — raw melanin). Kolejne etapy badan byly
wspolne dla wszystkich trzech rodzajow melanin.

W celu oczyszezenia melanin, ich zasadowe roztwory zakwaszano 1 M roztworem
HCI do pH 2 (w warunkach kwasowych nastepuje wytracanie melanin). Osad kazdej
melaniny odwirowano (6000 obr/min, 10 min), a nastepnie przeprowadzano hydrolize w 6 M
HCI (90°C, 2 godziny) w celu usuni¢eia zwiazanych z melaninami polischacharydow, biatek
i inmych skladnikéw. Po hydrolizie osady odwirowano i przemywano kilkukrotnie wodg
destylowang, az do usuniecia kwasu. Nastepnie osady przemywano trzykrotnie
chloroformem, octanem etylu i etanolem, w celu usuniecia lipidéw 1 produktéw hydrolizy.
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Osady suszono. rozdrabniano w mozdzierzu na drobny proszek 1 przechowywano w temp.
-20°C do dalszych badan. W ten sposob uzyskano oczyszezone melaniny okreslane jako
ABW-PM (dgaricus bisporus waste — pure melanin), AM-PM (frmillaria mellea - pure
melanin} oraz SC-PM (Sclerodern citriman — pure melanin),

Dla kazdej melaniny natywne] 1 oczyszezone] przeprowadzono badania ich
rozpuszezalnoset (w wodzie 1 rozpuszezalnikach organicznych: acetonie, chloroformie.
dimetylosulfotlenku, etanclu i octanie etyhi; ponadto przeprowadzono testy zachowania sig
melanin w obecnosci czynnika utleniajacego — H0,), wlasciwosei redukujaeych (reakcja
z amoniakalnym roztworem AgNO;) oraz na obecno$é polifenoli (reakceja z FeCl;). Oceniano
réwniez wizualnie barwe. Jako standard melaniny we wszystkich badaniach wykorzystywano
syntetyczna L-DOPA melanine.

Przeprowadzono analize spektroskopowa uzyskanych melanin, okreslajgce ich widma
absorpeji i transmitancii w zakresie promieniowania UV-Vis (200-800 nm), na podstawie
ktérych wyznaczano wartosci A300/A600 (wartosei absorbancji przy diugosciach fal 300
i 600 nm, informujace o stopniu oksydacji i rozmiarze czastek melanin) oraz wykresy log
absorbancji w funkcji dtugosci fali.

Przeprowadzono réwniez analize spektroskopii FT-IR oraz Ramana w celu uzyskania
informacji o grupach funkcyjnych obecnych w melaninach.

Pomiary kolorymetryczne przeprowadzono przy pomocy kolorymetru okreélajac na
podstawie modelu CIE Lab wartosci parametréw L, a, b opisujgeych jasnoéé oraz barwy
chromatyczne. Okreslono réwniez zawartos¢ grup polifenolowych w czgsteczkach melanin
oraz ich wlasciwosci przeciwutleniajace za pomocg odczynnika ABTS. Wlasciwosci
przeciwdrobnoustrojowe (wzgledem bakterii Gram+ 1 Gram-) melanin oznaczano metodg
dyfuzyjno-dolkowa.

Przygotowano  roztwory  powlokotwércze z  chitozanu  oraz  skrobi
hydroksypropylowanej A4b, do kiérych dodawano roztwory oczyszezonych melanin ABW-
PM, AM-PM oraz SC-PM rozpuszczonych w DMSO. Prébe kontrolng stanowily uklady
powlokotwdreze chitozanu i skrobi z dodatkiem DMSO, pozbawione melanin. Nastgpnie
nanoszono uklady powlokotworcze na aktywowane koronowo folie PE (polietylen), PLA
[poli(kwas mlekowy)], BOPP (polipropylen orientowany dwuosiowo) i PET [poli(tereftalan
etylenu)] za pomoca powlekarki laboratoryjnej, kitdre nastepnie suszono 20 min w temp.
45°C. Dla wszystkich folii oznaczono zawarto$é polifenoli w powlokach (metoda Folina-
Ciocalteau) oraz wlasciwodcei przeciwutleniajace (metoda DPPH). Dla folii BOPP i PET
przeprowadzono pomiary parametréw L, @, b i na ich podstawie wyznaczono wartosci
parametréw AE (réznica koloru w odniesieniu do standardowej bialej plytki), YT (yellownes
index) oraz W1 (whiteness index). Oznaczono réwniez wilasciwosci barierowe folii wzgledem
promieniowania UV-Vis poprzez pomiar transmitancji.

Politkwas mlekowy) w postaci granulatu typ 4043D pozyskano od firmy NatureWorks
— dostawca Resinex. Melanine ABW-PM dodawano do granulatu PLA w ilosciach (w/w):
0.025%; 0.05% i 0.2%. Kompozytowe materialy modyfikowane z dodatkiem melaniny
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wytlaczano na wytlaczarce dwuslimakowej w postaci wsteg folii o grubodei 75-80 um. Prébe
kontrolng stanowila folia bez dodatku melaniny. Wykonane badania mechaniczne uzyskanych
materialdéw obejmujace okreslenie maksymalnych sit zerwania 1 przebicia. oraz sily
potrzebnej do rozerwania zgrzewu. Okredlono réwniez dynamiczne mechaniczne wladciwodci
kopozytowych materialdw przy pomocy urzadzenia DMA, wyznaczajac wartosei E'. E™. tan
d oraz temperatury zeszklenia T,. Dokonano rowniez analizy barierowosci kompozytowyceh
materialow wzgledem pary wodnej (WVTR — Water Vapour Transmission Rate) metoda
grawimetryczna, wlasciwosci powierzchniowych (pomiar kata zwilzania) oraz wplywu
dodatku melanin na krystalicznosé¢ metodg skaningowej kalorymetrii rdznicowej.
Przeprowadzono analizy spektroskopowe obejmujace analize¢ w zakresie promieniowania
UV-Vis, FT-IR oraz Ramana. Dokonano analizy wplywu dodatku melaniny w rdznych
stezeniach na wartoéei skladowych barwy w systemie CIE Lab. Dokonano pomiaréw
wlasciwosel przeciwutleniajacych (ABTS), ilosci grup polifenolowych dostepnych na
powierzchni materiatu (metoda Folina-Ciocalieu) oraz wlasciwosci antymikrobiologicznych
(15022196:2007(E)).

Do badan weryfikacji mozliwosci zastosowania melanin do modyfikacji folii
z zelatyny wybrano zelatyne firmy Rousselot SAS (Saint-Michel, Francja). Melaning ABW-
PM rozpuszezano przez 24 h (50°C) w wodzie destylowanej o pH 10 (uzyskanym przy
pomocy wody amoniakalnej) w sigzeniach 0.1%; 0.5% i 1% wag. Uzyskane roztwory
przefiltrowan i1 dodawano do nich Zelatyne (8 g na 100 mL roztworu). Roztwory inkubowano
2 godziny w temperaturze 60°C, po czym dodawano glicerolu jako plastyfikatora -~ 10%
w stosunku do masy zelatyny. Uzyskane roztwory filmotworcze wylewano na polistyrenowe
szalki Petriego o srednicy 90 mm, po czym suszono je przez 48 godzin w temperaturze 25°C
w komorze klimatyczej (50% RH). W tym czasie nastepowalo odparowanie rozpuszczalnika
i amoniaku oraz formowanie si¢ folii. Folie bez dodatku melaniny stanowily prébe kontrolna.
Wszystkie folie przed badaniami kondycjonowano 24 godziny w temperatwrze 25°C
i wilgotnosci 50% RH. Analizowano rozpuszezalnodé folii, wlasciwosci mechaniczne
(maksymalna sila zerwania, przebicia oraz wydluzenie procenfowe przy zerwaniu),
przepuszezalno$é tlenu OTR (metodg kulometryczng) oraz pary wodnej WVTR (metoda
grawimetryczng) a takze wiadciwosci powierzchniowe (pomiar kata zwilzania). Dodatkowo
przeprowadzono badania zawartosci grup polifenolowych w foliach (metoda Folina-
Ciocalteu), wlasciwodci przeciwutleniajagcych (ABTS) oraz przeciwdrobnoustrojowych.
Dokonano analizy wplywu dodatku melaniny w réznych steZzeniach na wartosci skiadowych
barwy w systemie CIE Lab. Przeprowadzono analizy spekiroskopowe obejmujace analize w
zakresie promieniowania UV-Vis (pomiar transmitancji), FT-IR oraz Ramana.

Aby okre$li¢ mozliwoéé zastosowania modylikowanego melaninami materialu
z zelatyny do pakowania modelowego produkiu spozywczego wybrano smalec. Smalec
wieprzowy firmy ,,Nasze Smaki” powlekano roztworami powlokotwérezymi, ktore wezedniej
wykorzystywano do otrzymywania folii z zelatyny (0.1%; 0.5%; 1% z dodatkiem melaniny
ABW-PM). Uklady przechowywano przez okres 21 dni w temperaturze 25°C, 50% RH, bez
dostepu $wiatla. Po 7, 14 1 21 dniach przechowywania oznaczano liczby; kolejno
ponadtlenkowa (POV), jodowg (IV) oraz kwasowa (AV). Wyniki odnoszono do smalcu
niepowlekanego oraz pokrytego roztworem powlokotwérczym bez dodatku melaniny.
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4. Wyniki badan
4.1, Biomasa grzybowa jako Zrddlo melanin

W przedstawionej rozprawie doktorskiej otrzymano barwniki z trzech rodzajow
biomasy garzybowej: odpadu powstajacego przy produkeji pieczarki dwuzarodnikowej
(4. bisporus), ryzomorf opienki miodowej (4. mellea) oraz owocnikow tegoskdra
eytrynowego (S, citrinum). W wyniku przeprowadzonych analiz 1 pordwnania
z syntetyczng L-DOPA melaning stwierdzono. Zze wszystkie pozyskane zwiazki to melaniny.
Stwierdzono, Ze w zaproponowanym procesie (wykorzystujgcym naturalng zawartosé enzymu
tyrozynazy) mozna uzyskaé 5.19+0.24% oczyszezonej melaniny w stosunku do suchej masy
odpadu 4. bisporus.

Wszystkie uzyskane melaniny byly nierozpuszezalne w wodzie i wigkszoscei
rozpuszezalnikoéw organicznych (aceton, chloroform, octan etylu, metanol, etanol).
Rozpuszezaly sie jedynie w alkalicznych roztworach wodnych oraz DMSO, za$§ w roztworach
kwasnych wytracaly sie w postaci osadu. Wszystkie analizowane melaniny w obecnosci
czynnika utleniajacego (H,0,) odbarwialy sig, co Swiadezy o ich degradacji. Wykazaly one
réwniez wilasciwoécei redukujace (osad srebra w wyniku reakeji z amoniakalnym roztworem
AgNO;) oraz pozytywny wynik reakcji na polifenole. Zaobserwowano, ze wszystkie
melaniny charakteryzowaly si¢ ciemng barwa.

Stwierdzono, ze badane melaniny charakteryzuja sie zdolnodcia do pochlaniania
promieniowania UV-Vis, szczegdlnie w zakresie promieniowania ultrafioletowego, osiagajac
maksimum absorbeji ok. 220 nm. Stwierdzono, ze melaniny oczyszczone posiadajg lepsze
wladciwosci barierowe wzgledem promieniowania UV-Vis niz melaniny nieoczyszczone,
a takze wyzsza zawarto$¢ grup polifenolowych oraz wyzsze wlasciwoéei przeciwutleniajace.
Analiza FT-IR wykazala réznice iloSciowe i rodzajowe w badanych prébkach
nieoczyszczonych 1 oczyszezonych melanin, ktére wynikaja z obecnosei polisacharyddw
i biatek zwigzanych z nieoczyszeczonymi melaninami. Melaniny ABW-RM, ABW-PM, SC-
RM i SC-PM charakferyzowaly sie aktywnoscig przeciwbakteryjng w stosunku do
Enteroccoccus facealis 1 Pseudomonas aeruginosa. Najszerszym spektrum aktywnosci
przeciwbakteryjnej charakteryzowala sig melanina AM-RM, ktéra wykazywala aktywnosé
przeciwko Staphyloccocus aureus, Enterococcus facealis, Escherichia coli, Micrococcus
huteus, Bacillus atrophaeus, Bacillus cereus, Bacillus subtilis, Pseudomonas aeruginosa,
Pseudomonas putida), zas oczyszczona forma AM-PM byla aktywna przeciw B. cereus, B.
subtilis, E. faecalis, P. aeruginosa i P. putida. Szczegolowe wyniki wraz z dyskusja zawarte
sa kolejno w pracach P1, P21 P3.

4.2, Melaniny grzybowe jako dodatek do powiok nanoszonych na folie opakowaniowe

Na podstawie przeprowadzonych doswiadczen stwierdzono, ze dodatek melanin
erzybowych do powlok chitozanowych i skrobiowych nanoszonych na powierzchnie folii PE,
PLA, BOPP i PET pozwala nada¢ im wlasciwosci przeciwutleniajgce. Wiasciwosel te zalezg
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nie tvlko od Zrédla pochodzenia melanin. ale réwniez od nosnikdw wykorzystanyveh do
tworzenia  powlok. Wzrastajace stgzenie melanin w roztworach powloketwarczych
spowodowalo wzrost wilasciwoder przeciwutleniajacych. W przypadku zaréwno powlok
z chitozanu. jak 1 ze skrobi zaohserwowano. Zze wzrastajaca zawartodc melanin spowodowala
wzrost zawartosci polifenolt w powiokach. Odnotowano réwniez niewietka aktywnosé
przeciwutleniajaca powlok bez dedatku melanin. wynikajgca z obecnosci grup aminowych
Jub hydroksylowych w chitozanie i skrobi. Nie odnotowano znaczaceej poprawy wlasciwosci
barierowych wzgledem promieniowania UV-Vis w przypadku folii BOPP i PET
modyfikowanych powlokami zawierajgcymi melaniny. Duzy wplyw na wladciwosci
barierowe mialy same powloki niezawierajace melanin, szczegdlnie ze skrobi. Najwiekszy
wplyw melanin na wiasciwodei barierowe powlok wzgledem promieniowania wsrod folii
BOPP, odnotowano dla folii powleczonej chitozanem zawierajagcym 3500 pg/mL melaniny
ABW-PM, w przypadku ktérej transmitancja w zakresie dlugoéei fal 250-300 nm byla o ok.
4% nizsza, niz w przypadku folii powleczonej jedynie chitozanem, natomiast przy diugosei
fali 225 nm, byla o 16.61% nizsza. Brak znaczacej poprawy wlasciwosei barierowych
wzgledem promieniowania UV-Vis odnotowano takze w przypadku modyfikowanych folii
PET. Zaobserwowano jedynie nieznaczna poprawe wlasciwosci barierowych wzgledem
promieniowania UV-Vis w przypadku folii z powlokami skrobiowymi, przy dhugosei fali 325
nm folie charakteryzowaly sie transmitancjg o ok. 4% nizsza niz folie powleczone powlokamdi
skrobiowymi bez dodatku melanin. Najprawdopodobniej wykorzystane w badaniach
wiasnych stezenia melanin byly zbyt niskie dla uzyskania satysfakcjonujgcej poprawy
barierowosci wzgledem promieniowania UV-Vis. Zaobserwowano wplyw dodatku melanin
grzybowych w powlokach na barwe modyfikowanych folii BOPP i PET. Wzrastajace stezenia
melanin grzybowych w powlokach spowodowaly wzrost parametru a (w kierunku barwy
czerwonej) w obu rodzajach folii. Odnotowano réwniez w przypadku wszystkich folii BOPP i
PET, ze wzrastajgce stezenia melanin powodowaly wzrost parametru b (w kierunku barwy
z0ltej). Obliczone na podstawie uzyskanych wynikéw parametry AE, w przypadku wszystkich
modyfikowanych folii przyjmowaly warto$é wicksza od 3.5, co §wiadezy o tym, Ze réZnica
barw dostrzegalna przez obserwatora byla wyrazna. Zaobserwowano réwniez wzrost
parametru Y1, co wigzalo sie ze zmiang parametru b w kierunku barwy zétej. Szczegdlowe
wyniki wraz z dyskusjg zawarte sg w pracach P41 PS.

4.3. Modyfikacja melaninami folii z poli(kwasu mlekowego)

Na podstawie przeprowadzonych badan stwierdzono, ze mozliwe jest uzyskanie
kompozytowego materialu opakowaniowego z poli(kwasu mlekowego) i melaniny.
Kompozytowy material z PLA z dodatkiem 0.025%; 0.05% i 0.2% melaniny ABW-PM
wytloczono w postaci wstegi folii. Analiza mikroskopowa wykazala, ze granule melaniny
(wielkodci ponizej 1 um) sg jednorodnie rozmieszezone w materiale. Stwierdzono, ze dodatek
melaniny wyplynal na wlasciwosci mechaniczne i barierowe folii, zaleznie od stezenia.
Dodatek 0.025% i 0.05% spowodowal poprawienie zardéwno wlasciwosci mechanicznych
(wytrzymaltos¢ na rozerwanie, sila przebicia) i barierowych wzgledem pary wodnej, lecz co
ciekawe wickszy udzial 0.2% wag. melaniny wplynal na nie negatywnie. Zaobserwowano
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niewielka poprawe wiasciwosci barierowych wzgledem promieniowania UV-Vis, folie
z dodatkiem 0.2% melaniny charakieryzowaly sie transmitancjg ok. 7-8% mizszg w zakresie
promieniowania UV-A 1 UV-B. Stwierdzono. Ze dodatek melanin nie mial istotnego wplywu
na wlasciwosci powierzchniowe folii. Analiza DSC wykazala. Ze pomimo zwigkszenia
krystaliczno$ci materialu w pordwnaniu do préby kontrolnej, dodatek melanin nie wplynal
istolnie na wartodei temperatur zeszklenia (T,). temperatur zimnej krystalizacji (T.) oraz
topnienia (Ty,). Ponadto wszystkie badanie folie charakteryzowaly si¢ wysoka
amorficznodeig. Na podstawie analizy FT-IR jedynie w przypadku tfolif z najwiekszym (0.2%)
dodatkiem melaniny zaobserwowano rdznice w intensywnosci niekiorych pasm widma.
Zauwazalne rdéznice zaobserwowano na widmach Ramanowskich, uzyskujge wyrazne
i intensywne pasma pochodzace gléwnie od pierscieni aromatycznych i grup ~CH obeenych
w czasteczkach melanin. Badania kolorymetryczne wykazaly, ze dodatek melanin obnizyi
jasno$¢ folii (L) oraz zwiekszyl wartosci parametréw « (w kierunku barwy czerwonej)
i b (w kierunku barwy zo6ltej), a takze obnizyl warto$¢ parametru YI w pordwnaniu do folii
kontrolnej. W przypadku folii z najwiekszym dodatkiem melaniny (0.2%) wartos¢ parametru
AE wynosila 1.33, co oznacza, ze rdznica w barwie w odniesieniu do niemodyfikowanej folii
byla  dostrzegalna.  Niemodyfikowane  folie nie  wykazywaly  wlasciwosci
przeciwutleniajgcych, natomiast zaobserowano, ze wraz ze wzrostem melanin W mairycy
polimeru wzrastaly zardwno wladciwosci przeciwutleniajgce folii jak 1 ilo$¢ grup
polifenolowych  wystepujacych na  powierzchnii  materialu.  Modyfikowane folie
charakteryzowaly si¢ wlaSciwosciami antybakteryjnymi. Byly aktywne przeciwko
Enterococcus faecalis, Pseudomonas aeruginosa i Pseudomonas putida, me dzialaly jednak
na Escherichia coli i Staphylococcus aureus. Szezegdlowe wyniki wraz z dyskusja zawarte sa
w publikacii P6.

4.4, Meodyfikacja melaninami folii z Zelatyny

Przeprowadzone badania wykazaly, Zze mozliwe jest uzyskanie folii z zelatyny
modyfikowane] melaning ABW-PM. Folie z udzialem 0.1%; 0.5% i 1% melaniny,
plastyfikowane glicerolem formowano metoda wylewania wodnej mieszaniny foliotworezej
na szalki Petriego i odparowywania rozpuszczalnika. Stwierdzono, ze dodatek melanin
znaczaco obnizyl rtozpuszezalno$é folii (72.16%£3.24% dla folii niemodyfikowanych,
31.05£2.75% dla folii z dodatkiem 1% melaniny). Odnotowano znaczacy wzrost kata
zwilzania dla folii modyfikowanych melaning (53.3° dla folii niemodyfikowanych oraz 72.9°
dla folii z dodatkiem 1% melaniny), co §wiadczy o zmianie wlasciwosci powierzchniowych
folii 1 wzrodcie hydrofobowos$ei materialu.  Zaobserwowano nieznaczny spadek
przepuszczalnodei wzgledem pary wodnej (nieistotny statystycznie), wlasciwosei barierowe
wzgledem tlenu ulegly poprawie. Nie odnotowano istotnego wplywu melanin na wiasciwoécei
wytrzymalo$ei mechanicznej folii. Odnotowano znaczacg poprawg wladciwosel barierowych
wzgledem promieniowania UV-Vis. Dodatek melaniny do folii z zelatyny znaczaco zwigkszyl
wlasciwodei przeciwutleniajace. Zardwno modyfikowane folie jak i folia bez dodatku melanin
nie wykazywaly wlagciwosci przeciwdrobnoustrojowych. Zaobserwowano, ze dodatek
melaniny do folii zmniejszyl warto§é parametru L (jasnosé), oraz zwigkszyl wartod¢
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paramelrdw @ (w Kierunku barwy czerwonej) 1 & (w kierunku barwy zolte}). Szezegdlowe

wyniki wraz z dyskusja zawarte sa w pracy P7,

4.5, Powloki z zelatyny modyfikowanej melaning i ich wplyw na procesy utleniania w
modelowym produkcie spoiywezym, w postaci smalcu wieprzowego

Na podstawie przeprowadzonych badan stwierdzono, ze liczby ponadtlenkowa (POV)
oraz kwasowa (AV) niepowlekanego smalcu wzrastalty w szybkim (empie w czasie
przechowywania. Zaobserwowano réwniez spadek liczby jodowej (IV), spowodowany
spadkiem zawartosei nienasyconych kwasdw tluszezowych., Odnotowano, ze obecnosé
powlok z zelatyny znaczaco spowalnia wzrost POV i AV, oraz spadek 1V. W calym okresie
inkubacji POV i AV smalcu powleczonego powlokami zawierajacymi melanine byly nizsze
niz smalcu pokrytego powlokg bez dodatku melaniny, zas IV wyZsze. Sugeruje sie, ze efeki
ten mozna przypisaé dzialaniu przeciwutleniajgcemu melaniny, oraz obnizonej barierowosci
wzgledem tlenu modyfikowanych folii, co wykazano w pracy P7. Szczegdlowe wyniki wraz
z dyskusjg zawarte sg w pracy P8.
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5. Podsumowanie

Celem przedstawionej rozprawy doktorskiej bylo uzyskanie odpowiedzi na pytanie
czy melaniny pozyskane z biomasy wzyvbowej moga by¢ zastosowane do poprawy
wladciwosel uzyikowych materialow opakowaniowych, W szezegodinodei skupiono sie na
odpadzie powstajgeym przy produkcji pieczarki, z uwagl na jego dostepnos¢ 1 szezegolny
potencjal produkeji tego rodzaju surowea, poniewaz Polska znajduje si¢ na 4-5 miejscu pod
wzgledem produkeji pieczarek na $wiecie. Uzyskane wyniki pozwolily na ofrzymanie
cennego produktu konkurujacego cenowo z dostepnymi na rynku syntetycznymi melaninan
i 1o z odpadu, ktéry byl dotychezas postrzegany jako nieuzyteczny lub stosowany jako nawoz.
Koszt otrzymania 1 grama melaniny z odpadu jest okolo tysiac razy mniejszy niz koszt 1
grama syntetycznej melaniny. Zaproponowane rozwigzanie moze przyczyni¢ si¢ w istotnym
stopniu do ochrony $rodowiska poprzez zagospodarowanie odpadu powstajacego w
znacznych ilo$ciach w pieczarkarniach. Ponadto wykazano, ze biomasa grzybowa pozyskana
ze stanowisk naturalnych w postaci ryzomorf oraz owocnikow rowniez moze stanowi¢ Zrédlo
melanin. Melaniny, charakteryzujgc sie szeregiem pozadanych wlasciwosei takich jak
wlasciwosci przeciwutleniajace, barierowe wzgledem $wiatla oraz przeciwdrobnoustrojowe,
moga znalezé zastosowanie do modyfikacji materialow opakowaniowych. W pracy
doktorskiej wykazano, Ze mozna je zastosowaé zardwno jako bezposredni dodatek do
matrycy polimeru (PLA), dodatek modyfikujacy polimer w roztworze (zelatyna) oraz jako
dodatek do powlok. Wykazano réwniez, ze dodatek melanin moze wplywaé na szereg
wlasciwosei uzytkowych modyfikowanych materiatéw, tj. whasciwosci mechanicznych,
barierowych, optycznych, powierzchniowych oraz antybakteryjnych. Ma to szczegdlne
znaczenie z punktu widzenia zastosowania modyfikowanych materialéw opakowaniowych
nalezacych do grupy biotworzyw, gdyz polimery biodegradowalne, np. polilaktyd, sa
postrzegane jako alternatywa dla poliolefin i innych polimerdw pochodzacych z suroweow
nieodnawialnych, znajdujge szerokie zastosowanie nie tylko w opakowalniciwie, ale takze w
innych dziedzinach np. biomedycynie. Uzyskane w przedstawionej pracy wyniki pozwalaja
stawiaé kolejne pytania i tezy dotyczgce m. in. mozliwosci zastosowania melanin grzybowych
do modyfikacji innych materialéw opakowaniowych (np. folii i powlok z bialek roslinnych
lub zwierzgeych, polisacharydéw, polimeréw syntetycznych), ale takze pozyskania
i zastosowania melanin innego pochodzenia np. syntetycznych, bakteryjnych 1 roslinnych.
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[ 5]

L)

Whioshki

Biomasa grzyvbowa w postaci odpadu powstajgcego przy produkeji pieczarki dwuzaradnikowej
(Agaricus bisporus) moze stanowi¢ bogate zrédlo melanin. pozyskiwanych dzieki naturalnej
zawartosei zwigzkow fenolowyeh oraz obecnosel enzymu tyrozynazy. zdolnej do modyiikac)i
chemiczag] w kierunku melanin. kidre nastepnie mogg by¢ ekstrahowane z biomasy w warunkach
alkalicznych.

. Zastosowanie odpadu z produkeji pieczarki do pozyvskiwania melaniny pozwoldo na wskazanie

alternatywnego kierunku zagospodarowania tego odpadu, oraz obnizenia koszidw pozyskiwania
produkiu finalnego.

Biomasa grzybowa w postaci ryzomorf opienki miodowej (Armillaria mellea) i tegoskdra
eytrynowego (Scleroderma citrinum) moze stanowi¢ Zrodio melanin, ktdre mogg by¢ ekstrahowane
z biomasy w warunkach alkalicznych.

. Melaniny z biomasy grzybowej charakteryzowaly sie wlasciwosciami przeciwutleniajacymi,

barierowymi wzgledem promieniowania UV-Vis oraz przeciwbakteryjnymi.

. Oczyszczone melaniny maja lepsze niz formy nieoczyszezone wlasciwodei przeciwutleniajace,

barierowe wzgledem promieniowania UV-Vis i charakteryzujg si¢ nizszym parametrem L (jasnos¢)
oraz wyzZszymi parametrami a i b, wyzsza zawartoscia grup polifenolowych. Melaniny
nieoczyszezone i oczyszezone wykazuja takze réinice w obecnych w czasteczkach grupach
funkcyjnych.

Dodatek melanin do powlok z chitozanu 1 skrobi nanoszonych na folie PE, PLA, BOPP
i PET pozwala nada¢ im wlasciwosci przeciwutleniajace.

. Dodatek melanin do powlok z chitozanu i skrobi nanoszonych na folie BOPP i PET nie poprawil

znaczgco wiasciwosci barierowych folii wzgledem promieniowania UV-Vis.

. Dodatek melanin do powlok z chitozanu i skrobi nanoszonych na folie BOPP i PET znaczaco

wplynat na barwe folii.

. Mozliwe jest zastosowanie melaniny jako bezposredniego dodatku podezas modyfikacji ..w masie”

folii PLA, co wplywa na wlagciwosci przeciwutleniajgce, przeciwbakteryjne, barwe, krystalicznosé
oraz — zaleznie od udzialu melaniny — na wlaciwosci mechaniczne i barierowe wzgledem pary
wodne;j.

10. Mozliwe jest zastosowanie melaniny jako dodatku do folii z zelatyny, co wplywa na obniZenie jej

rozpuszezalno$ei, zwiekszenie wlasciwoser przeciwutleniajacych, hydrofobowosci, barierowoscei
wzgledem tlenu, barierowosci wzgledem promieniowania UV-Vis oraz na barwe materialu. Folie z
zelatyny nie wykazywaly wiasciwosei przeciwbakteryjnych.

11. Mozliwe jest zastosowanie powlok z Zelatyny na smalcu wieprzowym, ktére dzialaja ochronnie,

spowalniajac procesy jelezenia.
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tukasz tOPUSIEWICZ

WASTE FROM THE HARVESTING OF BUTTON MUSHROOM (Agaricus bisporus) AS A
SOURCE OF NATURAL MELANIN

ODPAD Z PRODUKCJlI PIECZARKI DWUZARODNIKOWEJ (Agaricus bisporus) JAKO
ZRODEO NATURALNEJ MELANINY

Center of Bioimmobilisation and Innovative Packaging Materials, West Pomeranian
University of Technology Szczecin, Poland

ABSTRACT

Natural melanins are of great potential value and application in the fields of pharmacology,
cosmetics and functional foods. In the present study, natural melanin was reclaimed from
waste after the harvesting of button mushroom (Agaricus bisporus). The physiochemical
properties of raw and purified melanin were determined, including their ultraviolet-visible (UV-
Vis), infrared (IR} and Raman spectra. Colour values, polyphenolic content, antioxidant and
antibacterial activity were also evaluated. The result showed that the characteristics of the
obtained pigments were similar to synthetic L-DOPA melanin. Raw and purified melanins
showed differences in chemical composition, antioxidant activity and light barrier properties.
Isolated melanins showed anfibacterial activity against Enterococcus faecalis and
Pseudomonas aeruginosa but were inactive against Bacillus cereus, Escherichia coli and
Staphylococeus aureus. This is the first research on the character of melanin reclaimed from
waste after the harvesting of A. bisporus,

STRESZCZENIE

Naturaine melaniny majg duzy potenciat aplikacyjny w dziedzinach farmakologii,
kosmetologii oraz zywnosci funkcjonalnej. W pracy ofrzymano naturalng melanine z odpadu
powstajacego przy produkeji pieczarki dwuzarodnikowej (Agaricus bisporus). Dokonano
analizy fizykochemicznej natywnych i oczyszczonych melanin, w tym spekiroskopie UV-Vis,
IR oraz Ramana. Dokonano réwniez analizy wartodci skladowych barwy, zawartosci
polifenoli oraz wlasciwosci  antyoksydacyinych i  antybakteryjnych. W wyniku
przeprowadzonych analiz stwierdzono, ze uzyskane barwniki byly podobne do syntetycznej
L-DOPA melaniny. Natywne i oczyszczone melaniny wykazywaly réznice w budowie
chemicznej, aktywnoéci aniyoksydacyjnej oraz wiasciwodciach barierowych wzgledem
Swiatta. Otrzymane melaniny charakteryzowaty sie wiasciwosciami przeciwbakteryjnymi
wzgledem Enferococcus faecalis | Pseudomonas aeruginosa, nie dziataly wzgledem Bacillus
cereus, Escherichia coli i Staphylococcus aureus. 83 to pierwsze badania na temat melanin
otrzymanych z odpadu powstajgcego przy produkcji A. bisporus.

KEYWORDS: melanin, Agarfcus bisporus, antioxidants, antibacterial properties, UV-
protection
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SLOWA KLUCZOWE: melanina, Agaricus bisporus, antyoksydanty, wiasciwosci
antybakteryjne, ochrona przed UV

INTRODUCTION

Among edible fungi, the white button mushroom, Agaricus bisporus (J.E.Lange)
Imbach holds a unique position. Sporocarps of this basidiomycete are cultivated in large
quaniities and used as a vegetable crop. A. bisporus is widely recognised for its nutritional,
organoleptic and medicinal properties, and is highly popular with consumers (De Groot et al.
1998, Gao et al. 2014). Mushrooms contain proteins, vitamins, lipids, carbohydrates and
minerals. The protein concentration in mushrooms accounts for 19-35% of their dry weight.
In addition, mushrooms contain 1.1-8.2% lipids, 4-8.1% carbohydrates and 3-32% fibre in
their dry state. Button mushrooms are also a good source of vitamins (vitamin B complexes,
niacin and foliates) as well as mineral elements (potassium, phosphorus, copper and zinc)
(Coskuner and Ozdemir 2000, Xu et al. 2016).

The cultivation of A. bisporus began in France over 200 years ago and in the last few
decades mushroom production has grown to be a sizeable crop within agriculture, and
expanded all over the world (De Groot et al. 1998). The production of A. bisporus in Poland
is characterized by high dynamic development. Intensive growth in mushrooms cultivation in
Poland has caused the production of these products exceed 200 thousand ton in recent
years (Olewnicki and Jabtoriska 2012). Poland is the main producer of A. bisporus in Europe
and one of the biggest in the world (China is the leader) (Xu et al. 2016). This production
introduces large quantifies of spent mushroom waste into the natural environment that must
be dealth with. The agriculiural and non-agriculfural use of spent mushroom waste, is
possible when it is secured in a suitable manner, minimizing the rigk of fransmission of pests,
pathogenic microorganisms and weed seeds. The subsirates of spent mushroom organic
matter contain sizeable amount of carbon and nitrogen, with the ratio of these elements
being similar to the level of humus in mineral and biclogically active soil (Kalembasa et al.
2012). According to Majchrowska-Safaryan and Tkaczuk (2013) the application of spent
mushroom substrate into the soil improves its physical properties and increases the content
of macro- and microelements and thus may be used as a fertilizer. Another use for the A.
bisporus waste ways may be its processing into valuable bioactive products such as melanin.

After the cultivation process mushrooms {caps together with mid-stipes) are cut off
and passed on for further processing or for sale. Stipe bases are considered wasie and used
together with spent mushroom subsirate as fertilizer. No data on the disposal of stipe bases
for other applications was found in literature. After harvesting, mushrooms lose their
whiteness and become increasingly brown in appearance. This change in colour, called
mushroom browning, causing a deterioration in quality, is a result of the enzymatic oxidation
of the polyphenols in the fungi tissues by polyphencl oxidase to create quinones, which
ultimately condense to form melanin (Coskuner and Ozdemir 2000). A. bisporus contain
polyphenols which can be oxidized into melanins through two distinct mechanisms: the
activation of tyrosinase (an enzyme belonging to the polyphenocloxidase family) and/or
spontaneous oxidation (Jolivet et al. 1998).

In recent years there has been a revival interest in the development of natural
colorants for use as food additives, and in the cosmetic and pharmaceutical industries. This
has been encouraged by sftrong consumer demand, as synthetic colorants are frequently
perceived as undesirable or harmful (Yao et al. 2012}, Owing fo the high toxicity of synthetic
compounds, the search for new natural colorants with antiradical as well as antimicrobial
properties still remains a challenge for modern science.



Melanins have been isolated from a variety of phylogenic sources: animals
(Mbonyiryivuze et al. 2015, Polidori et al. 2017, Sun et al. 2017), plants (Wang et al. 2008,
Kannan and Ganjewala 2009, Cuevas-Juarez et al. 2014), bacteria (Kurian et al. 2014,
Laxmi et al. 2016, El-Naggar-and El-Ewasy 2017} and fungi (Harki et al. 1997,
Suryanarayanan et al. 2004, Ye et al. 2011, topusiewicz 2018). Melanins are commonly
represented as black and brown pigments, high molecular weight heterogencus polymers
derived from the oxidation of monophenols and the subsequent polymeryzation of
intermediate o-diphenols and their resulting quinones (Solano 2014). Melanins are types of
pigments, possessing broad biological activities including antioxidant, radioprotective,
thermoregulative, chemoprotective, antitumor, anti-viral, antimicrobial, immunostimulating
and anti-inflammatory. Based on these features, natural melanin has the potential fo be of
great value and application in the fields of pharmacology, cosmetics, and functional foods
(Zhang et al. 2015), Melanins have also application in modern science including modification
of polymer materials (Shanmuganathan et al. 2011, Kiran et al. 2017), synthetis of
nanoparticles (Apte et al. 2013), developing of semiconducting coatings (Lee at el. 2007),
optoacoustic imaging (Liopo et al. 2015), modification of coatings for packaging materials
(Lopusiewicz et al. 2017a, Lopusiewicz et al. 2017D).

Considering the growth of interest in new sources of melanin the purpose of this study
was to investigate the possible use of waste, in the form of spent button mushrooms, in the
production of natural melanin.

MATERIAL AND METHORS

Miaterial

Waste from the production of A. bisporus (ABW - Agaricus Bisporus Waste) in the
form of stipes was obtained from a local producer in Wolsztyn (Wielkopolskie voivodeship,
Poland).

Chemicals

NaOH, HCI, AgNOs, H.0,, FeCls, aceione, ethanol, ethyl acetate, chloroform, DMSO
and methanol (Chempur, Poland) were used to extract, purify and offer up a characierisation
of the active substances from the ABW. ABTS and KBr (Sigma Aldrich) were also used in
this study.

To verify the antimicrobial properties of any melanin, Mueller-Hinton broth and
Mueller-Hinton agar media (Merck, Germany) were used. All media were prepared according
fo the Merck protocol.

Analysis of ABW
Determination of dry matter

The moisture content of ABW was deiermined gravimetrically. 3-6 representative
stipes were dried at 105°C {o constant weight to determine their dry matter content. After
drying the residues were weighten and dry matter content was calculated (Wang et al. 2010).

The polyphenolic content of ABW



Total soluble phenolic compounds (TPC) in the ethanolic extract from the ABW were
measured according to Soares et al. (2009) and Gao et al. (2014) and expressed as gallic
acid equivalents. Five grams of ABW were homogenised with 20 ml of 80% ethanol for 24 h.
The homegenised mixture was filtered, and the liquid obtained was centrifuged at 6000 rpm
for 15 min. 1 mL of the supernatant liquid was mixed with 1 mL of Folin-Ciocalteu reagent
and 10 mL of saturated solution of Na;CO,. This was topped up to 25 ml with distilled water
and left to settle for 30 min. The absorbance was then read at 765 nm. A standard curve of
gallic acid {0-1 mg/mL) was used for quantification, and TPC was calculated as milligrams of
gallic acid equivalents (GAE)/gram of melanin (mg GAE/q).

Melanin production process
The isolaticn and purification of melanin

500 g of ABW was first homogenised (Heidolph Brinkmann Homogenizer Silent
Crusher) in 500 mlL of distilled water, and incubated (24 h, 37°C) to allow acting of
tyrosinase. After incubation the homogenate mixture was adjusted to pH=10 by 1 M NaCH,
and incubated (24 h, 65°C) to allow spontaneous polymerization of resulting o-diphenols and
quinones to form melanin. Then, the mixture was filtered, centrufiged (6000 rpm, 10 min),
and alkaline ABW-RM mixture was used to purify melanin.

The purification of melanin was performed as described by Harki et al, (1997) with
minor modifications. Alkaline ABW-RM mixture was first adjusted to pH 2.0 with 1 M HCl to
precipitate melanin, followed by centrifugation at 6000 rpm for 10 min and a pellet was
collected. Then, the pellet was hydrolyzed in 6 M HCI (80°C, 2 h), centrifuged (6000 rpm, 10
min) and washed by distilled water five times fo remove acid. The pellef was washed with
chloroform, ethyl acetate and ethanol three times to wash away lipids and other residues.
Finally, the purified melanin was dried, ground to a fine powder in a mortar and stored at -
20°C until testing.

The physiochemical characteristics of melanins
Diagnostic tests

Different diagnostic tests as described by Selvakumar et al. (2008) and Rajagopal et
al. (2011) were conducted on the melanins isolated from ABW. The testing organic solvents
included acetone, ethanol, ethyl acetate, chloroform, methanol and DMSO.

Ultraviolet-visible absorption and fransmittance spectra

Melanin solutions were prepared at concentration 0.1 mg/mL and the UV-Vis
absorption and transmitance spectra were measured between 200 and 800 nm. The
absorbance ratio (A300/A600) values of melanins were calculated as well (Cuevas-Juarez et
al. 2014). Transmittance values were measured between 200 and 800 nm at 0.01; 0.05; 0.1;
0.5 and 1 mg/mL for ABW-RM and ABW-PM; for L-DOPA melanin 0.01; 0.05; 0.1; 1 mg/mL
concentrations were measured. All spectrophotometric assays were conducted in the
Thermo Scientific Evolution 220 spectrophotometer.

IR spectroscopy

The IR spectra of melanins solid samples were obtained at room temperature by
attenuated total reflection with a Fourier transform infrared spectrometer (Spectrum 100, FT-



IR Spectrometer, Perkin Elmer). The samples were evenly mixed with KBr, and pressed into
tablets, then, scanned at a range between 650 cm” and 4000 cm™ (64 scans and 1 om™
resolution) (Cuevas-Juarez et al. 2014).

Raman spectroscopy

Melanin samples were analysed using a Raman station (RamanStation 400F, Perkin
Elemer) with point-and-shot capability using an excitation laser source at 785 nm, 100 micron
spot size.

The visual colour of melanins

Visual colour of melanin solutions (0.1 mgfmL) values were measured by a Konica
Minolta CR-5 colorimeted with the Hunter LAB colour system. The colour values were
expressed as L*  (brightness/darkness), a* (redness/greenness) and b*
(vellowness/blueness) as an averages of five measurements.

Antioxidant activity (ABTS assay)

An ABTS assay was performed according to Cuevas-Juarez et al. (2014) with minor
modifications. Radical 2,2'-azino-bis(3-ethylbenzothiazoling)-6-sulphonic acid (ABTS-+) was
produced by mixing 7 mM ABTS with 2.45 mM potassium persulfate (5 mL of ABTS + 5 mL
of potassium persulphate 4.9 mM). The mixiure was incubated in darkness at room
fernperature for 16 h, diluted with 7 mM phosphate buffer {pH 7.4) to reach an absorbance of
between 1.0 and 1.2 at 734 nm. For the ABTS assay, 50 yl of melanin {(RM or PM), or
dissolvent as control, were mixed with 1.95 mL of ABT3-+ solution, incubated in darkness for
10 min at 37 °C and then absorbance was measured at 734 nm and antioxidant activity
(%AA) was calculated as %AA=[(A-An/AJx100; where A, and A, are the absorbances for
the control and melanin, respectively.

Determination of the polyphenolic content of melanins

The total phenolics of the melanins were determined by the Folin-Ciocalteu reaction
according to Cuevas-Juarez et al. (2014) with minor modifications. Melanin dissolved in
DMSO (20 ul) was mixed with 1.58 ml of deionized water and 100 pl of the Folin-Ciocalteu
reagent, stirred genily for 5 min and added with 300 pl of saturated solution of Na,COs. The
mixture was allowed io stand in darkness for 30 min at 40°C, the absorbance was then
measured at 765 nm.

The antibacterial activity of isolated melanins

Test microorganisms, including Bacillus cereus ATCC14579, Enferococcus faecalis
ATCC29212, Escherichia coli DSMZ1576, Pseudomonas aeruginosa ATCC27853 and
Staphylococcus aureus DSMZ346 were separately cultivated in Mueller-Hinton broth. The
antibacterial activity was fested through a well diffusion method (Helan Sounra Rani et al.
2013). 50 mL of Mueller-Hinton broth was inoculated by a single bacterial strain and
incubated at 37°C for 24 h. Mueller-Hinton agar was autoclaved and on reaching approx,
45°C, 200 uL of bacterial suspension was added to 20 mL of medium, vigorously vortexed
and poured on 90 mm Pelri dishes. Wells were cuf out by sterile tips (9 mm diameter) in
triplicate on each plate and 100 pL of melanin solutions at 0.1 mg/mL in DMSO were placed



in the wells. DMSO served as a control. Plates were incubated at 37°C for 24 h. After
incubation the inhibition zones were measured.

RESULTS AND DISCUSSICN

Melanins from A. bisporus waste (ABW) were obtained. To the best of our knowledge
this is the first report of natural melanin production from button mushroom waste. The raw
melanin (ABW-RM) was obtained through a two-step process which consisted of an
enzymatlic reaction, oxidative polymerization of products in alkaline conditions and acid
precipitation. Purified melanin (ABW-PM) was obtained by acid hydrolysis, repeated
precipitation and purification by the use of organic solvents. Figure 1 shows the scheme of
obtaining ABW-RM and ABW-PM. Melanins are insoluble in acid solution, therefore, acid
hydrolysis classically used to purify them is, probably insufficient to remove all associated
macromolecules. Further purification was achieved by washing the melanin with chloroform,
ethyl acetate and ethanol. Since this techniqgue removes only small quantities of
macromolecules, it is necessary to repeat the process several times (Harki et al, 1997),

ABW-RM was obtained based on the natural presence of tfyrosinase in the fruiting
bodies of A. bisporus. The PPO family includes catechol oxidase and laccase, both of which
oxidize diphenols to corresponding quinones, but the former can also oxidize some
monophenols into o-diphenols. This activity is also referred to as ,phenclase” or ,tyrosinase”,
which has become a common name for catechol oxidase (Nerya et al. 2006). The
monophenolase activity of tyrosinase is usually much lower than diphenolase activity, and
this ratio, which can vary from 1:40 to 1:1 is regarded as a pivotal step in browning
biosynthesis (Vamos-Vigyazo 1981). Several authors have described tyrosinase activity in
button mushroom fruiting bodies during their development and there is consensus that a
latent form of tyrosinase occurs, though its ectent is not clear. Latent tyrosinase can become
active after damage, coming into contact with bacteria or a toxin such a tolaasin produced by
Pseudomonas folaasii (Soler-Rivas et al. 1997). Four pathways for natural melanin synthesis
in A. bisporus have been proposed by Weijn et al. (2013) started from chorismate and
catechol. Melanin is deposited mainly in spores. In the present research, during the first step
of the process naturally occurring ABW phenolic compounds are oxidized to o-diphenols and
subsequently info corresponding o-quinones. O-quinones are highly reactive compounds
which may spontaneously polymerize info melanins, especially in alkaline conditions (Solano
2014).

It was noted that ABW contains polyphenolics, which may be precursors for melanin
production. The total polyphenolic content in ABW was 6.22 mg GAE/g of fresh stipes. The
richness of phenclics in mushrooms is probably associated with a basidospore discharging
function, even under circumstances of wounding/infection, since phenolics are known to act
as defence substances. High phenolic content in the button mushroom is probably linked to
the epigeal growth of the fruiting body. Even under circumstances serious microbial aftack,
the releasing function of the basidiospores produced is their main task (Rajarathnam et al.
2003). Alispahic et al. (2015) found that total phenolic content in fresh fruiting bodies of A.
bisporus was 6.43 mg GAE/g of fresh mushrooms. According o Palacios et al. (2011) and
Muszynska et al. (2017) A. bisporus fruiting bodies contain total phenolic compunds level of
3.5 mg GAE/g of dry mushrooms and individual phenolics such as caffeic, chlorogenic, p-
coumaric, ferulic, gallic, p-hydroxybenzoic, homogenistic, protocatechuic acids and catechin,
myricetin and pyrogallol too, which may be pottentially polymerized into melanin,

The ABW contained 12.756+£0.18% of dry mass. The extraction yield obtained for ABW
was 8.2420.13% of ABW dry mass for ABW-RM and 5.19+0.24% AWB-PM after acid
hydrolysis and purification. The amount of melanin in various natural sources is diverse and



was reported for impure soluble melanins from fungus /nhonotus obliquus (20%)
(Mazurkiewicz 2008), pure melanins from Mexican fruits (3.63-19.03%) (Cuevas-Juarez et al.
2014), pure melanins from black tea (Sava et al. 2001), fruits and seeds of Nyctanthes arbor-
fristis (0.05%) (Kannan and Ganjewala 2009) obtained by alkaline extraction. The alkaline
extraction method followed by purification through strong acid hydrolysis and washing with
suitable solvents (to remove proteins and lipid residues) has been reported in literature
(Harki et al. 1997, Suryanarayanan et al. 2004, Zhan et al. 2011), and is the most popular
method. However, a number of other methods such as, gradient ultracentrifugation,
enzymatic procedure, reprecipitation, gel filtration, adsorption on anion exchange resin, and
direct rinsing with solvents without acid hydrolysis have been developed and have been
noted in literature (Yao et al. 2012).

The structure of melanin polymers is little understood and an accurate definition of
melanin is still required. However, the following criteria indicate melanin is; black/brown in
colour, inscluble in water and most other organic solvents, resistant to degradation by hot or
cold acids, bleached by oxidizing agents and solubilised by alkali solutions (Zhan et al.
2011). The ABW-RM and ABW-PM pigmenis presented all of the physical and chemicai
properties common to natural melanins and the experimental data within this work were
found to be comparable to those reported in literature. ABW-RM and ABW-PM gave a
positive reaction for polyphenols by producing flocculent brown precipitates with FeCl;, and
reduced the ammonia solution of AgNQ;. The results are summarized in Table 1 which also
shows the properties of the L-DOPA melanin sample used for calibration. Melanins generally
displayed, the same behaviour, except in the time required to bleach their alkaline solutions
by the oxidizing agent used (10 min, 17 min, 19 min, for ABW-RM, ABW-PM and L-DOPA
melanin, respectively, According to Harki et al. (1997) this difference is of importance,
because it depends on the type and structure of each melanin. Different reaction rates with
these reagents were also obtained with L-DOPA, chatechol and DHN melanin. Melanins are
commonly oxidized easly by strong oxidants such as KMnOg4, HxO,, K,Cr:0;, NaOCI, and
reduced by reducing agents such as Na,S0;, thus changing their chemical structures (Hung
et al. 2002). In the presence of H,C, the colour of ABW-RM and ABW-PM solution gradually
faded, indicating that melanins were easly oxidized. Similar observations were made by Ye
et al. (2011) using melanin isolated from Lachnum singerianum.

As shown in the Table 1 the solubility experiments indicate that ABW-RM and ABW-
PM were insoluble in both water and common organic¢ solvents (such as ethanol, chloroform,
ethyl acetate, acetone). They dissolved in alkali solution and DMSO, precipitated in acidic
aqueous sclution (pH<3). The solubility of melanins was very similar to those of natural
melanin previously reported, as well as synthetic melanin (Zhang et al. 2015). Lowering the
pH of a melanin solution causes the formation of large agglomerates and melanin
sedimentation. Additionaly, an increase in the pH value rapidly produced disaggregation into
smaller sized clusters from less polymerized cligomers. This behaviour is connected to the
presence of ionisable groups and hydrophobic interactions within the molecule (Prota 1992).

Figure 2 showed ABW-RM and ABW-PM have maximum absorption peaks at 226 nm
and 223 nm, respectively, and exhibited an exponential decrease in the visible region. This
behaviour in ABW-RM and ABW-PM were similar to the melanin synthetized from L-DOPA,
used as a melanin standard. There was no absorption peak between 260-280 nm in the
ABW-PM UV-Vis spectrum, indicating, that melanin do not contain proteins and nucleic
acids. ABW-RM UV-Vis spectrum shows weak absorbtion peak in 260-280 nm region,
suggesting that ABW-RM molecules may contain some amounts of finked proteins, peptides
or nucleic acids (Ye et al. 2012, Lopusiewicz 2018). The UV-Vis absorption spectra of the
impure (RM) and purified (PM) melanins were similar to those reported in other literature.
Melanins obtained from black tea (Sava et al. 2001), plants (Wang et al. 20086), Mexican
fruits (Cuevas-Juarez et al. 2014), fungi (Harki et al. 1997) and bacteria (Kurian et al. 2014)
showed A values in the region from 200 fo 300 nm and lower absorption at higher
wavelenghts. This phenomenaon is characteristic of melanins and has been associated with



their compiex structure, the presence of phenolic groups, as the main chromophores and the
formation of complexes with compounds of low and no absorption in the visible region
(Cuevas-Juarez et al. 2014). The spectral behaviour of ABW-RM and ABW-PM was very
similar. Just as ABW-RM, the UV-Vis absorption spectrum of the ABW-PM melanin showed
hyperchromic and bathochromic effects that could be explained by the elimination of
components during the purification process. Purer melanin must induce an additive effect on
chromophores characterized by a higher molar absorption (hyperchromic effect), as well as
higher interactions among these chomophores (the A« were higher - bathochromic effect).
Similar observations were obtained by Cuevas-Juarez et al. (2014) on melanin isolates from
Mexican fruits.

The broadband absorption of melanins is considered typical for organic
chromophores (Meredith and Sarna, 2006). Three possible explanations are given for this
characteristic, featureless absorption spectrum of melanic pigments: a) that it represents a
scattering phenomenon and not electronic absorption, b) that it is due to the amorphous
semiconducting nature of the pigment, and ¢) that the spectrum is formed by the
superposition of the spectra of many chemically different structures that make up the melanin
molecule (Riesz, 2007).

A decrease in absorption with increasing wavelength is almost linear in the case of
melanins. Hence, the slopes of linear plots are often used to identify melanin. The log of
optical density of a melanin solution when plotted against the wavelength produces a linear
curve with negative slopes. Such characteristic straight lines with negative slopes have been
obtained in some terrestian and marine fungi (Ravishankar et al. 1995, Suryanarayanan et
al. 2004, Selvakumar et al. 2008, Zhan et al. 2011, Zhang et al. 2015). ABW-RM and ABW-
PM had straight lines with negative slopes of -0.0049 and -0.0044, respectively, indicating
that the black pigments are melanins (Figure 3).

The A300/A600 ratios offer information about the oxidation state and the range size of
melanin molectles (Cuevas-Juarez et al. 2014). Melanin oxidation induces lower absorbance
values at 600 nm (AB00), and the A300/A600 absorbance ratio was proposed as a measure
of the oxidation extent, high values corresponded to greater oxidized melanin molecuies.
Also, it was argued that during the melanin oxidation, phenolics are converted to
semiquinones or quinones, which produce more oxidized (higher A300/AB00 absorbance
ratios) and smaller melanins (molecular weight < 1000 Da) (Haywood et al. 2008, Cuevas-
Juarez et al. 2014). ABW-RM showed a higher value (26.80) than its corresponding pure
ABW-PM (17.568) and L-DOPA melanin (16.00). This data supports the fact than ABW-RM
are a more complex mixture of melanin molecules that that of ABW-PM, with a variability in
size and degree of oxidation. These data are consistent with the results of Cuevas-Juérez et
al. (2014) and also with observations made by Hung et al. (2002), who noted that oxidized
and reduced melanins obtained from black tea have differences in their absorption spectra.
Reduced forms of melanin have phengclic form prevalence, which when oxidized, forms show
preponderance for quinone forms. Differences were also observed in the FT-IR spectra of
oxidized and reduced melanin, showing changes in wavelengths at 3450 cm™, this
corresponding to the hydroxyl siretching vibrations that were significantly weaker in oxidized
melanin (Hung et al. 2002).

The light barrier properties of ABW-RM, ABW-PM and L-DOPA melanin are shown in
Figure 4. it was noted that in ali analysed concentrations, the ABW-RM transmitiance values
were higher than those of the corresponding ABW-PM, which suggets that in purified form,
melanin has better light barrier properties, even when the transmittance values of ABW-PM
were smaller than synthetic melanin.

The colour values of ABW-RM, ABW-PM and synthetic melanin are shown in Table 2.
Results from the colorimeter indicated that ABW-PM presented lower L* value, higher a* and
b* values than ABW-RM in Hunter Lab colour system. This might be caused by the high
conjugation degree of melanin which resulted in weak spectral absorbance. Similar



observations were made by Zou et al. (2014). In general, melanins are dark because they do
not re-radiate the absorbed visible or invisible light, but transform the energy into rotational
and vibrational activity within the molecule and then dissipate it as heat. According to
Nicolaus (1968), when the oxidation of diphenols such as L-DOPA, 5,6-dihydroxyindole,
catechol and 1,8-dihydroxynaphtalene produce quinones with many active cenfres for
polymerization, the resulting compound is generally a black pigment, whereas when the
number of active centres is limited, the resulting pigment is brown, reddish-brown or
yellowish-brown. Melanins with high levels of indole quinones (such as L-DOPA derived)
appear darker due to the strong absorbance in the red portion of the spectrum. This low
frequency light absorption is largely through carbonyls and/or oxygen-containing groups;
melanins with fewer carbonyl groups are paler and appear more yellow or red (Riley, 1997).

The TPC values for melanins were 0.14+0.03; 0.21+£0.07; 0.29+0.05 mg GAE/g for
ABW-RM, ABW-PM and L-DOPA melanin, recpectively. The TPC of ABW-PM was higher
than the TPC of ABW-RM. The L-DOPA melanin showed the highest TPC value. The
phenolic hydroxyl groups have a strong proton donating power. The more the hydroxyl
groups are present within the melanin molecule, the more hydrogen ions are provided to
combine with more active free radicals (Ye et al. 2011).

In general, the %AA values of ABW-PM were higher than those of ABW-RM, and the
%AA of both melanins were lower than corresponded concentrations of L-DOPA melanin as
shown in Table 3. The high antioxidant activity of melanins was expected because the
protection against UV-radiation and free radical scavenging are their main functions (Huang
et al. 2004, Solano 2014, Cuevas-Juarez et al. 2014). The ABTS method measures both
electron- and proton-tfransfer reactions, sensing lipophilic and hydrophilic compounds
(Cuevas-Juérez et al. 2014). The ability of melanin to scavenge reactive oxygen species
(ROS), such as singlet oxygen, hydroxyl radical and superoxide anion, has been firmly
established in model systems, suggesting that melanin could protect pigment cells against
oxidative stress that may accompany the formation of ROS in celis. Even though critical
damage to oxidatively stressed celis may result from the reaction of crucial cellular
constituents with ROS, an efficient antioxidant may protect the cells by scavenging other
oxidizing radicals such as peroxyl radical, and by interacting with molecular oxygen
(Rézanowska et al. 1999). In melanins synthetized by L-DOPA oxidation, free protons found
in their intermolecular spaces mediate the equilibrium between semiquinones, indolquinones,
and hydroguinones forms (Goncalvez and Pombeiro-Sponchiado 2005, Cuevas-Juarez et al.
2014). It was found, that the antioxidant activity of melanin depends on its oxidative state.
The possibility of melanin existing in various degrees of oxidation is one of its fundamental
properties. This is caused phenol-quinine structure of melanin. However, the role of such
structural peculiarities in the antioxidant activity of melanin is not clear (Hung et al. 2002). It
was noted, that there was positive correlation between %AA and TPC of analysed melanins,
and their %AA and TPC can be ordered as L-DOPA melanin > ABW-PM > ABW-RM. The
positive correlation of the %AA and TPC for melanins could be due to their structures. Similar
observations were made by (Cuevas-Juarez et al, 2014). Melanin molecules contain phenolic
groups and their quantification could estimate the pigment concentration in the sample.

Infrared spectroscopy has been used in the chemical structure study of many
melanins. It has been suggested that identical melanin structures do not exist in nature and
their chemical characterization is a complicated task. Their composition depends not only on
their different monomeric units, but also on enviornmental conditions during polymerization.
Infrared spectrometric techniques offer information on the main functional groups in the
melanin structure (Harki et al, 1997, Selvakumar et al. 2008, Zhan et al. 2011, Yao et al.
2012, Cuevas-Juarez et al. 2014, Zhang et al. 2015). A detailed comparative analysis of the
infrared spectra of the melanins studied may supply valuable information on the effect of
each treatment step used to purify the melanin and the distinct functional gropus prevailing in
the various samples. Figure 5 shows the IR-spectra of ABW-RM, ABW-PM and L-DOPA
melanin. Extra display broad absorption bands at 3600-3000 cm™ were noted, attributed to



stretching vibrations of C-H, N-H and/or O-H groups. The C-H could be due to the presence
of aromatic rings, with strong bands at 1634 cm™ and 1629 cm™, for ABW-RM and ABW-PM,
respectively, which corresponds to the vibration of aromatic C=C, more intense in ABW-PM.
Two small peaks at 2921 cm™ to 2851 em™ in both melanins may result from the oscillation of
aliphatic CH, and CHs groups. The bands at 1228 cm™ and 1224 em™ due to C-N and C-0,
would support the presence of phenols and aromatic amines. It is difficult to state whether
there is an amide group, as the C=0 group that complements it might be joined in the band
corresponding to aromatic C=C. There are differences between the ABW-RM and ABW-PM
spectra which - may result from the purification process.

Figure 6 shows the Raman spectra of ABW-RM, ABW-PM and synthetic melanin.
ABW-RM and ABW-PM Raman spectra were similar to spectrum of L-DOPA melanin. The
melanin Raman spectrum of ABW-RM is dominated by two intense and broad peaks at about
1635 cm™ and 1248 em™, while ABW-PM spectrum peaks at 1620 cm™ and 1235 cm™ were
noted. According fo Huang et al. (2004) the peaks can be interrelated as originating from the
in-plane stretching of the aromatic tings and the linear stretching of the C-C bonds within the
rings, along with some contributions from the C-H vibrations in the methyl and methylene
groups. A peak at 2000 cm™ from both melanins is similar to those obtained by Galvan et al.
(2013) from eumelanin and may be caused by the stretching of three of the six C-C bonds
within the melanin rings. 1t was noted, that on both melanin Raman spectra peaks (385 cm’™”
and 385 cm™, for ABW-RM and ABW-PM, respectively) are present, which are thought to
correspond to peaks obtained from pheomelanin and eumelanin and are caused by an out-
of-plane deformation of phenyl rings. Peaks 2010 cm™ and 1990 cm™, for ABW-RM and
ABW-PM, respectively, these are also similar to peaks seen in pheomelanin and are
probably due {o overtone or combination bands (Galvan et al, 2013).

The results of an antibacterial activity assessment of ABW-RM and ABW-PM is
illustrated in Table 4. The zones of growth inhibition of E. faecalis and P. aeruginosa were
12.2+0.2 mm and 13.7%0.1 mm for ABW-RM, respectively, while ABW-PM, were 11.320.1
mm and 12.820.2 mm. No inhibition on B. cereus, E. coli and 8. aureus was observed. Those
results are supported by results of topusiewicz (2018), who noted similar antymicrobial
activity of melanins isolated from Exidia nigricans and are partially consistent with results
found by other authors. Helan Soundra Rani et al. (2013) noted antimicrobial activity of
melanin isolated from halophilic black yeast Horfaea werneckii. Laxmi et al. (2016) observed
that growth of P. aeruginosa was inhibited on the presence of melanin obtained from
Providencia rettgeri, but in their study some Bacillus species were sensitive for melanin. Xu
et al. (2017) analysed the antimicrobial activity of melanin from Lachnum YM30 and noted
that it was active against a wide spectrum of bacteria including S. aureus. The authors
suggest that melanin antibacterial activity might result due from damage of the cell
membrane and affect the bacteria membrane function. A discrepancy in melanin
antimicrobial activity may result from differences within molecule structure and composition
(Correa et al. 2017). From the other hand there are some reports that melanins have
antibiofilm activity agains pathogenic bacteria including P. aeruginosa and could interfere
with bacterial quorum-sensing system, regulate its associate functions and prevent bacterial
pathogenesis (Zhu et al. 2011, Bin et al. 2012, Laxmi et al. 2016, Xu et al. 2017).

Natural antioxidants (e.g. plant extracts) are important in the food industry to avoid
oxidative reactions in diverse products (e.g. meat, poultry, emulsions, beverages and
snacks) and to increase their shelf-life. Some desirable characteristics of antioxidants are the
ease with they can be incorporated to diverse food matrices, heat stability, low toxicity and
cost. In particular, heat stability is important in the use of such antioxidants in cooked foods
(Cuevas-Juarez ef al. 2014). The melanins reported in this research have the aformentioned
characteristics, but non-toxicity must be corroborated in order for them to be recommended
as a food additive.



CONCLUSIONS

1. The present study revealed that waste from the harvesting of button mushroom may be
considered as a promising source of natural melanin.

2. Isolated pigments presented all the physical and chemical properties common to natural
and synthetic melanins.

3. Raw (ABW-RM) and purified (ABW-PM) melanins showed differences in chemical
composition, antioxidant activity and light barrier properties.

4. Both melanins showed antibacterial activity against P. aeruginosa and E. faecalis. No
antibacterial activity towards B. cereus, E. coli and S. aurets was observed.
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Table 1. Diagnostic tests for melanins

Tabela 1. Testy diagnostyczne melanin

Result
Test
Wynik
Test
ABW-RM  ABW-PM  L-DOPA melanin
. Solubility in water Insoluble
- Rozpuszczalnosé w wodzie Nierozpuszczalny
Solubility in organic solvents (acetone, chioroform, )
ethanol, ethyl acetate, methanol, DMSO) Insoluble D(hsﬂcgtét;le only in
2. Rozpuszczalnoét w rozpuszezalnikach organicznych _
(aceton, chlorofarm, etanol, octan etylu, metanol, Nierozpuszczalny
DMSO) (Rozpuszczalnos¢ jedynie w
DMSQ)
3 Solubility in 1 M NaOH Soluble
) Rozpuszezalnosé w 1 M NaOH Rozpuszczalny
Precipitation in acidic conditions Readily precipitation
4.
Wytracanie sig w kwashym srodowisku Szybka precypitacja
. Reaction with oxidizing agents (H,0;) Decolorized
' Reakcja z czynnikami utleniajgecymi (H,05) Qdbarwienie
Gray coloured silver precipitate
Reaction with ammoniacal AgNQO; solution on tube side
6.
Reakcja z amoniakalnym roziworem AgNO; Szary osad srebra na Sciankach
probowki
. Reaction for polyphenols (FeCl; test) Brown precipitate

Reakeja na polifenole (test z FeCl,) Brazowy osad




Colour Black

Barwa Czarna




Table 2. The visual colour values of ABW-RM, ABW-PM and L-DOPA melanin (meantSD,

n==5)

Tabela 2. Wartosci barwy melanin ABW-RM, ABW-PM i L-DOPA ($redniaxSD, n=>5)

L* a* b*
ABW-RM 65.53+0.00 -0.26+0.00 12.73%0.00
ABW-PM 89.10+0.00 1.52+0.00 26.81%0.00
L-DOPA melanin  74.87x0.01 10.5640.00 47.74£0.01

L* - lightness, a* - greenfred, b* - bluelyellow

L* - jasnosé, a* - zielony/czerwony, b* - niebieskilzofty

Table 3. The antioxidant activity (%AA values) of ABW-RM, ABW-PM and L-DOPA melanin

{(mean+SD, n=3)

Tabela 3. Aktywnosé antyoksydacyjna (%AA) melanin ABW-RM, ABW-PM i L-DOPA

(SredniatSD, n=3)

ABW-RM YAA ABW-PM %AA L-DOPA melanin %AA
0.0625 mg/mL  0.60z0.04 0.0625mg/mL 7.18+0.32  0.0625 mg/mL  20.31:0.18
0.125 mg/imL  1.45z0.05 0.125mg/mL 11.58+0.11 0.125mg/mL  31.51+0.43

0.25mg/mL  5.39+0.15 025 mg/mL  13.19+0.23 0.25mg/mL  50.75t0.16

0.5 mg/mL 16.76+£0.13 0.5 mg/mLl  30.64+0.07 0.5 mg/mL 95.91+0.29

1 mg/mL 48.4010.08 1 mg/mL 75.05+0.44 1 mg/mL 97.16+0.03




Table 4. The antibacterial activity of ABW-RM, ABW-PM and L-DOPA melanin (zones of
growth inhibition, mm), (mean+SD, n=3)

Tabela 4. Aktywnos¢ antymikrobiologiczna melanin ABW-RM, ABW-PM i L-DOPA (strefy
zahamowanego wzrostu, mm) {(§redniazSD, n=3)

BC EC EF PA SA
ABW-RM - - 12.240.2 13.7+£0.1 -
ABW-PM - - 11.320.1 12.840.2 -
L-DOPA ] ; 11.420.2 13.140.1 -
melanin

“* — no inhibition zone, “BC" - B. cereus ATCC14579, "EC" - E. coli DSMZ1576, “EF" - E,
faecalis ATCC29212, “PA” - P. aeruginosa ATCC2753, "SA” - S. aureus DSMZ346

(1]

— brak strefy zahamowanego wzrostu, “BC”" - B. cereus ATCC14579, "EC" - E. colf
DSMZ1576, “EF" - E. faecalis ATCC29212, “PA” - P. aeruginosa ATCC2753, “SA" - S.
aureus DSMZ348
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ABSTRACT

The aim of this study was to isolate and evaluate biological properties of raw and purified
melanins isolated from Scleroderma citrinum. Native melanin was isolated from the gleba of fresh S.
citrinum fruiting bodies by alkaline exfraction. Obtained pigment was purifed by acid hydrolysis and
washed by organic solvents. Chemical tests, FT-IR and Raman spectroscopy analysis were conducted
to determine the melanin nature of the isolated pigments. UV-Vis, transmittance, total polyphenolic
content and colour properties were evaluated. Antioxidant activity was determined using ABTS and
antibacterial activity by a well diffusion method. The results of the study demonstrated that melanins
isolated from S. cifrinum had antioxidant, light barrier and antibacterial properties. A purified form of
melanin offered better light properties and higher antioxidant activity than the raw form. Both
melanins inhibited the growth of E. facealis and P. aeruginosa. This study revealed that S. cifriman
may be considered as a promising source of natural melanin. Isclated pigments presented all the
physical and chemical properties common to natural and synthetic melanins. Raw and purified
melanins showed differences in chemical composition, antioxidant activity and light barrier properties.
Results suggest that, melanins from S. citrinuin possess remarkable therapeutic action and could be
applied in the food, cosmetics and pharmaceutical industries.
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1. INTRODUCTION

The genus Scleroderma comprises of gesteroid ectomycorrhizal (ECM) basidiomycetes
with reticulate to echinulate globose spores, usually known as earthballs [1,2]. Scleroderma
taxa are distributed worldwide in tropical, temperate and subtropical ecosystems [3], and have
been reported from Asia [4-9], Africa [10], Australia [11], Europe [12-15], North America
[13] and South America [2,3,16]. Several morphological and molecular studies have
confirmed the systematic position of the Scleroderma genus, placing it in the suborder
Sclerodermataceae within the Boletales order. This genus of fungi with hard-skinned
basidiomata can be recognized by its epigenous and single-layered peridium opening by
irregular dehiscence and gleba without capiliitium [1,16].

Scleroderma citrinum Pers., occurs as a saprotroph on soil or humus with mosses,
sometimes on rotting wood but has also been demonstrated to form typical ECM and is
common in coniferous and mixed forest [13]. When mature, brown, leathery, rounded
structures become dry and crack at maturity, and the dry, powdery, dark basidiospores are
dispersed by the wind blowing through fissures in the upper surface of the basidiome. The
dark colour of basidiospores is caused by melanin. Several studies describe the biological
activities of S. citrinum including insecticidal [17], antibacterial [4], antifungal [18,19] and
antiviral {20]. The known chemical compounds from S. cifrinum have been reported including
lanostane-type steroids [18], lanostane-type terpenoids [20], pulvinic acid derivatives [4,21],
carbonyl reducatases [22] and pigments such as sclerocitrin and norbadione A [23].

Melanins have been isolated from a variety of phylogenic sources: animals [24], plants
[25], bacteria [26,27] and fungi [28,29]. Melanins are commonly represented as black and
brown pigments, high molecular weight heterogenous polymers derived from the oxidation of
monophenols and the subsequent polymeryzation of intermediate o-diphenols and their
resulting quinones [30]. Melanins are types of pigments, possessing broad biological activities
including; antioxidant, radioprotective, thermoregulative, chemoprotective, antitumor,
antiviral, antimicrobial, immunostimulating and anti-inflammatory properties [24-30]. Based
on these features, natural melanin has the potential to be of great value and application in the
fields of pharmacology, cosmetics, and functional foods [28,31]. However, knowledge
relating to pharmacological and the biological activities of melanins from §. citrinum is highly
limited. In recent years there has been a revival of interest in the development of natural
colorants as food additives, and also in the cosmetic and pharmaceutical industries. This has
been encouraged by strong consumer demand, as synthetic colorants are frequently perceived
as undesirable or harmful [28,32]. Owing to the high toxicity of synthetic compounds, the
search for new natural colorants with antiradical, light barrier as well as antimicrobial
properties still remains a challenge for modern science.

The aim of present study was to isolate, characterize and investigate the antioxidant,
antimicrobial and light barrier properties of raw and purified melanins form S. citrinum. This
represents a first report on the isolation and biological activities of melanins from S, citrinum.

2. MATERIALS AND METHODS

2. 1. Test fungus

The tests were made up of fresh mature fruiting bodies of S. citrinum within this study.
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The fruiting bodies were collected in September 2017 in a mixed forest near Szczecin, Poland
(53° 20" N, 14° 49" E).

2. 2. Chemicals

NaOH, HCI, FeCly, H20,, AgNO;, acetone, ethanol, ethyl acetate, chloroform, DMSO
and methano! (Chempur, Poland) were used to extract, purify and offer up a characterisation
of the active substances from the S. ¢itrinum fruiting bodies. ABTS and KBr (Sigma Aldrich)
were also used in this study. To verify the antimicrobial properties of any melanin, Mueller-
Hinton broth and Mueller-Hinton agar media (Merck, Germany) were used. All media were
prepared according to the Merck protocol.

2. 3. Extraction and purification

The isolation and purification of melanin was performed as described by Lopusiewicz
[28]. External layers of peridium were removed, and only gleba was used for melanin
extraction. To summarise, 5 g of gleba were homogenised in 50 ml of 1 M NaOH, extracted
in orbital shaker (150 rpm, 50 °C, 24 h) and centrifuged at 6000 rpm for 10 min to remove
fungal tissue. Alkaline SC-RM (Scleroderma citrinum raw melanin) mixture was first
adjusted to pH 2.0 with 1 M HCI to precipitate melanin, followed by centrifugation at 6000
rpm for 10 min and a pellet was collected. Then, the pellet was hydrolyzed in 6 M HC] (90
°C, 2 h), centrifuged (6000 rpm, 10 min) and washed by distilled water five times fo remove
acid. The pellet was washed with chloroform, ethyl acetate and ethanol three times to wash
away lipids and other residues. Finally, the purified melanin (SC-PM — Scleroderma citrinum
pure melanin) was dried, ground to a fine powder in a mortar and stored at -20°C until testing.

2. 4. Chemical tests

Different diagnostic tests, as described by Selvakumar et al. [33], were conducted on the
SC-RM and SC-PM isolated melanins in comparision with L-DOPA melanin used as a
melanin standard. The testing organic solvents included ethanol, methanol, chioroform, ethyl
acetate, acetone and DMSO.

2. 5. Ultraviolet-visible absorption and transmittance spectra

Melanin solutions were prepared at concentration 0.1 mg/mL and UV-Vis absorption
spectra were measured between 200 and 800 nm. The absorbance ratio (A300/A600) values
and plots of optical densities against wavelenghts of melanins were also calculated [25,28].
Transmittance values were measured between 200 and 800 nm at 0.01; 0.05; 0.1; 0.5 and 1
mg/mL for SC-RM and SC-PM; for L-DOPA melanin 0.01; 0.05; 0.I; 1 mg/mL
concentrations were measured. All spectrophotometric assays were conducted in a Thermo
Scientific Evolution 220 spectrophotometer.

2. 6. IR spectroscopy

The IR spectra of melanins solid samples were obtained at room temperature by
attenuated total reflection with a Fourier transform infrared spectrometer (Perkin Elmer). The
samples were evenly mixed with KBr, and pressed into tablets, then scanned at a range
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between 650 cm™ and 4000 em™ (64 scans and 1 cm™ resolution) [28]. Obtained spectra have
been normalized, baseline corrected and analysed using SPECTRUM software.

2. 7. Raman spectroscopy

Melanin samples were analysed using a Raman station (RamanStation 400F, Perkin
Elemer) with point-and-shot capability using an excitation laser source at 785 nm, 100 micron
spot size, 25% laser power, 4 shots, 8 second exposition time. Obtained spectra have been
normalized, baseline corrected and analysed using SPECTRUM software.

2. 8. The antioxidant activity (ABTS assay)

An ABTS assay was performed according to Lopusiewicz [28]. Radical 2,2’-azino-
bis(3-ethylbenzothiazoline)-6-sulphonic acid (ABTS-+) was produced by mixing 7 mM
ABTS with 2.45 mM potassium persulfate (5 mL of ABTS + 5 mL of potassium persulphate
4.9 mM). The mixture was incubated in darkness at room temperature for 16 h, diluted with 7
mM phosphate buffer (pH 7.4) to reach an absorbance of between 1.0 and 1.2 at 734 nm. For
the ABTS assay, 50 pL. of melanin (SC-RM, SC-PM, L-DOPA melanin; 0.0625; 0.125; 0.25,
0.5; T mg/mL), or dissolvent as confrol, were mixed with 1.95 mL of ABTS-+ solution,
incubated in darkness for 10 min at 37 °C, and then the absorbance was measured at 734 nm
and antioxidant activity (YoAA) was calculated as %AA = [(An*100)/A.]; where A. and A,
are absorbances for the control and melanin sample, respectively.

2. 9. Determination of the total phenolics content (TPC) of melanins

The total phenolics content (TPC) of the melanins were determined by the Folin-
Ciocalteu reaction according to Cuevas-Judrez et al. [16]. Melanin dissolved in DMSO (20 ul)
was mixed with 1.58 m] of deionized water and 100 pl of the Folin-Ciocalteu reagent, stirred
gently for 5 min and added with 300 pl of saturated solution of NayCOs;. The mixture was
allowed to stand in darkness for 30 min at 40 °C, the absorbance was then measured at 765
nm. A calibration curve of gallic acid in water-methanol (1:1, v/v) (0, 50, 100, 200, 400 and
500 pg/ml.) was prepared and TPC was calculated as miligrams of gallic acid equivalents
(GAE)/gram of melanin (mg GAE/g). The results were presented as an average of three
samples with standard deviation.

2. 10. The visuzal colour of melanins

The visual colour of melanin solution (0.1 mg/mL) values were measured by a Konica
Minolta CR-5 colorimeter with the Hunter LAB colour system. The colour values were
expressed as L* (brightness/darkness), a* (redness/greenness) and b* (yellowness/blueness)
as an averages of five measurements.

2. 11. The antibacterial activity of isolated melanins

Test microorganisms, including Bacillus cereus ATCCI4579, Enterococcus faecalis
ATCC29212, Escherichia coli DSMZ1576, Pseudomonas aeruginosa ATCC2753 and
Staphylococcus aureus DSMZ346 were separately cultivated in Mueller-Hinton broth. The
antibacterial activity was tested through a well diffusion method. 50 mL of Mueller-Hinton
broth was inoculated by a single bacterial strain and incubated at 37 °C for 24 h. Mueller-
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Hinton agar was autoclaved and on reaching approx. 45°C, 200 uL of bacterial suspension
was added to 20 mL of the medium, vigorously vortexed and poured on 90 mm Petri dishes.
Wells were cut out by sterile tips (9 mm diameter) in triplicate on each plate and 100 uL of
melanin solutions at 0.1 mg/mL in DMSO were placed in the wells. DMSO served as a
control. Plates were incubated at 37°C for 24 h. The inhibition zones were measured after
incubation. The results were presented as an average of three samples with standard deviation.

3. RESULTS

The results of the study demonstrated that raw and purified black pigments from §.
citrinum had antioxidant, antibacterial and light barrier properties. The SC-RM and SC-PM
pigments presented all of the physical and chemical properties common to natural melanins
and the experimental data within this work were found to be comparable to those reported in
literature. The results are summarized in Table 1, which also shows the properties of the L-
DOPA melanin sample used for calibration.

Table 1. Diagnostic tests for melanins.

Result
No Test
SC-RM SC-PM L-DOPA
melanin
I Solubility in water Insoluble
Solubility in organic
solvents (acetone,
2. chloroform, ethanol, ethyl Insoluble
acetate, methanol)
3. | Solubility in 1 M NaOH Soluble
Precpitation in acidic . s
4, conditions Readily precipitation
Reaction with oxidizing .
5. agents (H05) Decolorized
Reaction with ammoniacal i . .
6. AgNO; solution Gray coloured silver precipitate on tube side
Reaction for polyphenols i -
7. (FeCly test) Brown precipitate
8. | Colour Black

Figure 1 shows SC-RM and SC-PM have maximum absorption peaks at 222 nm and
225 nm, respectively, and exhibited an exponential decrease in the visible region. This
behaviour in SC-RM and SC-PM were similar to the melanin synthetized from L-DOPA,
which is used as a melanin standard.
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Figure 2 shows the log of optical density of a melanin solutions when plotted against the
wavelength of SC-RM, SC-PM and L-DOPA melanin. SC-RM, SC-PM and L-DOPA
melanin had straight lines with negative slopes of -0.003464, -0.003222 and -0.003741,
respectively. The light barrier properties of SC-RM, SC-PM and L-DOPA melanin are shown
in Figure 3. It was noted that in all analysed concentrations, the SC-RM transmittance values
were higher than those of the corresponding SC-PM, which suggests that in purified form,
melanin had better light barrier properties, even when the transmittance values of SC-PM
were smaller than the synthetic melanin.

(X

o4

, LDOPA

melanin
22 4

+ SC-PM

= SC-RM

Log absorbance

2 -0.003741

04

G5

-0.003464
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g0 320 3z0 340 360 g0 400 00 440 460 4ED 500

Wavelengiit [nm]

Fig. 2. A plots of optical densities against wavelenght for L-DOPA melanin, SC-PM and
SC-RM

The colour values of SC-RM, SC-PM and synthetic melanin are shown in Table 2.
Results from the colorimeter indicated that SC-PM presented lower L* value, and higher a*

and b* values than SC-RM in Hunter Lab colour system.

Table 2. The visual colour values of SC-RM, SC-PM and L-DOPA melanin (meantSD, n=5)

L* a* b*
SC-RM 88.17£0.01 2.58+0.00 22.23x0.01
SC-PM 78.34+0.00 7.14+0.02 34.94+0.00

L-DOPA melanin 74.87+0.00 10.56+0.00 47.74+0.02
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The TPC values for melanins were 0.18+0.01; 0.26+£0.03; 0.29+0.05 mg GAE/g for SC-
RM, SC-PM and L-DOPA melanin, recpectively. In general, the %AA values of SC-PM were
higher than those of SC-RM, and the %AA of both melanins were lower than the
corresponding concentrations of L-DOPA melanin, as shown in Table 3.

Table 3. The antioxidant activity (Y%6AA values) of SC-RM, SC-PM
and L-DOPA melanin (mean£SD, n = 3)

%AA SC-PM %AA L-DOPA %AA
melanin
0.0625 12.680.57 0.0625 13.99£0.31 0.0625 20.3140.26
mg/mL mg/mL mg/mL

0125 mg/imL  21.05%1.11  0.125mg/mL  30.77:0.08 0.125mg/mL  31.51=1.04
0.25 mg/ml.  23.76£0.25 025 mg/mlL  40.98+0.44 025mgmL  50.75+0.18
0.5 mg/mL 40.27+0.23 0.5 mg/mL 50.37+0.19 0.5 mg/mL 95.91£0.33
1 mg/mL 75.66+0.13 1 mg/mL 86.71+1.23 I mg/mL 97.16+0.05

A
%t l\/\ mﬁ
C
4000,0 3(:{!] 3’}‘30 2360 2400 2000 13]‘00 15233 H‘Il lﬁ‘ﬁ:l 19;1' b ) 6360
A-L-DOPA melanmn
B- SC-RM
C- SC-PM

Fig. 4, Infrared spectra of L-DOPA melanin, SC-RM and SC-PM

Figure 4 shows the IR-spectra of SC-RM, SC-PM and L-DOPA melanin. Extra display
broad absorption bands at 3600-3000 em’! were noted, attributed to stretching vibrations of C-
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H. N-H and/or O-H groups. The C-H could be due to the presence of aromatic rings, with
strong bands at 1630 cm™ and 1627 cm™', for SC-RM and SC-PM, respectively, which
co;responds to the v1brat10n of aromatic C=C, and more intense in SC-PM. Two peaks at
2921 em”' to 2851 em™' in both melanins may 1esuEt from the oscillation of aliphatic CH; and
CHj; groups. The bands at 1228 e and 1224 em”! due to C-N and C-O, would support the
presence of phenols and aromatic amines. It is difficult to state whether there is an amide
group, as the C=0 group that it complements might be joined in the band corresponding to the
aromatic C=C. There are differences between the SC-RM and SC-PM spectra which may be a
result of the purification process.
Figure 5 shows the Raman spectra of synthetic melanin (A), SC-PM (B) and SC-RM

(C). SC-RM and SC-PM Raman spectra were similar to spectrum of L-DOPA melanin. The
Raman specttum of SC-RM is dominated by two intense and broad peaks at about 1612 cm™
and 1238 cm’, while at SC-PM spectrum peaks at 1625 cm™ and 1245 cm” were observed. A
peak at 2000 cm'1 from both melanins is noticeable. Peaks 395 cm™and 400 em™'for SC-RM
and SC-PM, respectively, are present.
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Fig. 5. The Raman spectra of L-DOPA melanin (A), SC-PM (B) and SC-RM (C)

The results of an antibacterial activity assessment of SC-RM and SC-PM are illustrated
in Table 4. The zones of growth inhibition of E. faecalis and P. geruginosa were 12.6=0.2
mm and 13.5+0.1 mm for SC-RM, respectively, while SC-PM, were 10.3=0.3 mm and
11.740.2 mm. No inhibition on B. cereus, E. coli and S. aureus was observed.
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Table 4. The antibacterial activity of SC-RM, SC-PM and L-DOPA melanin
(zones of growth inhibition, mm), (mean+SD., n=3)

BC EC EF PA SA
SC-RM - - 12.6+0.2 13.540.1 -
SC-PM - - 10.34+0.1 1174202 -
L-DOPA ] ] 11,402 13.120.1 i
melanin

“2 _ no inhibition zone, “BC” - B. cereus ATCC14579, “EC” - E coli DSMZ1576, “EF” - E. faecdlis
ATCC29212, “PA” - P. aeruginosa ATCC2753, “SA” - S. aurens DSMZ346

4, DISCUSSION & CONCLUSIONS

Through the work of this study, it is clear that the melanins isolated from S. citrinum
possess promising antioxidant, light barrier and antibacterial properties.

Chemical tests and FT-IR conducted on isolated pigments in comparison to the
synthetic L-DOPA melanin clearly demonstrated that they are melanins. Purified melanin
(SC-PM) was obtained by acid hydrolysis, repeated precipitation and purification through the
use of organic solvents. The structure of melanin polymers is poorly understood and an
accurate definition of melanin is still required. However, the following criteria indicate
melanin is: black/brown in colour, insoluble in water and most other organic solvents,
resistant to degradation by hot or cold acids, bleached by oxidizing agents and solubilised by
alkali solutions [28,31].

Infrared spectroscopy has been used in the chemical structure study of many melanins.
It has been suggested that identical melanin structures do not exist in nature and their
chemical characterization is a complicated task. Their composition depends not only on their
different monomeric units, but also on environmental conditions during polymerization.
Infrared spectrometric techniques offer information on the main functional groups in the
melanin structure [24,25,28]. A detailed comparative analysis of the infrared spectra of the
melanins studied may supply valuable information on the effect of each treatment step used to
purify the melanin and the distinct functional groups prevailing in the various samples.

The Raman spectrum of SC-RM is dominated by two intense and broad peaks at about
1612 cm™ and 1238 cm™, while SC-PM spectrum peaks at 1625 cm™ and 1245 cm™ were
noted. The peaks can be interrelated as originating from the in-plane stretching of the
aromatic rings and the linear stretching of the C-C bonds within the rings, along with some
contributions from the C-H vibrations in the methyl and methylene groups [34]. The peaks at
about 2000 cm’ from both melanins are similar to those obtained by Galvan et al. [35] from
eumelanin and may be caused by the stretching of three of the six C-C bonds within the
melanin aromatic rings. It was noted, that on both melanin Raman spectra peaks (395 em™
and 400 om’, for SC-RM and SC-PM, respectively) are present, which are thought to
correspond to peaks obtained from pheomelanin and eumelanin and are caused by an out-of-
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plane deformation of phenyl rings. Obtained spectra of S. cifrinum melanins are similar to
Exidia nigricans melanins obtained in previous study [28].

There was no absorption peak between 260-280 nm in the UV-Vis spectra, indicating,
that melanins do not contain proteins and nucleic acids [28]. The UV-Vis absorption spectra
of the impure (RM) and purified (PM) melanins were similar to those reported in other
iiterature. Also light barrier properties are in accorandee with previosus studies, showed that
purified melanin form from E. nigricans offered better light prperties than the raw form [28].

In general, melanins are dark because they do not re-radiate the absorbed visible or
invisible light, but transform the energy into rotational and vibrational activity within the
molecule and then dissipate it as heat. This phenomenon protects melanised tissues against
light-induced damage [28,34]. In previous study it has been also observed that purified
melanin showed lower L* and higher a* and b* values [28]. The high antioxidant activity of
the melanins was expected due to the protection against UV-radiation and free radical
scavenging being their main functions [36-39]. The ability of melanin to scavenge reactive
oxygen species (ROS), such as singlet oxygen, hydroxyl radical and superoxide anion, has
been firmly established in model systems, suggesting that melanin could protect pigmented
cells against oxidative stress that may accompany the formation of ROS in cells. Even though
critical damage to oxidatively stressed cells may result from the reaction of crucial cellular
constituents with ROS, an efficient antioxidant may protect the cells by scavenging other
oxidizing radicals such as the peroxyl radical, and by interacting with molecular oxygen [40].
The high antioxidant activity of melanin isolated from various sources has been reported by
other authors [24-40]. Antioxidant activity of S. citrinum melanins is higher than those
analyzed in previous study, also polyphenolic content is higher, which suggest that, presence
of higher polyphenolics in melanin molecules is linked with higher antioxidant activity [28].

The A300/A600 ratios offer information about the oxidation state and the range size of
melanin molecules [25,28]. Melanin oxidation induces lower absorbance values at 600 nm
(A600), and the A300/A600 absorbance ratio was proposed as a measure of oxidation extent,
with high values corresponding to greater oxidized melanin molecules. Also, it was argued
that during the melanin oxidation, phenolics are converted to semiquinones or quinones,
which produce more oxidized (higher A300/A600 absorbance ratios) and smaller melanins
(molecular weight < 1000 Da) [28]. SC-RM showed a higher value (10.23) than its
corresponding pure SC-PM (9.72) and L-DOPA melanin (16.00). This data supports the fact
than SC-RM are a more complex mixture of melanin molecules than that of SC-PM, with a
variability in size and degree of oxidation. In constrast, for E. nigricans melanins, opposite
observations have been made, showed that pure form of melanin had higher A300/A600 value
being more complex than the raw form {28]. These data are also consistent with the results of
Cuevaz-Judrez et al. [25] and also with observations made by Hung et al. [41] who noted that
oxidized and reduced melanins obtained from black tea have variances in their absorption
spectra. Reduced forms of melanin have phenolic form prevalence, which when oxidized,
forms show preponderance for quinone forms.

Many fungi contain melanins in vegetative as well reproductive structures (e. g. spores).
Melanins such as 1,8-dihydroxynaphtalene and L-3,4-dihydroxyphenylalanine (L-DOPA)
types have been mostly associated to ascomycetous and basidiomycetous forms, respectively.
Some fungi have the ability to synthetize a type of melanin according to the environmental
conditions, as well as at the developmental stage. The presence of melanins in fungi adapted
to different environments and the fact that the same melanin is synthetized by a fungus,
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indecently of environmental conditions, suggests that this molecule plays different crucial
biological roles in fungal physiology [36-38]. Melanins enhance the tolerance of fungi to
environmental stresses, improving their survival. Melanins protect fungal structures from UV
radiation, temperature, desiccation, oxidizing agents and toxic compounds, such as antibiotics
or heavy metals, due to their chelating ability [28,36-39].

Both melanins showed antibacterial activity against P. aeruginosa and E. faecalis. No
antibacterial activity towards B. cereus, E. coli and S. aureus was observed. This data are
supported by previous study showed that melanins from E. nigricans have been active against
P. aeruginosa and E. faecalis [28]. Antimicrobial assessment results are partially consistent
with results found by other authors. Helan Soundra Rani et al. [42] noted the antimicrobial
activity of melanin isolated from halophilic black yeast Hortaea werneckii. Laxmi et al. [43]
observed that growth of P. aeruginosa was inhibited on the presence of melanin obtained
from Providencia rettgeri, but in their study some Bacillus species were sensitive to melanin.
Xu et al. [44] analysed the antimicrobial activity of melanin from Lachnum YM30 and noted
that it was active against a wide spectrum of bacteria, including S. auwreus. The authors
suggest that melanin antibacterial activity might result from damage of the cell membrane and
affect bacteria membrane function. A discrepancy in melanin antimicrobial activity may result
in differences within the molecule structure and composition [46]. From the other hand there
are some reports that melanins have antibiofilm activity agains pathogenic bacteria including
P. aeruginosa and could interfere with bacterial quorum-sensing system, regulate its associate
functions and prevent bacterial pathogenesis [43,44,46,47].
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ABSTRACT

The aim of present study was isolation and characteriation of raw and purified melanin from
Armillaria mellea thizomorphs. Native melanin was isolated from the rhizomorphs of 4. mellea by
alkaline extraction. Obtained pigment was purifed by acid hydrolysis and washed by organic solvents.
Chemical tests, FT-IR and Raman spectroscopy analysis were conducted to determine the melanin
nature of the isolated pigment. UV-Vis, transmittance and colour properties were evaluated.
Antioxidant activity was determined using ABTS and antibacterial activity by a well diffusion method.
The results of the study demonstrated that melanins isolated from 4. mellea rhizomorphs had
antioxidant, light barrier and antibacterial properties. A purified form of melanin offered better light
properties and higher antioxidant activity than the raw form. Both melanins showed antimicrobial
activity, raw melanin form had broader activity compared to the pure form. This study revealed that 4.
mellea thizomorphs may be considered as a promising source of natural melanin. Isolated pigments
presented all the physical and chemical properties common to natural and synthetic melanins. Raw and
purified melanins showed differences in chemical composition, antioxidant activity and light barrier
properties. Results of this study suggest that, melanins from 4. mellea could be applied in the food,
cosmetics and pharmaceutical industries.
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1. INTRODUCTION

The genus Armillaria comprises of soil borne fungi that play an important role in the
decomposition of wood. Fungi belonging to the genus Armillaria cause root disease of
deciduous and coniferous trees and shrubs in forests, plantations, orchards and gardens in
boreal, temperate and tropical habitats worldwide [1-8]. The root disease-causing capabilities
of different Armillaria spp. on a given host species can be thought of as points along a
continuum with strict saprotrophism at one extreme and relatively virulent parasitism at the
other. Saprotrophic and parasitic Adrmillaria spp. are frequently sympatric [6,9]. It is well
known that fruiting bodies of basidiomycetes of Armillaria genus are not able to emit visible
light. Luminescence occurs only in mycelium, growing on the natural substrate (wood) or
artificial substrates (nutrient medium) [10]. Most Armillaria species have the ability to spread
in the soil by rhizomorphs to reach new food bases or potential hosts. Rhizomorphs (also
called mycelial cords) are root-like fungal structures with diameters between 0.5 and 3 mm,
that consist of an outer melanised cortex and an inner core, calied medulla. Due to the
melanin content, the cortex protects the rhizomorphs from environmental stress including
attacks by antagonistic fungi and bacteria. The medulla is the main active structure of the
rhizomorphs responsible for transport of water, nutrients, and oxygen. Rhizomorphs normally
are growing out from a woody food base and can produce extensive networks in the soil
[4,5,11,12].

Armillaria mellea (Vahl) P. Kumm is a basidiomycete fungus in the genus Armillaria in
the Physalacriaceae family which grows on the stumps and roots of a wide variety of woody
and herbaceous plants. It is also called honey mushroom and is a widespread fungus in Asia,
Europe, North America and Africa [11-17]. In moderate climatic zones, the fruiting bodies are
usually formed from July to November, with the most abundantly in October [17]. 4. mellea
is a fungus symbiotic with the Chinese medicinal herb “Tianma” (Gastrodia elata Blume),
The fruiting bodies of 4. mellea have been used in traditional Chinese medicine for the
treatment of hypertension, headache, insomnia, dizziness and vertigo. Recently, the cultured
mycelium of 4. mellea became a health food in Taiwan and China and its tablets are used to
treat geriatric patients with palsy, headache, insomnia, dizziness, and neurasthenia
[2,13,16,18]. Although the fungus is considered a weak parasite or a saprophyte on forest
trees, it can cause serious damage to a wide range of tree species, including Abies spp.,
Quercus spp., Fagus sylvatica, Castanea sativa, Populus spp. and Ostrya carpinifolia. In
addition, 4. mellea was commonly found on cultivated woody plants, causing damage,
especially on apple, pear and in vineyards. A. mellea is known to occur in central and southern
Europe, but is only common in the southern and western parts of this area. In Europe and
North America, A. mellea occurs mainly in broadleaved forests, though less commonly in
coniferous forests. The fungus is considered thermophilic, and in central Europe is restricted
to low altitudes. In central and western Europe, 4. mellea was not reported above 1000 m,
whilst in the Mediterranean and Balkans regions, it has been found in altitudes up to 1750 m
(71

The known chemical compounds from 4. mellea fruiting bodies and mycelial cultures
have been reported include: carbohydrates (glucose, xylose, trehalose, D-mannitol, D-
erythritol, glucans), peptides (prosomatostatin), sphingolipids (armillaramide), sterols
(ergosterol, ergosterol peroxide), fatty acids (oleic, linoleic, palmitic and stearic acids),
sesquiterpenoids (proto-illudan derivatives such as armillarin, melleolid, mefledonal A, B and
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C). phenolics (p-hydroxybenzoic and cinnamic acids), indole compounds (serotonin,
tryptamine, tryptophan), ascorbic acid, enzymes and polysaccharides (exopolysaccharides and
intracellular polysaccharides). Several studies describe the biological activities of 4. mellea
including immuno-modulating, anti-cancer, antioxidant, anti-inflammatory, antibacterial and
fibrinolytic {2,13,16-22].

Melanins have been isolated from a variety of phylogenic sources: animals [24], plants
[25], bacteria [26,57] and fungi [27,28,56]. Melanins are commonly represented as black and
brown pigments, high molecular weight heterogenous polymers derived from the oxidation of
monophenols and the subsequent polymeryzation of intermediate o-diphenols and their
resulting quinones [29,30]. Melanins are types of pigments, possessing broad biological
activities including; antioxidant, radioprotective, thermoreguiative, chemoprotective,
antitumor, antiviral, antimicrobial, immunostimulating and anti-inflammatory properties [24~
30]. Based on these features, natural melanin has the potential to be of great value and
application in the fields of pharmacology, cosmetics, functional foods and material
modifications [30-33]. However, knowledge relating to the physiochemical properties and
biological activities of melanins from A. mellea rhizomorphs including antioxidant,
antimicrobial, light barrier properties is highly limited. In recent years there has been a revival
of interest in the development of natural colorants as food additives, and also in the cosmetic
and pharmaceutical industries. This has been encouraged by strong consumer demand, as
synthetic colorants are frequently perceived as undesirable or harmful [27,28]. Owing to the
high toxicity of synthetic compounds, the search for new natural colorants with antiradical,
light barrier as well as antimicrobial properties still remains a challenge for modern science.

The aim of present study was to isolate, characterize and investigate the antioxidant,
antimicrobial and light barrier properties of raw and purified melanins form A. mellea
rhizomorphs.

2. MATERIALS AND METHODS
2. 1. Test fungus

The tests were made up of rhizomorphs of 4. mellea within this study. The thizomorphs
were collected in October 2017 in a mixed forest near Szczecin, Poland (53° 20' N, 14° 49' E).

2. 2. Extraction and purification

The isolation and purification of melanin was performed as described by Lopusiewicz
[27,28]. The rhizomorphs were washed with distilled water to remove any impurities,
powdered in blender and used for melanin extraction. To summarise, 5 g of the rhizomorphs
powder were homogenised in 50 ml of | M NaOH, extracted in orbital shaker (150 rpm,
50 °C, 24 h) and centrifuged at 6000 rpm for 10 min to remove fungal tissue. Alkaline AM-
RM (Armillaria mellea raw melanin) mixture was first adjusted to pH 2.0 with 1 M HCI to
precipitate melanin, followed by centrifugation at 6000 rpm for 10 min and a pellet was
collected. Then, the pellet was hydrolyzed in 6 M HCI (90 °C, 2 h), centrifuged (6000 rpm, 10
min) and washed by distilled water five times to remove acid. The pellet was washed with
chloroform, ethyl acetate and ethanol three times to wash away lipids and other residues.
Finally, the purified melanin (AM-PM — Armillaria mellea pure melanin) was dried, ground
to a fine powder in a mortar and stored at —20 °C until testing.
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2. 3. Chemical tests

Different diagnostic tests, as described by Selvakumar et al. [34], were conducted on the
AM-RM and AM-PM isolated melanins in comparison with L-DOPA melanin used as a
melanin standard. The testing organic solvents included ethanol, methanol, chloroform, ethyl
acetate, acetone and DMSO,

2. 4. Ultraviolet-visible absorption and transmittance spectra

Melanin solutions were prepared at concentration 0.1 mg/mL and UV-Vis absorption
spectra were measured between 200 and 800 nm. The absorbance ratio (A300/A600) values
and plots of optical densities against wavelengths of melanins were also calculated [25,27,28].
Transmittance values were measured between 200 and 800 nm at 0.01; 0.05; 0.1; 0.5 and
1 mg/mL for AM-RM and AM-PM; for L-DOPA melanin 0.01; 0.05; 0.1; T mg/mL
concentrations were measured. All spectrophotometric assays were conducted in a Thermo
Scientific Evolution 220 spectrophotometer.

2. 5. IR spectroscopy

The IR spectra of melanins solid samples were obtained at room temperature by
attenuated total reflection with a Fourier transform infrared spectrometer (Perkin Elmer). The
samples were evenly mixed with KBr, and pressed into tablets, then scanned at a range
between 650 cm™ and 4000 cm™ (64 scans and 1 em™ resolution) [27,28]. Obtained spectra
have been normalized, baseline corrected and analysed using SPECTRUM software.

2. 6. Raman spectroscopy

Melanin samples were analysed using a Raman station (RamanStation 400F, Perkin
Elemer) with point-and-shot capability using an excitation laser source at 785 nm, 100 micron
spot size, 25% laser power, 4 shots, 8 second exposition time. Obtained spectra have been
normalized, baseline corrected and analysed using SPECTRUM software.

2. 7. The antioxidant activity (ABTS assay)

An ABTS assay was performed according to Lopusiewicz [27,28]. Radical 2,2’-azino-
bis(3-ethylbenzothiazoline)-6-sulphonic acid (ABTS'+) was produced by mixing 7 mM
ABTS with 2.45 mM potassium persulfate (5 mL of ABTS + 5 mL of potassium persulphate
4.9 mM). The mixture was incubated in darkness at room temperature for 16 h, diluted with 7
mM phosphate buffer (pH 7.4) to reach an absorbance of between 1.0 and 1.2 at 734 nm. For
the ABTS assay, 50 uL of melanin (AM-RM, AM-PM, L-DOPA melanin; 0.0625; 0.125;
0.25, 0.5; 1 mg/mL), or dissolvent as control, were mixed with 1.95 mL of ABTS-+ solution,
incubated in darkness for 10 min at 37 °C, and then the absorbance was measured at 734 nm
and antioxidant activity (%AA) was calculated as %AA = [(Ac-An)/Ac]*100; where A, and
Am are absorbances for the control and melanin sample, respectively.

2. 8. Determination of the total phenolics content (TPC) of melanins

The total phenolics content (TPC) of the melanins were determined by the Folin-
Ciocalteu reaction. Melanin dissolved in DMSO (20 pl) was mixed with 1.58 m! of deionized
water and 100 pl of the Folin-Ciocalteu reagent, stirred gently for 5 min and added with 300
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pl of saturated solution of Na,CO;. The mixture was allowed to stand in darkness for 30 min
at 40 °C, the absorbance was then measured at 765 nm. A calibration curve of gallic acid in
water-methanol (1:1, v/v) (0, 50, 100, 200, 400 and 500 pg/mL) was prepared and TPC was
calculated as miligrams of gallic acid equivalents (GAE)/gram of melanin (mg GAE/g). The
results were presented as an average of three samples with standard deviation.

2. 9. The visual colour of melanins

The visual colour of melanin solution (0.1 mg/mL) values were measured by a Konica
Minolta CR-5 colorimeter with the Hunter LAB colour system. The colour values were
expressed as L* (brightness/darkness), a* (redness/greenness) and b* (yellowness/blueness)
as an averages of five measurements.

2. 10. The antibacterial activity of isolated melanins

Test microorganisms, including Bacillus athrophaeus ATCC49337, Bacillus cereus
ATCCI14579, Bacillus subtilis ATCC6633, Enterococcus faecalis ATCC29212, Escherichia
coli DSMZ1576, Micrococcus luteus ATCC4698, Pseudomonas aeruginosa ATCC2753,
Pseudomonas putida ATCC12633 and Staphylococcus aureus DSMZ346 were separately
cultivated in Mueller-Hinton broth. The antibacterial activity was tested through a well
diffusion method. 50 mL of Mueller-Hinton broth was inoculated by a single bacterial strain
and incubated at 37 °C for 24 h. Mueller-Hinton agar was autoclaved and on reaching approx.
45 °C, 200 pl of bacterial suspension was added to 20 mL of the medium, vigorously
vortexed and poured on 90 mm Petri dishes. Wells were cut out by sterile tips (9 mm
diameter) in triplicate on each plate and 100 pL of melanin solutions at 0.1 mg/mL in DMSO
were placed in the wells. DMSO served as a control. Plates were incubated at 37 °C for 24 h.
The inhibition zones were measured after incubation. The results were presented as an
average of three samples with standard deviation.

3. RESULTS

Table 1. The results are summarized, which also shows the properties of the L-DOPA
melanin sample used for calibration.

Result
No Test
AM-RM |  AM-PM L-DOPA
melanin
1. | Solubility in water Insoluble Insoluble Insoluble
Solubility in organic solvents
2. | (acetone, chloroform, ethanol, ethyl acetate, | Insoluble Insoluble Insoluble
methanol)
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3. | Solubility in 1 M NaOH Soluble Soluble Soluble
4. | Precipitation in acidic conditions Precipitation | Precipitation | Precipitation
5. | Reaction with oxidizing agents (HyO) Decolorized Decolorized Decolorized
6. | Reaction with ammoniacal AgNO; solution Positive® Positive* Positive*
7. | Reaction for polyphenols (FeCl; test) pﬁég}ﬁ;e prgé?p\g te pr?clz?p‘;cgte
8. | Colour Black Black Black

*Positive — gray-coloured silver precipitate on tube side

The results of the study demonstrated that raw and purified black pigments from A.
mellea had antioxidant, antibacterial and light barrier properties. The AM-RM and AM-PM
pigments presented all of the physical and chemical properties common to natural melanins
and the experimental data within this work were found to be comparable to those reported in
literature (Table 1). Figure 1 shows the log of optical density of a melanins solutions when
plotted against the wavelength of AM-RM, AM-PM and L-DOPA melanin. AM-RM, AM-
PM and L-DOPA melanin had straight lines with negative slopes of -0.004695, -0.003644 and

-0.003741, respectively.
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Figure 1. A plots of log of optical denisity of AM-PM, AM-RM and L-DOPA melanin
against wavelength
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Figure 2. The absorbance of AM-RM (A), AM-PM (B) and L-DOPA melanin (C)
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Figure 3. Transmittance values of AM-RM (A), AM-PM (B) and L-DOPA melanin (C)
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Figure 2 shows AM-RM (A) and AM-PM (B) have maximum absorption peaks at 224
nm and 227 nm, respectively, and exhibited an exponential decrease in the visible region. This
behaviour in AM-RM and AM-PM were similar to the melanin synthesized from L-DOPA
(C), which is used as a melanin standard.

The light barrier properties of AM-RM (A), AM-PM (B) and L-DOPA melanin (C) are
shown in Figure 3. It was noted that in all analysed concentrations, the AM-RM transmittance
values were higher than those of the corresponding AM-PM, which suggests that in purified
form, melanin had better light barrier properties, even when the transmittance values of AM-
PM were smaller than the synthetic melanin.

The colour values of AM-RM, AM-PM and synthetic melanin are shown in Table 2.
Results from the colorimeter indicated that AM-PM presented lower L* value, and higher a*
and b* values than AM-RM in Hunter Lab colour system.

Table 2. The visual colour values of AM-RM, AM-PM and L-DOPA melanin
(mean £ SD, n=135)

L* a* b*
AM-RM 94.99+0.00 | 0.58+0.00 | 11.39£0.01
AM-PM 89.37+0.01 | 3.30+0.00 |29.90+0.00
L-DOPA melanin | 74.87£0.02 | 10.56%0.01 | 47.74+0.01

The TPC values for melanins were 0.12+0.02; 0.25+0.01; 0.29+0.05 mg GAE/g for
AM-RM, AM-PM and L-DOPA melanin, respectively. In general, the %AA values of AM-
PM were higher than those of AM-RM, and the %AA of both melanins were lower than the

corresponding concentrations of L-DOPA melanin, as shown in Table 3.

Table 3. The antioxidant activity (%eAA values, [%]) of AM-RM, AM-PM and L-DOPA

melanin at various concentrations [mg/ml] (mean £ SD, n = 3)

LDOPA

?Mg/iﬁ %AA [%] é‘nM;lii’I] %AA[%] | melanin | %AA[%]

n g [mg/mL]

00625 | 9.67.1:0.14 | 00625 | 16.09%045 | 00625 | 20312026
0.125 15055034 |  0.125 28.020.19 0.125 31.511.04
0.25 27.22:40.89 0.25 44.88:0.22 025 50.75:0.18
0.5 39,78+0.33 0.5 61.3340.56 0.5 95.910.33
1 68.12:0.5] I 89.17:0.12 i 97.1620.05
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Figure 4 shows the IR-spectra of AM-RM, AM-PM and L-DOPA melanin. Extra
display broad absorption bands at 3600-3000 ¢m™ were noted, attributed to stretching
vibrations of C-H, N-H and/or O-H groups. The C-H could be due to the presence of aromatic
rings, with strong bands at 1629 em’' and 1628 cm", for AM-RM and AM-PM, respectively,
which corresponds to the vibration of aromatic C=C, and more intense in AM-PM. Two peaks
at 2915 cm™ to 2847 ecm’ in both melanins may result from the oscillation of aliphatic CH,
and CH; groups. The bands at 1212 em™ and 1236 cm™ due to C-N and C-O, would support
the presence of phenols and aromatic amines. [t is difficult to state whether there is an amide
group, as the C=0 group that it complements might be joined in the band corresponding to the
aromatic C=C. Noticeable intense peak at 1024 em™ in AM-RM spectrum could be due to the
presence of glucose residues, suggesting polysaccharides components linked with AM-RM.
There are differences between the AM-RM and AM-PM spectra which may be a result of the
purification process.

‘J/M /\M\w

43000 1

3600 330 2800 2400 2000 1200 600 1400 1200 1000 200 650,
-1

——— L-DOPA melanin (A) e

—— AMPM(®)
— AM-RM (C)

Figure 4. FT-IR spectra of AM-RM, AM-PM and L-DOPA melanin

Figure 5 shows the Raman spectra of synthetic melanin (A), AM-PM (B) and AM-RM
(C). AM-RM and AM-PM Raman spectra were similar to spectrum of L-DOPA melanin. The
Raman spectrum of AM-RM is dominated by two intense and broad peaks at about 1618 cm’!
and 1239 cm™, while at AM-PM spectrum peaks at 1622 em” and 1241 cm™ were observed.
A peak at 1970 cm” from both melanins is noticeable. Peaks 391 emand 398 cm’for AM-
RM and AM-PM, respectively, are present.
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Table 4. The antibacterial activity of EN-RM, EN-PM and L-DOPA meianin
(zones of growth inhibition, mm), (mean = SD, n = 3)
BA BC BS EC EF ML PA PP SA
12.1 113 13.8 10.3 144 11.1 4.5 11.3 10.4
AM-RM +0.1 0.3 +0.2 0.1 +0.2 +0.5 0.2 +0.3 0.2
10.7 12.4 12.2 12.2
AM-PM b - s L sos |0 w1 |0 | o3 | -
L-DOPA i i i i 114 ) 13.1
melanin 0.2 +0.1 ) )

“.* —~no inhibition zone, “BA” — B. athrophaeus ATCC49337, “BC” - B. cereus ATCC14579,
“BS” ~ B. subtilis ATCC6633, “EC” - E. coli DSMZ1576, “EF” - E. faecalis ATCC29212,
“ML” — M. luteus ATCC4698, “PA” - P. aeruginosa ATCC2753, “PP”- P. putida
ATCCI2633, “SA” - S. aureus DSMZ346
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The results of an antibacterial activity assessment of AM-RM and AM-PM are
presented in Table 4. It was noted that AM-RM melanin was active agains all selected strains.
AM-PM was active against B. cereus, B. subtilis, E. faccalis and P. aeruginosa, and showed
no activity against B. afrophaeus. E. coli, M. luteus, P. putida and S. aureus.

4, DISCUSSION & CONCLUSIONS

Through the work of this study, it is clear that the melanins isolated from A. mellea
rhizomorphs possess promising antioxidant, light barrier and antibacterial properties.

Chemical tests and FT-IR conducted on isolated pigments in comparison to the
synthetic L-DOPA melanin clearly demonstrated that they are melanins. Purified melanin
(AM-PM) was obtained by acid hydrolysis, repeated precipitation and purification through the
use of organic solvents. The structure of melanin polymers is poorly understood and an
accurate definition of melanin is still required. However, the following criteria indicate
melanin is: black/brown in colour, insoluble in water and most other organic solvents,
resistant to degradation by hot or cold acids, bleached by oxidizing agents and solubilised by
alkali solutions [27,28,35].

There was no absorption peak between 260-280 nm in the UV-Vis spectra, indicating,
that melanins do not contain proteins and nucleic acids [27,28]. The UV-Vis absorption
spectra of the impure (RM) and purified (PM) melanins were similar to those reported in other
literature. Also light barrier properties are in accordance with previous studies, showed that
purified melanins form E. nigricans and S. cifrinum offered better light properties than the
raw form [27,28].

In general, melanins are dark because they do not re-radiate the absorbed visible or
invisible light, but transform the energy into rotational and vibrational activity within the
molecule and then dissipate it as heat. This phenomenon protects melanised tissues against
light-induced damage [23-30]. In previous study it has been also observed that purified
melanins showed lower L* and higher a* and b* values [25,27,28]. The high antioxidant
activity of the melanins was expected due to the protection against UV-radiation and free
radical scavenging being their main functions [23-30]. The ability of melanin to scavenge
reactive oxygen species (ROS), such as singlet oxygen, hydroxyl radical and superoxide
anion, has been firmly established in model systems, suggesting that melanin could protect
pigmented cells against oxidative stress that may accompany the formation of ROS in cells.
Even though critical damage to oxidatively stressed cells may result from the reaction of
crucial cellular constituents with ROS, an efficient antioxidant may protect the cells by
scavenging other oxidizing radicals such as the peroxyl radical, and by interacting with
molecular oxygen [36]. The high antioxidant activity of melanin isolated from various sources
has been reported by other authors [23-28]. Antioxidant activity of 4. mellea melanins is
comparable to those analyzed in previous studies, also polyphenolic content, which suggest
that presence of polyphenolics in melanin molecules is linked with antioxidant activity
[27,28].

The A300/A600 ratios offer information about the oxidation state and the range size of
melanin molecules [27,28]. Melanin oxidation induces lower absorbance values at 600 nm
(A600), and the A300/A600 absorbance ratio was proposed as a measure of oxidation extent,
with high values corresponding to greater oxidized melanin molecules. Also, it was argued
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that during the melanin oxidation. phenolics are converted to semiquinones or quinones,
which produce more oxidized (higher A300/A600 absorbance ratios) and smaller melanins
(molecular weight < 1000 Da) [27,28]. AM-RM showed a higher value (22.45) than its
corresponding pure AM-PM (11.56) and L-DOPA melanin (16.00). This data supports the
fact than AM-RM are a more complex mixture of melanin molecules than that of AM-PM,
with a variability in size and degree of oxidation. These data are consistent with previous
study showed that raw form of S. citrinum melanins are more complex that the pure form
[28]. In contrast, for E. nigricans melanins, opposite observations have been made, showed
that pure form of melanin had higher A300/A600 value being more complex than the raw
form [27]. These data are also consistent with the results of Cuevaz-Juarez et al. [37] and also
with observations made by Hung et al. [38] who noted that oxidized and reduced melanins
obtained from black tea have variances in their absorption spectra. Reduced forms of melanin
have phenolic form prevalence, which when oxidized, forms show preponderance for quinone
forms.

It was noted that AM-RM melanin was active against all selected strains. AM-PM was
active against B. cereus, B. subtilis, E. faecalis and P. aeruginosa, and showed no activity
against B. atrophaeus, E. coli, M. luteus, P. putida and S. aureus. This data are partially
supported by previous study showed that melanins from E. nigricans and S. citrinum have
been active against P. geruginosa and E. faecalis [27,28]. Antimicrobial assessment results
are also partially consistent with results found by other authors. Helan Soundra Rani et al.
[39] noted the antimicrobial activity of melanin isolated from halophilic black yeast Horfaea
werneckii. Laxmi et al. [40] observed that growth of P. aeruginosa was inhibited on the
presence of melanin obtained from Providencia retigeri, but in their study some Bacillus
species were sensitive to melanin. Xu et al. [41] analysed the antimicrobial activity of melanin
from Lachmun YM30 and noted that it was active against a wide spectrum of bacteria,
including S. qureus. The authors suggest that melanin antibacterial activity might result from
damage of the cell membrane and affect bacteria membrane function. A discrepancy in
melanin antimicrobial activity may result in differences within the molecule structure and
composition [42]. In fact, FT-IR spectra showed that AM-RM melanins are probably linked
with high content of polysaccharides. Some fungal polyssacharides are known from their
antimicrobial activity [43], and it is tempting to suggest that broad antimicrobial activity of
AM-RM may result from the presence of polysaccharides linked with melanin molecules.
From the other hand there are some reports that melanins have antibiofilm activity against
pathogenic bacteria including P. aeruginosa and could interfere with bacterial quorum-
sensing system, regulate its associate functions and prevent bacterial pathogenesis [44-46].

Members of the Armillaria genus are among the most damaging root pathogens of
forest and orchard trees worldwide. Rhizomorphs, similar to roots in external appearance, are
produced by these fungi on infected root systems. They grow through the soil, where they
may contact roots of neighbouring trees [47]. Armillaria infects trees either by the rhizomorph
penetration of healthy roots or through physical contact of a susceptible root with a diseased
root. Rhizomorphs are important in the dissemination and survival of the pathogen, also
playing pivotal role in their aeration {4]. During infection rhizomorphs penetrate the bark and
form mycelial fans, which spread within the inner bark and cambium of the host root [48].
The black pigment found in rhizomorphs is 2 melanin type pigment, and has a protective role
against unfavourable environmental conditions [4,47,49]. It is commonly observed that
rhizomorph tips that are in contact the atmosphere become brown. Worral e al. suggest that
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enzyme laccase participates in the formation of melanin in rhizomorphs [47]. This observation
is accordance with fact that the formation of melanin occurs mainly in aerobic conditions
[30]. Many fungi contain melanins in vegetative as well reproductive structures (e. g. spores).
Melanins such as 1,8-dihydroxynaphtalene and L-3,4-dihydroxyphenylalanine (L-DOPA)
types have been mostly associated to ascomycetous and basidiomycetous forms, respectively.
Some fungi have the ability to synthetize a type of melanin according to environmental
conditions, as well as at a developmental stage. The presence of melanins in fungi adapted to
different environments and the fact that the same melanin is synthesized by a fungus,
independent of environmental conditions, suggests that this molecule plays various crucial
biological roles in fungal physiology [50-52]. Melanins enhance the tolerance of fungi to
environmental stresses, improving their survival. Melanins protect fungal structures from UV
radiation, temperature, desiccation, oxidizing agents and toxic compounds, such as antibiotics
or heavy metals, due to their chelating ability [4,50-52]. In several plant pathogens melanin a
plays pivotal role in generating osmotic pressure within the appresorium, when hyphae
penetrate cell walls. They also may protect rhizomorphic structures from microbial lysis in the
soil [47].

During their growth through soils, rhizomorphs can take up mineral nutrients at their
growing tips [6]. The cortex of the rhizomorphs have the ability to absorb metal ions from
natural soils [11,53]. The chemical structure of melanin presents many oxygen-containing
groups, including carboxyl, phenolic and alcoholic hydroxyl, carbonyl, and methoxy groups,
which have the ability to bind to a broad spectrum of substances. In literature, studies have
confirmed that fungal melanin acts as a metal chelator, enhancing biomass-metal interaction,
and consequently its biosorption capacity [54]. Rizzo ef al. reported a binding of metals to the
mycelial melanin of the Armillaria spp. finding that the melanized rhizomorph mycelia
concentrated Al, Zn, Fe and Cu ions. Through their ability to bind metal ions and to produce
extensive networks in the soil Armillaria rhizomorphs may contribute to the stabilization of
heavy metals in contaminated soils. Fungal melanins contain various functional (chemical)
groups, which provide binding sites for metal ions and microorganisms find them rather
difficult to decompose [51-52]. Therefore, rhizomorphic melanin might still bind heavy
metals as part of the soil organic matter after the death of the rhizomorphs. In fungi the
amount of melanin produced is associated with the level of resistance to radiation. Fungi
living on rocks, exposed surfaces or in extreme environments are often heavily pigmented and
able to resist elevated temperatures and UV radiation [55]. A. mellea rhizomorphs often grow
on wood surfaces and bark, which are often exposed on direct sun radiation. Thus, it is
obvious, that fungi evolved panoply of adaptations in rhizomoprhs, which include adaptations
for overcoming host barriers, successfully compete with other microorganisms and are able to
survive harsh environmental conditions. Melanins are also responsible for dark lines formed
in the inhabited wood. Fungal melanin deposition in spatial demarcation could be triggered by
limited water availability. The anticipation of desiccation might lead to the development of an
effective strategy to ensure the survival of the colonies. They produce high resistance,
melanin-type pigment that surrounds the fungal community like a barrier, blocking water
exchange within the wood substrate. This may appear as fine delimitation lines in sections,
The formation of melanised mycelium in zone lines, in inter- and intraspecific antagonistic
reactions, offer a perspective on substrate and environmental conditions that influence such
formations in natural settings. Such lines have been also reported for 4. mellea, which
occupies wood moister than ambient [49].
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Lultasz Lopusiewicz, Slawomir Lisiecki, Malgorzata Mizieliriska:

Antioxidant activity of polyethylene and polylactide foils modified by coating containing fungal melanins

The aim of the study was evaluation of antioxidant properties of PE and PLA foils modified by coatings contaning fungal
melanins. Melanins used in the study were obtained from waste from production of button mushroom (Agaricus bisporus),
rhizomorphs of honey fungus (Armillaria mellea) and fruiting bodies of common earthball {(Scleroderma citrinum), Chitosan and
starch Adb were choosen as a coatings. Anticxidant activity of films was evaluated by DPPH and poliphenolic content by Folin-
Ciccalteau's reagent. The findings of the study point out that fungal melanins may be used in modification of feils to goal their

antioxidant properties.

Aktyn
folii

oS¢ przeciwutleniajaca
PE i PLA modyfikowanych

powlokami zawierajacymi

me{laniny grzybowe

LUKASZ LOPUSIEWICZ, SLAWOMIR LISIECKI, MAEGORZATA MIZIELINSKA
CENTRUM BICIMMOBILIZACI T INNOWACYINYCH MATERIALOW OPAROWANIGWYCH,

WYDZIAL NAUEK O ZYWNOSCI T RYBACTWA,

ZACHODNICPOMORSED UMIWERSYTET TECHINOLOGICZNY W 5262

Wstep

Innowacyinym rozwigzaniem dotyczacym ochrony produk-
dw spozywezych przed psuciem sie jest stosowanie opakowarl
ktywnych bads odpowiednich systemdw pakowarda Zywno-
cl. Jednyrn z rozwigzan decydujgeyeh o tym, czy opakowanie
ostanie zakwalifikowane do opakowan aktywnych, jest pokry-
vanie materialdéw opakowarniowych powlokami zawierajgocymi
ubstangie aktywne, m.in. antymikrobiologiczne bad? przeciw-
itleniajgce.

Przeciwutleniacze sg powszechnie dodawane do produktow
pozywezych w celu opdznienia badz zaharnowania niekorzyst-
wych zmian wynikajgeych 2z procesdw utleniania. Najozedcie]
vykorzystywanyrmi w przemysle spozywezym przeciwutlenia-
wzarni sg; kwas askorbinowy (E300), BHA {butylohydroksyani-
cl, E320), BHT (butylohydroksytoluen, E321), galusan propylu
#£310) oraz tokoferole (E306-E308) [1].

Jednym z kierunkdw rozwoju opakowan aktywnych jest mo-
lyfikacia ich powierzchni za pomoca nodnikow zewierajgoych
ubstancie o wiasciwosciach przeciwutleniajacych bad? bezpo-
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srednie wigczanie takich substancii w strukture materiahu opa-
kowaniowego, np. folil. Duze nadzieje wigze sie z substancjami
pochodzenia naturalnego. W piSmiennictwie obecne sg donie-
sienia o modyfikacii powierzchni/struktury materiaidw opako-
waniowych w kierunku nadania wilasciwoscl przeciwutleniajg-
cych przez zastosowanie m.in. S-karctenu, tokoferolu, olejkdw
eterycznych, kwasu askorbinowego {11,

Melaniny to ogdina nazwa grupy wielkoczasteczkowych pig-
mentéw odpowiedzialnych za clemna pigmentacie organizmow,
powstajgeych w wyniku oksydacyinej polimeryzacii ewigzkéw
fenolowych i indelowych. Melaniny wykazuig specyficzne wia-
Sciwosci fizykochemiczne. Wplywa na to obecnosd stabilne] po-
pulacii organicznych wolnyeh rodnikéw o-semichinonowych,
a talZe grup utleniaigcych lub redukujgcych, np. o-chinondw
oraz hydrochinondw, Dzigki temu posiadaja wiasciwosei anty-
utleniajgce, chronigece komarki przed cytotoksyeznymi reaktyw-
nymi formami tlenu (RFT) 1 wolnymi rednikami takimi jak tlen
singletowy, rodnik hydroksylowy oraz anionorodnik ponadtien-
kowy [2]. Znelaziy zastosowanie w medycynie i technologii,
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m.in. w tomografii optoakustycznej, w syntezie nanoczastek
o wilasciwosciach antymikrobiologicznych czy do tworzenia so-
czewek pochianiajacych promieniowanie UV {3) W zwigzku
z tymi wiladciwosciami zasadna wydaje sie praba ich zastosowa-
nma do modyfikacji materiatow opakowaniowych w celu nada-
nia im wilagciwoscl przeciwutleniajacyeh.

Celem pracy byla proba modyfikacii foli PE (polietylen} oraz
FLA (polilaktyd) poprzez ich powlekanie nognikami zawierajacy-
mi melaniny grzybowe w kierunku uzyskania wiasciwoscl prze-
ciwnutleniajgeych. Zatozono, ze do uzyskania powick aktywnych
zostang wykorzystane: melaniny pochodzace z odpadu powsta-
leqo przy produkeiji plecza:kx dwuzamdmkowe] (Agancus b:spol
Ius) z ryzomorf opzenkl rmodowe] (Arnnﬂana meﬂea) oTaz owoo-
nikow tegoskora cy'trynowego (Scleroderma citrinum).

Material i metody

Material badawczy stanowily: odpad z produkcji pieczarki
dwuzarodnikowej (Agaricus bisporus) w postact trzondw owoc-
nikéw pozyskany z pieczarkarni na terenie Wolsztyna (woje-
wodztwo wielkopolskie), ryzomeorfy opieriki miodowej (Armila-
ria mellea) oraz owocniki tegoskéra cytrynowego (Scleroderma
cltrinum, zebrane w lesie misszanym w okolicach Kobylanki
{wojewddztwo zachodniopomorskie) w pazdzierniku 2016 roku.

Material do badan stanowilty takze wytioczone w CBIMO
(Centrum Bioimmobilizacii i Innowacyinych Materialéw Opako-
waniowych) folie PE o grubosci 80 um oraz PLA o grubogei 20 pm.

Wszystkie wykorzystane w badaniach odczynniki pochodzi-
ly z firmy Sigma-Aldrich.

Otrzymywame melanin, W zwigzku ze specyiika materiatu
badawczego zastosowano dwie procedury pozyskania melanin.
Odpad =z produkeii-A. bisporus zawisra niewiele melaniny, nato-
miast jest bogaty W jej prekursory oraz zawiera tyrozynaze (EC
1.14.18.1), dz_ieid dzemu mozna przeksztaleié zawarte w odpadzie
zwigzki poliféno_lowe w melaning. Ryzomorfy A. mellea oraz
owochiki S, citrinum zawieraja natomiast natywne melaniny.

W celu uzyskania jak najwieksze} ilosci melaniny z odpadu
A. bisporus jest on w plerwszej kolejnosci oczyszezany z resztek
substratu do wzrostu wykorzystywanego w piecgarkarni oraz in-
nych zanieczyszezen. Nastgpnie oczyszezony odpad homogenizo-
wano mechanicznie {mielenie) w celu zwigkszenia dostepnosci
tyrozynazy do substratdow polifenolowych, po czym inkubowano
24 h wtemp. 37°C (optimum temperaturowe dla tyrozynazy) (KA
K& 4000i). Po 24 h do mieszaniny dodane 1 M NaOH do uzyskania
PH=10 {w celu wmozliwienia sportanicens) polimeryzaci w wa-
runkach tlenowych pozostalych zwiazkow polifenclowych do me-
laniny) 1 inkubowano kolejne 24 h w temp. 85°C. Po okresie inku-
bacji mieszanine flirowane. Oddzislony supernatant doprowa-
dzono do pH 2 za pomoeca 1 M HCL (w celu wytrgeenia melaniny).
Wytrgeong melanine odwirowywano (8000 ypm, 10 min, MPW-
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352R, MPW MED. INSTRUMENTS). po czvm inkubowano 1 h
w 6 M HCL w cleplarce (Binder, 90°C) w celu oozyszezenia z kom-
ponentow biallkowych 1 weglowodanowych. Osad melaniny od-
wirowano { oczyszczanc za pomoca octamy etyvlu, etanolu oraz
chloroformu w celu usuniecia lipidéw. Oczyszozong melanine od-
wirowano i w celu usuniecia resztek rozpuszezalnikdw umiessz-
czono w szklanym krystalizatorze w cieplarce w temperaturze
80°C az do calkowitego odpazowania.

Ryzomorfy A, mellea oczyszezano i homogenizowano. Owoc-
niki §. citrinuim oczyszozano | pozbawiano perydrium (ostonki ota-
czajace] owoonik), Zawarta we wnetrzu owocnika warstwe hy-
menialng (gleba) homogenizowano. Nast@pne elapy posiepo-
warlia byly wspélne dla ryzomort A. mellea i gleby S. citrinum.
50 g materiatu wnieszezano w 200 ml 1 M NaOH, po czym ekstra-
howano melaniny w wytrzgsarce (200 rpm, 50°C, 24 h). Po tym
casie mieszaning filirowano. Supernatant zakwaszano do pH=2
za pornoca 1 M ECL Kolejne etapy postepowania byty identyczne
jak w przypadku oczyszczania melamny z odpadu A. bisporus.

Przygotowame ukladéw powlokotworczych oraz nanosze-
nie powiok. Przygctowano 18 ukladow powlokotwdrczych za-
V\nerajacoych melarnny oraz 6 ukladdw kontrchlych Jako nogniki
wybrano chitozan (Zhefiang Golden-Shell Pharmaceutical CO.
Lid., Chiny) oraz skzobie hydroksypropylowang Adb (Doww, USA).

Melaniny otraymane z odpadu A. hisporus, ryzomorf A. mel-
lea oraz owocnikéw S. citrinum oznaczono odpowiednio: ,Ab”,
R 50" Kazdg melaning rozpuszezono w DMSO {dimetylosulfo-
tlenku) do uzyskania stezenia 5 mg/ml.

W celu wytworzenia powloki na bazie chitozanu (CH) do 1%
roztworu kwasu mlekowego w wodzie dodano chitozan do uzy-
skania stezenia 2%. Calo$¢ mieszano za pomoca mieszadia ma-
gnetycznego (Ika) z preckoscia 600 rpm przez 24 h.

W celu uzyskania powloki na bazie skrobi (8K) przepro-
wadzono proces Kleikowania. 8% wodny roztwér skrobi Adb
umieszczono w laZni wodnei (Julabe) i podgrzewano do 90°C
jednoczesnie mieszajac za pomocyg mieszadla mechanicznege
{400 rpm, IkaT18 Ultra Turrax), Roztwor inkubowano w lazni
przez 30 min w celu doktadnego skleikowania 1 uzyskania jedno-
rodnege roztworu.

Uktady powlokotworcze przygotowane w ten sposcb, ze
do 10 ml roztwordw noénikéw dodawano odpowiednio 200 14,
500 wl, 1000 1l roztwordw melanin w DMSO, tak aby uzyskas
stgzenia: (1) 100 ng/my, (2) 250 pg/mi, (3) 500 ug/mi. Po dodaniu
melaniny roztwory dokladnie worteksowano. Przygotowano
réwniez uklady kontrolne (K), do ktéryeh dodane DMSO bez me-
lanin, odpowiednio 200 14, 500 411, 1000 pl. Przygatowane uklady
powlokotworeze llustruje tab. 1.

Folie przed procesem powiekania poddano aktywacii koro-
nowej. Folle powlekano za pomocs powlekarki (Unicoater 409,
Erichsen, Niemay) z wykorzystaniem watka o rednicy drutu
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376 mm i grubosci warstwy osadzane] 60 nm. Nastepnie arku-
sze folil byly suszone w cieplarce (Binder) przez 20 minut w tem-
aeraturze 45°C.

Oznaczanie wiascivwosci przeciwutleniajacych folil. Do ozna-
~zenia whasciwescl przeciwutlendiajgeych folil postuzono sie me-
:oda 7 uzyciem syntetycznego rodrika DPPH (11-difenylo-2-pi-
srylohydiazyl) [4.5.8]. 3 mi roztworu powlekajacego (RP) miesza-
a0 2z 1 ml ImM reziworu rodnika DPPH w metanclu. Nastepnie
mieszaning worteksowano | inkubowano w clemnosci, w tem-
neraturze 25°C przez 30 minut. Po okresie inkubaciji absorbancje
soztwory oznaczano spektrofotometrycznie {Evolution 220,
Thermo Scientific) przy diugoesci fali 517 nm. Kazdego pomiaru
dokonano w trzech powtdrzeniach, wyniki udredniono. Procen-
:owg wartos¢ whasciwosdci przeciwutleniajacych roztwaordw po-
wlekajacych cbhiiczano z wzonu
AbsDPPH - AbsRF

AbsDFPH

gdzie: AbsDPPH - wartese absorbancii 1M roztworu DPPH

w metanolu przy dilugosci fali 517 nm, AbsRP - wartosé absor-

%inhibicji DPPH = x 100%

banciji roztworu powlekajacego pray diugosci fali 517 nm

Oznaczenie zawartoscl polifenoli w powlokach., W celu
oznaczenia zawariosci polifencli w powiokach z kazdej folil wy-
sieto 10 kwadratéw o powierzchni 1 cm? Kwadraty umieszezo-
no w probdwkach typu Falcon, do kidrych dodano 2,4 ml wody
destylowanej oraz 0,15 mi odezynnika Folina-Ciccalieau. Miesza-
nine inkubowano 8 minut w temperaturze 25°C, po czym doda-
wano 0,45 ml nasyconego roztwaru NasCOs. Catosé inkubowa-
no w temp. 40°C przez 30 minut w ciemnosci. Po tym czasie mie-
rzono spektrofotometrycznie (Evolution 220, Thermo Scientific)
wartos¢ absorbancii roztworu pray diugosct faii 765 nm [4]. Po-
mie:u_u dokonano 3 razy, a wyniki udredniono. Przygotowano roz-
wiér kalibracyjny kwasu galusowego w metanolu. Zawartossé
poliferoli w powlckach wyrazono w przeliczeniu na ng kwasu
galusowego zawarte w 1 cm? folii, korzystajgc z rdbwnania kray-
wej kalibracyinej (y = 1,1672x + 0,0063, RZ = 0,9985).

Wyniki i dyskusja

Na podstawie przeprowadzonych doswiadczen stwierdzona,
ze dodatek melanin grzybowych do powlok nanoszonych na po-
wierzchnie folii PR oraz PLA pozwala nadad im wlasciwosel
przeciwutleniajgee.

Tolie PE przed powlekaniern poddano procesowl aktywacii
koronowei, procesowi technologicznemu, w wyniku ktdrego
otrzymuje sie powierzchnie zwilzalne farhami drukarskimi, kleja-
mi oraz mieszankami powlekajgoymi. Powierzchnia folii PE cha-
rakteryzuje stosunkowo niska energia powierzchniowa i dopiero
aktywacja umozliwia drukowanie, kigjenie czy powlekanie [5].

W pismiennictwie rmozna znalezé wiele praykiaddéw modyfi-
kacji folii PE i PLA. Trzcinska i wsp. [8] modyfikowali folie poli-
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Tabela 1. Wykorzystane w badaniach
uklady powlokotworoze oraz stezenie melanin
grzybowych [ng/ml]

| SYMBOL UKLADU STEZENIE MELANINY |
BOWLEKAJACEGO (gl
T caAm w
R B Rl
o -
T om0 100
- cErz 260
CHR3 500
CHScl 00
cHsez | 250
CHS03 500
SKAb1 100 |
 sKRAb2 250
SKAB3 500
SKR1 100
SKR2 250
SKR3 500
SKSet 100
SKSc2 250
SKSca 500
XCHA 0
KCHZ 0
KCH3 0
KSK1 0
KSKZ 0
KS5K3 0

etylenowe powloka z chitozanu, w ktdrej immeobilizowano galu-
san propyiy, dzieki czemu uzyskano powtoke o wiasciwoesciach
przeciwutleniajgeych. Kwiatkowsk 1 wsp. {7] modyfikowali po-
wierzchnig folii PLA powlckami z etylocelulozy zawierajgcymi
olejki eteryezne z fenkuhy, rozmarynu i kminku, natomiast Lopu-
siewicz 1 Mizielinska [8] modyfikowali powierzchnie folii PLA po-
wiokami z etyloceldozy i antymikrobiologicznego ekstraktu
z grzyha Macrolepiota konradii.

W celu okreslenia wlasciwoéci przeciwutleniajacych powlck
postuzonoe sie metody z uzyciem syntetycznego rodnika DPPHL
DPPH iest stabilnym wolnym rodnikiem | ma niesparowany elek-
tron na powloce walencyingj na jednym z atomdw azotu tworzg-
cych mostek azowy. Jego alkoholowy roztwdr ma ciemnofioleto-
wa barwe. W reakcijl z substancijg, kidra moize byé donoremn ato-
mu wodoru, DPPH tworzy 20tg forme eredukowansg; wowezas
zanika ciemnofioletowe zabarwignie, a zmiany te mozna moni-
torowac spekirofotometryeznie, Stopien zmiany barwy roztworu
DPPH po dodaniu roztworu zawierajacego substancije przeciw-
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Tabela 2. Wiasciwosci przeciwutleniajgce i zawartest polifenoli w modyfikowanych foliach PE i PLA

| FOLIA INHIBICJA POLIFENOLE, | FOLIA (NHIBICIA DFPH. % POLiﬁEﬁGﬁEi"“@
1 DPPH, % ngsem’ ! ug/ e’
CZYSTYPE 0.00:0,00 0001000 | CZYSTYPLA O 000:000 0,00:0.00
CpEKCH1 6672002 103:002  PLAKCH: 6674003 £.09:0,02
PE-KCH2 6.560,04 10840,03 PLAKCH2 6.57:0,04 1.08:0.04 |
_PERCH3 | 559:003 1014002 . PLAKCH3 652004 | 103003
PEKSK1 5,000,06 0.48+0,03 PLAKSK1 £,01:0.06 0,47:0.04
PE-ESK2 5,020,03 0,5740,02 PLAKSK2 5,02:0.04 0.570,06
PE-KSK3 5,01£0,02 0.4840,04 PLAKSK3 5,00:0,04 0,48£0,01
PE-CHAD1 8,61£0,08 3,28:0,05 PLA-CHAB1 8,62:0,04 3,26:006 |
PE-CHAb2 10,5600,04 468:0,03 PLA-CHAbZ 10,59:0,07 4682003
PE-CHAb3 16,63£0,02 6711008 PLA-CHAB3 17,5340,04 8,710,04
PE-CHR1 9,310,06 3.4:0,04 PLA.CHRI 9.31£0.03 344030
PE-CHR2 10,47£0,07 411007 PLACHR2 10,47£0,10 £12£0,05
PE-CHR3 10,71£0,09 443004 PLACHR3 10,81:0,04 4,43:0,04
PE-CHSc1 11,52£0,07 4912002 |  PLACHScl 11,62+0,08 4,91£0,05
PE-CHSe2 20,83£0,02 7684007 PLA-CHSc2 20,63£0,03 7,6640,07
PE.CHSc3 25,4920,07 922005 PLA-CHSc3 25,49£0,14 3.23:0,10
PE-SKADB1 13.2740,.24 5,6020,01 PLA-SKADb1 13,27:0,09 5,60+0,04
PE-SKAD2 20,6012 7,51£0,08 PLA-SKAD2 20,6:0,11 7,50:0,04
PE-SKAL3 21,9840,08 8,2020,04 PLASKAD3 21,8840,04 8.20£0.13
PESKR1 12,45+0,06 511+0,04 PLA-SKRI 12,4640,01 51120,04
PE-SKR2 21,53£0,03 817£0,03 PLA-SKR2 21434005 8.170,08
PE-SKR3 23284004 8,62:0,05 PLA-SKR3 23.28+0,07 8,62:0,01
PE-SKScl 14,39:0,11 6,05:0,02 PLA-SKSc1 14,39:0,60 5,04£0,02
PE-SKSc2 16,88+0,09 6,85:0,01 PLASKSCZ 16,8820,14 6,85£0,04
PE-SKSc3 92,9340,34 8,54:0,07 PLASKSe? 22,03£0,05 8,5420,07

utleniajgce jest miarg ich zdolnosci do zmiatania wolnych rodni-
kow [4,5,6]. Odnotowano, ze wszystkie modyfikowane folie ~ za-
dwno PE, jak i PLA - wykazywaly wiadciwosct przeciwutlenia-
jace. Wsrdd powlok na foliach PE (tab. 2) najwyzszg wartosd in-
hibicii rodnika DPPH zaobserwowano w przypadku folii PE-
CHSc3 (26,49&@.07%); byla to réwniez najwyisza wartost wsrdd
wszystkich powlck z chitozanu na foliach PE, najmniejsza zas
wartost odnotowano dla foli PE-CHAL1 (8,61£0,08%). Wérdd po-
wiok ze skrobi A4b najwisksza zdoinoécia do inhibicji rodnika
DPPH charakteryzowala sig folila PE-SKR3 (23,28+0,04%), naj-
mnisiszg PE-SKR1 {12,360,06%). Wérod powilok chitozanowych
na foliach PLA (tab. 2) najwyzsza wartos¢ inhibicjl rodnika
DPPH zanotowano dla folil PLA-CHSc3 {25,4920,14%), nainizszg
dia folii PLA-CHARL (8,62+0,04%). Na powlckach ze skrobi
Adb najwyiszg wartosé zaobserwowano dla foli PLA-SKR3
(23,28+0,07%), najmnigjszg zas dla PLA-SKR1 (12,46%0,01%). Meh-
dizadeh i wsp. [4] dodawali do kompozytowych folii skiobiowo-
-chitozanowych olejek eteryezny z rosliny Thymus kotschyanus,
Uzyskane przez nich folie charakieryzowaty sig nie tylko wlasci-
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wosclami przeciwutleniajacymi, ale takze antybakteryinymi. Do
datek 0,50% oleiku eterveznego do roztworu filmotwérczego po-
zwalat uzyskad inhibicje rodnilkka DPPH na poziomie ok. 17%, na-
torniast 2% dodatek olejku powodowat ok. 40% redukcie rodnika
DPPH. Mikusanti i Masril {6] dodawali olejek imbirowy do folii ze
skrobi uzyskanej z pochrzynu skreydlatego (Dioscorea alata). Do-
datek 0,5% olejku do folii powodowal 5,68% redukcie rodnika
DPPH, natomiast dodatek 3% o 31,5%. Walezy zwrocié uwags, 2e
udzial melanin w najwyzszym stgzeniu wykorzystanym w bada-
niach wiasnych wynosi 0,08% roztwordw powlekajgoych, przy
ktdrym uzyskanc inhibicje rodnika DPPH na poziomie 25,49%.
Powloki chitozancwe § skrobiows, do kidrych nie dodano
melanin, réwniez charakteryzowaly sie wladciwosdciami prze-
ciwutleniajgcymi, jednakze znacznie mniejszymi w pordwnaniu
z powlokami zawierajacymi melaniny. Wynika to z faktu, e wol-
ne rodniki DPPH mogsg reagowad z grupami aminowymi (INH;)
chitozanu, tworzac forme zredukowans, grupy aminowe zas,
przyjmujac atom wodory, moga tworzyd jony amonowe (NHg+).
Podobnie w przypadku skrobi: wolne rodniki DPPH mogg reago-
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wac z grupami hydroksylowymi (-OH), ktore w wyniku przyia-
czenia atormu wodoru tworzg grupe (OH2+) [4,6)

W celn oznaczenia zawartosel polifenioli w powiokach poshize-
no sie metoda Folina-Ciocalteau. Podstawa oznaczania jest odwra
calna reakaja redukeii przez fenole w srodowisku alkalicenym mo-
libdenu (V1) do molibdenu (V) zawartego w odezynniku Folina-Cio-
calteau. W wyniku reakeji powstaje niebieski zwigzek, ktdry wyka-
zuje maksimum absorpeji przy diugosed fali 765 rumn, Intensywnoseé
absorpcjl przy tef diugosc fali jest proporcjonalna do steienia
zwigzkow fenolowych w badane} probie. Melaniny zawieraja
w swoje] budowie grupy fenolowe [3]. W badaniach wlasnych
za pomoca metody Folina-Clocalteau oznaczono zawartosé polife-
noli przypadajgeg na 1 cm? powlok na foliach PE i PLA. Zachser-
wowano, ze w przypadku powlok chitozanowych i skrobiowych
wraz ze wzrastajgcym steZeniem melanin w roztworze powloko-
tworczym werastala zawartosé polifencli na 1 cm? powlok. Naj-
wyzszg zawartost polifencli wérdd folii PE (tab. 2) odnotowano
w przypadku folii PE-CHS¢3 (9,22+0,05 ug/cm3), dla folii tej uzyska-
no rowniez najwyzszy stopien inhibicii rodnika DPPH. Podebnie
najx)vyz‘szq Zawartose polifencli (9,23+0,10 ng/cm?) wirdd folii PLA
(tab. 2) cdnotowano w przypadku folii PLA-CHScS. Folie pokryte
je,djmje noém'kami bez melanin réwniez daty dodatni wynik na po-
l_jféhole w powloce. Wynika to najprawdopodobnie) z fakty, 2e za-
rowno chitozan, jak i skrobia zawieraja w czasteczkach grupy -OH,
k;i:é;:_e moga powodowad interferencje w uzyskanym wyniku {4,6].
' ': g W celu nadania wlasciwoéci przeciwutleniajgeych powlckom
nénoézonym na folie wykorzystanc melaniny pozyskane z grzy-
béw_; odpadu powstajacego przy produxcii A. bispors, ryzomorf
A meﬂea' oraz owacnikéw S, citrinum. Melaniny petnia istotng
fun.kqe w fizjologii grzybow. Przyjmuje sie, 2e ~ jako metabolity
méfné ~ nie 85 one niezkedne dla wzrostu i rozwoju komdrek
griybbwych, ale stanowig ich swoisty ,system obronny”, Wphyw
obecnoécel melanin na zwigkszenie zdolnoéci przezywania gray-
bc')w' w niekorzystnych dla nich warunkach wynika gliownie z pel-
niongj przez nie funkeji zewnatrzkomorkowego ukiadu buforowe-
go,' neutralizujgcego czynniki utleniajace [9]. Chronia komdrld
grzybow przed niekorzysinym dziataniem promieniowania UV,
promienicwanism jonizuigeym oraz wolnymi rodnikami, moggcy-
mi uszkadzad komdrki i zawarty w nich materiat genetyczny. Od-
grywaig réwmniez istotng role w patogenezie niektdrych gatunkdw
grzybéw patogenicznych dla roslin i zwierzat, wplywajac muin.
mmunomodulujaco na organizmm gospedarza lub wzmacniajac
struktury uczestniczace w tkankd roslinne (appresoria). Mogg by¢
syntetyzowane w réznych szlakach metaholicznyeh: szlaku DHIN
(1,8-dihydroksynaftalen) iub szlaku L-DOPA (3, 4-dihydroksyfenylo-
alanina). Melaniny powstale w szlaku DHN zawierajg tylko we-
giel oraz tlen, natorniast melaniny powstale w szlaku L-DOPA
zwieraja rowniez azot. W struknurze melanin moga by¢ takze

ohecne komponenty biatkowe, weglowodanowe oraz jony; stad
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wymnikaja ich réfnorednoét | niekiedy odmienne wlasciwosc [10]
Melaniny ohecne sa w komdrkach grzybow w postaci granul (np,
u Aurechasidium pullulans {111}, moga by¢ whudowane w ciane
komédrkowsq (w jgj zewnetrzng lub wewnetrzng strone, np. u Cryvp-
tococous neoformans, zarodnikach np. Aspsrgillus, A bisporus
[9,12]} lub zewnetrzne warstwy struktur ponadkomdrkowych (np.
w ryzomorfach A. mellea) (131

Podsumownjge, nalezy zauwaiyé, ze melaniny grzybowe
moga byé wykorzystane w celu modyfikaci folil z pelimezdw
synietycznych (PE) i naturalnych (PLA) w kierunku nadania im
wiasciwosci przeciwutleniajacych. Wiasciwosci {e zalezg nie tyl-
ko cd Zrédla pochodzenia melanin, ale réwnie? od nosnikdw wy-
korzystanych do tworzenia powiok, Wzrastajgee stezenie mela-
nin w roztworach powlokotworezych powoduje wzrost wilasci-
woscl przeciwutieniajgeych. W preypadku zardwno powlok
z chitozanu, jak i ze skrobi zaobserwowano zaleznose pormiedzy
wezrastajgeg zawartoscia polifencll a wzrastajgoymi wiasciwo-
Sciami przeciwutleniajgoymi.

Whioski

Melaniny grzybowe moga znaleZé zastesowanie w modyfi-
kacji folii w kierunku nadania im wlasciwoéci przeciwuatleniajg-
oych. -]
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Antioxidant and optical properties of BOPP and PET foils modified by coatings containing fungal melanins

BOPFP and PET foils were coated with coatings containg fungal melanins. Antioxidant properties, polyphenolic content, UV-Vig
barier properties and changes of colour were analyzed. The result suggested that incorporation of fungal melanins intg foil
coatings may improve theii éntio:ddant properties, increasing of polyphenoclic content and changes in colour. No improvement

of UV-Vis barier properties was observed.

LUKASZ LOPU__sm_Qﬁcz; SI_.AWQMIR LISIECKI, MALGORZATA MIZIELINSKA
CENTRUM BIOIMl\mEILIZA_CJI [ INNOWACYINYCH MATERIALOW OPAKOWANIOWYCH,

WYDZIAL NAUK-O ZYWNGSCI 1 RYBACTWIA,

ZACHODN IOPOMORSKE UNIWERSYTET TECHNOLOGICZNY W SZCZECINIE

Innowacyjnym rozwigzaniem dotyczacym ochrony produk-
tow SpoZywézych przed psﬁcié.'rri.sie jest stosowanie opakowan
alctywnych bads odpowiednich Sys_feméw pakowania sywno-
gcl. Jednym z rozwiazaﬁ decyduja,cych 0 tym, czy opakowanie
zostanie zakwalifikowane do opaicéwaﬁ aktywnych, jest pokry-
wanie materiatéw opakowdniQWych powlokami zawierajacymi
substancj_e aktywne min. éntyirﬁkrobiologiczne badZ przeciw-
utleniajace. Przeciwutleniacze sq powszechnie dodawane do
produktéw spozywozych w celu opdinienia bads zahamowania
niekorzystnych zmian wynikajacych  proceséw utleniania. Naj-
czedcig wykorzystywanymi w przemysle spoiywezyrm przeciw-
utleniaczami sg: kwas askorbinowy (£300), BHA (butylchydrok-
syanizol, E320), BHT {butylohydroksytoiuen, E321), galusan pro-
pylu (£310) craz tokoferole (E306-E309) [1].

Jednym z kierunkéw rozwoju opakowan aktywnych jest mo-
dyfikacja ich powierzchni za bomoeg nosnikdéw zawierajgeych
substancije o wiasciwosciach przeciwutieniajacych oraz bariero-
wych wzgledern promieniowania UV, Jub tes bezpoérednie wia-
czanie takich substancii w strukture materialu opakowaniowe-
go, np. folil. Substancie promieniochronne ze weglgdu na rézny
mechanizm dziatania mozna podzislié na filiry chemiczne (ktére
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Tozpraszajg padajgce na nie $wiatlo, np. TiO;, Zn0) oraz filtry
chemiczne (ktdre absorbujg promieniowanie o olaeslongj diugo-
§ci £ali) {2]. Substancie barierowe wzgledem promieniowania UV
mogg chronié nie tylko produkt urnieszezony w opakowaniuy, ale
réwniez material opakowaniowy. Wazng cecha materiatéw poli-
merowych jest ich odpornodd na dzialanie promieniowania UV,
naturalnie wystepujgcego w grodowisku i wplywajgcego na
wiasciwoscel fizyezne oraz mechaniczne materialéw polimero-
wych, a takze na trwalo$é ich wybarwienia. Materiaty polimero-
we poddane dzialaniu czynnikéw grodowiska naturalnego ule-
gaja przede wszystkim fotodegradacii, biodegradacji oraz degra-
dacii hydrolitycznej. Zwiaszoza istotna jest podatnosé na foto-
degradacie, gdyz wyroby z tworzyw polimerowych znajdujace
sig w powszechnym uzyciu 53 narazone zwykle na dzialanie
$wiatta slonecznego (3] Dlatego poszukuje sig skutecznych roz-
wigzan majacych na celu przeciwdziatanie tym problemom.
Duze nadzieje wigge sie 2 substanciami pochodzenia naturalne-
go. W pi$miennictwie obecne 5g doniesienia o modyfikacji po-
wierzchni/struktury materiatéw opakowaniowych w kierunku
nadania wlasciwoscei przeciwutleniajgeych i barierowych w sto-
sunku do promieniowania UV przez zastosowanie m.in. f-karote-
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w1, tokoferoly, olejkow eterycznych, kwasu askorbinowege, po-
shodnych kkwasu cynamonowege oraz salicylowego, wyclagdw
‘oglinnych {1,4,5,6,7,8].

Melaniny to ogélna nazwa grupy wielkoczasteczkowych pig-
nentdw odpowiedzialnych za clemna pigmentacie organizmow,
sowstajacych w wyniku oksydacyine; polimeryzacji zwiazkow
‘enolowych i indolowych. Melaniny wykazuja specyficzne wia-
sciwosel fizykochemiczne. Wplywa na to obecnosé stabilnej po-
ailacil organicznych wolnych rodnikéw o-semichinonowych,
1 takze grup utleniajgecych lub redukujgcych, np. o-chinondw
sraz hydrochinonéw. Dziekd temu posiadajg wlasciwosel anty-
atieniajgce, chroniace komorki przed cytotoksycznymi reaktyw-
aymi formami tlenu (RFT) 1 wolnymi rodnikami takimi jak: tlen
singletowy, rodnik hydroksylowy oraz anionorodnik ponadtlen-
(owy. [9]. Melaniny sg jednym z naturalnych srodkdw ochron-
1ych przed promieniowaniem UV (UVEB i UVA). Znalazly zastoso-
wanie w medycynie i technologii, m.in. w tomografii optoaku-
styczniej, w syntezie nanoczastek o wlasciwosciach antymikro-
Jio_lcjglcznych czy do tworzenia scczewek pochianiajacych pro-
nién.it_)warﬁe UV [10]. W zwiazku z tymi wilasciwosciami zasad-
13 wydaje sie prdba ich zastosowania do modyfikacji materia-
W opakowaniowych w ceiu nadania im wiasciwosei przecivw-
stleniajacych oraz ochronnych wzgledem promieniowania UV,

Celem pracy byta proba modyfikacii folil BOPP (polipropyle-
1owa folia dwuosiowo orientowana) oraz PET (poli(tereftaian
stylenu)) poprzez ich powlekanie nognikami zawierajgcymi me-
aniny grzybowe w kierunku uzyskania wiasciwoscl przeciwu-
deniajgeych oraz ochrennych wzgledem promieniowania UV,
1 takze okredlenie wyptywu powlok oraz dodatku melanin na
niagciwosel optyczne { barwe folil. Zatozono, ze do uzyskania
sowick aktywnych zostang wykorzystane: melaniny pochodzag-
ye z owocnikéw pieczarki dwugzarodnikowej (Agaricus bispo-
-us), z ryzomorf opienki miodowsj (Armillarda mellea) oraz owoc-
1ikéw tegoskdra cytrynowego (Scleroderma citrinum).

Material i metody

Maierial badawczy stanowity. owocnild pieczarki dwuzarod-
likowej (Agaricus bisporus) zalupione w sklepie Tesco w Szoze-
Anie, ryzomorfy opienki miodowej (Armilaria meillea) oraz owoc-
1iki tegoskdra cytrynowego (Scleroderma citrinum) zebrane w le-
jle mieszanym w okolicach Kobylanki, wojewadziwo zachodnic-
somorskie, w pazdzierniku 2016 roku. Materiat do badan stanowi-
v takZe wytloczone w CBIMO {Cerrtrum Bicimmobilizacji i Inno-
wvacyinych Materiatdéw Opakowaniowych) folie BOFP & grubosci
30 1 oraz PLA o gruboedci 20 pm. Wszystkie wykorzystane w bha-
Janiach odezynnikd pochodzily z firmy Sigma-Aidrich.

Otrzymywanie melanin. W zwigzku ze specyfikg materiatu
sadawczego zastosowano dwie procedury pozyskania meianin.
Jwocniki A. bisporus zawieraja niewiele melaniny, natomiast sg
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bogate w jej prekursory oraz zawierajg tyrozynaze (EC 1.14.18.1),
dzieki czemu mozna przeksztalcid zawarte w owocnikach zwigz-
ki polifenolowe w melanine. Ryzomorfy A. mellea oraz owocniki
5. citrinum zawierajq natorniast natywne melaniny.

W celu uzyskania jak najwieglszej ilosel melaniny z owoeni-
kéw A, hisporus sg one w pierwsze] koleinosci oczyszezans z resz-
tek substratu do wzrostu wykorzystywanego w pieczarkarni oraz
innych zanieczyszezen. Nastepnie oczyszezony materiat homoge-
nizowano mecharnicznie (nielenie) w celu zwickszenia dostepno-
i tyrozynazy do substratow polifenolowych, po czym inkubowa-
no 24 h w temp. 37°C {optimun temperaturowe dla tyrozynazy)
(TKA KS 4000i). Po 24 h do mieszaniny dodane 1 M NaCH do uzy-
gkania pH=10 (w celu umozliwienia spontanicznej polimeryzacii
w warunkach tlenowych pozostatych zwigzkdw polifenolowych
do melaniny) 1 inkubowano kolejne 24 h w temp. 65°C. Po ckresie
inkubacji misszanine filtrowane. Oddzielony supernatant dopro-
wagdzono do pH 2 za pomoca 1 M HCL (w celu wyirgeenia melani-
ny) [11]. Wyirgcong melanine odwirowywano (6000 rpm, 10 min,
MPW-352R, MPW MED. INSTRUMENTS), po czym inkubowano
1 h w6 M HCL, w cieplarce (Binder, 90°C} w celu oczyszczenia
z komponentdw biatkowvch i weglowodanowych, Osad melaniny
odwirowano i oczyszozano za pomocg octanu etyly, stanolu oraz
chloroformu w celu usuniecia lipiddw. Cezyszezong melaning od-
wirowane i w celu usuniecia resztek rozpuszezalnikdw umiesz-
czono w szklanym krystalizatorze w cieplarce w temperaturze
BC°C az do catkowitego cdparowania.

Ryzomorfy A. mellea oczyszezane i homogenizowano. Owoc-
niki 5. cifrinum oczyszezano i pozbawiano perydrium (ostonki
ctaczajace] owocenik). Zawarta we wnetrzu owocnika warstwe
hymenialng (gleba) homogenizowano. Nastepne etapy postepo-
wania byly wspdine dla ryzomorf A. mellea i gieby S, citrinurn.
50 g materialu umieszezano w 200 mi § M NaOH, po czym eks-
trahowano melaniny w wytrzasarce (200 rpm, 50°C, 24 h). Po
tym czasie mieszanine filtrowano. Supernatant zakwaszano do
pH=2 za pomocg 1 M HCL Keleine etapy postepowania byly iden-
tyczne jak w przypadku oczyszezania melaniny z A. bisporus.

Przygotowanie ulladdw powlokotwérezych oraz nanosze-
nie powlok. Przygotowanc 18 ukladdw powlokotwoérczych za-
wierajacych melaniny oraz 6 ukladdw kontrolnych. Jako nogniki
wybrano: chitozan (Zhejiang Golden-Shell Pharmaceutical CO.
Ltd., Chiny) oraz skrobig hydrcksypropylowana Adb (Dow, USA).

Melaniny otrzymane z odpadu A. bisporus, ryzomorf A, mel-

lea oraz owoenikdw S, citrinum oznaczono odpowiednio: LAb”,
LR, ,58¢". Kazda melanine rozpuszezono w DMSO (dimetylosulfo-
tlenic) do vzyskania steenia 5 mg/mil.,

W celu wytworzenia powloki na bazie chitozanu (CH) do 1%
roztworu kwasu miekowego w wodzie dodano chitozan do uzy-
skania stgzenia 2%. Calos¢ mieszano za pomoca mieszadia ma-
gnetycznego (Ika) z predkoscig 600 rpm przez 24 h,
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W celu uzyskania powloki na bazie skrobi (SK) przeprowadzo-
no proces ldeikowania. 8% wodny roztwor skrobi Adb wnieszezo-
no wlazni wodnej (Julabo) i podgrzewano do 90°C jednoczesnie
mieszajge za pomoecq mieszadia mechanicznego (400 rpm, kaT18
Ultra Turrax). Roztwor inkubowano w lazni przez 30 min w celu
doidadnego skleikowania i uzyskania jednorodnego rozbworu,

Uldady powlokotwarcze preygolowano w ten sposob, ze do
10 il roztwordw nosnikéw dodawano odpowiednio 200 i, 500 ],
1000 1l roztworow melanin w DMSO, tak aby uzyskac steZenia:
{1) 100 pg/ml, (2) 2580 ug/ml, {3} 500 pg/mi. Po dodaniu melani-
ny roziwory doldadnie worteksowano. Przygotowano réwnies
uldady kontrolne (X), do ktdrych dadano DMSQ bez melanin, od-
powiednio 200 ui, 500 111, 1000 pl. Przygotowane uklady powlo-
kotwoércze ilustrije tab. 1,

Folie orzed procesem powlekania poddano aktywacii koro-
nowsj. Folie powlekano za pomocy powlekarki (Unicoater 409,
Erichsen, Niemcy) z wykorzystaniem walka o Srednicy drutu

Tabela 1. Wykorzystane w badaniach
uktady powlokotwdreze oraz stezenie
melanin grzybowych [12g/mi]

SYMBOL STEZENIE
UKZADU POWLEKAJACEGO MELANINY lpg/mi]
CHAQ1 100
CHADZ 250
CHADL3I 500
CHR1 100
CHR2 250 _
CHR3 500
CHSe1 100
CHSc2 250
CHSe3 500
SKAb1 100
- SKah2 2b0 ]
. SKABS3 500 L
SKR1 00
. SKR2 . ..
N _SIERS B o 500 B i
SKSetl e __‘?.92 e
- SKSc2 . o EU__ o
_ SKBed OO
_xem2 o T
N e N
< R R
. kK2 0 o]
 xsm . o
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0,76 mm i grubosci warstwy osadzanej 60 pm. Nastepnie arku-
sz folil byly suszone w cieplarce (Binder) przez 20 minut w tem-
peraturze 45°C.

Metodyka badan

Oznaczanie grubosci folii, Grubosé folii po procesie powle-
kania i suszenia mierzono za pormocy grubodciomierza (Sylvac
W8229, Szwajearia) w 5 losowo wybranych misjscach zaréwno
na foliach z powlokarni, jek i niemodyfikowanych folilach BOPP
1 PET, wyniki uéredniono.

Oznaczanie wlasciwesc przeciwutleniajacych folii. Do ozna-
czenia wilasciwosad przeciwutleniajacych folii poshizono sie me-
todg z uiyciem syntetyoznegoe rodnika DPPH (11-difenylo-2-pi-
krylohydrazyl) [4,5,12]. 3 ml roztworu powiekajgcego (RP) mie-
szano z 1 mi ImM roztworu rodnika DPPH w metanolu. Nastep-
nie mieszanine worteksowano i inkubowano w ciemnosei,
w ternperaturze 25°C przez 30 minut. Po okresie inkubacii absor
bancje roztworu oznaczeno spekirofotometrycznie (Evolution
220, Thermo Scientific) przy dtugogei fali 517 nm. Kazdy pomiar
wykonano w trzech powtorzeniach, wyniki uéredniono. Procen-
towg wartosé wlasciwosci antyutleniajgeych roztwordw powle-
kajgeych obliczano z wzoru:

AbsDPPH — AbsRP
AbsDPPH

%inhibicji DPPH = x 100%

gdzie: AbsDPPH - warto$¢ absorbangji 1mM roztworu DPPH
w metanolu przy diugosei fali 517 nm, AbsRP - wartoéé absor-
bangji roztworu powlekajgcego pray diugosei fali 517 nm

Oznaczanie zawarto$ci polifenoli w powlokach. W celu
oznaczenia zawartoscl polifenoli w powlokach z kazdej foli wy-
cigto 10 kwadratdw o powierzchrd 1 cm?. Kwadraty umieszezo-
no w probdwkach typu Falcon, do ktérych dodano 2,4 ml wody
destylowanej oraz 0,15 ml odezynnika Folina-Ciocalteau. Miesza-
ning inkuhowano 8 minut w temperaturze 25°C, po czyri dodawa-
no 0,456 ml nasyconego roztworu NayClO; Calosd inkubowano
w temp. 40°C przez 30 minut w clemnosci. Po tym czasie mierzo-
no spektrofotometrycznie (Evolution 220, Thermo Scientific) war-
toé¢ absorbancii roztworu przy dhugosai fali 765 am#, Kazdy po-
miar wykonano w trzech powtdrzeniach, wyniki ugredniono.
Przygotowano roztwor kalibracyjny kwasu galusowego w meta-
noia. Zawartosd polifenoli w powtokach wyrazono w przeliczeniu
na ng kwasu galusowego zawarte w 1 cm? folii, korzystajac z rdw-
nania krzywej kalibracyjnej {y = 1,1672x + 00053, R2 = 0,9986).

Oznaczanie wiaciwosci barierowych folii wzgledem Dpro-
mieniowania UV-Vis. Wlagciwosci barierowe wzgledem promie-
niowania UV-Vis cznaczano poprzez pomiar transmitancii folif
(Evolution 220, Thermo Scientific). Prostokatne kawalkd folii
€ Wy 2 cm x 4 om umieszezano bezpodrednio na kwarcowsj
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Tabela 2. Wlasciwosci przeciwuileniajace 1 zawartoséd polifenoli w mody{ikcowanych foliach BOPP i PET

FOLIA

| FOLIA  INHIBICIA DPPH (%) | POLIFENOLE [ug/om?]  INBIBICJA DPPH [% POLIFENOLE [ug cm?],
CZYSTY BOPP 0,00£0,00 0,00£0.00 CZYSTY PET £,0040,00 ; 0,00:0,00
BOPPKCH1 6.67:0.02 1,08:0,02 PRTKCH] 6.67:0.02 1,00:0.02
BOPP-XCH2 656:0,04 1,08+0,03 . PETKCH2 65740,04 1,08:0,04
BOPPKGHI | 6s9:003 10t002 | PEEEOHD 6:001 1032009
BOPPKSK1 7 §,000,05 0,48:0.03 PETKSK1 5,0140,05 ‘ 0,47:0,04
BOPPKSK2 5,02£0,03 f 0574002 | PETKSK2 5,0240,04 ; 0,57:0,05
BOPPSK3 5.01:0,02 0,48£0,04 | PETKSK3 ; 6,0040,04 | 0,4850,01
BOPPCHAb! | 8612008 | 328:006 | PETCHABL | 862004 | 3206006
BOPP-CHAL2 10,5040,04 4685003 PET.CHAD2 10,59:0,07 4,68:0,03 :
_ BOPPCHADS | s3002 671008 PET.CHAD3 17,530,04 6.7120,04
BOPP-CHR1 9314006 3,4:0,04 | PETCHRI © 931003 . 34010
BOPP-CHRZ 10,4720,07 41150,07 PET.CHR2 104740,10 4124005
BOPPCHR3 10712000 4,43:0,04 PET.CHRA 10,810,04 4,43:0,04 ,
BOPPCHSel | 1162:007 | 4916008 | PET:CHScl 152:008 | 491:006 |
BOPP-CHSc2 20,83£0,02 7.68:0,07 PET.CHSc2 20,63+0,03 7,66£0,07
BOPP-CHS03 25,4940,07 92231005 | PETCHSSS 25,49£0,14 9,23:0.10
BOPP-SKAB1 13,2740.24 6.6040,01 PETSKAb1 13.2740,09 5,60£0,04
BOPP-SKAD2 20,64012 7,51£0,08 PETSKAb2 20,6:011 7,50£0,04 ;
BOPP-SKAb3 21,68+0,08 8.20£0,04 PETSKAbS 21,88£0,04 8.20£013 !
BOPP-SKR1 12,450,086 541£0,04 PETSKRT 12465001 | 511004 :
BOPP-SKR2 21,5640,03 8,17£0,03 PET:SKR2 21,43:0,05 817:0,08
BOPP-SKR3 23,28+0,04 8,6240,05 PET:SKRS 23,284007 8,6240,01
BOPP-SKSot : 14,3920,11 6,05£0,02 PET:SKSel O 1a3me0g0 | 60as002
BOPP-SKSc2 | 16,88£0,09 6,85:0,01 PET:SKSc2 16,8014 6,85:0,04
BOPP-SKSc3 22,9340,14 : 8,54+0,07 PET:SKSc3 22832005 8,5440,07 |

wuwecle, prébe odniesienia stanowia pusta kuweta. Transmi-

;angje folil mierzone w zakresie od 200 nm do 800 nm [7].

Przezroczystose folil (T, transparency) cbliczano z wzoru:

T=-log Teeo/X

gdzie: Tepo — wartodé transmitancji folii przy dlugosci fali
300 nm, X - gruboéd folii, mm. Im wyzsza wartosé T, tym nizsza
Jrzezroczystose folii [7)

Oznaczanie barwy folii. Pomiaru barwy folii dokonano
:a pomoca spektrodensytometru (FD-5, Konica Minclta, Japo-
1jia). Na podstawie modelu CIE L*a*h dokonano obliczes para-
netrdw 1, *a, *b, opisujgcych jasnose prébek oraz parametry
shromatyezne. Folie umieszczano nad dolgczong do zestawu
standardows bialg plytka (I = 92,99, a = - 0,15, b = 2,74). Pomia-
‘Ow dokonanoe w b powtdrzeniach, wyniki zas vsredniono. Wy-
maczono rowniez parametry AE (1éznice koloru w odniesieniu
1o standardowe] bialei phytki), YI (vellowness index), W1 (white-
ness index) na podstawie wzordw [4]:

AE = [({Lstandard * Liotil® + (standard ~ 1o * (Dstandard — Dioip?105

Y= 142,860 x L

WI =100 - [{100 — L) + a2 + h2|05
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Wymiki i dyskusja

Na podstawie przeprowadzonych dogwiadczen stwierdzono,

ze dodatek melanin grzybhowych do powlok nanoszonych na po-
wierzchnig folil BOPP oraz PET pozwala nadaé im wiasciwosci
przeciwutleniajgee {tah. 2.).

Odnotowano, ze wszystkie folie - zardwno BOPP, jalkk i PET -
wykazywaly wilasciwosci przeciwutleniajgce. Wéardd powlok
na foliach BOPP najwyzszg wartoéé inhibicii rodnika DPPH za-
obserwowano w przypadku folii BOPP-CHSc3 {25,49+0,07%)}, by-
la to réwniez najwyisza wartosé wsréd wszystkich powlok
z chitozanu na foliach BOPP, najmnieiszg zas wartosd odnotowa-
no dla folii BOPP-CHABL1 (8,61+0,08%). Wirdd powlok ze skrobi
Adb naiwigkszg zdolnoscia do inhibicii rodnika DPPH charakte-
ryzowala sig folia BOPP-SKR3 (23,28+0,04%), najmniejszg BOPP-
SKR1 (12,4520,06%). Na powlokach =z lakieru Varnish” najwiek-
szg wartost odnotowano dla folii BOPP-VR3 (20,72%), najmniej-
szg dla folii BOPP-VAD1 (8,03%). Wsrdd powiok chitozanowych
na foliach PET najwyzszg wartosd inhibici rodnika DPPH zano-
towano dia folil PET-CHSc3 (25,4910,14%), nainizszg dla folii PET-
CHAD1 (8,62+0,04%). Na powtokach ze skrobi Adb najwyzszg
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Tabela 3. Wlasciwosci barierowe [%T] modyfikowanych folii BOPP wzgledem promieniowania UV-Vig

I woLia

DOnm 226nm ?50nm5475mn‘30{)mn 325r1m 350nm4375nm 400mns000nm

j | 800 | 700 nm 800 o
sy BOP . 1300 | 5 5799 | w008 | 5016 8438 | se22 8504 saes . 5702 @161 8959 8900 . 8970 |
CHOPPKOHL 777 © 6625« 7900 | 7928  sags  sago | sess | 5678 8714 < 8307 | 8871 | 8945 goar

BOPPKCHZ 774 | 5618 | 7808 7914 8342 | 8456 | 8560 | 8507 8590 . 8700 a7 ®173  sam
BOPPKCH3 | 769 | 5619 | 7895 | 7925 & 8336 . 8422 8533 | 6656 | §7.07 | 8815 | 8361 8866 . 5964 |
CBOPPKSKL | 451 | 4481 . 7iad | 7200 - 7660 7659 | 7801 | 7994 | 8047 | eigs | 6265 | sasd 8378
BOPPKSK2 | 376 | 4468 | 7013 | 7086 | 7532 . 7662 . 7775 | 7857 | 7910 | 8056 8152 | 8232 ¢ 830
BOPPXSK3 | 332 | 4362 | 6984 | 6978 | 7an | 7544 | 7658 | 7739 | 7783 | 7893 | 8045 | 8093 | 819
BOPPCHAB1 | 759 | 6666 | 7890 | 79.20 | s340 | 8475 | 8612 | 8690 | 8680 | 8815 | 8578 ! 8883 | 8045 |
BOPRCHADZ | 634 | 6262 | 7608 | 7691 | 8144 | 8234 | 8432 8588 8760 | 8844 | 88.95 | 8032 | 805
BOPPCHADS | 137 | 4686 | 7444 | 76505 | 8073 | 8299 | sasz | s575 8652 | 8803 | 8877 | 8945 | s022
BOPPCHRL | 881 | 6591 | 7942 | 7980 | 8403 | o516 | 8031 | 8701 | 7.4 8851 | 8889 | 895 | go1s
BOPRCHRZ | 815 | S5 | 7847 | 7887 | 8326 | 8450 | 8587 | see2 | @725 | 8623 | 8392 | 8046 | 8877
SOPPOHRS | 747 | 5284 | 7541 | 7631 | 8121 | 8287 | 8442 | B544 | 8610 | 8765 | 8830 | 8922 | 8930
BOPPCHScl | 838 | 6625 | 7928 | 7872 | 8393 | 6453 | 8566 8667 | 8716 | 8799 | 8890 | 80.08 | 8974 |
POFPOHSGZ | 794 | 6491 | 7733 | 7813 | 6256 | 8410 | o557 | 8638 | 8712 | 8059 | 8928 | @927 | 0o
BOPPCHSSS | 780 | 8422 | 7658 | 77.27 | 8183 | 8365 | 8490 | 9604 | 9658 | 8783 | 8899 | 89,44 89,60
BOPPSKADL | 484 | 4694 | 7261 | 7858 | 7867 | 8041 | 6192 | 8306 | 8382 | o560 | 8544 | 560 87,39
BOPPSKALZ | 467 | 4450 | 6829 | 6025 | 7378 | 7523 | 7649 | 7739 | 7800 | 7960 | 8066 | ®140 82,01
DOPPSKALS | 401 | 4388 | o832 | ess2 | mu | 7578 | 7716 | 7820 | 78sa | s040 | sier | sam | s2ec
BOPPSKRL | 414 | 4414 | 0831 | 6935 | ™18 | 7559 | 780 | 77,70 | 7830 | 7592 | o0ea | s1s2 | mon
BOPRSKRZ [ 602 | 4772 | 4772 | 726 | 7669 | 7807 | 7930 | 8020 | 8078 | 8217 | 8311 | 8378 | 8azs
EOPPSKRS | 409 | 4449 | 6918 | 7019 | 7481 | 7617 | 7738 | 7830 | 7885 | 8026 | o117 | 8176 | 82,25
BOPPSKScL | 590 | 4661 | 6974 | 7071 | 7560 | 7723 | 7853 | 7949 | 8008 | 8166 8261 | 8332 | 8387 |
BOPPSKSc2 | 620 | 4630 | 6990 | 7081 | 7552 | 7708 | 7828 | 7915 | 7968 | 808 | szi0 | sz7s 8316

|_BOPPSKSc3 | 404 | 4461 | 6963 | 7049 | 7531 | 7676 | 7796 | 7885 | 7942 80,92 | 8180 | 8233 | 8301

wartosé zaohserwowano dla folii PET-SKRS (23,2820,07%), naj
mnigjszy za$ dla PET-SKR1 (12,46+0,01%). Powloki chitozancowe
i skrobiowe, do ktéryeh nie dodano melanin, réwniez charakte-
ryzowaly sie wlasciwosciami przeciwutleniajgeymi, jednakze
znecznie mniejszymi w poréwnaniu z powlokarmi zawierajgcymi
melaniny. Wynika to z faki, 2e wolne rodniki DPPH mogs reago-
waé z grupami aminowymi (NHy) chitozanu, tworzac forme zre-
dukowang, grupy aminowe za$, przyjmujge atom wodoru, moga
tworzy¢ jony amenowe {(NH2), Pedobnie w przypadku skrobi:
wolne rodniki DPPH moga reagowad z grupami hydroksylowy-
mi (OH), ktére w wyniku praylaczenia atomu wodoru tworzg
grupe (OH2*) [4,5].

W badaniach wiasnych za pomoca metody Folina-Ciocalteau
0znaczono zawartost polifencli przypadajgca na 1 om? powlok
na foliach BOPP i PET. Zachserwowano, ze w przypadku powlok
chitozanowych i skrobiowych wraz ze wzrastajgcym stezeniem
melaninn w roztworze powlckotworczym wazrastata zawartoss
polifencli na 1 cm? powlolk (tah. 2.). Najwyzszg zawartosé polife-
noli wardd folii BOPP odnotowano w przypadku folii BOPP-
CHSce3 (9,220,065 pg/em2), dla folii tej uzyskano réwniez najwyz-
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szy stopient inhibicji rodnika DFPH. Podobnie najwyzsza zawar-
tosé polifenoli (9,23+0,10 Hg/cm?) wérdd folii PET odnotowano
w przypadku folii PET-CHSc3. Folie pokryte jedynie nogniitami
bez melanin réwniez daly dodatni wynik na polifencle w powlo-
ce. Wynika 1o najprawdopodobniej z faktu, ¢e zardwro chitozan,
jak i skrobia zawierajg w czasteczkach grupy -OF, ktére moga
powodowac interferencje w uzyskanym wyniku [4,6].

Nie odnotowano znaczacej poprawy wilasciwodel bariero-
wych wzgledem promieniowania UVVis w przypadku modyfi-
kowanych folii BOPP (tab. 3.} oraz PET {tab. 4.). Duzy wptyw
na wiasciwosel barierowe miaty same powtioki niezawierajgce
melanin, szezegdlnie powlcki ze skrobi. Najwiekszy wptyw me-
lanin na wiagciwosel barierowe powick wzgledem promienio-
wania UV wéréd folii BOPP zachserwowano dla folii BOPP-
CHABLS, w przypadku ktérej transmitancja przy dlugodei fali
w zakresie 250-300 nm byiz o ok. 4% nizsza niz w przypadku fo-
1ii powleczonej chitozanem, natomiast przy diugosel fali 225 nm
byla niZsza o ok. 16,61%. Wynika to z faktu, ze wiele melanin
grzybowych wykazuje maksimum absorbancji w zakresie 210-
+230 nurn [11,13,14,15]. Brak znaczacej poprawy wiasciwodsci barie-
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Tabela 4 Wiasciwogsel barerowe [%T] modyfikowanych folii PET wzgledem promieniowania UV-Vig

FOLIA 200nm  2250m | 2500m | 275nm  300mun  325nm | 350nm ; 375nm 400 mm 500 nm - 600 nm 700 nm | 800 nm |
esystyPET 002 001 001 001 002 7630 8097 & 8209 8344 8685 8870 €722 8878
PETECH1 002~ 001 . 001 . 001 002 7868 | 8427 8495 8665 = 8709 8913 €707 . 8707
PET-KCH2 002 © 00t . 001 001 ' 002 7909 8316 . 8526 8579 8700 - 8804 . 8720 8680
PETKCHI . 002 ' 002 , 001 001 . 001 _ 7890 | 7864 | 8444 8489 | 8621 8757 . 8750 | 8740
PETKSKI | 002 001 - 001 | 002 001 | 7495 | 7782 | 7781 7842 | 8047 8026 7980 784l
PETKSK2 | 002 | 001 = 001 | 002 Q02 | 7695 | 7784 | 7784 | 7858 | 8030 8030 | 7981 & 7877 |
PET-KSK3 002 | 001 | QU1 | 001 . 002 | 7348 | 7769 | 7971 ' 8010 | 8207 & 8320 & 8273 | 8207 |
PETCHADI | 00z | 001 | 001 | 001 | 002 | 7737 | 870 | 8413 ( 8454 | 8597 . 8689 | 6664 | 8825 |
PERCHAbZ | 002 | 001 | 001 | 001 . 00 | 7733 | 8199 ' 8357 | 8535 | 8662 | 8828 | 8706 | 8796 |
PET.CHAbS | 002 | 001 | 00 | 001 | 002 | 7638 | 8078 | 8348 | 8416 | 8619 | 8760 8681 | 8717 |
CPETCHRI | 002 | 001 | 001 | 001 | 001 | 7815 | 8217 | 8519 | 6438 | 8687 | 8683 | 8602 | 8384 |
PET-CHRZ 002 | 001 | 00t | 00t | 002 | 7811 | 8286 | 8455 | 8517 | 8659 & 8750 | 8820 | 8362
PET-CHR3 002 | 001 | 0ot | 001 | 002 | 7712 | 8287 | 8358 | 5406 | 8588 . 831 | €779 | 8926
PETCHSC1 | 002 | 001 | 001 | 001 | 001 | 77.20 | 7720 | 8233 | 8420 | 8375 86564 | 6797 | 8640 |
PETCHSG2 | 002 | 001 | 00 | 001 | 002 | 6748 | 7318 | 7698 | 7846 | 278 | 8561 | 8539 | B856L
PET.CHSc3 | 002 | 001 | 00t | 001 | 002 | 6747 | 7317 | 7696 | 7843 | 8278 | 8564 | 8537 | 8580
PETSKAbT | 002 | 001 | 001 | 001 | Qo2 | 7033 | 7392 | 7851 | 7695 | 7889 | 8070 | 8029 | 90,80
PETSKADZ | 002 | 001 | 001 | 001 | 002 | 6959 | 7376 | UE7L | 7637 | 7850 | 7964 | 7934 | 799
PETSKAB3 | 002 | 001 | 001 | 001 | 002 |, 7103 | 7623 | 7761 | 7820 | 8069 | 8238 & 8151 | 8263 |
PETSKR1 002 | 001 | 001 | 001 | 002 | 7182 | 7540 | 7752 | 7807 | 7989 | £102 | 8098 | 8178
PET-SKR2 002 | 001 | 001 | 001 ¢ G2 | 7132 | 7526 | 7788 | 7800 | 712 | wes | so7 | s100 |
PETSKR3 002 | 001 | 001 | 001 ; 002 | 7277 | 7661 | 7883 | 7943 | 8072 | 8253 | €269 | 8178 |
PETSKSct | 002 | 001 | 001 | 001 | 002 | 7212 | 7586 | 77.99 | 7860 | 8060 | 8197 | 8122 | 8183 |
PETSKSc2 | 002 | 001 | 001 | 001 | 002 | 7227 | 7815 | 7824 | 7889 | s0e2 ¢ 8186 | 8218 | 8278
PETSKSGS | 002 | 001 | 001 | 001 | 002 | 7087 | 7454 | 7683 | 7746 | 8126 | 8126 | 8088 | 8147

owych wzgledem promieniowania UVVis cdnotowano takie
v przypadku modyfikowanych folii PET. Widoczna jest wysoka
arierowos¢ niemodyiikowanej folit PET w zakresie 200-300 nm.
Tacbserwowano jedynie nieznaczng poprawe w przypadku folii
: powlokami skrobiowymi zawieraigeyeh melaniny grzybowe,
p. przy dhugosci fali 325 nm folie charakteryzowaly sie trans-
nitancig o ok. 4% nizsza niz folie modyfikowane samymi powlo-
tami skrobiowymi. Najprawdopodobnigj wykorzystane w ba-
laniach wiasnych steenia melanin byly zbyt niskie dla uzys-
iania satysfakcionujgce] poprawy wiasciwogei barierowych
vzgledem promieniowania UVWis. Wykorzystujge wyniki po-
niaréw gruboeéci folil oraz wartogal transmitancii przy dugosci
ali 600 nm obliczono wartoéei T (przefroczystosel) folil. Odnoto-
vano, e folie pokryte powlokami ze skrobt byly mniej przero-
Zyste w pordwnaniu do czystych, niemodyfikowanych folil
3OPP (tab. 5.)i PET (tab. 6.).

Zachserwowano wplyw dodatku melanin  grzvbowych
v powlokach na parametry chromatyezne modyfikowanych fo-
ii. Wyniki przedstawione zostaly w postaci zmiennych *a, *b
nwaz L, gdzie *a okresla zmiane barwy od zielongj (dia wartodci
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ujermnnych) do czerwone] (dia wartoei dodatnich), natomiast *b
od niebieslie] (dla wartescl wjemnych) do Zéhe (dla wartosci
dodatnich). L oznacza wartosci luminancii (jasnosé) i zmienta sie
w zakresie od 0 dla harwy czarne} do 100 dla barwy bialej. Zacb-
serwowano, e wzrastajgee stezenia melanin grzybowych w po-
wlokach powodowaty wzrost wartosel parametru *a (w kierun-
ku czerwonsej) zaréwne w przypadku modyfikowanych folit
BOPP (tab. 6.), jak i PET (tab. 6.). Zanotowano réwniez w przy-
padku wszystkich folii zawierajgoych melaniny grzybowe wera-
stajace wraz ze stezeniem melanin w powloce wartosci para-
metru *b (w kierunku barwy zéhej). Parametry chromatyczne
w kierunku barw czerwonej i ZéHej sg charakterystyczne dia
melanin {15]. Na podstawie pomiardéw wartosci chromatycznych
oraz jasnosci obliczono yéwniez zmiane barwy folii AE w stosun-
ku do standardowsi hiatej plytki. Przyimuje sie, 2e niedoswiad-
czony obserwator zauwaza ju? réznice odpowiadajgeg AE>2, na-
tomiast gdy AE>35, rdznica barw jest wyrazna. W przypadku
wszystkich folii zachserwowano AE>3,5, tak wiec rdznica barw
byta wyrazna w odniesieniu do standardowe] biatej plytki. Zano-
towano, ze wraz ze wzrostem stefenia melanin w powlokach
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Tabela b. Parametry chromatyczne (L*a*h), zmiana barwy (AE), parametry W1, Y1
oraz grubosc i przeZroczystosd modyfikowanych folii BOPP

WI

| FoLIA L ‘@ b ARy W G mam]

| oymyBOPP | 8885:009  02:002 263:028 | 415:098  422:040 8853:000 0041 127

| BOPPKCH! | 8808:081 | 021003 2541010 | 495:082  4lle0nz | @0u08 . 0045 116
BOPPKCH2 | 87855154 = 0182002 : 259033 571186 4201046 | 87.384105 0044 1a
BOPPKCH3 | 86438204 & 018003 | 2494038 6,72£1,99 4115054 86774148 | 0045 117
DOPPKSKI | 87013109 | 0214002 | 2414011 | Bg0i12s 3961014 | 8639:080 | 0045 |  1sa
BOPPKSKZ | 8574:184 |  -0.23003 2,3640,18 652170 | 3944023 | ee4Ts122 | 0048 185
BOPPKSKS | 8663+108 | -023:001 | 225:00 5.87¢1,17 3.71£0,11 s667:027 | ooar 2,08

| BOPP-CHADI| 86344327 | 0192003 | 277:029 | 50stIll | 4576035 | ee77:085 | ooas | 1es
BOPP-CHALZ| 87.94¢172 |  -03740.03 2942014 583:163 | 497:054 | 8748:103 0,047 1,08
BOPP-CHAD3| B542:2,86 | -01240,05 3,07:0.39 7682278 4911013 | 8500:271 | 0046 112
BOPP-CHR1 | 8752¢196 | .023:003 | 0.605017 5261047 | 4433039 | 86961097 004z 122
BOPP-CHR2 | 8708132 | -0165004 | 273000 571£186 | 4248023 | 85001054 | 0042 122
BOPPCHR3 | 86104224 | -007:002 | 2884009 6544246 | 478008 | 8535:177 0,042 128
BOPP-CHSc1 | 87884110 | -0176005 | 2680010 4881046 | 4412047 | 87014066 0045 | 114
BOPP-CHScZ | 98984220 | -016£0,03 2712032 5,150,563 427:038 | 87108069 0042 | 118
BOPP.CHSc3 | 88242055 | -0,0240,05 3,09£0,19 5,35£1,02 5006028 | 8735t084 | 0043 1,04
BOPP-SKAb1 | 86382120 | 0385001 | 2.35:012 6,170,683 3926014 | 85884120 0046 | 137
BOPPSKAb2 | 87354118 | .01640,01 2,6040,15 7,67+115 4656041 | 86774048 0,047 197
BOPP-SKAb3 | 8451:17: | -011£0,07 2,8440,29 8,424170 454:016 | 8641:040 0,049 181
BOPP-SKR1 | 8656242 | -0,2040,02 2,4640,11 5,7141,86 423:053 | 86.67+123 0050 | 188
BOPPSKRZ | 83474523 | -018:0,03 2,40027 814+1,90 4261043 | 83.87:522 0,049 164
BOPP-SKR3 | 8494¢1,90 | -0340,01 2572039 | 1085:453 | 4131010 | $656:027 | 0049 | 1gp
BOPP.SKSci | 8599:256 | -018%0,02 2,46£0,06 5364143 4094011 | 85566027 | 0046 | 170
BOPP-SKSc2 | 8716:200 | -011:0,02 2734031 5,82£2,10 4461040 | 8582¢118 0,048 180
BOPP-SKSc3 | 8737+122 | .0,04:0,01 2,9740,37 720:240 | 485:085 | 8662:0,36 008 | 183

wzrastata wartoéé YI, co wigze sig ze zmiang parametru *b
w kierunku barwy zéke].

Podsumowanie i wnioski

Powlekanie folii BOPP i PET powlokami zawierajgoymi mela-
niny grzybowe moze shizy¢ modyfikacji folii w lderunku nada-
nia im wiaéciwosei przeciwutleniajacych. Wraz ze zwickszaja-
cym sie udziatern melanin greybowych w powtokach wzrasialy
ich wlagciwosel przeciwutleniajace, co najprawdopodobnig
wigze sig ze werastaniem flogci grup hydroksylowych zdolnych
do inhibicji wolnyeh rodnikéw. Mimo wazrastajgcego udziahy me-
lanin w powlokach nie zachserwowano Znaczgoej poprawy wia-
$ciwosel barierowych wzgledem promieniowania UV zardwno
folii BOPPF, jak i PET. Dodatek melanin do powick wplynat na pa-
rametry chromatyczne folii. Wraz ze wzrastajgcym stezeniem
melanin w powlokach zaohserwowano wzrastajgcs zmiane bar-
wy folil w kisrunku barw czerwonej i zétte], m
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Tabela 6. Parametry chromatyezne (L¥a*h), zmiana barwy (AR), parametry WI, YI
oraz grubose 1 przezroczystosd modyfikowanych folii PET

*a. .

*b

FOLIA L | AR v ow G ) T
cazysty PET | 8779+027 | 008:0,01 331012 524:029 - 538:022  86.93:030 0,012 503
CPETKCHI  8835:010 . 0l0:007  355:017  468:008 & 573:028 | 87.16:088 0.0 3,66
PETKCHZ | 8847:004 = -008:004 | 353:041 @ 458:053 57008 | 87.20:063 0,014 406
PETKCH3 | 88458012 | -006:007 | 3515012 | 486:012 B67:018 | 87.20:064 o0e . 422
CPETKSK1 | 88831000 | 012:003 | 328:019 | 418:011 | 5288032 | 8736:084 ; 0020 | 486
PET-KSK2 88914051 | -015:0,05 318023 4,30£0,20 510¢037 | 67.28:073 0,019 5.10
PET-KSK3 8873018 | -0,07:004 3264018 4354021 626:030 | 87.33£079 0,018 452
PETCHAbL | 8824:020 | -0,03:003 | 3674013 4,85:0,19 595:020 | B8414+0,55 0014 447
PET.CHAb2 | 8813:0,06 | -0,01:0,05 3745011 4,94£0,03 BOT017 | 87.05:045 0,014 3,96
PET.CHAbZ | B88.08:020 | 006006 409:0.26 6,020,413 563:044 | 87042044 0013 | 431
" PET-CHRI 88,3:0,25 002:012 | 349020 4,69:0,19 665:032 | 8700050 0,012 460
PET.CHRZ | 8842:007 | -0,05:021 3,6650,07 4674006 5,92£010 B715:057 | 0013 432
PET.CHR3 | 88,02:0.14 0,21+0,08 4,0120,39 510£0,13 651:0,65 | 8699038 0,013 4,05
PET:CHSc1 | 8823031 | -012:0,08 3.4240,28 4,960,16 5531044 | 87,0480,44 0,014 4,98
PET.CHSc2 | 88,23:014 |  -020£031 3,67£0.21 495011 5944033 | 87,08:0,4% 0,013 5,06
FET:CHSc3 | 87,23t188 | -012:026 3,920,20 5,93£1,82 642:029 | 8613157 0,012 5,05
PETSKAb1 | B8,654026 | -0,08:002 | 3.49:0,06 4,36:0,27 562:010 | 8719:0,64 0,019 4,90
PETSKAbZ | 8806016 | -0,044003 3,5310,21 439043 5604033 | 87.23:067 0,019 530
PETSKADS | 8826:009 | 003001 4,040,06 4,86£0,07 6531010 | 87,04:043 0018 456
PETSKR1 8871£000 | -0,08:0,02 3,190,36 4345021 522¢040 | 87,3640,82 0,019 490
PET:SKR2 8841£076 | -0.07:0,02 3,24+0.25 4,320,40 516:054 | 87.20£0.74 0,019 511
PET:SKR3 88584016 | -0,02:0,03 3,67£0,15 457018 592:024 | 8706071 0,018 455
PETSKScl | 8867014 | -0,0640,02 3.2950,24 4384014 531:0,39 | 87274072 | 0018 471
PET:SKSc2 | 8849+011 | -0,03:001 3514015 456013 5661024 | 87,190,62 0,018 492
PET:SKSc3 | 8835:024 | 012:001 3.76£0,23 4824016 6064037 | 87124054 0,018 5,01
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Abstract: In this work, fungal melanin was used for the first time to prepare poly(lactic acid)-based
composites. The films of various melanin concentrations (0.025%, 0.05% and 0.2% w/w) were
prepared using an extrusion method. The mechanical, antioxidant, antimicrobial, water vapor and
UV-Vis barrier properties, as well as available polyphenolics on the surface, were studied. FT-IR and
Raman spectroscopy studies were carried out to analyze the chemical composition of the resulting
films. The hydrophobicity, color response, thermal, optical properties, and opacity values were also
determined. The results of this study show that the addition of fungal melanin to poly(lactic acid)
(PLA) as a modifier influenced mechanical and water vapor barrier properties depending on melanin
concentration. In low concentration, melanin enhanced the mechanical and barrier properties of the
modified films, but in larger amounts, the properties were decreased. The UV-Vis barrier properties
of PLA/melanin composites were marginally improved. Differential Scarming Calorimetry {DSC)
analysis indicated thaf crystallinity of PLA increased by the addition of melanin, but this did not
affect the thermal stability of the films. Modified PLA /melanin films showed good antioxidant
activity and were active against Enterococcus faecalis, Pseudomonas aeruginesa and Pseudomonas putida,
The addition of melanin caused changes in color values, decreasing lightness and increasing the
redness and yellowness of films. Based on the restilts of this study, fungal melanin has good potential
to be exploited as a value-added medifier that can improve the overall properties of PLA.

Keywords: poly(lactic acid); biopolymer; melanin; packaging; polymer blends; antioxidant; barrier
properties; mechanical properties

1. Introduction

Natural polymers, biopolymers, and synthetic polymers based on annually renewable resources
are the basis of a 21st-century portfolio of sustainable, eco-efficient plastics. These biosourced materials
are hoped to gradually replace the currently existing family of petroleum-based polymers as they
become less competitive regarding cost performance [1,2]. Biodegradable polymers from renewable
resources have atiracted a large amount of attention in research. They are defined as polymers that
undergo microbially-induced chain scission leading to mineralization [3,4]. Polylactide or poly(lactic
acid) (PLA}) is the most promising bio-based polymer in the emerging bioplastics market, with the high
availability and a more attractive cost structure. PLA has a panoply of advantages: it is a thermoplastic
material with a rigidity and clarity similar to polystyrene (PS) or poly(ethylene terephthalate) (PET),
it is bio-based, resorbable and biodegradable under industrial composting conditions, but also
processable in most standard equipment (injection molding, blow molding, thermoforming, extrusion
and casting [1,3,5-8]. PLA has a wide spectrum of applications: packaging, medical, agricultural and
engineering materials, as well as textile preparation [1].
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The end uses of PLA within the packaging industry include rigid packaging, flexible film
packaging, cold drinks cups, cutlery, apparel and stable fibers, bottles, injection molded products, as
well as extrusion coatings [1,8]. PLA also has a wide spectrum of medical applications, such as surgical
implant materials, dental materials, drug delivery systems, guided tissue and bone regeneration
platforms, porous scaffolds for tissues growth and fracture fixation devices [4,7,9].

As a packaging material PLA is attractive because it exhibits a tensile strength comparable to
that of petroleumn-derived thermoplastics, is biodegradable and can be sealed at low temperatures [1].
The properties of PLA, such as thermal stability and impact resistance, medium gas barrier properties
and low solvent resistance of pure PLA are inferior to those of conventional polymers used for
thermoplastic applications, Therefore, PLA is not ideally suited to compete against conventional
polymers and limits its use for food packaging applications [10]. In order to improve the properties
of PLA and increase its potential application, PLA modification, copolymerization with other
monomers, and PLA composites are still being developed {o improve its properties, regarding stiffness,
permeability, crystallinity, and thermal stability [1].

A wide specirum of additives (nano or microsized) have been used for the preparation of
PLA composites including: days and organoclays [11,12], starch [5], carbon nanotubes [13], metal
nanoparticles [14~16], graphene [7,13,17], as well as cellulose and glass fibers [18], aromatic compounds
and essential oils [19,20], chitosan [21,22], epoxidized vegetable oils [10], plant fibers (wood {23],
bamboo {24], banana [25], cotton and flax [26], hemp [27] and artichoke [28]), collagen [9] and
tannins [29]. Those additives may not only influence the mechanical, optical properties and thermal
stability of the blends but also enhance the microbial stability of the packaged foods by using active
packaging developed by the incorporation of antimicrobial compounds into the polymer matrix.
Contact between the active materials and food, which has the ability to change food composition
or the atmosphere around it, represents an active packaging system that inhibits the growth of
microorganisms present on the surface of food products [30,31]. PLA could also be modified by active
coatings that contain antimicrobials [32].

Melanins have been isolated and characterized from a variety of phylogenic sources, such as
animal {33], plant [34], bacteria [35] and fungi [36,37]. Melanins are commonly represented as black
and brown pigments, high molecular weight heterogeneous polymers derived from the oxidation
of monophenols and the subsequent polymerization of intermediate o-diphenols and their resulting
quinones [38]. Melanins are types of pigments, possessing broad biological properties including
antioxidant, radioprotective, thermoregulative, chemoprotective, antitumor, antiviral, antimicrobial,
immunostimulating and anti-inflammatory [33-38]. Potentially, these melanin attributes could also
be imparted to plastics, and in the case of bioplastics, potentially enhancing performance as well
as sustainability credentials, explore its other nonconventional applications such as crosslinking
during polymerization, antioxidant and antimicrobial activity, radioprotective ability and improving
the biological properties of the polymer. The use of melanins remains relatively unexplored with
few examples of these compounds blended with plastics [39—41], and no studies on PLA /melanin
composites are available in the scientific literature.

The aim of this study was to investigate the influence of fungal melanin on the properties of
modified poly(lactic acid) films. To evaluate the potentiality of the developed films for different
industrial and biomedical applications, the mechanical, barrier, antioxidant and antimicrobial
properties were all evaluated. Spectroscopic studies were performed to elucidate melanin addition in
the chemical composition of modified blends. The goal of the study was also to evaluate the influence
of fungal melanin on the color, opacity and optical properties of the films.
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2. Materials and Methods

2.1, Poly(lactic acid)

Poly(lactic acid) (PL.A), 4043D, was purchased in pellet form from Resinex (a Polish supplier of
Natureworks resins)—dedicated to extruding thin films through a casting method.

2.2, The Isolntion of Melanin from A. bisporus Waste

Agricultural waste from the production of A. bisports (ABW—Agaricus Bisporus Waste) in
the form of fruifing bodies stipes was obtained from a local producer in Wolsztyn (Wielkopolskie
voivodeship, Poland). 500 g of ABW was first homogenized (Heidolph Brinkmann Homogenizer
Silent Crusher, Schwabach, Germany) in 500 mL of distilled water and incubated (24 h, 37 °C) to
allow enzyme tyrosinase action (hydroxylation of monophenols to o-diphenols). After incubation, the
homogenate mixture was adjusted to pH = 10 by 1 M NaOH, and incubated (24 h, 65 °C) to allow
a spontaneous oxidative polymerization of the resulting o-diphenols and quinones {o form melanin.
Afterward, the mixture was filtered, centrifuged (6000 rpm, 10 min), and an alkaline ABW raw melanin
mixture was used to purify the melanin. An alkaline ABW raw melanin mixture was first adjusted to
pH 2.0 with 1 M HCl to precipitate melanin, followed by centrifugation at 6000 rpm for 10 min and a
resulting pellet was collected. The pellet was then hydrolyzed in 6 M HCI (90 °C, 2 h), centrifuged
(6000 rpm, 10 min} and washed in distilled water five times to remove acid. The pellet was washed
with chloroform, ethyl acetate and ethanol three times to wash away lipids and other residues. Finally,
the purified melanin was dried, ground to a fine powder in a mortar and stored at —20 °C until testing.

2.3. The Preparation of PLA/Melanin Films

The blends of PLA and melanin were obtained by means of a twin-screw extruder combined
with an air-cooling system and a side-cut pelletizer which feature a co-rotating twin-screw extruder
(screws of 20 mm diameter, a length/diameter ratio (L/D}): 40/1, LabTech Engineering, Samut Prakan,
Thailand), cooling conveyor (equipped with 8 fans, LabTech Engineering, Samut Prakan, Thailand),
side-cut pelletizer (with 8 rotary knives producing pellets with dimensions of 5 % @3 mm, LabTech
Engineering, Samut Prakan, Thailand). An average of 75-80 micron thick films were obtained by means
of a laboratory cast film extrusion line (LabTech Engineering, Samut Prakan, Thailand), with following
equipment parameters: screw diameter—20 mm; length/diameter (L/D) screw ratio of: 30/1; output
of extruder {(each): approx. 5 kg/h of LDPE; screw type: transporting-mnixing/ transporting; screw
speed (rpm) during the experiment: 60. “0”"—pure PLA film (devoid of melanin, served as a control
sample) and three PLA /melanin composites with various concentrations of melanin were prepared:
"1"—0.025%; “2"—0.05% and “3"—0.2%.

2.4, The Mechanical Properties of PLA/Melanin Films

Mechanical measurements were tested by the use of Zwick/Roell 2,5 Z equipment (Zwick/Roel],
Ulm, Germany) and they included tensile strength (the gap between tensile clamps was 25 mm and
tensile speed was 100 mm/min), and burst strength (transducer diameter (.75 mm, speed 50 mm/min).
The dynamic mechanical analyses of the pure PLA and modified PLA /melanin films were performed
by the use of DMA analyzer (Q800, TA Instruments, New Castle, DE, USA). Films were prepared as a
rectangular (30 mm % 5 mm x 0.08 mm) samples. Samples were located between clamps and analyzed
with following parameters: temperature range 30-80 °C; constant heating rate 3 °C/min; amplitude
15 um; force track 125%; oscillation frequency 1 Hz. The storage modulus (E’), loss modulus (E”),
loss factor (tan §), and glass transition temperature (Tg) of each specimen were obtained as a function
of temperature.



Polymwers 2018, 19, 386 10f22

2.5, The Water Vapor Transntission Rate of the Films

The Water Vapor Transmission Rate (WVTR) was measured by means of a gravimetric method
that is based on the sorption of humidity by calcium chloride and a comparison of sample weight
gain. Initially, the amount of dry CaCl, inside the container was 9 g. The area of film was 8.86 cm?.
Measurement was carried out for a peried of 4 days, each day the containers were weighed Yo determine
the amount of absorbed water vapor through the films. The result was expressed as average values
from each day of measurement and each container. Analyses were carried out at ten independent
containers for each type of films, calculated as a standard unit g/(m? x day) and presented as a mean
+ standard deviation.

2.6, The Contact Angle (CA)

The surface properties of modified and pure PLA films were measured through a contact angle
analyzer. The following measurement was carried out by means of a laboratory goniometer {(Haas
uL), drop of distilled water was placed on the surface of the film using a microsyringe. Analyses were
carried out at three independent times and presented as mean =+ standard deviation.

2.7. Spectral Analysis

2.7.1. UV-Vis Spectroscopy

The UV-Vis spectra of the films samples were measured by the use of a UV-Vis Thermo Scientific
Evolution 220 spectrophotometer at 200-800 nm.

2.7.2. FTIR Spectroscopy

Fourier transform infrared (FI-IR) spectra of the unmodified and modified film samples were
measured using a FT-IR spectroscopy (Perkin Elmer Spectrophotometer, Spectrum 100, Waltham,
MA, USA), operated at a resolution of 4 em™?, over 64 scans. Film samples were cut into square
shapes (2 cm x 2 cmn) and placed directly at the ray-exposing stage. The spectra were recorded at a
wavelength of 650-4000 cm ™). The spectra were normalized, baseline corrected and analyzed using
SPECTRUM software.

2.7.3. Raman Spectroscopy

Pure and modified films were analyzed using a Raman station (RamanStation 400F, Perkin
Elemer, Waltham, MA, USA) with point-and-shot capability using an excitation Jaser source at 785 nm,
100 micron spot size. Film samples were cut into square shapes (2 cm x 2 cm) and placed directly at
the ray-exposing stage. The spectra were recorded al a wavelength of 250-3300cm™!. The spectra were
normalized, baseline corrected and analyzed using SPECTRUM software (v10, PerkinElmer, Waltham,
MA, USA).

2.8. Color Response Analysis

The color changes of the films were measured by using a colorimeter (CR-5, Konica Minolta,
Tokyo, Japan). The results were expressed as L* (lightness), a* (red to green), and ¥ (yellow to blue)
parameters {o evaluate color changes in the modified PLA/melanin films. All of the measurements
were determined at three random points on both sides of each film, and the experiments were
performed five times and presented as a mean - standard deviation.

To determine other color properties of the films, AE (color difference), YI {yellowness index) and
WI (whiteness index) values were calculated using following equations (where pure PLA film served
as a standard):

2 2 .
AE = [(Lstandard — Lsample) + (Astandard — asample) + (Bstandard — Ej’sas:rq')le)]nS (1)
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YT = 142.861#L7! )
Wi =100 — [(100 — L)Z +at 4 bZ]O.S @)
2.9. Opacity Measurenients

The opacity of modified PLA /melanin films and pure PLA was carried out in Opacimeter EE
Model 12 (Diffusion Systems Lid., London, UK). The epacimeter was initially calibrated using standard
white plate (value 100 + 1, Diffusion Systems Ltd.) and measurements were performed on each film
six times, and presented as mean =+ standard deviation.

2.10. The Antioxidant Activity of PLA/Melanin Blends

2.10.1. Determination of Available Phenolic Groups on the Modified Films Surface

The method for the determination of available phenolic groups (APG) on the medified
PLA /melanin films was carried out according o Bishai et al. [42}. 100 mg of PLA /melanin films or
pure PLA was taken in a volumetric flask. Sequentially, 1 mL of 10% Folin-Ciocalteu reagent and 4 mL
of 2% sodium carbonate solution were added to the flask. Finally, the volume was made up to 25 mL
with distilled water and mixed well. The reaction mixture was kept at room temperature for 48 h
and the resultant absorbance was determined at 760 nm. A control absorbance was also measured
where the aforesaid reaction mixture, devoid of any film, was kept under the same reaction conditions.
To determine the available phenolic groups on the modified films surface, a calibration curve was
prepared using gallic acid standard solutions and the results were expressed as umoles of gallic acid
equivalents (GAE) per gram of dry film. All experiments were performed in triplicate and presented
as mean ¥ standard deviation.

2.10.2. A Determination of the Free Radical Scavenging Activity of Modified Films

The free radical scavenging property determination of melanin incorporated PLA films
was carried out using ABTS and DPPH reagents according to Bishai et al. [42]. Radical
2,2'-azino-bis(3-ethylbenzothiazoline)-6-sulphonic acid (ABTS*) was produced by mixing 7 mM ABTS
with 2.45 mM potassium persulfate (5 mL of ABTS + 5 mL of potassium persulphate 4.9 mM). The
mixture was then incubated for 16 h in the dark, at room temperature and subsequently diluted
with water 1o an absorbance of maximum 1.00 at 734 nm. To determine the antioxidant capacity of
PLA /melanin films, 1 g of the film was put into 25 mL of ABTS* solution and incubated up to 24 h
at room temperature. Control sets without the film were also kept under identical conditions. After
incubation period, the film samples were removed from the ABTS™ solution. Absorbance for both sets
was taken and antioxidant activity (AA%) was calculated using the equation:

AA% = [(Acontrol = Asampie)/ Acontror] X 100 (4)

1 g of modified PLA /melanin films was taken in 25 mL of 0.004% (w/v) methanclic DPPH
solution. A set of controls was also placed where 25 mL of the same solution was taken, excluding the
addition of the film. Both samples were incubated up to 24 h, at room temperature. After incubation
period, the film samples were removed from the DPFH solution. Sample and control set absorbance
were measured at 517 nm and the free radical activity of the polymeric films was calculated according
to the same equation as the ABTS method.

2.11. The Antimicrobial Activity of Films

The test microorganisms used in this study were obtained from the American Type Culture
Collection (ATCC). The strains used in this study were Escherichia coli ATCCB739, Enterccoccus faecalis
ATCC29212, Pseudomonas aeruginosa ATCC2783, Pseudomonas putida ATCC31753 and Staphylococcus
aurens ATCC12600. To verify the antimicrobial properties of films Mueller-Hinton medium (Merck,
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Darmstadt, Germany) was used. The medium was prepared according to the Merck protocol (medijum
was weighted according to the manufacturer’s instructions, suspended in 1000 mL of distilled water,
and autoclaved at 121 °C for 15 min). The film samples were cut into square shapes (5 cm X 5 cm).
The antimicrobial properties of nen-modified and modified films were carried out according to ISO
22196:2007(E) standard [43].

2.12, Microscopic Examination of Filins

To determine the melanin particles distribution in resulted films the samples were examined
under the light microscope Zeiss 5teREQ Discovery.V20 (Carl Zeiss Microscopy GmbH, Jena,
Germany)equipped with PlanApo S lens (2.3%, FWD 10 mm) and AxioCam MRc 5 camera, with
magnitude 17.2x and 3.7 um resolution.

2.13. Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a DSC calorimeter (204 F1 Phoenix, NETZSCEH, Selb,
Germany) in a temperature range from —25 °Cto 210 °C at ¢ =5 °C/min, performing two heating
and one cooling scans. Melting and cold crystallization temperatures and enthalpies (T, Te, AHm,
AH.) were determined from the second heating scan and glass transition temperatures (Ty) were also
measured. The crystallinity degree (¥} was calculated according to the following Equation:

x(%) = (AHm/WAH ) x 100 ©)

where AHr, is the enthalpy for melting, AHp is enthalpy of melting for a 100% crystalline PLA sample
(taken as 93 J/g) and W is weight fraction of PLA in the sample [16].

All the experiments were carried out under nitrogen flow. The results were visualized and
analyzed using NETZSCH Proteus Software (v6.0, NETZSCH-Gerdtebau GmbH, Selb, Germany).

2.14. Statistical Analyses

All determinations were carried out in friplicate as a minimum. Statistical significance was
determined using an analysis of variance (ANOVA) followed by Duncans’s test. The values were
considered as significantly different when p < 0.05. All analyses were performed with Statistica version
10 (StatSoft Polska, Krakdw, Poland).

3. Results

3.1. Material Processing

The process of extrusion was even and stable and no “disturbing” effects regarding the addition
of melanin in a form of powder were observed. All parameters, such as pressure and motor current
remained at typical values for PLA. The process of compounding the composite was preceded by
drying according to the technical data sheet.

3.2. Mechanical Properties

Table 1 shows that the ratios 0.025% and 0.05% were able to slightly improve the tensile strength of
the PLA-based films in a transversal direction (p < 0.05). It was observed that the highest concentration
of melanin (0.2%) led to a decrease in tensile strength in both directions, as well as a burst strength in
the PLA-based films (p < 0.05). The results obtained for the other two concentrations were comparable
to the results of the reference film. With regards to the burst strength of the samples, the lowest (sample
“1") addition of melanin to the polymer matrix increased the maximum force value slightly—from
23.50 4+ 2.41 MPa to 27.45 -+ 1.45 MPa. Sample “3” exhibited the lowest value, whereas sample “2”
had an almost identical value to the reference sample “0” (p > 0.05). All the other differences between
the results were statistically significant as proved by the Duncan test that p < 0.05.
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Table 1. Tensile strength in machine direction (TS MD), tensile strength in transversal direciion (TS
TD}), burst strength (BS), seal strength {S5) and Water Vapor Transmission Rate (WVTR) of pure PLA
and PLA/melanin modified films.

Sample TS MD (MI'a) TS5 TD (MPa) BS (MPa) 58 (MPa) WVTR {gf{m? x Day})
0 59.47 + 8.86 45.87 £ 1.01 2350 £241 10.18 £ 1.68 24.60 4 0.33
i 63.40 £ 4.30 61.55 + 3.23 2745 £ 1.45 8.75 £ 235 21.30 4 2.56
2 63.78 £ 5.16 54.87 &+ 2.36 2378 +1.5% 8.92 £ (.92 23.60 3:0.98
3 4542 £2.84 40,78 & 1.04 16104252 712 =077 2820 = 1.31

Due to the powder-like, non-thermoplastic characteristics of melanin it had to be taken into
consideration that the additive could have deteriorated the sealing behavior of the PLA-based
composite films. However, only the greatest addition (0.2%) of melanin resulted in a significant
decrease in the sealing strength-—from 10.18 = 1.68 MPa to 7.12 & 0.77 MPa (p < 0.05). The differences
between the reference value and those obtained for samples “1” and “2” were not statistically significant
{p > 0.05).

As concerns the dynamic mechanical analysis (DMA), the temperature curves of the storage
modulus (E), loss modulus {(E”) and of the loss factor (tan 8) are shown in Figure 1. The storage
modulus of the sample “1” and “2” at medium temperatures is higher than that of the pure PLA film,
probably because of the reinforcement effect of melanin particles. These data are in agreement with
the tensile strength results, as discussed above: the addition of melanin at concentrations 0.025% and
0.05% reinforce the PLA matrix in contrast to concentration 0.2%. As shown in Figure 1B, the storage
modulus decreases by increasing the temperature for all of the samples, with a significant drop in the
range between 60 °C and 70 °C, corresponding to the glass transition region. Figure 1C shows also the
loss modulus of pure PLA and PLA/melanin modified films. The glass transition temperature (Ty)
evaluated as the temperature at which the damping attains its maximum value is shown in Figure 1.
In particular, the addition of melanin influenced slightly the T, temperature and those results were not
statistically significant {p > 0.05).

3.3, Surface Properties—Contact Angle

Three repetition tests were performed for each sample of the PLA-based films. The average values
of the contact angle obtained for distilled water were as follows: 66.96°; 67.67°; 67.00°; 67.25° for
samples “07, “17, “27, and “3", respectively. The Duncan’s test was applied to demonstrate that these
differences of averaged values were statistically insignificant (p > 0.05).

3.4. Barrier Properties—WVTR

Polylactide itself is not a high barrier material, both in terms of transmission of oxygen and water
vapor. The water vapor transmission rate of all four samples was measured by means of a gravimetric
method, which is based on the sorption of humidity by calcium chloride and a weight gain comparison
of the samples. As reported in the Table | sample “1” exhibited the lowest values of WVTIR which was
21.30 < 2.56 g/(m? x day), whereas the reference value was 24.60 4 0.33 g/(m? x day). However,
after considering standard deviations and statistical analysis, these differences are not statistically
significant. Sample “2” had a comparable value with the reference value and sample “3” exhibited
the highest value of 28.20 + 1.31 g/{m? x day). As before, Duncan test was carried out in order to
verify the differences between WVTR values. This was calculated by Statistica software that following
differences: “0” vs. “1%, “0” vs. “2” and “(” vs. “3"” were statistically significant (p < 0.05). All of the
other pairs of average values were not statistically significant (p > 0.05).
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Figure 1. Loss modulus (A); storage modulus (B} and tan § (C) of pure poly(lactic acid) (PLA) and
PLA/melanin modified films.

3.5. The Spectral Analysis of Modified Films
3.5.1. UV-Vis Spectra

UV-Vis spectra of pure PLA and PLA/melanin films are shown in Figure 2. The addifion
of melanin caused moderate improvement of the light barrier properties. Sample “3” showed

approximately 7-8% lower fransmittance values at UV-A and UV-B regions. From 250 nm all samples
showed the same transmittance pattern.
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Figure 2. The UV-Vis spectra of puze PLA and PLA /melanin modified films at 200-800 nm (A} and
250400 num (B).

3.5.2. The FT-IR Spectra

The FT-IR spectra of pure PLA and PLA/melanin films are shown in Figure 3. The strong IR bands
at 2997.69 cm™?; 2947.48 em™! are assigned to the -CH stretching region (~<CHjaeymm), ~CHa(symm-
and —~CH modes). The C=0 stretching region appeared in IR spectra at about 1747.21 cm™! as a broad
asymumetric band mainly due to A and Eq active modes. -CHjy was responsible for the appearance of
the band at 1454.49 cm™". ~CH deformation and asymmetric bands appeared at 1382.12 cm™! and
1360.76 cm™!. Moreover, the -CH bending modes resulted in bands at 1315 cm™* and 1300 cm™.
The C-O stretching modes of the ester group appeared at 1266.81 cm~* and the C-O-C asymmetric
mode appeared at 1080.13 cm™1. At 956.26 cm ™!, bands characteristic of helical backbone vibrations
with CHj rocking modes were visible. At 867.67 cm™! and 754.23 cm™! two bands appeared that
could be attributed to the amorphous and crystalline phases of PLA, respectively [1]. These peaks
can be also assigned to -C—C- stretching and C=0 stretching, respectively [16]. Only the spectrum of
PLA/melanin film with the highest melanin content (sample “3”) offered noticeable differences, mainly
at wavelengths: 1454.49 cm™%; 1382.12 cm™?; 1360.76 cm™?; 1127.94 cm™?; 1042.93 cm™?; 956.26 em™;
867.67 cm~1; 754.23 cmi~! and 705.41 ecm~ Y. Those differences were the result of melanin addition
inte PLA.

3.5.3. The Raman Spectra

Raman spectroscopy of pure PLA and modified PLA melanin films can be seen in Figure 4. Pure
PLA spectra can be characterized with stretching —-C=0 groups which are present at many wave
number values. Weak ~C=0 groups are present at a frequency range from 675 cm™! to 711 con ™! while
moderate groups can be found between 736 em™! and 760 em L. Strong ~C=0 groups in PLA polymer
can be found at 1773 cm™*. —C=0 groups broadened at a frequency range from 1700 to 1800 cm 1.
Specific peak group of PLA polymer appeared at 1450 cm~! which is attributed to asymmetric —CH
groups. ~CHz symmetric group used to appear at a frequency range between 1384 and 1388 cm™!
shifted to 1390 cm™1. Then, -CHj; asymmetric groups are found at 1128 cm~!. Raman spectra at a
frequency range of 1179 and 1216 cm™! were moderate ~C-O-C asymmetric groups.
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Figure 4. The Raman spectra of pure PLA and PLA /melanin modified films.

3.6. The Visual Appearance and Color

The visual appearance of pure PLA and PLA/melanin modified films is shown in Figure 5 while
the results of microscopic examination are shown in Figure 6. As can be seen in Figure 6 the distribution
of melanin particles in polymer matrix was homogenous. The majority of melanin particles size was
less than 1 pm. The color, AE, YI and WI values are presented in Table 2. The growing addition
of melanin influenced the color values in comparison fo pure PLA film, causing a reduction in the
lightness (L*) and an increase in the redness (7%} and yellowness (b¥) values. Color differences were
statistically significant (p < 0.05). AE values ranged from 0.60 (sample 1"} to 1.33 (sample “3”}. The
yellowness (YI) increased with increasing melanin amount, in contrast, the whitening index (WI)
decreased when the melanin content was increasing,.
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Figure 5. The visual appearance of the films: (A) pure PLA film (B) 0.025% PLA./melanin film (C} ¢.05%
PLA/melanin film (D) 0.2% PLA/melanin film.

Figure 6. The results of microscopic examination of the films: (A) pure PLA film (B} 0.025%
PLA/melanin film (C) 0.05% PLA /melanin film (D) 0.2% PLA /melanin film.

Table 2. Color parameters (L*, #*, b*), AE, yellowness index (Y1), whitening index (WI) and opacity of
pwre PLA and PLA /melanin modified films.

Sample L* a* b* AE ¥I Wi Opacity
0 7412000 001£000 0214001  used as standard 0.31 57.40 6.90 & 0.05
1 97.03£000 005000 0674000 0.60 0.99 96.95 6.67 &+ 0.04
2 9702000 007000 078000 0.69 115 96.92 6.53 & 0.07
3 96514001 0184000 118000 1.33 175 96.31 6.41 £ 012
3.7. Opacity

The opacity of pure PLA and PLA/melanin modified films is shown in Table 2. The opacity values
of modified PLA/melanin films were lower than the pure PLA film. The opacity of PLA /melanin
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films decreased after the addition of melanin particles (from 6.9 4: 0.09 of sample “0” to 6.41 & 0.12
of sample “3"). This may have been due to the color and the content of the melanin particles. Those
differences were not statistically significant (p > 0.05).

3.8. Antioxidant Activity

Table 3 presents results of an assessment of the available phenolic groups on the films surface and
antjoxidant activity of pure PLA and PLA/melanin modified films. The total available phenolics were
determined to be 0.018; 0.020 and 0.033 umole GAE/g fibm for samples “17, “2” and “3", respectively.
No polyphenolics were detected in the pure PLA film (sample “0”). The antioxidant activity of
modified PLA/melanin films grew with the increasing confent of melanin, reaching 21.66% and
23.20%, which was determined by DPPH and ABTS methods, respectively. No antioxidant activity of
the unmodified PLA film was observed. Differences between the modified films and pure PLA were
statistically significant (p < 0.05).

Table 3. The antioxidant activity determined by ABTS (AA% ABTS) and DPPI (AA% DPPH) methods
and available phenolic groups (APG) of pure PLA and PLA/melanin modified films.

Sample AA% ABTS (%) AA% DPFPH (%) APG (pmole GAE/g)
0 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
1 583 £011 5.69 £ 0.04 0.0181 + 0.006
2 1141+ 023 743+0.12 .0205 2 0.013
3 23.20 £ 0.09 21.66 +0.15 ¢.0234 £ 0.009

3.9. The Crystallization Characterization—DSC

In this study, D5C measurements were carried out to investigate the thermal characteristics
of the films. The glass transition temperatures (T;), cold crystallization temperatures (T}, melting
temperatures (Tr,) and crystallinity degrees (x) of the tested materials at ¢ = 5 °C/min are summarized
in Table 4. The thermograms corresponding to the second heating scan (A) and cooling (B) of pure
PLA and PLA /melanin modified films are shown in Figure 7. Compared to the pure PLA film, the
addition of melanin particles did not significantly affect the Ty and Ty (p > 0.05) of the modified
PLA/melanin films. T of films resulted from DSC are comparable to the results of DMA analysis. The
PLA/melanin films displayed double melting behavior. It can be seen that the degree of crystallinity
(x} of pure PLA was 0.23%, while crystallinity degrees of samples 17, “2” and “3” were 0.92%; 2.43%;
1.61% respectively.

Table 4. Thermal characteristics of pure PLA and PLA /melanin films.

Sample T, (°O) T. (°C) Tm (°C) x (%)
0 614 1129 148.7 023
1 61.2 107.1 147 4 0.92
2 61.5 108.3 147.9 243
3 615 107.3 147.5 1.61
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Figure 7. The DSC curves of pure PLA and PLA /melanin modified films (A) second heating scan
(B) cooling.

3.10. Antimicrobinl Activity

The susceptibility assay of E. coli, E. faecalis, P. aeruginosa, P. putida and S. aurens with respect to
the pure PLA and modified PLA /melanin films is shown in Figure 8. The results of this research
determined that neither pure PLA nor modified films were found to be active against E. coli and
S. aureus. As indicated by statistical analysis, the differences between numbers of E. cofi and 5. aureus
cells exposed to pure PLA and modified PLA/melanin films were not significant (p > 0.05). The
resulis of this research demonstrated that pure PLA films had no influence on the growth of E. faecalis,
P aeruginosn and P. putida cells but the cells exhibited sensitivity towards modified films. A log
reduction of the number of cells was noted when bacterial cells were exposed to highest melanin
concentration in modified films. As can be seen in Figure 8 the growth of E. faecalis, P. aeruginosa and
P. putida were observed after contact with samples “1” and “2”, but the number of bacterial cells was
reduced than in comparison to control film, devoid of melanin. The differences between the number of
viable cells were significant, as confirmed by a Duncan test (p < 0.05).

1.0x 10
10x10°
1.0x10*
1.6x10°

1.0x10°

Conceatration, log CFU/mL

1.0x 10"

10x10°

E. coli 5. aurelis E. faecalis P. aeruginosa P. putida

® Pure PLA Alm ® 0.025% PLA/melanin film v 0.05% PLA/melanin film n 0.2% PLA/melanin film

Figure 8. The influence of pure PLA and PLA/melanin modified films on E. coli, 5. aureus, E. faecalis,
P. aeruginosa and P. putida growth.
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4. Discussion

The results of this study presented that the melanin isolated from ABW used as an additive
for PLA at various concentrations may influence the properties of modified films depending on
concentration. The increased availability of PLA has stimulated increased research and development
activities, which can also be partly atfributed to the escalating “green” movement that is encouraging
the use of bio-polymers. Since the packaging industry plays a dominant role in the short-term use of
cheap non-biodegradable petroleum-based materials, their replacement with PLA could provide a
significant step to eco-friendly solutions [1,544]. Hence, the incorporation of melanin has opened up
new avenues o discover its applicability in the packaging industry, such as packaging material for
avoiding oxidation of sensitive food, thus expanding the spectrum of its uses.

The application of melanins for the modification of packaging polymers known from literature
is relatively limited. Dong et al. modified poly(vinyl alcohol} with natural melanin from cuttlefish
ink and synthetic melanin from dopamine hydrochloride autoxidation. Their results revealed that
melanins may enhance the thermal stability of polymer, even in low content (0.5 mass%) due to their
ability to scavenge radicals responsible for the degradation process [40]. Shanmuganathan et al. have
reported that synthetic melanins derived from the oxidation of L-Dopa significantly improve the
onset decomposition temperature of PMMA by 5090 °C, when the addition of melanins amounts are
low (0.5-5 mass%) [39]. Kiran et al. synthetized nanomelanin-polyhydroxybutyrate nanocomposite
film which showed antioxidant activity and a strong protective effect against multidrug-resistant
Staphylococeus aureus [41]. It is noteworthy that melanin itself may be used to prepare thin films [45-47].

In order to adequately preserve the quality of food goods, the packaging materials have to
provide efficient barriers against light, water vapor, atmospheric gases and volatile organic compounds,
preventing food spoilage. When the modified biend film is applied to preserve food, its integrity has
to be maintained and external stress withstood, so these mechanical properties are vitally important
characteristics of the film [1]. A relatively wide-ranging tensile strength (1470 MFa) and deformation
at break (1-8%) has been found, depending on the type of PLA and process [5]. Due to the lack of
literature relating to the effect of melanin on the mechanical properties of PLA-based films, other
non-thermoplastic substances were considered in order to discuss the results described above in this
work. Rhim et al. reported that the addition of nanoclay (Cloisite 20A) had a negative impact on both,
the tensile strength of the PLA-based films and elongation at break when the additive represented
more than 3% (w/w) of the PLA /nanoclay composite film. Both parameters decreased explicitly with
an increase of nanoclay content and eventually, when the PLA /Cloisite 20A ratio was 95:5, the values
of tensile strength and elongation at break dropped by approximately 10% [11]. Jamishidan et al.
described the influence of selected antioxidants on the mechanical and surface properties of PLA based
bio-composites. Both x-tocopherol and ascorbyl palmitate reduced PLA tensile strength by about 8%
and 43% respectively. a-tocopherol as a plasticizer, increased elongation at break by about 16% [48].
Our results suggest, that melanin in low and moderate concentrations may enhance the mechanical
properties of PLA such as tensile and burst strength, whereas high melanin content may resultin a
deterioration of PLA properties.

Dynamic mechanical analysis is a method based on oscillating loading of a sample and an elastic
and viscous response monitored as a function of temperature. The results are expressed by three
parameters: the storage modulus (E”), the loss modulus (E') and the loss factor—tan § (which is ratio
E”/E’). The storage modulus usually strongly decreases when temperature crosses the dynamic glass
transition (when heating at constant frequency), when the loss modulus (E”) and tan § exhibit a peaked
shape [10]. The DMA analysis for the films was carried out to determine the effect of the melanin

on their thermomechanical properties. PLA is a semi-crystalline material, and its storage modulus
decrease rapidly when the material enters its glass transition. Thus, it displays a region of relative
stability before its modulus plummets rapidly as PLA structure approaches the melting point [10].
As can be seen in Figure 1B sample “0” and “2” shown a similar pattern, while the peak of sample
“1" was more intense. On the contrary, the presence of the highest melanin content in sample “3”
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hinders the polymer chains mebility, resulting in a broader and larger peak in comparison to other
samples. The different shape of the tan § peak (Figure 1C) can be explained taking into account the
random placement of the melanin particles within the PLA matrix. Indeed, this arrangement leads to
the overlapping of the melanin particles, thus creating some matrix-poor areas, which can influence
the PL.A chain mobiiity [10,28].

Food products are very susceptible to rancidity caused by oxidation of lipids that contain
unsaturated fatty acids that can be attacked by oxygen free radicals. Antioxidants are added to foods
io intercept and react with these free radicals at a faster rate than the lipid subsirate. Nevertheless,
the current incorporation of antioxidants throughout the entire food matrix in one large initial dose
is not an efficient process due to the oxidation occurring at the surface and high initial doses of
antioxidant having a pro-oxidant effect. Therefore, one emerging technology is the use of antioxidant
active packaging, where the antioxidant is incorporated to a packaging material with the purpose
of being delivered to the food surface during commercialization, at an appropriate rate. Most of
the active packaging developments base their work on the mass transportation properties of plastic
materials (sorption, migration, and permeation), and the release of the active agents depends on
several factors, such as the type of polymer and type of food [49]. However, the presence of synthetic
antioxidants in food is questionable, owing to the potential risks. This has been encouraged by
strong consumer demand, as synthetic compounds are frequently perceived as undesirable or harmful.
Natural antioxidants are preferred to artificial substances, especially by consumers [36,37]. Moreover,
the use of active antioxidant packaging that incorporates natural antioxidants presents important
advantages. The addition of a natural compound to the packaging may reduce the need to use
synthetic antioxidants in the plastic, reducing the risk of potential toxicity by migration [49]. Several
reports of PLA medifications by antioxidants are known from the literature. A wide spectrum of
additives was used including humic acids [42], a-tocopherol and ascorbyl palmitate [48,50], as well
as nano-lignin [51]. Some other natural additives have also been used to modify other polymers
to develop antioxidant activity, suich as green tea extract [49], extracts from pine bark and grapes,
carotenoid-containing oleoresin from tomato processing [52], extracts of red and white grape seeds
and tomato [53].

Phenolic structures present in melanin molecules are considered to be major electron donating
moieties and responsible for antioxidant activity [36,37]. A standard Folin-Ciocalteu method was
utilized for this purpose, which is a simple technique extensively used in the quantification of phenolic
compound content in various substances. Following the methodology described by Bishai et al. [42]
the total available phenolics have been determined to be 0.018; 0.020 and 0.033 umole GAE/g film for
samples “1”, “2” and “3”, respectively. No polyphenolics were detected in pure PLA film {sample
“0™), which is evident as PLA does not contain polyphenolics. It is comparable to the results of
Bishai et al. who modified PLA with the incorporation of humic acid, and in their study, the total
available phenolic was determined to be a 0.075 pmole GAL/g film [42]. Ambrogi et al. stated
that the addition of polyphenolics containing compounds, such as extracts from pine bark and
grapes and carotenoid-containing oleoresin from tomato processing increased the oxidative stability of
polypropylene films [52]. Cerruti ef al. also demonstrated that natural additives, such as exiracts from
red and white grape seeds and tomato effectively stabilize the polymer by acting as an antioxidant {53].

To evaluate the antioxidant properties of the films, methods based on the color quenching
of synthetic radical ABTS and DPPH were performed in aqueous and methanol medium,
respectively. Within this reaction charged ABTS chromophore is decolorized by electrons donated by
hydroxyl/phenolic groups of melanin and a decrease in absorbance was measured at 734 nin. The
DPPH method was based on the presence of its odd electron, DPPH offers strong absorption maxima
at 517 nm (purple) with a visible spectroscopy. As the odd electron of the radical becomes paired off in
the presence of a hydrogen donor, i.e., a free radical scavenging antioxidant, the absorption intensity
is decreased. The resulting decolorization is stochiometric with respect to the number of electrons
captured [36,37,42]. Modified PLA /melanin films have shown good radical scavenging activity. Our
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results are comparable to results obtained by Bishai et al. who used humic acid to develop antioxidant
activity in PLA films [12}.

Sensitive components of food such as lipids, flavors, vitamins and pigments may undergo
photodegradation reactions. The spectrum and the intensity of the light source, the conditions of light
exposure, and the degree of packaging material light transmittance are factors that can significantly
affect food quality. Thus, packaging plays a pivotal role in the prevention of the photodegradation
of food components during storage [1]. The design of the packaging for a specific food product
involves not only the choice of appropriate packaging material, but also the addition of the right
additives or stabilizers to the packaging in order to provide a more efficient UV-Vis light barrier,
and thus a significant improvement in the protection of food quality after storage. The absorption
and transmission of light by polymers is particularly important in the food packaging industry
where the packaged goods are light sensitive. Another issue in fresh food packaging is the effect of
irradiation in the package, since ultraviclet light irradiation is a common method used for lowering
microbial population in foods [1]. PLA has reasonably good optical properties compared to existing
petroleum-based polymers [1,54]. FLA reinforced with bentonite, layered silicate, and microcrystalline
cellulose has shown promising results in terms of a reduction in UV transmission and visual radiation,
which can be advantageous in packaging applications [1]. Shanmuganathan et al. have reported that
the incorporation of melanins at very low levels (0.5-5 mass%) to PMMA, decreased the transmittance
of material by 80% [39]. At 225 nun PLA shows a significant increase in UV light transmitted, reaching
about 85% at 250 nm and 95% at 300 nm. Thus, most of the UV-B and UV-A radiation passes through
the PLA films. No UV radiation transmission was found in the lower range of UV, in the 190-220 nm
wavelength region. As shown in Figure 2 the addition of melanin into PLA produced approximate
8% improvement in UV-Vis barrier properties at 400 nm and approximately 7% at 280 nm. PLA the
maximum absorbance wavelength is 240 nm and can be atfributed to the ester group present in the
polymer [1]. The melanin transmittance pattern is very similar to that of PLA, thus the UV-Vis barrier
properties were not strongly enhanced, but nevertheless, some improvement was observed.

FT:IR and Raman spectroscopies are useful and highly important tools to characterize the
physicochemical nature of the polymers [1,9,10,15]. Due to the high sensitivity of FT-IR spectroscopy
to changes in the dipole moment of a given vibrating group, this technique was used to identify
polar groups. In contrast to Raman spectroscopy, it is especially useful in the characterization of
the homonuclear polymer backbone due to its sensitivity to changes and polarizability [1]. Peaks
of 867.67 cm™! and 754.23 cm™! appear as two bands that can be attributed to the amorphous and
crystalline phases of PLA, respectively, suggesting, that the films obtained may have both phases in
their structure [1]. No evident differences between samples 0, 1 and 2 were observed. This may be
caused by fact that FT-IR spectroscopy is a rather shallow penetrative technique (approximately 0.5
um at 4000 cm~! up to 5 um at 400 cm™!) whereas film thickness was 75-80 pm. Consequently, the
more penetrative Raman spectroscopy was used [55,56]. Results of the Raman spectroscopy analysis
showed noticeable differences in the obtained spectra. With higher melanin content peaks were
observed with greater insensitivity. The peaks can be interrelated as originating from the in-plane
streiching of the aromatic rings and the linear siretching of the C—C bonds within the rings, along
with some contributions from the C-H vibrations in the methyl and methylene groups in the melanin
molecules [57]. A peak at 2000 cm™! is similar to those obtained by Galvan et al. from eumelanin and
may be caused by the stretching of three of the six C—C bonds within the melanin aromatic rings [58]. It
was noted, that on all modified films, Raman spectra peaks at 395 cm ™! are present, which are thought

to correspond to peaks obtained from pheomelanin and eumelanin and are caused by an out-of-plane
deformation of the phenyl rings. Peaks at 2010 cm ™~ are also similar to peaks seen in pheomelanin
and are probably due to overtone or combination bands [57,58].

The water contact angle of the material is associated with its hydrophilicity. In general, the smaller
the water contact angle, the higher the hydrophilicity. In the work of Cui et al. the water angle of pure
PLA was approximately 72° [9]. In our work, the contact angle of pure PLA was approximately 66.96°.
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This discrepancy may be a result of the PLA compositions from various manufacturers. The addition
of melanin into PLA at all concentrations did not significantly {p > 0.05) affected the surface properties
of the polymer. In contrast, in a study by Jamishidan et al. the authors observed that ascorbyl palmitate
decreased the PLA film contact angle (of a water droplet) and increased the polarity and wettability of
the material [48].

One of the most important properties of bio-based films for the application of packaging is to
minimize moisture transfer from the environment to the packed goods. Water vapor permeability
(WVT) is one of the most imporiant properties in food packaging due to 1he noticeable role water has in
deteriorative reactions and microbial growth. For this purpose, the WVP of packaging materials should
be as low as possible [1,16,20,59]. Jamishidan et al. observed that pure PLA films had parameters
that were minimally lower than compared to the films containing either 2% of a-tocopherol or 1%
of ascorbyl palmitate. However, no significant differences between the values were reported [48].
Rhim et al. proved that the incorporation of Cloisite 20A nanoclay decreased the values by less than
3% [11]. In our study, the addition of 0.025% of melanin into the PLA mafrix resulted in improved
barrier properties. This may be caused by the intramolecular interactions of the melanin particles and
PLA chains. However, at higher concentrations (0.05% and 0.2%), the WVTR of modified blends was
exacerbated than compared to neat PLA. This might be atiributed to the fact that the addition of some
compounds in high concentrations may increase the average pore size of the films, thus facilitating
water molecule penetration into the polymer matrix [16].

Some additives for PLA composites may influence the color values of the modified blends.
Li et al. developed antimicrobial packaging film made from PLA with TiO; and Ag nanoparticles. The
addition of TiO; increased the L* (lightness) value of the modified films, due to the white color of
nano-TiO, powder, but in contrast, the addition of Ag nanoparticles resulted in a dark color explained
by the argentous sheen of the nano-Ag powder [16]. Liu et al. noted that the addition of oregano
essential oil had a clear influence on the color values of the PLA films [20]. Shi et al. observed that
the co-polymerization of PLA with 3,4-dihydroxyphenylalanine, an amino acid being a precursor
of DOPA melanin resulted in a yellow-brown color in the modified films [60]. Also Kiran et al.
observed that synthetized nanomelanin-polyhydroxybutyrate nanocomposite film is characterized by
a yellowish-brownish color {41]. Qur results indicate that the increasing addition of melanin influences
the color values in comparison to pure PLA film, leading to reduction in lightness (L*), as well as an
increase in the redness (#¥) and yellowness (b*) values. AE values ranged from 0.60 t0 1.33, AE > 1
is considered perceptible to the human eye, so the highest melanin content caused noticeable color
changes. The yellowness (YI) increased with increasing melanin amount, while the whitening index
(WI) decreased when the melanin content was increased. The yellowness index or a change in the
degree of yellowness is a number calculated from spectrophotometric data that describes the change
in color of a test sample from clear or white to yellow. The opacity of PLA/melanin films decreased
with the addition of melanin particles (from 6.90 = 0.09 of sample “0” to 6.41 & 0.12 of sample “3").
This was probably due to the color of the melanin powder. The changes of film transparency as a
consequence of the addition of nanoparticles had been reported with PLA films [15]. However, the
difference in opacity among film samples was not perceptible to the human eye and not statistically
significant (p > 0.05). PLA/melanin films in all melanin concentrations still had good transparency,
even at high melanin content. This result suggested high PLA/melanin film transparency, meaning
that packaging film could be transparent, which an important requirement for consumers and this
wotuld have a clear influence on customer choice [16].

Compared to the neat PLA film, the addition of melanin particles into polymer matrix did not
affect the Ty and Trm of PLA. This might be because the addition of the melanin did not change the
mobility of the PLA macromolecular chains [16,20]. On the other hand, it can be seen in Figure 7, that
the cold crystallization temperature (T} was changed by the introduction of melanin and led to an
obvious decrease in comparison to pure PLA. Similar observations were made by Li et al. [16] who
found that the addition of titanium dioxide and silver nanoparticles did not result in obvious changes
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in thermal transitions of PLA, but introduction of nano-TiO; decreased the T, values of modified films.
As can be seen in Figure 7, the addition of melanin changed the melting behavior of resulted films
in comparison to pure PLA. Under this heating conditions, the amorphous PLA chains do not have
enough time to self-adjust, resulting in reduced cold crystallization and the subsequent multi-melting
behavior, which is indicative of polymorphism, melt recrystallization [61] or to lamellar populations
with different perfection degrees [62]. As can be seen in Figure 7 the enthalpy of crystallite formation
in cold crystallization temperature is in fact almost identical to the melting enthalphy of crystallites at
the melting point, which means that all crystallites in the polymer malrix rise above approximately
100 °C, which is confirmed by the cooling curve, where there is no peak of crystajlization, only the
glass transition temperature. As listed in Table 4, the addition of melanin led to a significant increase
of the x values of modified PLA/melanin films in comparisen to the PLA film devoid of melanin.
Crystallization degrees of pure PLA and PLA /melanin films values are relatively low indicating, that
all the tested samples presented high amorphic structure. According to Li et al. this result can be
explained by the phenomenon of heterogeneous nucleation [16]. Considering the increase in y and
decrease in the cold crystallization peaks as a result of melanin addition it is tempting to suggest that
melanin is acting as a nucleating agent. Sullivan et al. observed that cellulose nanocrystals also can act
as nucleating agent when added to PLA [61], whereas Bishai et al. [42] noticed that incorporation of
humic acid into PLA matrix reduced its crystallinity.

Modified PLA /melanin films showed antibacterial activity against E. faecalis, P. aeruginosa and
P. putida. No antibacterial activity towards, E. colf and 5. qureus was observed. This data are supported
by previous study showed that melanins from some fungi have been active against P. aeruginoss and
E. faecalis [36,37]. The literature on melanin applications to develop antimicrobial properties of polymer
film is refatively limited. Kiran et al. synthetized nanomelanin-polyhydroxybutyrate nanocomposite
film which showed a strong protective effect against multidrug-resistant Staphylococcus qureus [41].
Kuang et al. developed antimicrobial DOPA-melanin coatings that were able to load and release of
a cationic aminoglycoside active against 5. aureus [45]. Some authors noted antimicrobial activity
of melanins from various microbial sources. Helan Soundra Rani et al. [63] noted the antimicrobial
activity of melanin isclated from halophilic black yeast Horfaer werneckii. Laxmi et al. [64] observed
that growth of P. geruginosa was inhibited on the presence of melanin obtained from Providencia refigeri.
Xu et al. [65] analyzed the antimicrobial activity of melanin from Lachnum YM30 and noted that it
was active against a wide spectrum of bacteria, including S. aureus. The authors suggest that melanin
antibacterial activity might result from damage of the cell membrane and affect bacteria membrane
function. A discrepancy in melanin antimicrobial activity may result in differences within the molecule
structure and composition but also particles size [41,66]. On the other hand, there are some reports
that melanins have antibiofilm activity against pathogenic bacteria including . aeruginosa and could
interfere with bacterial quorum-sensing system, regulate its associated functions, and prevent bacterial
pathogenesis [64,65,67,68].

5. Conclusions

This article explored the properties of modified PLA films incorporated with fungal melanin.
The properties of PLA/melanin composites were compared to pure PLA. Melanin played a vital
role in mechanical, antioxidant, antimicrobial and barrier properties. The UV-Vis barrier properties
of modified PLA were slightly improved by the incorporation of melanin. However, tensile and
burst strength, water vapor transmission rate, color and the anfioxidant properties of PLA based
films varied depending on the presence and amount of melanin. An improvement in the antioxidant
activities of modified PLA film is worth mentioning as an important aspect of the work. Considerable
improvement in these properties has been observed in comparison to pure PLA, The results described
here are particularly interesting if one considers that the additives used have a natural origin and are
extracted from bio-waste, providing added value in the development of sustainable alternatives to
traditional synthetic antioxidants.
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ABSTRACT

Fungal melanin was used to prepare gelatin-based composite films. The films of various
melanin concentrations (0.1%, 0.5% and 1% w/w) were prepared using a solution casting method, The
mechanical, antioxidant, antimicrobial, water vapor, oxygen and UV-Vis barrier properties, as well as
any available surface polyphenolics were studied. FT-IR and Raman spectroscopy studies were carried
out to analyse the chemical composition of the resulting films. The hydrophobocity, solubility, colour
response, optical properties and opacity were also determined. The results of this study showed that
the modification of gelatin with fungal melanin had no influence on mechanical and water vapor
barrier properties, oxygen barrier properties were improved. The UV-Vis barrier properties of
modified films were significantly improved. Modified gelatin films showed good antioxidant activity
but were inactive against microorganisms. The modification with melanin caused changes in colour
values, decreasing lightness and increasing the redness and yellowness of the films, Based on the
results of this study, fungal melanin has good potential to be utilised as a value-added meodifier that
can improve the properties of gelatin films.
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1. INTRODUCTION

Natural polymers, biopolymers, and synthetic polymers based on annually renewable
resources are the basis of a 21%-century portfolio of sustainable, eco-efficient plastics. These
biosourced materials are hoped to gradually replace the currently existing family of
petroleum-based polymers as they become less competitive in regards to cost performance.
Biodegradable polymers from renewable resources have attracted a great deal of attention in
research. They are defined as polymers that undergo microbially-induced chain scission
leading to mineralization [1]. The development of biodegradable packaging materials is an
effective alternative to synthetic packaging material from petrochemical products, which are
non-biodegradable and have a negative impact on the environment. Moreover, biodegradable
materials are eco-friendly, non-toxic and have been shown to have many desirable physico-
chemical characteristics over their synthetic counterparts [2-4]. In the last few decades, there
has been a marked increase in the use of natural polymer-based film materials and coatings in
packaging for the food industry, which protect food from external contamination, impeding its
deterioration by extending shelf life and maintaining quality and safety [4]. In addition to
consumer requirements and in order to substitute petroleum-based plastic packaging, a wide
variety of biopolymers that come from agro-food industrial wastes and renewable low cost
natural resources have emerged [5]. Packaging is widely used for the protection of food
quality, thereby ensuring hygiene and extending the shelf life of perishable items, especially
those susceptible to oxidative and microbiological deterioration [6]. In this context, the
formulation of films and coatings for food packaging applications must include at least one
component capable of forming a cohesive three-dimensional matrix [4]. Biopolymers directly
extracted from biomass mainly used in edible films for food packaging are proteins,
polysaccharides, lipids and their combinations. The physical and chemical properties of the
biopolymer used determine the final properties of the developed films [2-4,6,7]. The protein-
based films from various sources have excellent oxygen, carbon dioxide and volatile
compound barrier properties, than compared with synthetic films under low relative humidity
conditions [2,4,5].

Gelatin is a natural water soluble protein characterized by the absence of an appreciable
odour and the random configuration of the polypeptide chains in aqueous solution. It is
obtained from the denaturation and partial hydrolysis of collagen, a fibrous protein found
mainly in certain parts of vertebrate and invertebrate animals as bones, skins, connective
tissues and tendons. Its structure consists of rigid bar-like molecules that are arranged in fibres
inter-connected by covalent bonds [6,8-10]. It has a triple-helix structure mainly stabilized by
the formation of inter-chain hydrogen bonds between carbonyl and amines [4,9-12]. With
respect to collagen, it does not express antigenicity in physiological conditions, it is
completely resorbable in vivo, and its physicochemical properties can be suitably modulated.
Furthermore, it is much cheaper and easier to obtain in concentrate solutions [13]. The
abundance, availability and low cost of gelatin promote its use in a wide variety of
applications [12]. It is unique among hydrocolloids as its melting point is so close to body
temperature [8]. At a temperature of about 40°C, gelatin aqueous solutions are in a sol state
and change into gels when they are cooled at room temperature, provided that their
concentration is high enough [13,14]. The sol—gel transformation is due to a conformational
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disorder—order transition of the gelatin chains which form thermo-reversible networks by
associating helices in junction zones stabilized by hydrogen bonds [13].

Gelatin is accepled as a “*Generally Recognized as Safe’” (GRAS) substance by the
U.S. Food and Drug Administration (FDA) [11]. Gelatin is widely used in the manufacture of
edible films due to its excellent film forming ability, low gelling and melting point and
biodegradability [4,8]. Gelatin films exhibit good oxygen barrier properties at low or
intermediate relative humidity (RH) and satisfactory mechanical properties, making them
suitable for use as coating or food packaging materials [4,11,12]. Depending on the
processing method, gelatin can be classified into two types: (1) type A: with an isoelectric
point at pH ~8-9, obtained from acid treated collagen; and (2) type B: with an isoelectric
point at pH ~4-5, derived from an alkali treated precursor which converts asparagine and
glutamine residues into their respective acids, resulting in higher viscosity. Gelatin derived
from pig skin is normally referred as type A, and it is derived from beef skin or pig or cattle
hides, as well as bones, and is referred to as type B [4].

The food, pharmaceutical, and photographic industries are the main users of gelatin,
which has several other technical applications. Its most frequent uses in the biomedical field
include hard and soft capsules, microspheres, sealants for vascular prostheses, wound dressing
and adsorbent pads for surgical use, as well as three-dimensional tissue regeneration [4,14]. In
particular, gelatin is used to provide gelling, stabilization, texturization and emulsification for
bakery, beverages, confectionary and dairy products for the food industry. However, the
limited thermal stability and mechanical properties of gelatin, especially during processing,
limit its potential application [4].

A number of recent studies have dealt with extending the functional properties of
biodegradable films by adding different compounds with antioxidant or antimicrobial
activities in order to yield a biodegradable active packaging material. In order to reduce the
use of synthetic chemical additives in the food industry, the use of natural food additives
without any negative effects on human health has increased in recent years {4,15]. Those
additives may not only influence the mechanical, barrier, optical properties and thermal
stability of the blends but also enhance the microbial stability of the packaged foods by using
active packaging developed by the incorporation of antimicrobial compounds into the
polymer matrix. Contact between the active materials and food, which has the ability to
change the food composition or the atmosphere around it, represents an active packaging
system that inhibits the growth of microorganisms present on the surface of food products [1].

Several properties of gelatin films, such as mechanical, permeability, light absorption,
transparency, antimicrobial activity and antioxidant ability, are not only influenced by the
addition of active substances, but also by physical methods [4,6,12,16-18]. A wide spectrum
of additives (nano or microsized) have been used for the preparation of gelatin composites
including: hydroxyapatite [19], polysaccharides [20,21], rice flour [22], vegetable carbon
black [23], carbon nanotubes {24], metal nanoparticles {25,26], fatty acid sucrose esters [27]
and genipin [13].

Additionally, gelatin films can be used as vehicles for the release of antioxidant
compounds such as: curcumin and its derivatives [12], essential oils [2,5,8,28-36], esculine
[37], butylated hydroxytoluene and a-tocopherol {38], lignin [9,39], liquid smoke [40],
carvacrol [41], tannin [11,42] vanillin [43], riboflavin [44], gallic acid [45], aloe vera gel
[46,47], tea polyphenols and green tea extracts loaded into chitosan nanoparticles {15,47-50],
grapefruit seed extract [51] and tomato pulp [52].
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Currently, naturally occurring bioactive compounds are preferred by both consumers
and companies due to concerns over the potential risks of synthetic compounds.

In this context, fungi and plants are a valuable source of active compounds, such as
antioxidants and antimicrobials, used for pharmaceutical, medical and food applications
[4.12,53]. Melanins have been isolated and characterized from a variety of phylogenic
sources, such as animal [54], plant [55], bacteria [56] and fungi [57-59]. Melanins are
commonly represented as black and brown pigments, high molecular weight heterogeneous
polymers derived from the oxidation of monophenols and the subsequent polymerization of
intermediate o-diphenols and their resulting quinones [60,61]. Melanins are types of
pigments, possessing broad biological properties including antioxidant, radioprotective,
thermoregulative, chemoprotective, antitumor, antiviral, antimicrobial, immunostimulating
and anti-inflammatory [54-61]. Potentially, these melanin attributes could also be imparted to
polymers, and in the case of biopolymers, potentially enhancing performance as well as
sustainability credentials, explore its other nonconventional applications such as cross-linking
during polymerization, antioxidant and antimicrobial activity, radioprotective ability and
improving the biological properties of the polymer. The use of melanins remains relatively
unexplored with few examples of these compounds blended with packaging polymers or use
them to modify coatings [1,62-66], and no studies on gelatin/melanin composites are available
in the scientific literature.

The aim of this study was to investigate the influence of fungal melanin on the
properties of modified gelatin films. To evaluate the potential functionality in food packaging
applications, the mechanical, barrier, antioxidant and antimicrobial properties were ail
evaluated. Spectroscopic studies were performed to elucidate melanin addition in the
chemical composition of modified blends. Additionally, the goal of the study was also to
evaluate the influence of fungal melanin on the colour, solubility, opacity and optical
properties of the films.

2. MATERIAL AND METHODS
2. 1. The Isolation of Melanin from A. bisporus Waste

Agricultural waste from the production of 4. bisporus (ABW—Agaricus Bisporus
Waste) in the form of fruiting bodies stipes was obtained from a local producer in Wolsztyn
(Wielkopolskie voivodeship, Poland). 500 g of ABW was first homogenized (Heidolph
Brinkmann Homogenizer Silent Crusher, Germany) in 500 ml of distilled water and
incubated (24 h, 37 °C) to allow enzyme tyrosinase action (hydroxylation of monophenols to
o-diphenols). After incubation, the homogenate mixture was adjusted to pH = 10 by 1 M
NaOH, and incubated (24 h, 65 °C) to allow a spontaneous oxidative polymerization of the
resulting o-diphenols and quinones to form melanin. Afterward, the mixture was filtered,
centrifuged (6000 rpm, 10 min), and an alkaline ABW raw melanin mixture was used to
purify the melanin. An alkaline ABW raw melanin mixture was first adjusted to pH 2.0 with
1 M HCI to precipitate melanin, followed by centrifugation at 6000 rpm for 10 min and a
resulting pellet was collected. The pellet was then hydrolyzed in 6 M HCI (90 °C, 2 h),
centrifuged (6000 rpm, 10 min) and washed in distilled water five times to remove acid. The
pellet was washed with chloroform, ethyl acetate and ethanol three times to wash away lipids
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and other residues, Finally, the purified melanin was dried, ground to a fine powder in a
mortar and stored at —20 °C until testing.

2. 2. The Preparation of Modified Gelatin Films

Gelatin films were prepared by the use of a solution casting method. Commercial
bovine gelatin was purchaed from Rousselot SAS (Saint-Michel, France). Firstly, ammonia
water was added to the distilled water and the pH was adjusted to 10 (to enable the
solubilization of melanin). Next, fungal melanin was added to alkaline solutions to obtain a
0.1% (sample “1™), 0.5% (sample “2”) and 1% {(sample “3”} (on gelatin dry basis), and the
solutions were placed in a stirrer (120 rpm), at 50 °C for 24 h. The solution devoid of
melanin addition served as a control film forming solution (sample “0"). When melanin was
dissolved, the solutions were filtered through Whatman filter paper under vacuum. 8 g of
gelatin were added to 100 mL of filtered alkaline solutions and kept for 2 h at 60 °C under
continuous stirring (120 rpm) to obtain a homogenous solution. Then, 10 % w/w (based on
gelatin dry mass) of glycerol was added (this was used as a plasticizer). The film forming
solutions were stirred for 15 min and finally poured into polypropylene Petri dishes (90 mm
diameter), and kept at 25 °C, 50% relative humidity (RH)} in controlled chamber during 48 h
to evaporate water and ammonia, and form the films. Before all experiments all films were
conditioned in a chamber 48 h, at 25 °C and 50% RH.

2. 3. Water solubility of the films

Preweighted (Wg) dried films (2 cm X 2 ¢m) were immersed in 15 mL of distilled water
with the addition of 0.01% of sodium azide (as antimicrobial agent) at 30 °C under constant
agitation (50 rpm) for 24 h. The undissolved matter was separated by centrifugation at 1000
rpm for 5 min and the pellet was dried at 105 °C to determine the weight (W;) of the
insoluble contents. All tests were carried out in triplicate and water solubility was calculated
using the following Equation:

Water solubility (%) = [(We— W1}/ Wq] % 100% (N

2. 4. The Mechanical Properties of the Films

Mechanical measurements were tested by the use of Zwick/Roell 2,5 Z equipment
(Zwick/Roell, Germany) and they included tensile strength (the gap between tensile clamps
was 25 mm and tensile speed was 100 mm/min), elongation at break, and burst strength
(transducer diameter 0.75 mm, speed 50 mm/min).

2, 5, The Water Vapor Transmission Rate and Oxygen Transmission Rate of the Films

The Water Vapor Transmission Rate (WVTR) was measured by means of a gravimetric
method that is based on the sorption of humidity by calcium chloride and a comparison of
sample weight gain. Initially, the amount of dry CaCl; inside the container was 9 g. The area
of film was 8.86 cm’. Measurement was carried out for a period of 4 days, each day the
containers were weighed to determine the amount of absorbed water vapor through the films.
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The results were expressed as average values from each day of measurement and each
container. Analyses were carried out at ten independent containers for each type of films,
calculated as a standard unit g/(m” % day) and presented as a mean = standard deviation.

The Oxygen Transmission Rate (OTR) was measured by means of Ox-Tran 2/10
instrument (Mocon, USA) equipped with a culometric sensor. The method is based on a
standard ASTM D3985 — appropriate for films and laminates.

2. 6. The Contact Angle (CA)

The surface properties of modified and pure gelatin films were measured through a
contact angle analyzer. The following measurement was carried out by means of a laboratory
goniometer (Haas 1LL). Film samples were cut into 3 em x 9 cm and fitted on a sample stage
and leveled horizontally. A drop of distilled water was placed on the surface of the film using
a microsyringe. Analyses were carried out at three independent times and presented as mean +
standard deviation.

2. 7. Spectral Analysis
2.7. 1. UV-Vis spectroscopy

The UV-Vis spectra of the films samples were measured by the use of a UV-Vis
Thermo Scientific Evolution 220 spectrophotometer at 2001100 nm.

2. 7. 2. FT-IR Spectroscopy

Fourier transform infrared (FT-IR) spectra of the unmodified and modified film samples
were measured using a FT-IR spectrosco%ay (Perkin Elmer Spectrophotometer, Spectrum 100,
USA), operated at a resolution of 4 cm ', over 64 scans. Film samples were cut into square
shapes (2 cm x 2 cim) and placed directly at the ray-exposing stage. The spectra were recorded
at a wavelength of 6504000 cm™. The spectra were normalized, baseline corrected and
analyzed using SPECTRUM software.

2.7. 3. Raman spectroscopy

Pure and modified films were analyzed using a Raman station (RamanStation 400F,
Perkin Elemer, USA) with point-and-shot capability using an excitation laser source at 785
nm, 100 micron spot size. Film samples were cut into square shapes (2 cm x 2 c¢m) and placed
directly at the ray-exposing stage. The spectra were recorded at a wavelength of 250-3300
cm”. The spectra were normalized, baseline corrected and analyzed using SPECTRUM
software (10, PerkinElmer, USA).

2. 8. Color response analysis

The color changes of the films were measured by using a colorimeter (CR-5, Konica
Minolta, Japan). The results were expressed as L (lightness), a (red to green), and b (yellow to
blue) parameters to evaluate color changes in the modified films. All of the measurements
were determined at three random points on both sides of each film, and the experiments were
performed five times and presented as a mean * standard deviation.
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To determine other color properties of the films, AE (color difference), Y1 (yellowness
index), WI (whiteness index), hue angle (h*ab) and chroma (C*ab} values were calculated
using following Equations (where pure gelatin film served as a standard) [1,34]:

AE = [(Lyandssa = Lsample)” + (@standard — Gsample)” + (Pstondard = beampi)”° (2)
Y1=142.865%1" 3)

WI=100—[(100 — L)* + a" + b*]°° )

h*ab= arctg Zzz’—;‘zz: (5)

C*ab= [(@sampic) +(bsampie) °* (6)

2. 9. Opacity measurements

The opacity of modified gelatin/melanin and pure gelatin films was carried out in
Opacimeter EE Model 12 (Diffusion Systems LTD, UK). The opacimeter was initially
calibrated using standard white plate (value 100 £ 1, Diffusion Systems LTD) and
measurements were performed on each film six times, and presented as mean = standard
deviation.

2. 10. The Antioxidant Activity of Gelatin/Melanin Blends
2. 10. 1. Determination of Available Phenolic Groups on the Films Surface

The method for the determination of available phenolic groups (APG) on the non
modified and modified gelatin/melanin films was carried out according to Lopusiewicz ef al.
[1]. 100 mg of gelatin/melanin or pure gelatin films was taken in a volumetric flask.
Sequentially, 1 mL of 10% Folin-Ciocalteu reagent and 4 mL of 2% sodium carbonate
solution were added to the flask. Finally, the volume was made up to 25 mL with distilled
water and mixed well. The reaction mixture was kept at room temperature for 48 h and the
resultant absorbance was determined at 760 nm. A control absorbance was also measured
where the aforesaid reaction mixture, devoid of any film, was kept under the same reaction
conditions. To determine the available phenolic groups on the modified films surface, a
calibration curve was prepared using gallic acid standard solutions and the results were
expressed as pumoles of gallic acid equivalents (GAE) per gram of dry film. All experiments
were performed in triplicate and presented as mean =+ standard deviation.

2. 10. 2. A Determination of the Free Radical Scavenging Activity of the Films

The free radical scavenging property determination of melanin incorporated gelatin
films was carried out using ABTS according to Lopusiewicz ef al. [1]. Radical 2,2"-azino-
bis(3-ethylbenzothiazoline)-6-sulphonic acid (ABTS") was produced by mixing 7 mM ABTS
with 2.45 mM potassium persulfate (5 mL of ABTS + 5 mL of potassium persulphate 4.9
mM). The mixture was then incubated for 16 h in the dark, at room temperature and
subsequently diluted with water to an absorbance of maximum 1.00 at 734 nm. To determine
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the antioxidant capacity of the films, 1 g of the film was put into 25 mL of ABTS™ solution
and incubated up to 24 h at room temperature. Control sets without the film were also kept
under identical conditions. After incubation period, the film samples were removed from the
ABTS" solution. Absorbance for both sets was taken and antioxidant activity (AA%) was
calculated using the Equation:

AAY% = [(Aconsrol - Asample)/Acosurol] % 100 (7)

2. 11. The Antimicrobial Activity of Films

The test microorganisms used in this study were obtained from the American Type
Culture Collection (ATCC). The strains used in this study were Enferococcus faecalis
ATCC29212, Pseudomonas aeruginosa ATCC2783, Pseudomonas putida ATCC31753. To
verify the antimicrobial properties of films Mueller-Hinton agar and broth (Merck, Germany)
were used. The media were prepared according to the Merck protocol (medium was weighted
according to the manufacturer’s instructions, suspended in 1000 mL of distilled water, and
autoclaved at 121 °C for 15 min). Antibacterial activity of films was evaluated by the use of
two methods. Firstly, 50 mL of Mueller-Hinton broth was inoculated by a single bacterial
strain and incubated at 37 °C for 24 h and after incubation time 200 pL of bacterial
suspension was added to agar surface by a glass spreader. The film samples were cut into
square shapes (2 cm x 2 cm), and put directly on the bacteria. The plates were incubated at
30 °C for 24 h. The positive antimicrobial activity was considered as growth inhibition zones
around the films. Second test was performed to evaluate the influence of the films of bacterial
growth. The film samples (1 g) were incubated with single bacterial strain suspensions (1.0 *
10® CFU/mL) in sterile physiological saline (0.9% NaCl) for 24 h at 30°. After incubation
period the bacterial cells concentration was evaluated on solid Mueller-Hinton agar.

2. 12, Statistical Analyses

All determinations were carried out in triplicate as a minimum. Statistical significance
was determined using an analysis of variance (ANOVA) followed by Duncans’s test. The
values were considered as significantly different when p < 0.05. All analyses were performed
with Statistica version 10 (StatSoft Polska, Krakéw, Poland).

3. RESULTS
3. 1. Mechanical Properties

In order to evaluate the potential influence of melanin on the mechanical features of non
—modified and modified gelatin-based films, three measurements were carried out: tensile
strength, elongation at break and burst strength. The results of tensile strength, elongation at
break and burst strength of the films are shown in Table 1. No significant differences (p>0.05)
in the results of tensile strength were observed for the samples, the reference sample and those
containing 0.1%; 0.5% and 1% of melanin, respectively. This confirms any lack of impact of
melanin on the tensile strength. Regarding the brittle/elastic behaviour of the samples, the
lowest (0.1%) addition of melanin to the gelatin matrix increased elongation at break value —
from 19.31% (reference sample) to 35.65%. The other samples (0.5% and 1%) exhibited
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lower values: 23.8% and 24.14%, respectively. Nevertheless, after considering statistical
analysis, no significant differences between all of the results were detected, and this was
confirmed by the Duncan test (p>0.05). As shown in Table 1, no significant influence of
melanin was indicated in the results of maximum burst strength (p>0.05).

Table 1. Tensile strength (TS), elongation at break (EB), burst strength (BS), Water
Vapor Transmission Rate (WVTR), Oxygen Transmission Rate (OTR) and solubility
(%) of pure gelatin and gelatin/melanin modified films.

WVTR OTR
TS o BS Solubility
Sample (MPa) EB (%) (MPa) ( g ) cm? %)
m2 x day m? X day
0 111.92 19.3] 20.95 36.22 5.44 72.16
+]6.01! +7.89 £3.96 +8.20 +0.41 +3 .24
1 111.00 35.65 16.76 28.14 4.88 66.25
+4.35 +9.25 +3.60 43,95 +0.25 42,15
5 107.17 23.80 18.22 30.47 4.09 43.56
+7.10 +8.33 £1.79 +5.41 £0.11 +4.08
3 118.00 24.14 18.35 30,71 3.85 31.05
+12.40 +7.61 +1.68 +7.53 +0.16 +2.75

3. 2. Solubility of the films

Table 1 shows films solubility. In the present study, the control film showed the
highest solubility (72.16+3.24%) among all of the films and the addition of 0.1%; 0.5% and
1% of melanin decreased the solubility of the films significantly (p<0.05) to 66.25+2.15;
43.56+4.08 and 31.05£2.75%, respectively.

3.3 . Surface Properties—Contact Angle

Three repetition tests were performed for each sample of the gelatin-based films. The
average values of the conlact angle obtained for distilled water were as follows: 53.3°; 69.9¢;
71.5°; 72.9° for samples “07, “17, “2”, and “3”, respectively. The Duncan’s test was applied

to demonstrate that these differences of averaged values were statistically significant (p <
0.05).

3. 4. Barrier Propertiess—WVTR and OTR

The water vapor transmission rate of all four samples was measured by means of a
gravimetric method, which is based on the sorption of humidity by calcium chloride and a
weight gain comparison of the samples.




85 1

£0 -

75

70 1

€5 4

Transmittance [%o)

490 1

35 1

85

80 4

75 1

79 1

Transmittance %4}

35

25 A

20 4

&

45 4

2

World Scientific News 10T (2018) 1-34)

900 $50 4000 1050

850

550 600 650 700 750 B30

Waveleagth [am]

450 560

W0y 20 PV R g0 40

VWavelength ]

220 T2dp

Figure 1. The UV-Vis spectra of pure gelatin and gelatin/melanin films (A)200-1100 nm

(B) 200-400 nm

-10-



World Scientific News 101 (2018) 1-30

As 1ep01ted in the Table 1 sample “0" exhibited the highest values of WVTR.
36.22+8.20 g/(m xday), whereas the values obtained for the modified sampies {with
increasing melanin content) were 28.14£3.95; 30.47+£5.41 and 30.71+7.53 g/(m*xday)
respectively. However, after considering the statistical analysis, the differences between all
the samples were not statistically significant (p>0.05). As shown in Table 1 the oxygen
transmission rate values of the films were influenced by the addition of melanin in
comparison to the control samgle Sample “0” (devoid of melanin) exhibited the highest value
of OTR ({(5.44 £ 0.41 (cm3/(n xday))), whereas the values obtained for the modified samples
were Urowmo with increasing melanin content and were 4.88 + 0.25; 4.09 £ 0.11 and 3.85 &
0.16 cm’/(m*xday), respectively. The Duncan’s test was applied 1o demonstrate that these
differences of averaged values were statistically significant (p < 0.05).

3. 5. The Spectral Analysis of Modified Films
3. 5. 1. The UV-Vijs spectra

UV-Vis spectra of pure gelatin and gelatin/melanin films in selected wavelengths from
200 to 1100 nm in UV and visible ranges are shown in Figure la and 1b. The addition of
melanin caused noticeable improvement of the light barrier properties. Decreases in light
transmission of films modified with melanin were observed at all wavelengths, compared
with conirol film. A noticeable peak at 280 nm in control sample is resulted from aromatic
amino acids. The results indicated that melanin was able to impede the light transmission
through the films.

3. 5. 2, The FT-IR spectra

FT-IR spectra of pure gelatin and gelatin/melanin films are shown in Figure 2. The
addition of melanin caused notlceable changes in intensity of Am1de I band at 1633.38 em™,
Amide 11 band at 1538.39 em™, and Amide 11l band at 1237.36 cm™ than compared with pure
gelatin film. In addition, absorptlon bands at the wavenumbers of 1033.28 em™ were found.
Moreover, amide-A band arising from the stretching vibration of NH group appeared at wave
numbers of 3294.26 ¢m™'. The amide-B bands were observed at wavenumber 3074.88 cm
The asymmetric and symmetric CH, vibrations at 2937.05 cm ?and 2877.50 em™,
respectively are noticeable.

3. 5. 3. The Raman spectra

The Raman spectra of pure gelatin and gelatin/melanin films are shown in Figure 3. The
addition of melanin caused noticeable signal mcreasmg at wavenumbels ranges 2400-2200
em’!, 2200-1800 cm, 178-1380 cm’, 1380-900 cm'!, 870-250 cm™

3. 6. The Visual Appearance and Color

The visual appearance of pure gelatin and gelatin/melanin modified films is shown in
Figure 4. As can be seen in Figure 4 the polymer matrix was homogenous. The color, chroma,
hue angle, AE, YI and WI values are presented in Table 2. The growing addition of melanin
influenced the color values in comparison to pure gelatin film, causing a reduction in the
lightness (L) and an increase in the redness (a), yellowness (b), chroma (C*ab) and hue angle
(h*ab) values. Color differences were statistically significant (p < 0.05). AE values ranged
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from 4.67 (sample “1”) to 32.39 (sample “3"). The yellowness (YI} increased with increasing
melanin amount, in contrast, the whitening index (W1) decreased when the melanin content
was increasing.
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Figure 2. The FT-IR spectra of pure gelatin and gelatin/melanin films
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Figure 3. The Raman spectra of pure gelatin and gelatin/melanin films
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Figure 4. The visual appearance of pure gelatin and gelatin/melanin films
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Table 2. Color parameters (L*, a*, b*), chroma (C*ab), hue angle (h*ab), AE, yellownes
index (Y1), whitening index (W1) and opacity of pure gelatin and gelatin/melanin

modified films.
Sample L a b C*ab | li*ab AE YI WI | Opacity
e o o | | o oo | 2
2 o ] o | ||
2 | 378 MO 1A% s | 11| 1876 | 2848 | 7867 | [
30 [ S8 21200 2963 | 146 | 3239 | 5158 [ 6501 | ST
3. 7. Opacity

The opacity of pure gelatin and gelatin/melanin modified films is shown in Table 2. The
opacity values of modified gelatin/melanin films were lower than the pure gelatin film. The
opacity of gelatin/melanin films decreased after the addition of melanin (from 9.08+ 0.02 of
sample “0” to 6.71 £ 0.0.06 of sample “3”). This may have been due to the color and the
content of the melanin. Those differences were statistically significant (p < 0.05).
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Table 3 presents results of an assessment of the available phenolic groups on the films

surface and antjoxidant activity of pure gelatin and gelatin/melanin modified films. The total
available phenolics were determined to be 0.0134; 0.0199 and 0.0245 pmole GAE/g film for
samples “17, “27 and “3”, respectively. Pure gelatin film (sample “0) also reacted with Folin-

Ciocalteu reagent due to high proline content and showed antioxidant activity (the result was
considered as no polyphenolics). The antioxidant activity of modified gelatin/melanin films

grew with the increasing content of melanin, reaching 34.95% 0.21%. Differences between the

modified films and pure gelatin film were statistically significant (» < 0.05).

Table 3. The antioxidant activity (AA%) and available phenolic groups (APG) of pure
gelatin and gelatin/melanin modified films.

3. 9. Antimicrobial activity

Sample AA% (%) APG (pmole GAE/g)
0 0.14£0.02 -
| 11.44 £ 0.23 0.0134 +0.011
2 17.78+£0.18 0.0199 = 0.021
3 3495+0.21 0.0245 £ 0.013

Table 4. Antimicrobial activity of the pure gelatin and gelatin/melanin films

Strain Film Inhibition Number of cells after incubation with films
rat sample zone [CFU/mL]
0 - 3.24 % 1¢/
. I - 1.98 x 10°
E. faecalis 5 A 202 % 107
3 - 2.17 x 107
0 - 3.22 x 10’
P. 1 - 2.56 % 107
aeruginosa 2 - 1,56 107
3 - 3.89 x 10’
0 - 226 x 1¢
: 1 - 1.12 x 10°
F. putida 2 . 3.34 % 107
3 - 2.74 x 107
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The susceptibility assay of E. faecalis, P. aeruginosa and P. putida with respect to the
pure gelatin and modified gelatin/melanin films is shown in Table 4. The results of this
research determined that neither pure gelatin nor modified films were found to be active
against all strains (no growth inhibition zones). The results of this research demonstrated that
pure gelatin and modified films had influence on the growth of E. faecalis, P. aeruginosa and
P. putida, a 1-2 log increase of the number of cells was noted when bacterial cells were
incubated with the films.

4. DISCUSSION & CONCLUSIONS

The results of this study indicate that melanin isolated from ABW used as an additive
for gelatin at various concentrations may influence the properties of modified films,
depending on concentration. The increased availability of biopolymers has stimulated
increased research and development of activities, which can also be partly atiributed to the
escalating “green” movement that is encouraging the use of biopolymers. Since the packaging
industry plays a dominant role in the short-term use of cheap non-biodegradable petroleum-
based materials, their replacement with biopolymers could provide a significant step to eco-
friendly solutions [1]. Nowadays, agricultural by-products are usually incinerated or dumped,
causing environmental problems such as pollution, soil erosion and decreasing biological
activity in soil. The incorporation of agricultural residues into polymer matrices is currently a
trending topic in research [4]. Thus, the application of melanin from ABW to modify gelatin
matches the current trend for bio-based composite films. Gelatin is unique among
hydrocolloids in forming thermo-reversible systems with a melting point close to the body
temperature, which is particularly significant in packaging and pharmaceutical applications
[67]. Hence, the incorporation of melanin has opened up new avenues to discover its
applicability in the packaging industry, such as packaging material for avoiding oxidation of
sensitive food, thus expanding the spectrum of its uses.

In order to adequately preserve the quality of food goods, the packaging materials have
to provide efficient barriers against light, water vapor, atmospheric gases and volatile organic
compounds, preventing food spoilage. When the modified blend film is applied to preserve
food, its integrity has to be maintained and all external stress withstood, so these mechanical
properties are vitally important characteristics for the film. Gelatin forms a three-dimensional
network with zones of intermolecular microcrystalline junctions and the dehydration of this
system may produce brittle films. Gelatin films are fragile and susceptible to cracking due to
the high cohesive energy density of proteins [50]. So, the addition of a plasticizer is necessary
to overcome the brittleness of the films, to reduce inter-chain interactions during the
dehydration which can improve flow and flexibility, and to increase toughness and impact
resistance of the film coating, to prevent them from cracking during packing and
transportation [45,67,68]. The composition, size and form of the plasticizer molecule has an
influence on its ability to interact with protein chains and bind with the molecules of water,
causing more plasticization owing to the fact that water is an effective film plasticizer based
on hydrophilic biopolymers [68]. In this study glycerol was used as a plasticizer, it has
hygroscopic character and therefore attracts more water into the structure of the films, thus
promoting greater flexibility.
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When the modified blend film is applied to preserve food, its integrity has to be
maintained and external stress withstood, so these mechanical properties are vitally important
characteristics of the film [1]. The mechanical properties of protein films could provide an
indication of expected film integrity under conditions of stress that would occur during
processing, handling, and storage [3]. Gelatin can be blended with different compounds
and/or polymers to obtain bio-composite films and coatings that combine the advantages of
each component [4,71-74]. Tensile strength (TS) plays an important role in determining the
mechanical properties of edible or packaging films developed for use in many food
applications. TS are an indication of film strength, whereas elongation at break is an indicator
of the stretchability of films prior to breakage [74]. According to Liang ef al. stable aromatic
ring, may hinder the rotation of intramolecular hydrogen bonds in the films [37]. Melanin has
ring structures within its molecules that hinder conformational variations. The observed
mechanical properties indicate that the incorporation of melanin is likely to result in the
development of a heterogenous film structure, nevertheless the results suggest that melanin
did not significantly influence (p>0.05) the mechanical properties of the films. Some
compounds may enhance the TS of gelatin, which was noted by Liang ef al., who used esculin
to modify gelatin [37]. These results may be attributed to the supramolecular interactions
between gelatin and additives, including bonding between their chemical moieties with
gelatin amino acids, as well as hydrophobic or 7 interactions. Ahmad et al. noted that
moderate amounts of essential oils enhanced the mechanical properties of modified gelatin
films, but when the concentration of essential oils was high, the mechanical properties
worsened [6]. Tongnuanchan ef al. observed that the addition of bergamot essential oil
decreased the tensile strength of modified films [2], similarly Rawdkuen et al., noted the
negative influence of catechin on gelatin film tensile strength [75].

The solubility of edible film in water is an essential asset, and water resistance is
typically required for possible commercial applications of these films [9,15]. When a film is
placed over the food surface, its solubility largely determines the release of active compounds
[75]. The solubility of the melanin-added films decreased as the concentration of melanin
increased from 0.1% to 1% (p<0.05). In general, high water solubility may indicate lower
water resistance, and the lower water solubility of melanin modified films might result from
the stronger structure of the film network via strong interactions between the protein and
hydroxyl groups of melanin. The incorporation of melanin might be associated with its
hydrophobic moietes. Non-polar moietes of melanin interacted favourably with the
hydrophobic domains of gelatin, leading to an increase in the hydrophobocity of the resulting
film. As a result, the solubility of films was lowered. Similar mechanism has been proposed
by Ahmad et al. [6]. Another mechanism has been proposed by Nafchi et al. [76] who
reported that increasing the nanoparticles (ZnO) content of films results in the formation of
more hydrogen bonds in the ZnO and the matrix components. Thus, free water molecules do
not interact as strongly with nanocomposite films than compared with composite films alone.
Our results are in line with the results of Liang ef al. [37], who observed that the solubility of
esculine~incorporated gelatin films was lower that of the film comprising of gelatin alone.
Other authors also noted the influence of some additives on gelatin film solubility, such as
tannic acid [42], tannin [77], catechin [75], ribose [74], formaldehyde and glyoxal (as cross-
linking agents) [78].

Food products are very susceptible to rancidity caused by the oxidation of lipids that
contain unsaturated fatty acids that can be attacked by oxygen free radicals. Antioxidants are
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added to foods to intercept and react with these free radicals at a faster rate than the lipid
substrate. Nevertheless, the current incorporation of antioxidants throughout the entire food
matrix in one large initial dose is not an efficient process due to the oxidation occurring at the
surface and high initial doses of antioxidant having a pro-oxidant effect. Therefore, one
emerging technology is the use of antioxidant active packaging, where the antioxidant is
incorporated to a packaging material with the purpose of being delivered to the food surface
during commercialization, at an appropriate rate. Most of the active packaging developments
have been based on the mass transportation properties of plastic materials (sorption,
migration, and permeation), and the release of the active agents depends on several factors,
such as the type of polymer and type of food. However, the presence of synthetic antioxidants
in food is questionable, owing to the potential risks. This has been encouraged by strong
consumer demand, as synthetic compounds are frequently perceived as undesirable or
harmful, Natural antioxidants are preferred to artificial substances, especially by consumers.
Moreover, the use of active antioxidant packaging that incorporates natural antioxidants
presents important advantages. The addition of a natural compound to the packaging may
reduce the need of using synthetic antioxidants in the plastic, reducing the risk of potential
toxicity by migration [1]. There are many reports of gelatin modifications by antioxidants
known from the literature. A wide spectrum of additives were used, including curcumin and
its derivatives [12], essential oils {2,5,8,28-36], esculine [37], butylated hydroxytoluene and
a~tocopherol [38], lignin [9,39], liquid smoke [40], tannin [11,42], carvacrol [41], vanillin
[43], riboflavin [44], gallic acid [45], aloe vera gel [46,47], tea polyphenols and green tea
extracts loaded into chitosan nanoparticles [15,47-50], grapefruit seed extract [51], tomato
pulp [52], tomato pomace oil extract [79] and other plant extracts [80]. The control films,
devoid of melanin showed radical-scavenging activity to some extent, which may be ascribed
to the gelatin, particularly to the peptide fraction with its content of particular amino acids
such as glycine and proline [48]. The addition of melanin into gelatin films caused a
significant increase in their antioxidant activity (p<0.05). In our study, modified gelatin films
have shown good radical scavenging activity that increased with increasing melanin content.
This observation is comparable with the results of other authors who also observed that
radical scavenging activity is dependent on antioxidant activity concentration [1,11,36,46].
Sensitive components of food such as lipids, flavours, vitamins and pigments may
undergo photodegradation reactions. The spectrum and the intensity of the light source, the
conditions of light exposure and the degree of packaging material light transmittance are
factors that can significantly affect food quality. Thus, packaging plays a pivotal role in the
prevention of the photodegradation of food components during storage [1,8]. The design of
the packaging for a specific food product involves not only the choice of appropriate
packaging material, but also the addition of the right additives or stabilizers to the packaging
in order to provide a more efficient UV-Vis light barrier, and thus a significant improvement
in the protection of food quality after storage. The absorption and transmission of light by
polymers is particularly important in the food packaging industry where the packaged goods
are light sensitive. Transparency of a film to some extent is determined by the miscibility of
the various components in the film forming solution and hence transparency values can
provide information about the regularity of the microstructure of the blends [52]. Thus, films
with high transparency values are less prone to damage by UV light owing to limited light
penetration into the films [8]. Another issue in fresh food packaging is the effect of irradiation
in the package, since ultraviolet light irradiation is a common method used for lowering
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microbial population in foods. A food packaging film is required to protect food from the
effects of light, especially UV radiation. Therefore the gelatin film enriched with melanin may
improve light barrier against UV light, thereby protecting and prolonging the shelf life of the
food. The transmission of UV and visible light at a wavelength range of 200-1100 nm of the
films were studied. Decreases in light transmission of films modified with melanin were
observed at all wavelengths, compared with control film. The result indicated that melanin
was able to impede the light transmission through the film. Fig. I shows the spectroscopic
scans of the films at wavelengths between 200 and 1100 nm. All gelatin films with the
melanin addition films showed a pronounced increase in the absorbance level within the UV
region than compared to the gelatin films. Although the addition of melanin gelatin led to the
films losing their colourless appearance, they still remained transparent. Nafiez-Flores e/ al.
[39], observed that gelatin films blended with lignin were not transparent. It is well known
that the film light transmission depends on many factors such as thickness, the presence of a
dispersed phase within the matrix with a particle size bigger than the wavelength of the visible
light, as well as the presence of interactions between film components [11]. There are many
reports of the addition of some chemical compounds resulted in the improvement of UV-Vis
barrier properties in modified films, such as: coconut husk extract [73], catechin [75], lignin
[9,39], ferulic, gallic and tannic acids [3,45], tea polyphenol-loaded chitosan nanoparticles
[48], vegetable carbon black [23], metal nanoparticles [76] or essential oils [2,8]. There are
several proposed mechanisms of influencing the light barrier properties of films, some
compounds are able to absorb or reflect the light {73], and some cause light scattering within
the polymer matrix, such as essential oil droplets [2,8]. Also, Schiff’s base reaction between
amine groups and the carbonyl groups of gelatin and additives may occur which can lead to
increased barrier property against UV light as well {26]. The chromophoric nature of melanin
is known to be well capable of protecting against UV radiation [57-61]. In addition, melanin
has been also reported to act as a UV absorber in PLA/melanin composite films or as an
additive to coatings for packaging materials [1,63,64].

Films with various amounts of melanin are of a similar pattern, which indicates that
there were no major changes in the functional groups of the gelatin films as demonstrated in
Figure 2. Addition of melanin triggered noticeable changes in intensity of Amide I band at
1633.38 cm™', Amide IT band at 1538.39 cm™, and Amide III band at 1237.36 cm™ than
compared with pure gelatin film. The amide-I vibration mode is primarily a C=0 stretching
vibration coupled with the CN stretch, CCN deformation and in plane NH bending modes.
The spectral differences between different film samples in amide-I region were largely
attributed to the different conformation and orientation of polypeptide chains, affected by the
incorporation of melanin. The amide-II vibration modes are attributed to an out-of-plane
combination of the NH in plane bend and the CN stretching vibration with smaller
contributions from the CO in plane bend and the CC and NC stretching vibrations. The
amide-1I represents the combination peaks between C-N stretching vibrations and NH
deformation from amide linkages as well as absorptions arising from wagging vibrations from
CH, groups from the glycine backbone and proline side-chains of gelatin molecules. In
addition, absorption bands at the wavenumbers of 1033.28 em™ were found. Those bands
most likely arose from asymmetric stretching vibrations of -OH groups of glycerol
(plasticizer) coupled to the -CH, of the amino acid residues of the gelatin molecules.
Moreover, amide-A band, arising from the stretching vibration of NH group appeared at wave
numbers of 329426 cm™ . According to Ahmad et al. [6] when the NH group of a peptide is
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involved in a hydrogen bond, the position shifted to lower frequencies. Signal intensity
lowering in the amide-A region of the modified films in comparison to the control film
suggest that gelatin peptide NH groups and melanin functional groups are involved in
hydrogen bonds. The amide-B bands were observed at wavenumber 3074.88 cm’!
corresponding to an asymmetric stretch vibration of =C-H, as well as -NH;™ of peptide
fragments of gelatin molecules. Modified gelatin films showed a lower wavenumber at amide-
B region, compared to the control film, suggesting an interaction of -NHj' group between
peptide chains. In addition, the hydxocaibon chains of melamn give asymmetric and
symmetric CH, vibrations at 2937.05 em™ and 2877.50 cm’ 1es]:)ect1vely The most
pronounced changes in the films were in the range of 1633—650 cm  indicating intrusion
caused by melanin in the hydrogen bonding between water and imide residues. Initially, the
hydrophobic groups of polyphenol interact with the hydrophobic region of the protein via
hydrophobic interaction followed by hydrogen bonding between the phenolic hydroxyl groups
of poiyphenols and the polar group of the protein. Based upon the above mechanism and FT-
IR data, it is tempting to suggest that the hydroxyl and carboxyl group of melanin interact
with the amino acids of the gelatin via hydrogen bonding and hydrophobic interaction.
Therefore, the incorporation of melanin altered the molecular organisation and intermolecular
interaction in the film matrix.

Results of the Raman spectroscopy analysis showed noticeable differences in the
obtained spectra. With higher melanin content peaks were observed with greater insensitivity.
Similar observations have been made in previous study [1]. The peaks can be interrelated as
originating from the in~p]ane stretching of the aromatic rings and the linear stretching of the
C—C bonds within the rings, along with some contributions from the C-H v1brat10ns in the
methyl and methylene groups in the melanin molecules [81]. A peak at 2000 cm™ is similar to
those obtained by Galvan et al. from eumelanin and may be caused by the stretching of three
of the six C—C bonds within the melanin aromatic rings [82]. It was noted, that on all
modified films, Raman spectra peaks at 395 cm™ are present, which are thought to correspond
to peaks obtained from pheomelamn and eumelanin and are caused by an out-of-plane
deformation of the pheny!l rings. Peaks at 2010 cm™ are also similar to peaks seen in
pheomelanin and are probably due to overtone or combination bands [81,82].

The optical properties of films are an important attribute which influences its
appearance, marketability, and suitability for various applications. Clear edible films are
typically desirable with higher applicability and acceptability in food packaging systems
[6,73]. Generally, a clear film is preferable as the appearance of the contents is be displayed
clearly [46]. Film colour can be affected by the type, nature and concentration of the
incorporated additive [46,52]. It is commonly found that the addition of natural extracts alters
the original colour of protein-based films to a certain extent and the magnitude of such is
determined by the type and concentration of polyphenols which are believed to confer yellow-
brown coloration {2,11]. The results are in agreement with Cao ef al. who reported that gelatin
film incorporated with phenolic compounds (tannic acid and ferulic acid) at alkaline pH
showed changes in colour [3]. There are several reports that some additives may cause
changes in gelatin films, to yellow-brown coloration or influence the their lightness such as
vanillin [43], catechin [75], lignin [39], seaweed extract [83], gallic acid and silver
nanoparticles [84], curcumin [12], some essential oils [2], tannin [11], riboflavin [44], metal
nanoparticles [85,86], ferulic and caffeic acids [87], amino acids (histidine and lysine) [50],
coconut husk extract [73]. Melanins are known for their dark-brown colouration [57-59], and
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there some reports, that their addition into a pelymer matrix may influence the colour values
[1]. In general, melanins are dark because they do not re-radiate the absorbed visible or
invisible light, but transform the energy into rotational and vibrational activity within the
molecule and then dissipate it as heat. This phenomenon protects melanised tissues against
light-induced damage. In general interaction between natural phenolic compounds and
proteins in the presence of O, and alkaline conditions leads to the oxidation of the phenolic
structure and the formation of a quinon compound. In fact quinon is a dimmer compound,
which reacts with amino or polypeptide sulthydryl chain to a form covalent bond of C-N or
C-S. Polyphenol compounds are able to create cross-link bounds between individual protein
molecules. Zhang ef al. [88] found a colour change in bovine gelatin-based film containing
caffeic acid from pale yellow to dark brown. These results were found to be in accord with
our findings. In addition, all the films were dried at room temperature (25°C), thus
eliminating the occurrence of the Maillard reaction which may cause the browning of gelatin
[46]. Our results indicate that the increasing addition of melanin influences the colour values
than where compared to pure gelatin film, leading to a reduction in lightness (L), as well as an
increase in the redness (a), yellowness (b), chroma (C*ab) and hue angle (h*ab) values. AE
values ranged from 4.67 to 32.39. AE > 1 is considered perceptible to the human eye, so all
melanin concentrations caused noticeable colour changes. The yellowness index (YI)
increased with increasing melanin amount, while the whitening index (WI) decreased when
the melanin content was increased. The yellowness index or a change in the degree of
yellowness is a number calculated from spectrophotometric data that describes the change in
colour of a test sample from clear or white to yellow. The opacity of gelatin films decreased
with the addition of melanin (from 9.08 £ 0.02 of sample “0” to 6.71 + 0.06 of sample “3").
This was probably due to the colour of the melanin powder. The changes of film colour and
opacity as a consequence of the addition of melanin had been reported with PLA films [1].
The difference in opacity among the film samples was perceptible to the human eye and was
statistically significant (p<0.05). Gelatin/melanin films in all melanin concentrations still had
good transparency, even at high melanin content. This result suggested high gelatin/melanin
films transparency, meaning that the packaging film could be transparent, which an important
requirement for consumers and would have a clear influence on customer choice.

The water contact angle of the material is associated with its hydrophilicity. In general,
the smaller the water contact angle, the higher the hydrophilicity. Gelatin is a kind of
hydrophilic material owing to the functional groups in the molecule, such as amino, carboxyl,
and hydroxyl. The hydrophilic property has restricted its application in many aspects. Based
on this fact, it is necessary to carry out a hydrophobic modification of gelatin [4,89] In our
work the contact angle of pure gelatin film was approximately 53.3°. The contact angle of
non-modified gelatin films observed by other authors was 52.4° [86], 76.2° [90], 77.8° [89],
89.5° [91], 97.3° [40]. This discrepancy may be a result of the gelatin type and glycerol
content. The addition of melanin into gelatin significantly (p<0.05) affected the surface
properties of the polymer, increased the contact angle from 53.3° to 72.9°. Shankar ef al. [86]
modified gelatin films with ZnO nanoparticles which increased the water contact angle from
52.4° to 63°. This results are comparable to results of Nafchi ef al., who also observed
increased hydrophobocity of ZnO amended gelatin films [76]. Yue ef al. [90] noted that
addition of polydimethylsiloxane or glycidol increased the gelatin films contact angle to
112.8°, Wang et al. using liquid smoke increased the contact angle of modified films to
111.2° [40], while Wang et . [91] using cellulose nanofibres and palmitic acid achieved
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123.7°. The results of this study are quite opposite to the results of our previous study, where
melanin particles incorporation into poly(lactic acid) films did not significantly (p>0.05)
affected their contact angle [1].

One of the most important properties of bio-based films for the application of packaging
is to minimize the moisture transfer from the environment to the packed goods. Water vapor
permeability (WVP) is one of the most important properties in food packaging due to the
noticeable role water has in deteriorative reactions and microbial growth. For this purpose, the
WVP of packaging materials should be as low as possible [1]. However, gelatin filins have
poor water barrier vapor property, thereby limiting their use as potential packaging. This is
due to its hydrophilicity in nature. To tackle this problem, the incorporation of hydrophobic
substances such as lipids, fatty acids, waxes and essential oils has been implemented to
improve water barrier property {2,5,35]. A possible means to minimize the problem of the
moisture content in gelatin films is also their association with some synthetic polymers
through blending, such as poly(vinyl alcohol) (PVA) [72]. Polymer blending is a technique
widely applied in polymer science to obtain materials with improving properties. On the other
hand, some additives may exacerbate the water vapor barrier properties such as ZnO
nanoparticles, which is probably due to the discontinuous phase formed between
nanoparticles and the polymer matrix, making the nanocomposite film more porous, resulting
in an increase in the WVP of the composite films [86]. The pivotal role in WVP of films plays
the presence of plasticizer in polymer matrix. Generally, plasticizer e.g., glycerol located
between adjacent chains of gelatin molecules decrease the intermolecular forces, thus
increasing the free volume of the system and favouring the mobility of polypeptide chains in
the film matrix. The increased mobility results in greater free volume and segmental motions,
which facilitates the migration of water vapor molecules through the film. The water vapor
transfer process in the films also depends on the hydrophilic/hydrophobic ratio of the film
constituents [6].

Oxygen is an essential factor for the oxidation of food. The lower oxygen transmission
rate of film could better prevent the oxidation of food, gelatin films are known for their
oxygen barrier properties, due to their amino acid composition [23,87]. Polyphenolic
components can interact with proteins (especially gelatin protein, rich in proline), resulting in
the formation of protein—polyphenol complexes and forming hydrogen and covalent bonds
with the polar groups of polypeptide gelatin chain [4]. Tt is speculated that these protein—
polyphenol complexes could be responsible for OTR changes, while Ding ef a/. [23] and also
Nassiri and Nafchi [25] suggested that more compact structures than the pure gelatin films,
are difficult for oxygen to permeate.

Modified gelatin films did not show antimicrobial activity against E. faecalis, P.
aeruginosa and P. putida. This data are opposite to the results obtained in a previous study on
PLA/melanin modified films which were active against the above-mentioned bacteria species
[1]. It is tempting to suggest that another film preparation mechanism (melanin was
incorporated into the PLLA matrix as particles, whereas in this study melanin was dissolved in
alkaline conditions and reacted with melanin) could influence the antimicrobial activity of
melanin and resulting modified films. The increased number of bacterial cells incubated with
non-modified and modified films in comparison to control samples devoid of any films may
result from the utilisation of gelatin as a nutrient source by bacteria. The solution could be the
addition of some other antimicrobial compounds. These additives can be obtained from
different sources, including plants, animals, bacteria, algae, fungi and by-products generated
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during fruit and vegetable processing [4]. Some authors observed the antimicrobial activity of
gelatin films modified with essential oils [2,5,8,28-36], chitin nanoparticles [26]. lyzosyme
[92], tomato pulp [52], vanillin [43], tannin [11] and metal nanoparticles, which are known
from their excellent antimicrobial activity [4,25.26,76.,85,86,93,94].
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ABSTRACT

The influence of gelatin coatings modified with fungal melanin on pork lard oxidative stability
was studied. The lard was coated with gelatin coatings containing 0.1%; 0.5%; 1% of fungal melanin
and control gelatin coating devoid of melanin. The peroxide values (POV), iodine values (IV) and acid
values (AV) were studied after 7, 14 and 21 days storage in controlled conditions. Lard covered with
modified coatings had lowered oxidative rancidity. Hence, modified coatings containing fungal
melanin can be use effectively for the prevention of lard oxidation.

Keywords: melanin, packaging, antioxidant, lard, gelatin, lipid oxidation

1. INTRODUCTION

In the last few decades, there has been a marked increase in the use of natural polymer-
based film materials and coatings in packaging for the food industry, which protect food from
external contamination, retarding its deterioration by extending shelf life and maintaining
quality and safety [1]. In addition to consumer requirements and in order to substitute
petroleum-based plastic packaging, a wide variety of biopolymers that come from agro-food
industrial wastes and renewable low cost natural resources have emerged [1,2].
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Packaging is widely used for the protection of food quality. thereby ensuring hygiene
and extending the shelf [ife of perishable items, especially those susceptible to oxidative and
microbiological deterioration {3]. Gelatin based edible films and coatings have already been
proposed to protect, maintain or extend the shelf-life of food products [1,4,5]. Factors that
should be considered when designing this type of system include the chemical nature of food,
the controlled release mechanism, food organoleptic characteristic and additive toxicity,
storage and distribution, physical and the mechanical properties of packaging and regulations
to be applied in this framework [1].

Nowadays, research in the field of active packaging is also focused on the development
of novel food packaging materials with antioxidant agents from natural sources, such as plant
and spices extracts rather than synthetic antioxidants such as butylated hydroxytoluene (BHT)
or butylated hydroxyanisole (BHA), since synthetic antioxidants are suspected of raising
some safety concerns and have been restricted in their use as food additives [4]. Antioxidant
active packaging, an innovative concept, is defined as a packaging incorporated with certain
antioxidants, such as natural antioxidants, in order to provide a sustained release of
antioxidant during storage.

The antioxidant active packaging can retard lipid oxidation, which is one of main food
deteriorations to extend the shelf-life of food products [6]. In this context, some studies have
reported that natural antioxidants show sufficient capacity to control lipid oxidation inside the
food packaging because the oxidative processes can cause the degradation of proteins,
pigments and fats, limiting food shelf-life [1,7]. A great number of reports of gelatin
modifications by antioxidants are known from literature. A wide spectrum of additives were
used including: curcumin and its derivatives [8], essential oils [9-17], esculine [4], butylated
hydroxytoluene and a-tocopherol [7], lignin [18,19], liquid smoke [20], tannin [21,22],
carvacol [23], vanillin [24], riboflavin [25], gallic acid [6], aloe vera gel [26,27], tea
polyphenols and green tea extracts loaded into chitosan nanoparticles [27], tomato pulp and
tomato pomace oil extract [28,29], as well as other plant extracts [30].

In a previous study we developed modified gelatin/melanin films with antioxidant
activity and improved the oxygen barrier properties [31]. The aim of this study was to
investigate the influence of modified gelatin/melanin coatings based on a film forming
formulation on the rancidity stability of coated pork lard.

2. MATERIAL AND METHODS
2. 1. Lard coating

Gelatin coatings were prepared based on formulation developed in the previous study
[31]. Firstly, ammonia water was added to the distilled water and pH was adjusted to 10 (to
enable a solubilisation of melanin). Next, fungal melanin was added to alkaline solutions to
obtain a 0.1% (sample ,,17), a 0.5% (sample ,,2”) and a 1% (sample ,,3”) (on gelatin dry
basis), and the solutions were placed in a stirrer (120 rpm), at 50 °C for 24 h. The solution
devoid of melanin addition served as a control coating solution (sample ,,0"). When the
melanin was dissolved, the solutions were filtered through Whatman filter paper under
vacuum. 8 g of gelatin was added to 100 mL of filtered alkaline solutions and kept for 2 h at
60 °C under continuous stirring (120 rpm) to obtain a homogenous solution. Then, 10 % w/w
{based on gelatin dry mass) of glycerol was added (to be used as a plasticizer).
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The solutions were allowed to stand until their temperature reached 40 °C, then the lard
samples (2 cm * 2 cm % 2 cm) were immersed in the coating solution, immediately removed
and inserted under an air fan to solidify the coatings. The procedure was repeated twice for
each lard sample. The samples were conditioned in a chamber at 25 °C and 50% RH. All
measurements were conducted at the beginning of experiment (time 0) and after 7, 14 and 21
days.

2. 2. Peroxide values (POV) measurements

The POV values of lard were measured according to Bao et al. based on the JUPAC
method [32]. The sample (1-2 g) was mixed with 25 mL of chloroform/acetic acid (2:3 v/v)
followed by 1 mL of saturated potassium iodide solution. The reaction mixture was allowed
to stand for 5 min in the dark. Distilled water (75 mL) was added to the mixture, which was
then titrated with 0.01 mol/L sodium thiosulfate using 1 mL of 10 g/L starch solution as an
indicator. POV was calculated using the following Equation:

POV (meq O, kg™) = (a — b) x N x 100/w (N

where: @ and b are the volumes (mL) of sodium thiosulfate used for the sample and blank
(distilled water) titrations respectively, N is the concentration of sodium thiosulfate (mol/L)
and w is the sample weight (g).

2. 3. Iodine values (IV) measurements

The IV values of lard were measured according to PN-EN ISO 3961:2013-10 [33]. The
sample (1-2 g) was mixed with 20 mL of cyclohexane: acetic acid (1:1 v/v) followed by 25
mL of Wijs solution. The reaction mixture was allowed to stand for 1 hour in the dark. After
an incubation period, 20 mL of 10% KI and 150 mL of distilled water were added to the
mixture, which was then titrated with 0.1 mol/L sodium thiosuifate to a light brown-yellow
colour. Then I mL of I mL of 10 g/L starch solution was added and the mixture was
continuously titrated until it became colourless. The iodine value was calculated using the
following Equation:

IV =12.69 x N x (a— b)/w 2)

Where a and b are the volumes of sodium thiosulfate used for the sample and blank
(distilled water) titrations, respectively, N is the concentration of sodium thiosulfate {mol/L),
w is the sample weight (g) and 12.69 is a calculation coefficient.

2. 4. Acid values (AV) measurements

The acid value (AV) values of lard were measured according to PN-EN ISO 660:2010
[34]. The sample (1-2) g was mixed with 50 mL of ethanol: diethyl eter (1:1 v/v). The mixture
was titrated with 0.1 mol/L. KOH solution in the presence of phenolphthalein, as an indicator.
The acid value was calculated using the following Equation:

AV =56.1 x (a—b) x Nlw 3)
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where: @ and b are the volumes of potassium hydroxide used for the sample and blank
(distilled water) titrations, respectively. N is the concentration of potassium hydroxide
(mol/L), w is the sample weight (g) and 56.1 is a calculation coefficient.

2. 5 Statistical analysis

All determinations were carried out in triplicate as a minimum. Statistical significance
was determined using an analysis of variance (ANOVA) followed by a Duncans’s test. The
values were considered as significantly different when p < 0.05. All analyses were performed
with Statistica version 10 (StatSoft Polska, Krakéw, Poland).

3. RESULTS AND DISCUSSION

Food products are very susceptible to rancidity caused by the oxidation of lipids that
contain unsaturated fatty acids that can be attacked by oxygen free radicals. Antioxidants are
added to foods to intercept and react with these free radicals at a faster rate than the lipid
substrate. Nevertheless, the current incorporation of antioxidants throughout the entire food
matrix in one large initial dose is not an efficient process due to the oxidation occurring at the
surface and high initial doses of antioxidant having a pro-oxidant effect [35]. Therefore, one
emerging technology is the use of antioxidant active packaging, where the antioxidant is
incorporated into a packaging material with the purpose of being delivered to the food surface
during commercialization, at an appropriate rate. Most of the active packaging developments
base their work on the mass transportation properties of plastic materials (sorption, migration,
and permeation), and the release of the active agents depends on several factors, such as the
type of polymer and type of food. However, the presence of synthetic antioxidants in food is
questionable, owing to the potential risks. This has been encouraged by strong consumer
demand, as synthetic compounds are frequently perceived as undesirable or harmful. Natural
antioxidants are preferred to artificial substances, especially by consumers [4,7]. Moreover,
the use of active antioxidant packaging that incorporates natural antioxidants presents
important advantages. The addition of a natural compound to the packaging may reduce the
need to use synthetic antioxidants in the plastic, reducing the risk of potential toxicity by
migration [1}.

Animal fats have long been recognized as a raw material for food and industrial
applications [36]. Lard is a form of pig fat which in a saturated or unsaturated form derived
from its adipose tissue and may be used in its raw form as frying medium or after
modification of its physical properties, as shortening for baking applications and is often used
in food production as an emulsion, shortening, or as a substitute to butter, margarine or
cooking oils. Usually, it is extracted from the back skin, muscle, surrounding digestive
organs, surrounding the kidneys of pig. Scientifically, lard is known as triglyceride, it is
mainly consists of fats or fatty acid. It contains considerable proportions of palmitic, stearic,
oleic and linoleic acids. There are also small amounts of palmitoleic, traces of linoleic,
arachidonic and muyristic acids [37]. Lard is a common choice due to its cheap market price
and easy availability [38-40]. The application of antioxidants and antioxidant-gelatin
composite films for lard are known from literature. Mihaylova and Schalow used quercetin-
containing flavonoid extract obtained from Sophora japonica flower for the antoxidant
stabilization of lard [41]. Antonietta Paleari ef al. covered lard with antioxidant spices and
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aromatic herbs [42]. Yeo e al. applied free radical scavengers such as o-tocopherol, BHT,
sesamol, tert-butythydroquinone in thermally-oxidized lard [43]. Dziedzic er al. used
polyhydroxydihydrochalcones as antioxidants for lard [44]. Jongjareonrak et al. applied
modified fish skin gelatin films incorporated with BHT and «-tocopherol on plastic cups
containing lard [7].

Recent studies have focused on techniques to develop active gelatin-based packaging
films and coatings, including antimicrobial, antioxidant and other agents which can enhance
the biological features of food [1]. Liu ef al. developed gelatin-based films packaged with
sunflower oils with different free/encapsulated tea polyphenols in chitosan nanoparticies [45].
Their results showed a reduction in the oxidation of sunflower il obtaining lower peroxide
(POV) and thiobarbituric acid reactive substance (TBARS) values for oils packed in the films.
In addition, an improvement in antioxidant activity when using and optimum ratio of free and
encapsulated additives was demonstrated over a long period of storage (6 weeks) as well as
the preservation of the functional properties of the developed films. Gomez-Estaca et al. [46]
observed that pigskin gelatin film with oregano and rosemary extracts delayed the lipid
oxidation of cold smoked sardine coated with the films in storage at 5 °C.

Kakei et al. noted that chitosan-gelatin incorporated with ethanolic red grape seed
extract and Ziziphora clinopodioides essential oil improved the lipid stability of minced trout
fillet [47]. Chottanom ef al. [48] noted that gelatin-starch pouches modified with plant extract
decreased the hydrolytic rancidity rate of meat products. Lee ef al. [5] applied a fish skin
gelatin film containing Moringa oleifera leaf extract to the packaging of Gouda cheese and
noted lower POV and TBARS values in covered samples after a period of storage. Alparslan
et al. [13] observed that a gelatin film enriched with laurel essential oil was suitable for the
preservation of rainbow trout fillet, retarded fish lipid oxidation and the ability of laurel
essential oil to preserve the film depended on its ratio. Also Alparslan ef al. [12] used gelatin
coatings enriched with orange leaf essential oil for the preservation of shrimps, and noted that
coatings effectively preserved lipid stability. On the other hand, Antoniewski et al. [49] found
that a gelatin coating had no effect on lipid oxidation in salmon fillet stored at 4 °C for 14
days. Ahmad et al. [3] used modified gelatin films with lemongrass essential oil to wrap sea
bass slices. During storage, a significant increase in TBARS was observed in control samples
than compared to the samples wrapped with non-modified and modified films. This result
suggested that the lipid oxidation in sea bass slices could be delayed when a lemongrass
essential oil film was applied, probably due to the antioxidant activity of the lemongrass
essential oil, as well as the low oxygen permeability characteristics of the modified film.
Those results are in line with our results in our previous study, which showed that modified
melanin/gelatin films have a significantly lower oxygen transmission rate in comparison to
the non-modified films [31].

According to Ahmad et al. [3] the antioxidant activities of the essential oils have been
attributed to assorted mechanisms, including the prevention of radical chain initiation, the
binding of transition metal ion catalysts, the decomposition of peroxides and the interaction
with the free radicals. Melanins are also known from their antioxidant activity as well as
metal ions chelating ability [50-54]. Also there are several reports that packaging materials
and coatings containing melanins have antioxidant activity [35,55,56].

The mechanism of action of these natural antioxidants in contact with food are related to
lipid oxidation reactions. In addition, they are focused on phenolic groups present in the
melanin structure. Hydrogen atoms from phenol hydroxyl groups could react with peroxyl
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radicals produced at the early stages of the oxidation mechanism to yield stable phenoxyl
radicals and, consequently result in the termination of the lipid peroxidation chain reactions.
However, understanding the antioxidant activity mechanism of melanins in films is a hard
task as this activity depends on the electronic and steric effects on their ring substituents, the
strength of hydrogen-bonding interactions between the phenolic groups and the solvent, and
the interactions with the film matrix and the packaged food [1].

POV was used to monitor the oxidation of lard packaged with gelatin coatings, both
with and without the addition of incorporated melanin. Peroxide value, an oxidative rancidity
parameter is measured from hyroperoxide content. The hyperoxide species generally occurs in
the initial phase of oxidative rancidity and then reacts with additional lipid molecules to form
other reactive chemical species [48]. As can be seen in Table 1, the POV of lard without film
coating (uncoated) increased continuously and rapidly within a short time under controlled
incubation. However, the POV of lard covered with films coatings increased slowly, even in
the case of non-modified coatings. The differences between all the samples were statistically
significant (p<0.05). This phenomenon can be attributed to the effect of the coatings in
retarding oxygen of the lard. During the entire incubation period the POV of lard coated with
coatings containing melanin was lower than that of lard coated with coatings devoid of
melanin. It is tempting to suggest that it was due the antioxidant activity of melanin.

Table 1. The influence of pure gelatin and gelatin/melanin coatings on lard peroxide
values (POV) [meq O kg™

Uncovered Control (0.1% melanin | 0.5% melanin | 1% melanin
0 day 1.45£0.11 1.45+0.11 1.45%0.11 1.4540.11 1.45+0.11
7 day 28.4440.13 7.93+0.20 5.67+0.09 1.83+0.04 1.88+0.06
14 day | 73.92+0.25 25.22+0.33 72240.18 2.44:4:0.07 2.33+£0.15
21 day | 111.12+1.45 | 30.11£0.55 0.9110.22 2.77+0.09 2.49+0.05

The acid value (AV) is a number that expresses the quantity of potassium hydroxide,
in milligrams, required to neutralize the free acids present in 1 g of the substance. The acid
value may be overestimated if other acid components are present in the system, e.g. amino
acids or acid phosphates. The acid value is often a good measure in the breakdown of the
triacylglycrols into free fatty acids, which has an adverse effect on the quality of many lipids.
Acid value is the measure of hydrolytic rancidity. In general, it gives an indication about
edibility of the fat. As can be seen in Table 2, the AV of lard without film coating (uncoated)
increased continuously and rapidly within a short time under controlled incubation. However,
the AV of lard covered with films coatings increased slowly, even in the case of non-modified
coatings, indicating that gelating coatings and melanin/gelatin coatings influenced the amount
of free fatty acids in lard samples. The differences between all the samples were statistically
significant (p<0.05).
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Table 2. The influence of pure gelatin and gelatin/melanin coatings on lard acid

values (AV) [mg KOH/¢g}

Uncovered Control 0.1% melanin 0.5% melanin 1% melanin
0 day 1.31=0.11 310,11 1310011 1.3120.11 1.31+0.11
7 day 1.77+0.14 [.68+0.09 1.4540.33 1.37+0.06 1.354+0.04
14 day 2.84+0.25 1.9940.15 1.7840.13 1.45+0.03 1.44+0.09
21 day 3.1540.07 2.5240.08 2.2240.05 1.55+0.04 1.5240.12

lIodine number indicates the degree of unsaturation i.e. the number of double bonds
present at the length of the chain. lodine value is low in animal fats and high in vegetable oils.
The higher the iodine value, the lower the melting point. As can be seen in Table 3, the IV of
lard without film coating (uncoated) decreased continucusly under controlled incubation.
However, the IV of lard covered with films coatings decreased slowly, even in the case of
non-modified coatings, indicating that gelating coatings and melanin/gelatin coatings
influenced the amount of unsaturated bonds in lard samples. The differences between all the
samples were statistically significant (p<0.05).

Table 3. The influence of pure gelatin and gelatin/melanin coatings on lard
iodine values (I1V) [g/100 g]

Uncovered Control 0.1% melanin | 0.5% melanin | 1% melanin
0 day 58.11%1.11 58.11+1.11 58.11+1.11 58.11+1.11 58.11%1.11
7 day 52.34::1.98 57.13:£3.15 56.98:£1.67 56.33+2.34 57.45%2.17
14 day 452241 45 52.84+3.19 55.1243.12 55.2343.78 56.11+1.56
21 day 43,2342 45 50.134+2.63 51.3442.88 52.184+2.52 53.66+1.34

The preventive effect on lard stabilization was possibly also caused by the increased
hydrophobicity of the coatings matrix in the presence of melanin. In a previous study, the
contact angle of films increased from 53.3° (unmodified film) 72.9° (1% of melanin in {ilm)
[31]. Similar mechanism has been proposed by Jongjareonrak et al. [7], who used
hydrophobic BHT and a-tocopherol for the modification of fish skin gelatin films used for
lard packaging. Gelatin films might function as a barrier to oxygen permeability on the lard
surface. Therefore, only a small amount of oxygen could penetrate into the lard, leading to a
lower oxidation rate. On the other hand, Jonjareonrak ef al. [7] concluded that the addition of
(BHT) and a-tocopherol had a negligible antioxidant effect on lard. It is tempting to suggest
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that when they covered the cup containing the lard with films incorporated with BHT or a-
tocopherol only changed the permeability of oxygen, and the antioxidants could not directly
affect the oxidation of lard because of the separation between them and the lard, which was
speculated also by Bao er al. [32] Their research found a direct connection between product
and antioxidant coating, thus possibly maximising the effect of melanin against lard oxidation
in our study.

4. CONCLUSION

Oxidation of lard was effectively retarded when covering with gelatin coatings
containing fungal melanin. Hence, modified gelatin coatings can be applied to preserve of
lipid stability.
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