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Streszczenie

W przyrodzie wystepuje wiele przyktadow akumulacji réznego rodzajéow zwigzkéw przez
organizmy zywe. Do szczegélnie szkodliwych zwiazkéw nalezg metale ciezkie. Ich obecnosé
w organizmach zywych wywotuje wiele negatywnych skutkéw. Jednak cztowiek moze wykorzystaé
potencjat akumulacyjny zaréwno samych organizméw jaki i substancji pochodzacych z tych
organizmdéw do usuwania zanieczyszczen ze $rodowiska w procesie bioremediacii.

Od wielu juz lat znane s3 zdolnosci grzybow do wiazania metali cigzkich, jednak w wiekszosci
opublikowanych prac badane byty cate owocniki. Trudno jest znalezé prace, w ktérych autorzy
pogfebiali badania i okreslali jakie komponenty owocnikow, i w jakim stopniu odpowiadaty za sorpcje
metali. Podobnie, niewiele wiadomo na temat mozliwosci wykorzystania owadéw, lub substancji
z nich pochodzacych do sorpcji metali cigzkich. Cheac, cho¢ w niewielkim stopniu uzupetnié
dostrzezong luke, podjeto badania nad wykorzystaniem naturalnych biopolimeréw do wigzania metali
ciezkich.

Zasadniczym celem niniejszej rozprawy bylo zbadanie zdolno$ci sorpcyjnych naturalnych
biopolimeréw, tj. (1—3)-0-D-glukanéw pochodzacych z grzybow oraz chityny pochodzacej
z owada (Hermetii illucens), jako sorbentéw metali ciezkich, w kontekscie ich potencjalnego
wykorzystania w procesie bioremediacji.

Realizujac zatozony cel:

* w badaniach skriningowych okreslono zdolnos¢ sorpcyjna a-glukanéw pozyskanych z réznych
gatunkow grzybow. Na tej podstawie wytypowano a-glukan z grzyba Lentinus edodes (shiitake) do
dalszych badan. Kryterium wyboru byta duza zdolno$¢ sorbowania metali oraz ogromna
dostgpnos¢ substancji odpadowych po produkcji tego bardzo popularnego w $wiecie grzyba,

e okreslono wlasciwosci fizykochemiczne (1—3)-a-D-glukanu pozyskanego z Lentinus edodes,

e wyizolowano chityne z muchy Hermetia illucens, wybierajac wczesniej najlepsza metody jej
izolacji,

e scharakteryzowano wiasciwosci chityny,

e wykorzystujac pozyskane biopolimery przeprowadzono sorpcje metali cigzkich charakteryzujac
sam proces jak i wiasciwosci biopolimeréw po procesie sorpcji.

Przeprowadzone badania potwierdzity wysoka zdolno$é biosorbowania metali cigzkich przez oba
badane biopolimery. Biorgc pod uwage, ze badania prowadzono na materiatach odpadowych (po
hodowli grzybéw i owadéw) otwiera to mozliwosé nowego sposobu zagospodarowania bardzo duzej
(w skali $wiata) ilosci biomasy, ktéra do tej pory byla gtéwnie kompostowana, lub co gorzej
sktadowana na wysypiskach odpaddw.

Stowa Kkluczowe: (1—3)-a-D-glukan, chityna, Hermetia illucens, sorpcja, bioremediacja, metale
ciezkie



Abstract

In nature, there are many examples of the accumulation of various types of compounds by living
organisms. Heavy metals are particularly harmful compounds. Their presence in living organisms
causes many negative effects. However, man can use the accumulation potential of the organisms and
the substances derived from these organisms to remove pollutants from the environment in the
bioremediation process.

The ability of fungi to bind heavy metals has been known for many years, the research but in most
publications was focused on whole fruiting bodies. It is difficult to find publications where the authors
extended their research to determine what components of fruiting bodies and to what extent were
responsible for metal sorption. Likewise, little is known about the possible use of insects or substances
derived from these animals for sorption of heavy metals. In order to fill this gap, although only to a
small extent, research was conducted on the use of natural biopolymers to bind heavy metals.

The main goal of this dissertation was to investigate the sorption capacity of natural
biopolymers, i.e. (1 —3)-a-D-glucans derived from fungi and chitin derived from an insect
(Hermetii illucens), as heavy metal sorbents in the context of their potential use in the
bioremediation process.

By implementing the assumed goal:

* in screening tests, the sorption capacity of a-glucans obtained from various species of fungi was
determined. On this basis, a-glucan from Lentinus edodes (shiitake) was selected for further
research. The selection criterion was the high sorption capacity of metals and the enormous
availability of waste substances after the production of this very popular fungus in the world,

» the physicochemical properties of (1—3)-0-D-glucan obtained from Lentinus edodes were
determined,

* chitin was isolated from the Hermetia illucens fly before selecting the best methods of isolation,

 the properties of chitin were characterized,

* using the obtained biopolymers, the sorption of heavy metals was carried out, and the process itself
and the properties of the biopolymers after the sorption process were characterized.

The study confirmed the high capability of heavy metal biosorption in both tested biopolymers.
The research was carried out on waste materials (after the cultivation of mushrooms and H. illucens),
which opens the possibility of a new way of managing a very large (on a world scale) amount of

biomass, which until now has mainly been composted, or worse, stored in landfills.

Keywords: (1—3)-a-D-glucan, chitin, Hermetia illucens, sorption, bioremediation, heavy metal
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Sorpcja metali cigzkich na alfa-glukanach i chitynie Katarzyna Ztotko

1. Wstep

1.1. Bioremediacja jako proces usuwania zanieczyszczen ze Srodowiska

Bioremediacja to proces wykorzystujacy materiat biologiczny do oczyszczania $rodowiska,
obejmujacy rézne rodzaje zanieczyszczen (organiczne i nieorganiczne) (Vidali, 2001; Megharaj i in.,
2011; Sardar i in., 2018).W procesie tym wykorzystuje sie zywe organizmy takie jak bakterie, grzyby
i rosliny (Vidali, 2001; Zaidi i in., 2011), ale réwniez owady (Bulak i in., 2018), czy materiat
biologiczny, np. biomase grzybowa, roslinna (Sanghi i in., 2009). Organizmy, jak i materiat
biologiczny, rozktada lub unieszkodliwia substancje niebezpieczne dla zdrowia ludzi i zwierzat oraz
toksyczne dla $rodowiska (Vidali, 2001).

W zaleznosci od rodzaju zanieczyszczen, jak i warunkéw i otoczenia bioremediacje mozna
przeprowadzi¢ w miejscu wystepowania zanieczyszczenia (in situ), eliminujac potrzebe transportu
odpadéw, jak i poza tym miejsce (ex situ).

Bioremediacja jakkolwiek generalnie bardzo korzystna, ma réwniez swoje wady. Jest to
z pewnoscig procesem diugotrwaly. Ograniczeniem moze by¢ réwniez dobér odpowiedniego
materiatu do przeprowadzenia procesu — mikroorganizmy wymagaja okreslonych warunkow
srodowiska, dostepu do odpowiednich ilosci sktadnikéw odzywczych, ale rowniez zanieczyszczen
w odpowiednim stezeniu. Nalezy réwniez pamigtaé, ze nie kazdy zwiazek ulega catkowitej degradacji,
a czasem produkty biodegradacji mogg byé bardziej toksyczne i trwale niz zwiazek wyjsciowy
(Vidali, 2001).

Bioremediacja staje si¢ coraz bardziej popularng metoda usuwania zanieczyszczen, a w ostatnich
latach pojawiaja si¢ jej rézne odmiany (Bhunia i in., 2018; Bulak i in., 2018; K i in., 2018).
Przyktadem bioremediacji moze by¢ fitoremediacja z uzyciem ro$lin. Ten typ rekultywacji moze by¢
wykorzystywany do gromadzenia, immobilizacji i przeksztalcania zanieczyszczenn o niskich
stezeniach, szczegélnie do zanieczyszczen organicznych i skazenia metalami (Vidali, 2001). Innym
przyktadem bioremediacji jest entomoremediacja z zastosowaniem owadow (Ewuim, 2013),
np. Hermetii illucens (Bulak i in., 2018).

W kontekscie bioremediacji nalezy wspomnieé rowniez o mykoremediacji (Thomas et al., 1999),
tj. o wykorzystywaniu zdolnosci grzybéw do tolerangji i detoksykacji metali. Odbywa sig to przez
kilka mechanizméw obejmujacych transformacje, wewnatrz- i pozakomérkowe wytracanie oraz
pobieranie czynne. Stosujgc material biologiczny, w tym biomase grzybowa, mozna poprzez
biosorpcje bezpiecznie, ekonomicznie i efektywnie usunaé metale cigzkie (Zaidi i in., 2011)
zagospodarowujac jednoczesnie biomase odpadowa.

1.2. Glukany: podzial, wystepowanie, funkcje

Glukany s3 polimerami glukozy dlatego klasyfikowane sa do grupy polisacharydéw. Podziatu
glukanéw mozna dokona¢ m.in. ze wzgledu na anomeryczna konfiguracje jednostek glukozy, pod
wzgledem kolejnosci i potozenia wiazan glikozydowych, rodzaju i stopnia rozgatezienia wigzan oraz
masy czasteczkowej (Synytsya i Novék, 2014). Dlatego tez glukany mozna podzieli¢ zgodnie
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z anomeryczng konformacja glukozy na: a-glukany, B-glukany i a,B-glukany oraz ze wzgledu na
potozenie wigzan glikozydowych na: (1-3)-, (154)- i (1->6)-glukany (Synytsya i Novak, 2013).

Glukany, to najpowszechniejsze polisacharydy wystepujace w przyrodzie. Najbardziej
znanymi przyktadami o-glukanéw jest glikogen, czyli (1—+4)-o-glukan z rozgatezieniami potaczonymi
wigzaniami (1-—>6)-a-glikozydowymi, obecny w grzybach i zwierzetach, oraz skrobia, czyli
(1->4)(1—>6)-a-glukan wystepujacy w algach i roslinach. Przyktadem pB-glukanéw jest roslinna
celuloza, tj. B-glukan z wiazaniami (1—4)- lub (1-3)- oraz liczne (1-—3)-B-glukany wystepujace
w grzybach. Glukany ekstrahowane sg z roslin, zb6z (szczegblnie z owsa i jeczmienia), wodorostow,
grzyboéw, rzadziej z drobnoustrojéw (Freitas i in., 2009; Kagimura i in., 2015; Ruiz-Herrera i Ortiz-
Castellanos, 2019).

Wraz z glikoproteinami glukany s3 m.in. sktadnikami $cian komérkowych grzybow. Zwiazki
te nadajg ksztatt komérkom i tworza barierg, ktora chroni przed stresem $rodowiskowym. Najbardziej
zewnetrzna warstwa sciany komoérkowej sktada sie z glikoprotein, a pod nig znajduje si¢ warstwa
wewnetrzna, ktéra tworzg polimery glukozy (B-(1—3)-glukany, B-(1—>6)-glukany, a-(1—>3)-glukany)
i chityna (Griin, 2003; Wiater i in., 2008). Udowodniono, ze B-glukany sa pofaczone wigzaniami
kowalencyjnymi z faficuchami chityny, a sie¢ ta znajduje sie pod warstwa glikoprotein. Nie ma
jednoznacznych doniesiefi o potozeniu fancuchow a-glukanéw. Wedtug Griina warstwa (1—>3)-0-D-
glukanéw znajduje si¢ pod wszystkimi warstwami biopolimeréw, tuz nad btona cytoplazmatyczng
(Rys. 1) (Griin, 2003). Jednak najnowsze doniesienia wskazuja, ze lokalizacja (1->3)-a-D-glukanow
Jest do$¢ plynna i zalezy od wielu czynnikéw, w tym gatunku grzyba (Beauvais i in., 2014; Erwig
i Gow, 2016). Ponadto w ramach tego samego gatunku np. Aspergillus fumigatus (1-3)-a-D-glukany
mogg znajdowaé si¢ w innym miejscu, w zaleznosci od formy rozwojowej grzyba (konidia lub
grzybnia wegetatywna) (Erwig i Gow, 2016). Choma i in. (2013) znalezli (1—>3)-a-D-glukany
w strzgpkach Aspergillus wentii, a szczegélnie duze ilosci w przegrodach strzepkowych. Obecnosé
(1-3)-a-D-glukan6éw stwierdzono u wielu gatunkéw grzybéw (Miyazaki i in., 1974; Rappleye i in.,
2007; Reese i in., 2007; Fujikawa i in., 2009). W wigkszych ilosciach o-glukany wystepuja u
przedstawicieli podstawczakéw (Basidiomycetes). Ich zawarto$é wynosi 44—-53% (w suchej masie
owocnika) w patogenie brzozowym Fomitopsis betulina, a nawet 75-88% w owocniku Laetiporus
sulphureus (Jelsma i in., 1978; Jelsma i Kreger, 1979). W mniejszych ilosciach zidentyfikowano
o-glukany u przedstawicieli workowcow Ascomycetes np. Aspergillus niger (9%). W niektorych
rodzajach drozdzy nie wystepuja a-glukany (np. Saccharomyces cerevisiae i Candida albicans)
(Bobbitt i in. 1977), ale Histoplasma capsulantum zawiera ich az 46,5% (Kanetsuna i in., 1974).
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Rys. 1. Budowa $ciany komdrkowej grzyba wedtug Griina (Griin, 2003).

Glukany wykazuja szereg nietypowych funkcji, stad ich wykorzystanie w réznych dziedzinach.
Duze zainteresowanie o-glukanami w kontekscie medycznym wigze sie¢ z ich aktywnoscia
immunomodulacyjng. Do najbardziej aktywnych modulatoréw i stymulatoréw odpowiedzi
immunologicznej nalezg nie tylko (1—-3)-, (1>4)- i (1-6)-B-D-glukany, ale takze (1—4)-, (1—>6)-
i (1-3)-0-D-glukany. Polisacharydy, w tym glukany, sa zdolne do indukowania aktywnosci
i réznicowania komoérek odpornosciowych, takich jak makrofagi, leukocyty, czy komdrki NK. Wsrod
nich, aktywacje monocytdw uwaza sie za etap inicjujacy odpowiedz immunologiczng po kontakcie
z glukanem (Lo i in., 2011).

Aktywnos¢ (1—3)-0-D-glukandéw jest posrednio wywotywana przez specyficzne procesy,
obejmujace zwigkszenie liczby MHC (ang. major histocompatibility complex) i czasteczek
kostymulujacych, ale réwniez poprzez wzmocnienie prezentacji antygenu, szlaki dopetniacza
i wydzielanie rozpuszczalnych mediatoréw, czy aktywacje i stymulacje ruchliwosci komorek
fagocytarnych (Moreno-Mendieta i in., 2017). o-D-Glukany moga dziata¢ wieloaspektowo na
odpowiedZ immunologiczng, ale réwniez ich aktywno§¢ immunomodulacyjna moze byé
ukierunkowana poprzez zmiany w diugosci polimeru, masy czasteczkowej, stopnia rozgatezienia
i zmiane rodzaju wiagzan, a takze rozpuszczalnosé i tadunek czasteczki (Moreno-Mendieta i in., 2017).
Modyfikacja a-D-glukandéw, poprzez siarczanowanie, aminopropylacje, hydroksyetylacje lub
metylacje powoduje, ze zwigzki te staja sie rozpuszczalne w wodzie i sg znacznie bardziej aktywne
biologicznie niz formy natywne. Ponadto, po chemicznej modyfikacji glukany staja si¢ mniej
toksyczne ogdlnoustrojowo niz uznane cytostatyki (Jin i in., 2004; Huang i in., 2006; Wiater i in.,
2012; Wiater i in., 2015). a-D-Glukany mogg bezposrednio oddziatywa¢ na komérki odpornosciowe,
gldéwnie poprzez wigzanie sie¢ z okreslonymi receptorami, np. TLR (ang. toll-like receptors) (Tabarsa
i in., 2015). Jednak immunomodulujace i przeciwnowotworowe dziatanie o-D-glukanéw na ogdt
polega raczej na aktywacji uktadu odpornosciowego gospodarza niz bezposrednim wplywie
cytotoksycznym glukanu na komoérki docelowe (Tronchin i in., 1995). W dziataniu
przeciwnowotworowym glukanéw posredniczg gtdwnie limfocyty T i mechanizmy zalezne od grasicy
(Wasser i in., 2002). a-D-Glukan wyizlowany z grzyba maitake (Grifola frondosa) ma udowodnione
dziatanie wzmacniania aktywnosci przeciwnowotworowej gospodarza (Masuda i in., 2017).
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Nie mozna jednak wykluczy¢ bezposredniego dziatania przeciwnowotworowego lub cytotoksycznej
aktywnosci a-D-glukanéw indukujacych apoptoze transformowanych komérek (Stuelp-Campelo i in.,
2002). Znaczna aktywno$¢ przeciwnowotworowa wykazuje (1—3)-a-D-glukan wyizolowana
z Geoderma lucidum, a doktadniej jego sulfonowana pochodna, co potwierdzono w doswiadczeniu
przeprowadzonym in vivo na mysim modelu nowotworu jamy brzusznej. (Bao i in., 2001; Wiater i in.,
2011). Inna pochodna tego polisacharydu wyizolowanego z Pleurotropus ostreatus, tym razem
karboksymetylowana réwniez wykazuje aktywnos¢ cytotoksyczna i antyproliferacyjna wzgledem
komérek nowotworowych linii HeLa, za§ natywna forma glukanu nie posiada wilagciowosci
przeciwnowotworowych (Wiater i in. 2011).

Kolejnym mozliwym wykorzystaniem (1—3)-0-D-glukandw jest produkcja enzyméw: (1—3)-a-
D-glukanaz, gdzie glukan petni role induktora syntezy enzymu. (1->3)-a-D-glukanazy to enzymy
katalizujgce hydrolize wiazaf glukozydowych w (1-—3)-a-D-glukanach, a wytwarzane sg przez
mikroorganizmy, grzyby i bakterie (Zonneveld, 1972; Wei i in., 2001). Niektére (1—3)-0-D-
glukanazy (zwane takze mutanazami) posiadaja zdolno$é do hydrolizy rozgatezionych wigzan
glukozydowych (1—-3)- i (1—6)-a-D-glukanéw (mutanéw) syntetyzowanych przez prochnicogenne
paciorkowce jamy ustnej (paciorkowe mutany). Mutany sa kluczowym skladnikiem
zewnatrzkomérkowych substancji polimerowych, tworzacych szkielet biofilmu prochnicotworczego
(ptytka nazg¢bna) (Hotz i in., 1972; Davis i in., 1986; Aires i in., 2011). Kiedy mutanazy, ktére nie
wystepujg naturalnie w jamie ustnej, sa dodane do jamy ustnej wraz z produktami higienicznymi
(takie jak ptyny do ust, pasta do zgbéw czy guma do zucia), moga skutecznie wspomagac czyszczenie
z¢bow poprzez rozktad mutandéw plytki nazgbnej (Pleszczynska i in., 2015). Niestety produkcja
mutanazy drobnoustrojéw jest utrudniona z uwagi na brak dostepnego induktora do syntezy tych
enzyméw. Mutan bylby najlepszym induktorem, gdyby nie potencjalna chorobotwérczo$é bakterii,
niska wydajnos¢ syntezy i duze zréznicowanie strukturalne. Mozliwe jest jednak zastagpienie mutanu
w tej roli fatwiej dostgpnym grzybowym (1—3)-a-D-glukanem. Stosowano w tym celu preparaty ze
scian komérkowych réznych grzybéw oraz glukany o réznym poziomie czystosci. Uzyskano wysokg
aktywnos¢ glukanazy z Bacillus circulans WL-12 poprzez uzupetnienie pozywki catymi komodrkami
Schizosaccharomyces pombe lub oczyszczony liniowy (1—3)-a-D-glukanem (pseudonigeran)
wyizolowanym z Aspergillus niger (Meyer i Phaff, 1980). Pseudonigeran byt stosowany réwniez do
indukeji glukanazy w Trichoderma viride (Hasegawa i in., 1966). Imai i in. (1977) wyprodukowali
mutanazg poprzez hodowle Streptomyces KI-8 na (1—3)-a-D-glukanie wyizolowanym z suszonych
owocnikow Lentinus edodes (Imai i in. 1977). (1—3)-a-D-Glukan wyizolowany z grzyba Cerrena
unicolor réwniez postuzyt jako induktory syntezy mutanazy przez Trichoderma harzianum (Osinska-
Jaroszuk i in., 2017).

Co wigcej, a-glukany moga by¢ wykorzystywane do immobilizacji enzymow. Dzieki obecnosé
wolnych grup hydroksylowych posiadaja zdolnosé¢ do tworza wiazan z réznymi czasteczkami (Wang
i in., 2006). Immobilizacja jest powszechna metoda stabilizacji enzyméw i opiera si¢ na wysokim
powinowactwie miedzy ligandem a biomolekuta (Fishman i in., 2002). Proces ten chroni enzymy
przed denaturacja (Villalonga i in., 2000), co czyni je tafszymi i stabilniejszymi podczas uzytkowania
i przechowywania w poréwnaniu do natywnego enzymu (Hertzberg i in., 1992). Wang i in. (2006)
podaja, ze a-glukan wyizolowany z Penicillium chrysongenum Jest wysoce skuteczny w immobilizacji
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lipazy z Candida sp. Wyniki potwierdzaja wicksza stabilno$¢ podczas przechowywania, lepsza
stabilnos¢ termiczng immobilizowanej lipazy i aktywno$¢ w czasie kilkukrotnego uzycia.
Jednak enzym immobilizowany miat jednoczesnie nieco mniejsza aktywno$¢ whasciwa niz enzym
nieimmobilizowany (spadek o 4,1%). Zdaniem autoréw takie immobilizowane enzymy mozna
skutecznie wykorzystac jako biokatalizatory (Wang i in., 2006).

Dostgpne sa prace dotyczace wiasciwosci prebiotycznych polisacharydéw grzybowych. Okazuje
sig, ze glukany silniej stymuluja wzrost Lactobacillus niz popularna inulina, a co wiecej sg odporne na
soki zotadkowe (pozostaja w ponad 90% w formie niestrawionej) (Nowak i in., 2018, Wiater i in.,
2020). Nowak i in. badali polisacharydy wyizolowane z 53 gatunkéw polskich grzybéw i wyniki
wskazuja, ze zwigzki te sa substratem do wzrostu szczepu L. acidophilus i dwéch SZCZEepOW
L. rhamnosus (Nowak i in., 2018). Synytsya i in. (2009) badali prebiotyczne wiasciwosci réznych
ekstraktéw z grzybéw P. ostreatus i P. eryngii, w tym ekstrakty rozpuszczalne w alkaliach
zawierajace (1-—>3)-a-D-glukan. Ekstrakty testowano na dziewieciu szczepach probiotycznych
z rodzaju Lactobacillus, Bifidobacterium i Enterococcus i w wigkszosci przypadkow wyciagi
z grzybow stymulowaly wzrost bakterii probiotycznych (Synytsya i in., 2009)

Obecnos¢ a-glukanéw moze przynosi¢ rowniez negatywne skutki w odréznieniu od opisanych
powyzej przyktadow. (1—3)-a-D-glukany odgrywaja wazna role w przebiegu infekcji roslin. Wydaje
sig, ze kluczowa funkcja o-glukanéw jest ochrona B-glukanéw i chityny przed enzymatyczna
degradacjg (to znaczy blokowanie uwalniania egzoelicytoréw), uniemozliwienie ich rozpoznania przez
rosling oraz zablokowanie wytworzenie odpowiedzi obronnej (Fujikawa i in., 2009; Rappleye i in.,
2007; Snarr i in., 2017). Podczas infekcji, receptory ro$liny rozpoznaja specyficzne wzorce
molekularnych zwigzane ze $ciang komérkowa patogenu PAMP (ang. Pathogen Associated Molecular
Patterns) czy mikroorganizmu MAMP (ang. Microbe Associated Molecular Patterns), a co dalej
prowadzi do wywotania odpowiedzi immunologicznej (Fujikawa i in., 2009; Rappleye i in., 2007).
Najwazniejsze grzybowe PAMP obejmuja B-glukany, mannany i chityne (Reese i in., 2007; Zhang
i in., 2005; Brown i Gordon, 2005; Poulain i Jouault, 2004; Theis i Stahl, 2004). Grzybowe patogeny
roslin reorganizuja sktadniki swojej $ciany komérkowej w odpowiedzi na specyficzne zwigzki roslin
wydzielane podczas infekcji (Otaka i in., 2016). Dochodzi do deacetylacji chityny, co powoduje
powstaniem chitozanu oraz zmniejsza si¢ ilo$¢ B-glukanéw. Zmienia si¢ réwniez potozenie (1—3)-a-
D-glukan, zajmujg one bardziej zewnetrzne warstwy (Geoghegan i in., 2017). Poniewaz (1—3)-a-D-
glukany sa opornymi polisacharydami dla roslin, jest wysoce prawdopodobne, ze nagromadzenie
powierzchniowe (1-—3)-a-D-glukanéw chroni $ciany komérkowe grzybéw przed dziataniem
czynnikéw przeciwgrzybiczych, np. enzyméw degradujacych sciang komérkowa, ktore grzyby
napotykaja podczas infekcji (Fujikawa i in., 2009). Rappleye i in. (2007) udowodnili, ze (1—3)-0-D-
glukan maskuje (1—3)-B-D-glukan w strzepkach infekcyjnych Histoplasma capsulatum i chroni je
przed enzymatyczna degradacjg poprzez blokowanie zdolnosci ro$liny do rozpoznawania tych
polimeréw (Rappleye i in., 2007). Zdolno$é o-glukanéw do maskowania $ciany komorkowe;
grzybowego patogenu wykorzystano do ochrony roslin przed chorobami powodowanymi przez
grzyby. Dla przyktadu, Fujikawa i wsp. (2012) zmodyfikowali ryz, aby wydzielat bakteryjna
a-(1—3)-glukanaze, ktéra rozktadata (1—3)-a-D-glukany z powierzchni grzyba. Okazata sie, ze taki
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transgeniczny ryz byt bardziej odporny na patogeny, a odpowiedz odporno$ciowa na grzyby byta
znacznie szybsza (Fujikawa i in., 2012).

(1—3)-a-D-glukan odgrywa znaczna rolg¢ w patogenezie aspergilozy ptuc w grzybie Aspergillus
fumigatus (Beauvais i in., 2014). 4. fumigatus jest patogenem wywolujacym ogdlnoustrojowe
zakazenie zwane aspergiloza, szczegblnie u os6b z ostabiona odpornoscia, na przykfad po
przeszczepie lub chemioterapii. Sciana komérkowa A. Jfumigatus sktada sie glownie z (1—3)-0-D-
glukanéw (Maubon i in., 2006). Jego biosynteza jest determinowana przez trzy geny znane jako
AGS1, AGS2 i AGS3. Usunigcie genu odpowiedzialnego za biosynteze a-glukanu nie zawsze
ogranicza jego niekorzystne skutki (Beauvais i in., 2013). Spadek zawarto$¢ a-glukanu w $cianie
komoérkowej powoduje brak genu AGS!. Jednak delecja genéw AGS!I i AGS2 nie zmniejsza wirulencji
szczepu (Beauvais i in., 2005; Maubon i in., 2006). Istnieja doniesienia, ze to gen AGS3 bezposrednio
uczestniczy w biosyntezie a-glukanu i wplywa na zmiang zjadliwo$¢ A. fumigatus (Maubon i in.,
2006). W eksperymencie Maubon i Spark (2006) wykazano, ze szczepy pozbawiony tego genu,
wywolywaly szybsze i silniejsze objawy choroby w poréwnaniu ze szczepem pierwotnym (Maubon
iin., 2006). Wedtug Beauvais, Bozza i Kniemeyer (2013) (Beauvais i in., 2013), delecja trzech genéw
skutkuje brakiem (1—3)-0-D-glukanéw w komérkach $ciany grzybéw, ale ogranicza réwniez wzrost
grzybow. Takie zmutowane grzyby byly mniej chorobotwércze niz szczepy bez modyfikacji. Delecja
zmienia strukturg $cian komérkowych konidiéw, powodujac zmniejszenie zywotnosci konididw in
vivo, to znaczy zmniejszyta zjadliwosci mutanta. Badanie wykorzystujace mysi model aspergilozy
wykazato, ze mutant bez a-glukanu byt mniej wirulentny niz szczep natywny (Beauvais i in., 2013).
Stwierdzono brak kietkowania zarodnikéw i wzrostu wegetatywnego w plucach myszy zainfekowanej
zmutowanymi konidiami. Strukturalne zmiany w $cianie komérkowej zmutowanych konidiow
spowodowaly, ze konidia byly fatwiej fagocytowane przez makrofagi gospodarza. Ponadto,
w przeciwienstwie do rodzimego szczepu, na powierzchni zmutowanych konidii mozna byto zobaczy¢

B-glukan i chityneg, a te polisacharydy wywotuja odpowiedz immunologiczna przeciwko grzybom.

1.3, Grzybowe (1—3)-a- D-glukany: wlasciwosci, funkcje, zastosowanie

W literaturze dostepnych jest wiele informacji o grzybowych B-glukanach, ale a-glukany, ktére Y]
rowniez czgsto wystepujacymi polisacharydami w grzybach, nie zostaly jeszcze w petni
scharakteryzowane. Praca Griina z 2003 r. stanowi obszerny zbiér informacji o tych biopolimerach
Jednak nie wyczerpuje cato$ci tematu (Griin, 2003). W ostatnich latach przeprowadzono szereg badan
dotyczacych a-glukanéw, ktére rzucaja nowe $wiatto na strukture, wlasciwosci i funkcje tych
polimeréw (Yoshimi i in., 2017; Choma i in., 2018; Wiater i in., 2020).

Griin (2003) wskazal dwa mechanizmy biosyntezy (1—3)-a-D-glukanéw, jednostopniowy
w Scianach zarodnikéw i dwustopniowy w Schizosaccharomyces pombe (Griin, 2003). Yoshimi i in.
(2017) obszernie opisali mechanizm biosyntezy a-glukandw, w tym geny i enzymy zaangazowanych
w ten proces (Yoshimi i in., 2017).

W literaturze istnieje kilka procedur izolowania a-glukanéw (Wiater i in., 2008). Najogdlnie;j,
metody te obejmuja etap odbarwiania, bedacego jednoczesnie etapem usuwania frakcji rozpuszczalnej

w wodzie, nastepnie etap otrzymania frakcji rozpuszczalnej w alkaliach, neutralizacji i ptukania
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(Hasegawa i in., 1969; Kiho i in., 1994; Mizuno in., 1998; Wiater i in., 2008). Griin zastosowat do
izolacji a-glukanéw odmienne odczynniki i metodyke izolacji (Griin, 2003).

Wiasciwosci zwiazkow, zwlaszcza czasteczek biologicznie czynnych zaleza od ich budowy,
konformacji i masy czasteczkowej. (1—>3)-0-D-Glukany sktadaja sie z monomeréw glukozy
pofaczonych gtéwnie wigzaniami (1—3)-glikozydowymi, ale ich struktura rézni sie w zaleznosci od
gatunku grzyba. W a-glukanach wystepujg nie tylko wiazania (1—3)- tworzace liniowy polimer,
takich jak w przypadku Amanita muscaria (Kiho i in., 1994), ale moga réwniez wystepowac
niewielkie ilosci wiazaf (1->4)- (np. w Newrospora crassa) (Cardemil i Pincheira, 1979), a takze
zwiazki typu niger, gdzie naprzemiennie wystepuja wiazania (1-3)- i (1—4)- (np. w Parmelia
caperata) (Takeda i in., 1970). Dla przyktadu, badano strukture polisacharydéw rozpuszczalnych w
alkaliach, ktére wyizolowano z borowika szlachetnego. Polimer ten sktadat sie gtéwnie z taicuchéw
(1—>3)-0-D-glukanu (okoto 67%), ale zawierat rowniez o-(1—3)-D-mannan (28%) (Choma i in.,
2018). Dodatkowo, Choma i in. (2013) scharakteryzowali nierozpuszczalny w wodzie polisacharyd
wyizolowany z Aspergillus wentii i podali, ze badany polimer to liniowy a-D-glukan o masie
czasteczkowej 850 kDa. Sktadat sie z 25 podjednostek, a kazda podjednostka sktadata sie z 200 reszt
a-D-glukozy potaczonych wigzaniami (1—3)-, oddzielonymi krétkimi fragmentami a-D-glukozy
pofaczonych wiazaniami (1—-4)- (Choma i in., 2013).

0-Glukany o odmiennej budowie tworza sie na plytce nazebnej, gdzie jednostki glukozy
potagczone sg wiazaniem (1—3)- w taficuchu gtéwnym i (1->6)- w taficuchach bocznych (Wiater i in.,
2006). (1—3)-0-D-Glukany sa nierozpuszczalne w wodzie ze wzgledu na obecno$é silnych wiazan
wodorowych. Obecno$¢ tych wigzan utrudnia okre§lenie masy czasteczkowej i konformacji
czgsteczek. Zhang i in. (Zhang i in., 2000) zastosowali roztwory mocznika i NaOH do rozbicia wigzan
wodorowych i okreslili mase czasteczkowa glukanu wyizolowanego z Lentinus edodes jako 5,21-10°.
Masa czasteczkowa glukanu wptywa bezposrednio na stopieri polimeryzacji, ktory dla tego polimeru
wynosi od 60 do 3500 (Griin, 2003).

Przeprowadzono réwniez badania dotyczace konformacji i krystalicznosci a-glukanéw. W 1979
roku Ogawa i in. (Ogawa i in., 1979) wykorzystujac analize rentgenowska scharakteryzowali
konformacjg (1—3)-a-D-glukanu. Ustalili, ze czasteczka ma ksztatt zblizony do helisy 2/1 (Ogawa
iin., 1979; Zhang i in., 2005). Wedlug innych doniesien glukan w roztworze moze wystepowac jako
pojedyncza, podwéjna lub potréjna helisa (Zhang i in., 1999). W roztworze LiCl/DMSO a-glukan
wystepuje jako elastyczny taficuch (Chen i in., 1998a; Chen i in., 1998). (1—3)-0-D-Glukany
wystepuja w réznych formach krystalicznych (polimorfach), w zaleznosci od gatunku grzyba, rodzaju
badanej tkanki (tkanka reprodukcyjna lub niereprodukcyjna) oraz warunkéw prowadzenia izolacji
(Jelsma i Kreger, 1979). Jelsma i Kreger (1979) badali cztery gatunki grzyboéw (Laetiporus
sulphureus, Piptoporus betulinus, Schizophyllum commune i Aspergillus nidulans) przy uzyciu
dyfrakeji rentgenowskiej. Badania wykazaly, ze a-glukany moga wystepowaé w trzech odmianach
polimorficznych (I, IT i III). Pierwsza forma (I) wystepuje w tkance natywnej L. sulphureus
i P. betulinus, drugg forme (II) moze uzyskaé przez wytracanie z roztworu alkalicznego. Trzecia
posta¢ krystaliczna nie jest uwodniona, w przeciwienistwie do dwéch pozostatych, a zatem mozna ja
otrzymaé poprzez suszenie odmiany polimorficznej I w temperaturze 60°C (zmiana catkowita)
i odmiany polimorficznej I1 w temperaturze 95°C w prozni (Jelsma i Kreger, 1979).
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1.4. (1—3)-0- D-glukany jako skladnik odpowiedzialny za wigzanie metali w grzybach

Zdolnos¢ grzybéw do wigzania metali jest znana od dawna. Do tej pory badania koncentrowaty
si¢ na zawarto$¢ metali w catych owocnikach grzybéw, nie skupiajac uwagi na konkretnym sktadniku
odpowiedzialny za zdolno$¢ sorpcyjna (Falandysz i in., 2001; Stijve i Besson, 1976; Falandysz
i Borovi¢ka, 2013). W naturze istnieja dwa mechanizmy, dzieki ktérym grzyby gromadza metale
cigzkie: pobieranie bierne (biosorpcja) i pobieranie aktywne (bioakumulacja). W pierwszym
przypadku martwa biomasa (réwniez grzybowa) wiaze metale na powierzchni $ciany komérkowej
(Garnham i in., 1992) a mechanizmy oparte sa na oddziatywaniach fizykochemicznych miedzy jonami
metali a grupami funkcyjnymi obecnymi na powierzchni komérki. Oddziatywania te to np.
oddziatywania elektrostatyczne, wymiana jonowa, chelatowanie, kompleksowanie, czy mikrostracanie
(Wang i Chen, 2009). Pobieranie aktywne jest zalezne od metabolizmu komérki, zalezy rdwniez od
swiatla i temperatury oraz przebiega wolniej w poréwnaniu z procesem pobierania biernego (Garnham
iin, 1992; Donmez i Aksu, 1999). W literaturze wiekszo$¢ definiuje mechanizm pobierania metali
przez zywe komoérki jako proces dwufazowy - poczatkowy szybki etap biosorpcii, po ktérym
nastgpuje wolniejsze pobieranie aktywne (Garnham i in., 1992; Dénmez i Aksu, 1999; Malik, 2004).
Najnowsze badania z wykorzystaniem zywych kultury alg morskich  wskazuja,
ze wewngtrzkomdrkowa zawartos¢ kadmu jest czesto wyzsza niz ta biosorbowana, co dowodzi
wigkszej efektywnosci usuwania metali przez pobieranie aktywne (Matsunaga et al., 1999; Perez-
Rama i in., 2002; Malik, 2004).

Ludzie wykorzystali zdolno$¢ grzyboéw do wigzania metali w procesie bioremediacji (Vidali,
2001; Megharaj, i in., 2011; Sardar i in., 2018), a dokladniej mykoremediacji (Akhtar i Amin-ul
Mannan, 2020). Sa one wykorzystywane do réznego typu zanieczyszczen, w tym réwniez tych
trudnych do utylizacji, np. wielopiersciowych weglowodoréw aromatycznych, metali cigzkich (Bennet
i in. 2002; Adenipekun i Lawal, 2012) i pestycydéw (Kaur i in., 2016). Grzyby wykorzystywano
réwniez do oczyszczania gleby zanieczyszczonej olejem silnikowy (Adenipekun i Isikhuemhen,
2008), a wige ich potencjat bioremediacyjny jest szeroki. Jednoczesnie nie jest wymagana jakakolwiek
obrobka wstepna zanieczyszczen przed ich biotranformacia przez grzyby (Chatterjee i in., 2017).

1.5, Chityna - wystepowanie, wla$ciwo$ci, zastosowanie

Chityna (poli-B-1,4-N-acetylo-D-glukozamina) to biopolimer zbudowany z meréw N-acetylo-D-
glukozaminy potaczonych wigzaniami B-(1—4)-glikozydowymi. Chityna jest to drugi, po celulozie,
najbardziej rozpowszechniony zwigzek chemiczny na Ziemi (Dutta i in., 2004; Rinaud, 2006; Marinez
i in., 2014; Caligiani i in., 2018). Warto przy tym zaznaczy¢ ze jest zasobem odnawialnym
(Krajewska, 2004).

Chityna szeroko wystepuje w swiecie eukariontéw, jest obecna m. in. w grzybach, stawonogach,
nicieniach, glonach, czy migczakach, natomiast nie wystepuje w roslinach i kregowcach. Pehi role
gtdwnie ochronng i strukturalng, podobnie jak celuloza u ro$lin (Marinez i in., 2014). Powiazane ze
soba liczne fancuchy cukrowe chityny tworza uporzadkowang strukture, mikrofibryle nadaja chitynie
wytrzymatos¢ fizyczna oraz nierozpuszczalno$é w wiekszoscei rozpuszczalnikoéw (Martinez i in.,
2014). Masa czasteczkowa chityny wynosi od 30 do 3000 kDa, a jej stopien deacetylacji przekracza
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90% (Mourya i in., 2011). Dla przyktadu masa molowa chityny wyizolowana z pszczoly miodnej
z wydajnoscia 18% (w stosunku do masy poczatkowej pszczoty) wynosita od 318'10° do 424'10° Da
(Draczynski, 2008).

Polimer ten wystepuje w trzech odmianach krystalicznych o, B, y (Brugnerotto i in., 2001;
Rinaudo, 2006; Lavall i in., 2007). Najczg$ciej spotykana forma w przyrodzie jest odmiana alfa, ktéra
wystepuje m. in. w owocnikach grzybéw, drozdzach, skorupiakach (kryl, krab) oraz szkielecie
owadéw (Rinaudo, 2006), np. w H. illucens (Wasko i in., 2016). Odmiana B nie wystepuje tak czesto
w przyrodzie. Spotykana jest tam gdzie elementy budowy ciala danego organizmu oprécz duzej
wytrzymatosci musza by¢ réwniez elastyczne, np. u katamarnic (Rudall, 1969; Gaill i in., 1992;
Kurita, 2001). Forma y jest bardzo rzadka i uwazana jest za pochodna odmiany a (Atkins, 1985).
Chityna w przyrodzie nie wystepuje w czystej postaci, ale jest powiazana z innymi zwiazkami,
gtownie biatkami poprzez wigzania kowalencyjne (Poulicek i in., 1986; Jang i in., 2004).

Istnieje wiele Zrodet pozyskiwania chityny. Organizmy, ktére czesto wykorzystywane sa do
izolacji chityny to: krewetki, kraby, kry i kalmary (Cuong i in., 2016; Chen i in., 2017; Fadlaou i in.,
2019; Tolesa i in. 2019), ale réwniez szkielety gabek (Ehrlich i in., 2010; Abo Elsoud i in., 2019).
Chityna stanowi sktadnik Sciany komérkowej grzybow (Griin, 2003), a jej zrédtem moga by¢ réwniez
owady (Badawy i in., 2015; Abidin i in., 2020; Hahn i in., 2020), a wsréd nich Hermetia illucens
(Wasko i in., 2016; Antonov i in., 2019; Smets i in., 2020).

Najpopularniejsza pochodng chityny jest chitozan otrzymywany w wyniku czesciowej
deacetylacji chityny, ktéra polega na zasadowej hydrolizie grup N-acetyloaminowych tego polimeru
do grup aminowych. Otrzymuje si¢ w ten sposéb chitozan o réznym stopniu deacetylacji (60-80%)
oraz r6znych masach molowych w zaleznosci od sposobu prowadzenia procesu. Ta pochodna chityny
wykazuje wiele wiasciwosci bioaktywnych, giéwnie z uwagi na rozpuszczalno$é w roztworach
wodnych kwaséw organicznych (Rinaud, 2006; Draczynski, 2013).

Chitynooligosacharydy (skrét ang. COS) sa kolejna grupa pochodnych chityny, ktére sa homo-
lub heterooligomerami N-acetyloglukozaminy i D-glukozaminy. Mozna je otrzymaé poprzez reakcje
enzymatyczne, metody chemiczne lub ich kombinacje z chityny, ale réwniez z chitozanu. Maja one
mniejsza masg¢ czasteczkowa niz chityna i chitozan, ktéra wynosi od 0.2 do 30 kDa.
Chitynooligosacharydy charakteryzuja si¢ lepsza rozpuszczalnoscia w wodzie niz chityna i posiadajg
szereg wiasciwosci biologicznych (Aam i in., 2010; Mourya i in., 2011).

Chityna jako naturalny biopolimer jest coraz szerzej wykorzystywana w réznych zastosowaniach,
w tym m.in. w medycynie, farmacji, stomatologii, przemysle spozywczym, czy ochronie $rodowiska
(Synowiecki i Al-Khateeb, 2003; Park i Kim, 2010). Od bardzo dawna stosowana byta np. do gojenia
ran w postaci oktadu ze sproszkowanych skorupiakéw (Draczynski, 2013). Jednak z uwagi na
nierozpuszczalno$¢ chityny w wodzie nie moze byé ona stosowana wewnatrz organizméw zywych.
Znane jest ich dziatanie przeciwzapalne (Kim i in., 2004; Yoon i in., 2007), przeciwdrobnoustrojowe
(przeciwko bakteriom, drozdzom czy grzybom), (Jeon i in., 2001; Tsai i in., 2002) antyoksydacyjne
(Ngo i in., 2008; Ngo i in., 2009) i przeciwnowotworowe (Huang i in., 2006; Shen i in., 2009).
Wykorzystywane sa w systemach dostarczania (transportu) lekow w organizmie, zmniejszajac skutki
uboczne ich stosowania, czy poprawiaja ich wchtanianie (Park i Kim, 2010).
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Chityna i jej pochodna karboksymetylochityna stymuluja uktad odporno$ciowy. Dostepne sa
badania in vivo dotyczace zdolnoéci chityny do aktywacji makrofagéw co prowadzi do zahamowania
wzrostu komoérek nowotworowych u myszy. Biopolimer ten aktywuje réwniez niespecyficzna
odpornos¢ komoérek gospodarza przeciw patogenowi, np. Escherichia coli (Hudson i Jenkins, 2001).
Pomimo, ze chityna nie wykazuje sama w sobie dzialania przeciwnowotworowego, to
wykorzystywana byta do tworzenia koniugatéw, czyli komplekséw, w ktérych petnita role nosniki
lekow, np. fluorouracylu.

Chityna wykazuje réwniez dziatanie przeciwutleniajace (Jeon i Kim, 2000), jednak z uwagi na
nierozpuszczalnos¢ stosuje sie jej pochodne N-acetylochitooligasacharydy, ktére moga hamowaé
utlenianie DNA i biatek, zwigksza¢ zdolno$¢ zmiatania wolnych rodnikéw przez makrofagi oraz
dziata¢ hamujgco na stres oksydacyjny w komoérkach (Ngo i in., 2009).

Kolejng whasciwoscia chityny i jej pochodnych jest dziatanie przeciwzakrzepowe. Siarczanowa
pochodna chitozanu wykazywata wigksza aktywnos¢ przeciwzakrzepowa (dwukrotnie wieksza) niz
heparyna. Stad mozliwe zastosowanie siarczanu chityny jako heparynoid (antykoagulanty krwi; lek
przeciwzakrzepowy) w dializie krwi (Hirano, 1999).

Dodatkowo, chityng i chitozan stosowane sa jako sktadnik past do zeboéw, ptynéw do ptukania ust
i gum do zucia. Od$wiezaja oddech i zapobiegaja tworzeniu si¢ ptytki nazebnej i prochnicy zebow.
Chityna moze by¢ réwniez stosowana jako wypelniajacy materiat dentystyczny. Co wiecej, zardwno
chityna, jak i chitozan posiadajg zdolno$¢ absorbowania drozdzakéw Candida, ktére gromadza sie na
protezach zgbowych, umozliwiajgc tym samych utrzymanie ich higieny (Dutta i in., 2004).

Kolejnym zastosowaniem chityny jest wykorzystanie jej do unieruchamiania enzyméw oraz
catych komorek. Jest to mozliwe dzigki takim wiasciwosciom polimeru jak: biodegradowalnos¢,
biokompatybilnos¢, nietoksycznos¢, obojetnos¢ fizjologiczna, dobre powinowactwo do bialek,
dostepnos¢ reaktywnych grup funkcyjnych (Krajewska, 2004; Rinaud, 2006). Dla przykladu
immobilizowane przy uzyciu chityny enzymy (a- i B-amylazy oraz inwertaza) sa wykorzystywany
m. in. w przemysle spozywczym, do klarowanie sokéw owocowych, czy w przemysle mleczarskim.
(Krajewska, 2004). Co wiecej sproszkowana chityne wykorzystano do immobilizacji proteazy
alkalicznej, co ma zastosowanie w produkcji detergentow do prania (Abdel-Naby i in., 1998) oraz do
immobilizacji dekstranazy w srodkach do czyszczenia zebow (Abdel-Naby i in., 1999)

Szerokie zastosowanie wykazujg biowtokna otrzymywane na bazie chityny i jej pochodnych w
tym chitozanu. Sa wykorzystywane zaréwno w przemysle tekstylnym, medycynie i biotechnologii
(Hirano, 2001) z uwagi na réznorodne wlasciwosci (przeciwzakrzepowe, przeciwdrobnoustrojowe,
biokompatybilne, biodegradowalne, hemostatyczne, zdolno$é chelatowania metali, zdolnos¢ do
gojenia ran) (Hirano, 2001). Wiokna na bazie chityny i chitozanu sa zazwyczaj wykorzystane jako
material powlekajacy widkna celulozowe, nylonowe, bawetniane i wehiane, poniewaz same wiékna
chityny maja mata wytrzymato$¢ na rozciaganie, a wtékna z chitozanu nie sa odporne na pH ponizej
5,5. Takie zmodyfikowane wiékna wykorzystuje sie do produkcji opatrunkéw na rany, w odziezy
medycznej, do produkcji ubran niealergizujacych oraz o wiasciwosciach antybakteryjnych, w tym
odziezy sportowej (Hudson, 1997; Wieczorek i Mucha, 1997; Synowiecki i Al-Khateeb, 2003).
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1.6. Chityna jako sorbent metali ci¢zkich

Jednym z mozliwych zastosowan chityny jest jej wykorzystanie jako sorbent metali ciezkich.
Komercyjng chityng wykorzystano do sorpcji jonow zelaza, a doswiadczenia obejmowaty badania
wplywu dawki i wielkosci czastek adsorbentu, czasu prowadzenia procesu, poczatkowego stezenia
adsorbatu, temperatury oraz obecnosci dodatkowych anionéw i kationéw. Na podstawie funkcji
termodynamicznych stwierdzono, ze proces adsorpcja zelaza (III) jest spontaniczny, endotermiczny
i korzystny. Czastki sorbetu o wielkosci 0,21 mm wykazywaty wieksza skuteczno$é usuwania metali
niz czastki o wielkosci 0,50-0,71 mm. Réwnowagg kinetyczna osiagnieto po 8 min. Wraz ze wzrostem
stezenia jondw chlorkowych i azotanowych zmniejszata sie sorpcja jondw zelaza, obecnosé kationdw
(Cu™, Zn* i Cr®") réwniez negatywnie wptywata na sorpcje, szczegélnie obecnosé¢ jonéw Cu®'. Wraz
ze wzrostem temperatury zwigkszata sie efektywno$¢ usuwania zelaza (Karthikeyan i in., 2005).
Chityng z r6zowej krewetki (Solenocera melantho) wykorzystano réwniez do badania sorpcji jonow
Pb>* z roztwordéw wodnych. Najwyzsza wydajnos¢ biosorpcji wyniosta 99,7%, przy pH roztworu
rownym 9, a réwnowage uktad osiagnat w ciagu 200 min (Forutan i in., 2016). Xiong zastosowal
zakupiong chityne do adsorpcji jonéw Cd** (Xiong, 2010). Maksymalna efektywno$¢ sorpcji kadmu
na badanej chitynie wynosita 93,9 mg/g. Stwierdzono, rowniez, ze wzrost temperatury z 15°C do 45°C
zwigksza efektywnos¢ sorpcji od 87,1 do 102 mg/g. Widma FTIR prébek chityny przed i po adsorpcji
jonéw Cd*" wykazaly, ze w usuwanie metalu uczestniczyly grupy acetyloaminowe i hydroksylowe
(Xiong, 2010). Chityne otrzymana z muszli kraba wykorzystano do badania sorpcji pieciu metali
(ofowiu, miedzi, niklu, kadmu i cynku) z roztworéw wodnych. Badany proces byt endotermiczny
i zachodzit spontanicznie. Modele Freundlicha postuzyt do analizy danych doswiadczalnych dla
wszystkich badanych uktadéw, a model Langmuira postuzyt jedynie do opisu izoterm Pb(II) i Cu(Il)
na chitynie, dla pozostatych metali byt nieskuteczny (Boulaiche i in., 2019).

Wszystkie opisane prace dotycza chityny pozyskanej z krewetek, czy krabow. Sg to
najczestsze Zroédta pozyskiwania chityny. Nie ma jednak badan dotyczacych sorpcji metali cigzkich na
chitynie z H. illucens. Do tej pory chityna otrzymana z tego owada postuzyta jako sorbent barwnika
organicznego (bigkitu bromofenolowego) (de Souza i in., 2020). Z drugiej strony, w literaturze
dostepnych jest kilka publikacji dotyczacych akumulacji metali ciezki w H. illucens, zaréwno
w poczwarkach, larwach, jak i dorostych osobnikach (Diener i in., 2015; van der Fels-Klerx i in.,
2016; Gao i in., 2017; Purschke i in., 2017; Bulak i in., 2018), a wiec owad ten wykazuje potencjat

sorpcyjny do tego typu zanieczyszczen.
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1.7.  Hermetia illucens jako zrédlo chityny

Hermetia illucens znana réwniez jako black soldier fly to owad nalezacy do rodziny
Ilwinkowatych (tac. Stratiomyidae) rzedu muchéwki (tac. Diptera). Owad ten pochodzi z Ameryki,
a obecnie wystgpuje w regionach tropikalnych i umiarkowanych (Sheppard i in., 1994; Cigkova i in.
2015). Hermetia illucens charakteryzuje sie krotkim, holometabolicznym cyklem zyciowy (rozwdj
zupeiny) obejmujacy cztery stadia: jaja, larwy, poczwarki i imago (Li i in. 201 1), a czas rozwoju tego
owada od larwy do postaci dorostej waha sie od 38 do 43 dni (May, 1961; Tingle i in., 1975; Sheppard
i in., 2002; Tomberlin i in., 2002; Tomberlin i in., 2005;). W naturze zywi sie rozktadajaca materig
organiczna i odchodami zwierzecymi (Veldkamp i in., 2012).

Owad ten jest hodowany na duza skale z uwagi na szerokie zastosowanie. Optymalna temperatura
tolerowana dla rozwoju larw wynosi 27°C, ale tolerowana waha sie od 24-40°C, (Sheppard i in.,
2002). Przyjmuje sig, ze optymalna dawka pokarmu potrzebna do rozwoju larw to 100 mg/ na dzien/
na larwe (Diener et al. 2015).

Hermetia illucens moze stanowi¢ zrédto pozywienia dla ludzi i zwierzat, co jest szczegdlnie
wazne z uwagi na ciagly wzrost liczby ludnosci na §wiecie. Szacuje sie ze w 2050 r. Ziemie bedzie
zamieszkiwa¢ 9 miliardow ludzi. Owady wydaja sie by¢ interesujaca alternatywa dla miesa, ryb
i rodlin (FAO 2013, van Huis 2013). Szczegélnie, ze ich produkcja powoduje znaczaco mniejsza
emisje CO, niz innych zwierzat hodowlanych. Owady dostarczajg niezbgdnych skfadnikéw takich jak
biatko, tluszcze, mineraty i witaminy, sa zrédtem energii (Rumpold i Schliiter, 2013; Ramos-Elorduy
i in., 1997). Dodatkowo, owady sa wszystkozerne, szybko si¢ namnazaja, maja mate zapotrzebowanie
na miejsce, a wiec sg proste w hodowli (Rumpold i Schliiter, 2013). Do wad entomofagii naleza
natomiast potencjalne reakcje alergiczne wywotywane po ich spozyciu (Phillips i Burkholder, 1995)
oraz mozliwos¢ gromadzenia substancji toksycznych w ich biomasie (Berenbaum, 1993).

H. illucens wykorzystana jest rowniez do produkcji pasz, co stanowi jednoczesnie sposob
zagospodarowania biomasy odpadowej. Wykorzystano obornik z hodowli kur, ktory stanowit pokarm
dla larw H. illucens. Otrzymana w ten sposéb pasza zawierata do 42% biatka i do 35% thuszczu przy
Jjednoczesnej redukcji obornika o co najmniej 50%, co nie wymagato dodatkowych naktadéw energii
i szezeg6lnych warunkéw hodowli owadéw (Sheppard i in., 1994). Dodatkowo, Borrelli i inni (2017)
wykorzystywali larwy H. illucens do karmienia kur i zaobserwowali wplyw takiej paszy na mikrobiom
jelita ptakéw. Autorzy stwierdzili, ze takie pozywienie ma whasciwosci prebiotyczne z uwagi na
zawarta w niej chityne (Borrelli i in., 2017).

Ze wzgledu na fakt wykorzystania H. illucens jako pokarmu lub paszy przeprowadzono badania
nad wplywem zanieczyszczen w postaci mykotosyn, metali cigzkich i pestycydow na wzrost i sktad
larw. Larwy karmiono podtozem kukurydzianym z domieszka zanieczyszczen i stwierdzono, ze
metale cig¢zkie ograniczaly ich wzrost, a dodatkowo kadm i otéw akumulowat sie w owadzie.
Pestycydy i mykotoksyny natomiast nie wplywaly znaczaco na wzrost i nie akumulowaty sie
w organizmach (Purschke i in., 2017). Szereg przeprowadzonych badan dowodzi, ze karma oparta na
larwach H. illucens. moze stanowié alternatywe dla maczki rybnej i suplementéw biatka roslinnego
w hodowli zwierzat oraz w akwakulturze (Elwert i in.2010, Kroeckel, i in., 2012, St-Hilaire i in.
2007).
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Co wigcej, larwy H. illucens sa w stanie przeksztatci¢ odpady organiczne, réwniez te o niskiej
wartosci, w bogata w biatko i tluszcze w biomase zawierajaca 35-50% biatka oraz 17-36% oleju
(w suchej masie) (St-Hilaire i in. 2007; Kroeckel i in., 2012; Barroso i in. 2014). H. illucens postuzyta
migdzy innymi do utylizacji odpadéw po ekstrakcji mleka z bielma kokosowego (Mohd-Noor, 2017).

Larwy H. illucens zywia si¢ zar6wno materig roslinna, jak i zwierzeca, obornikiem, czy resztkami
pokarmu, czyli materig bogata w liczne mikroorganizmy. Wymaga to wytworzenia odpowiednich
mechanizméw odpornosciowych. Stad zainteresowanie ich odpowiedzia immunologiczng na
zakazenie. Okazuje sig, ze peptydy zawarte w tym owadzie wykazuja  dziatanie
przeciwdrobnoustrojowe w stosunku do bakterii Gram-dodatnich (Bacillus subtilis i Micrococcus
luteus) oraz bakterii Gram-ujemnych (Escherichia coli i Pseudomonas fluorescens) (Zdybicka-
Barabas i in., 2017; Vogel i in., 2018).

Ze wzgledu na duza zawarto$é tluszezu w biomasie larwy H. illucens moga by¢ wykorzystana
w produkcji biodiesla (Zheng i in., 2012; Li i in., 2015; Wang i in. 2017). H. illucens moze stanowi¢
takze istotne zrédlo chityny i chitozanu (Wasko i in., 2016; Caligiani et al., 2018; Khayrova i in.,
2019).

Owady, a w $réd nich H. illucens moze stuzyé do oczyszczania $rodowiska z réznego rodzaju
zanieczyszczefi w procesie zwanym entomoremediacja (Ewuim, 2013; Bulak i in., 2018). Bulak i in.
(2018) wykorzystali larwy H. illucens do redukcji biomasy w postaci zanieczyszczonych metalami
ciezkimi lisci kukurydzy. Srednio po 36 dniach zredukowano badana biomase o 49%. Stanowi to

alternatywe  dla  powszechnie  stosowanego kompostowania ~ (Bulak i in., 2018).
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2. Cel pracy

Zasadniczym celem pracy bylo sprawdzenie zdolnosci sorpeyjnych naturalnych
biopolimeréw jako sorbentéw metali cigikich w kontekscie potencjalnego ich wykorzystania
w bioremediacji.

Cel zasadniczy zostat zrealizowany przez realizacje celéw czastkowych:

e charakterystyka grzybowych (1 — 3)-a-glukanéw;

e okreslenie zdolnosci sorpcyjnych (1 — 3)-a-glukanéw pozyskanych z réznych gatunkéw grzybow,
wyselekcjonowanie najlepszego grzybowego a-glukanu, tj. z grzyba Lentinus edodes (shiitake)
oraz ocena jego wlasciwosci fizykochemicznych;

 wyizolowanie chityny z owada Hermetia illucens i wybér najlepszej metody izolacji;
e charakterystyka chityny wyizolowanej w oparciu o wybrang metode;

e ocena zdolnosci sorpcyjnych chityny wyizolowanej w oparciu o wybrang metode.

Hipoteza badawcza

Naturalne biopolimery, takie jak grzybowy (1—3)-a-glukan oraz chityna posiadajg zdolnosé

sorbowania jonéw metali cigzkich i moga by¢ wykorzystywane w procesie  biosorpcji.
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3. Materialy i metody

il Metody wspélne dla obu publikacji

Metody mikroskopowe

Powierzchni¢ o-glukanéw zobrazowano wykorzystujgc mikroskop optyczny Nikon Eclipse
MA200 (Japonia). Pomiary prowadzono w spolaryzowanym $wietle odbitym, przy réznych
powigkszeniach od 50x do 500x. Ponadto w obu przypadkach material analizowano takze przy
pomocy skaningowego mikroskopu elektronowo-jonowego (SEM) FEI Quanta 3D FEG, przy
powigkszeniu od 250x do 3500x. Przed pomiarem probki pokryto warstwa Pd-Au, aby wyeliminowaé
niekorzystne efekty elektrostatyczne. Obrazy uzyskano metoda wysokoprézniowej detekcji
elektronow wtornych.

W badaniach chityny wykorzystano takze mikroskopie konfokalng. Do tego celu postuzyt ten
sam mikroskop co w przypadku mikroskopii optycznej tj. Nikon Eclipse MA 200 (Japonia)
wyposazony dodatkowo konfokalng nasadkg Eclipse C1 umozliwiajaca pomiaru w fioletowym $wietle
lasera o dtugos¢ fali = 405 nm.

Spektroskopia FT-Raman i FT-IR

Widma FT-Ramana glukanéw uzyskano z uzyciem spektrometru FTIR Nicolet 8700A
wyposazony w moduf Nicolet NXR oraz detektor InGaAs (Thermo Scientific, USA). Probki
naswietlano laserem neodymowym Nd (YVO4) o maksymalnej mocy 2W oraz dhugosé fali 1064 cm™.
Widmo rejestrowano w zakresie 4000-100 cm™. Za$ widma FT-IR po procesie sorpcji otrzymano za
pomoca spektrometru Nicolet 8700 (Thermo Scientific). Sproszkowany preparat (1—3)-a-D-
glukanéw umieszczono na krysztale ATR. Widma rejestrowano w zakresie 4000-400 cm™.

Analizg FT-IR chityny przeprowadzono za pomoca spektrometru Nicolet 6700 FTIR (Thermo
Scientific, USA) wyposazonego w przystawke Smart Orbit TR diamond ATR, gdzie wykorzystuje sie
metodg jednokrotnego, catkowitego wewnetrznego odbicia promieniowania IR od krysztatu diamentu.
Widma FTIR rejestrowano w zakresie 4000-400 cm™.

ICP-OES

W celu okreslenia zawarto$ci zaadsorbowanego metalu roztwory analizowano za pomoca
optycznej spektrometrii emisyjnej ze wzbudzeniem w plazmie sprzezonej indukcyjnie (ICP-OES)
(Thermo Scientific iCAP Series 6500, USA). Spektrometr byt kontrolowany przez oprogramowanie
iTEVA.

XRPD

Materiat organiczny w postaci a-glukanu i chityny analizowano stosujgc technike proszkowe;j
dyfrakcji rentgenowskiej (XRPD) wykorzystujac dyfraktometr Empyrean (Malver PANalytical,
Wielka Brytania) wyposazony w anode miedziang jako zrédto promieniowania rentgenowskiego oraz
szybki detektor wysokiej rozdzielczosci, PIXcel3D (40 kV, 20 mA i 26). Pomiary dyfrakcyjne probek
zostaty wykonane w zakresie skanowania kata 20: 4°-70° dla glukanu i 4°-90° dla chityny oraz
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z wielkoscig kroku 0,026° dla glukanu i 0,013° dla chityny. Indeks krystalicznosci dla grzybowego

glukanu obliczono wedlug ponizszego wzoru:

Crliio = [(I110 — Lam)/T110] x 100

gdzie I, to maksymalne natgzenie przy 26 = 20°, a I, to intensywnosé dyfrakcji amorficznej
przy 20 = 16 °; wedtug Liu i wsp. (Liu i in., 2012).

Za$ stopien krystalicznosci chityny oszacowano na podstawie oprogramowania WaxFit
(WAXSFIT), ktére bazuje na stosunku pola powierzchni pod krzywymi fazy krystalicznej do sumy
pola powierzchni pod krzywymi fazy amorficznej i fazy krystalicznej. Dodatkowo, dane dyfrakcyjne
chitynny poréwnano za pomoca oprogramowania ReX (ReX Powder diffraction) ze strukturg

a-chityny z prezentowana w pracy Sikorsi i in. (2009).

Analiza statystyczna

Podane w pracy wartosci liczbowe sa $rednimi z trzech niezaleznie przeprowadzonych
eksperymentéw + odchylenie standardowe. Wykorzystano test Tukeya HSD (STATISTICA 8.0,
StatSoft, Inc., USA) do okre$lenia réznic istotnych statystycznie (poziom istotnosci statystycznej
p<0,05). Dodatkowo, w przypadku wynikéw dotyczacych chityny do opracowania statystyki
wykorzystano rowniez test t Studenta.

32. Metody charakterystyki (1—3)-o-D-glukanéw (publikacja nr 2)

Izolacja (1—3)-o-glukanow

Do izolacji (1—3)-a-D-glukanéw wykorzystano grzyby pozyskane z Zakladu Mikrobiologii
Przemystowej, Uniwersytetu Marii Curie-Skfodowskiej w Lublinie, z Wydziatu Warzywnictwa
Uniwersytetu Przyrodniczego w Poznaniu, z Centraalbureau voor Schimmelcultures w Holandii,
z Kolekcji Kultur Drobnoustrojow Przemystowych w Warszawie, a niektére owocniki grzybow
zostaly zebrane w okolicach Poznania.

W pierwszym etapie (skrining) izolacje (1—3)-a-D-glukanéw przeprowadzono z nastgpujacych
grzybow:

—  Aspergillus awamori

- Aspergillus nidulans

—  Aspergillus oryzae

—  Aspergillus wentii

- Penicillium lanosum

= Penicillium notatum

—  Boletus edulis

- Ganoderma lucidum

- Hericium erinaceus

—  Pleurotus citrinopileatus

—  Pleurotus djamor
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—  Pleurotus eryngii

—  Pleurotus ostreatus

—  Pleurotus precoce

—  Piptoporus betulinus

—  Lentinus edodes

oraz odmiany grzyba Lentinus edodes (zarbwno zdrowe owocniki jak i materiat odpadowy):
- Mycelia 3790

- Sylvan 4080

- SH37

Do przeprowadzenia etapu izolacji wykorzystano zliofilizowane i zmielone materiaty grzybowe
oraz kwas azotowy (36% HNO;) (POCH, Gliwice, Polska), wodorotlenek sodu (Merck, Darmstadt,
Niemcy) i wode destylowana.

Izolacja glukanéw obejmowata kilka etapow i polegata w pierwszej kolejnosci na usunieciu
frakcji rozpuszczalnej w wodzie poprzez zalanie zliofilizowanych i zmielonych grzybni i owocnikéw
wodg destylowana i gotowanie w autoklawie w 120°C przez 1,5 godziny. Kolejno, zawiesing
odwirowano (10 000 rpm przez 30 min) i usunieto supernatant (czynnosci powtarzano trzykrotnie).
Drugi etap polegal na otrzymaniu frakcji rozpuszczalnej w alkaliach, ktéra to frakcje stanowig
a-glukany. W tym celu, odwirowany wczesniej osad zalewano 1M NaOH i mieszano
z wykorzystaniem mieszadta magnetycznego przez ok. 12 godzin, w temperaturze pokojowe;j.
Nastepnie zawartos¢ ponownie odwirowano, a do dalszej izolacji wykorzystano supernatant, ktory
neutralizowano przy uzyciu IM HCI Nierozpuszczalna frakcje w postaci osadu odwirowano
i przemywano woda az do momentu, gdy supernatant byt bezbarwny. Po tym czasie osad

zliofilizowano uzyskujac tym samym (1—3)-a.-glukan w postaci biatego proszku.

Sorpcja metali cieikich

Zdolno$¢ sorpeyjng (1—3)-o-glukandéw badano na przyktadzie czterech metali ciezkich: niklu,
kadmu, cynku i otowiu. Do eksperymentu uzyto roztworéw metali o stezeniu 100 mg/dm’ (pH 5),
ktérymi zalewano odwazong wcze$niej porcje o-glukanu (0,1 g). Nastepnie probki wytrzasano
w temperaturze 22 + 2°C przez 24 godziny, a po tym czasie oddzielono roztwér od osadu poprzez
wirowanie (12000 rpm). Wykorzystujac technike ICP-OES okreslono stezenie zaadsorbowanego
metalu jako réznice migdzy stezeniem poczatkowym metalu a stezeniem w supernatancie po procesie

sorpcji. Eksperyment przeprowadzono w trzech powtérzeniach.

Analiza metylacjna

Monocukry otrzymano z polisacharydéw poprzez hydrolize stosujac 2M kwas trifluorooctowy
(w 100°C prze 4 godziny). Nastgpnie monocukry zostaty zredukowane do octanéw alditolu stosujac
NaBD,, a pézniej przeprowadzono etap peracetylacji (wedtug metody Sawardeker i in., 1965).
Bezwzgledna konfiguracja monocukréw ustalono na podstawie analizy peracetylowanych R-(-)-2-
butylowych glikozydéw (zgodnie z metoda Gerwing i in., 1978). Pochodne cukréw analizowano
metoda chromatografii gazowej sprzezonej ze spektrometrem mas (GC-MS).
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NMR

Widma jedno- i dwuwymiarowego (1D i 2D) NMR rejestrowano w roztworze Me,SO-ds w 80°C
przy uzyciu spektrometru Varian Inova plus 500 (dziatajacy z czestotliwoscia 499,81 MHz dla
'H NMR i 125,69 MHz dla “C NMR) oraz stosujac standardowe oprogramowanie Varian.
Dodatkowo, przeprowadzono nastepujace eksperymenty dwuwymiarowe NMR - homojadrowy: DQF -
COSY, TOCSY, NOESY i heterojadrowy: 'H->C HSQC. W eksperymentach TOCSY zastosowano
czas mieszania 100 ms i 150 ms dla NOESY. Rezonanse 'H i *C zmierzono w stosunku do sygnatu
grupy metylowej zwiazku Me,SO-dg (8 2,50 i 8¢ 39,50).

3.3.  Metody charakterystyki chityny (publikacja nr 3)

Izolacja chityny

Do izolacji chityny wykorzystano poczwarki H. illucens. Owady hodowane byly w skali
laboratoryjnej w Instytucie Agrofizyki PAN w Lublinie. Larwy hodowano w temperaturze 26 + 2°C
na podiozu (EUROECO Beszczynski, Polska) przy wilgotnosci 50-80%. Po ok. trzech tygodniach
nastgpowato przepoczwarczenie, a wylinki z poczwarek stanowily materiat do pozyskania chityny.

Do izolacji chityny zastosowano nastepujace odczynniki chemiczne: wodorotlenek sodu (NaOH)
i kwas solny (HCI) (oba produkty Merck, Niemcy) uzyte na etapie demineralizacji i deprotenizacji;
nadtlenek wodoru (30% H,0,) (Standard, Polska), manganian (VII) potasu (KMnO,) (POCH, Gliwice,
Polska) i kwas szczawiowy (C,H,04) (STANLAB, Polska) zastosowane w etapie depigmentacii.

W badaniach sorpcji uzyto roztwor jonéw niklu (Ni*") otrzymanego przez rozpuszczenie azotanu
niklu (Ni(NO3), 6H,0) (POCH, Gliwice, Polska), w wodzie redestylowanej.

Warianty izolacji chityny z H. illucens zostaly oparte na metodologii Draczynskiego (Draczynski,
'2008). Aby znalezé najlepsza procedure (tj. najlepsza wydajno$é i najlepsza jako$é materiatu),
w kolejnych etapach wprowadzono rézne modyfikacje. Wylinki poczwarki przed izolacja zostaty
oczyszczone (przy uzyciu etanolu i wody), wysuszone (60°C) i zmielone. Do kazdej procedury izolacji
pobierano okofo 10 g wylinek. Izolacja chityny skladata si¢ z trzech etapéw: demineralizacji,
deprotonizacji oraz depigmentacji. Dwa pierwsze etapy byty takie same we wszystkich wariantach.
Warianty depigmentacji przedstawiono w Tab. 1.
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Tab. 1. Warianty metod izolacji chityny przedstawione w pracy. Numery wariantow okreslone
w tej tabeli sg uzywane w catym tekscie.

Wariant Nr Demineralizacja Deprotonizacja Depigmentacja
1 Bez etapu depigmentacji
2 Woda w 100°C przez 24h
IMHCIw22°Cprzez 1M NaOH w 80°C przez
g 3 1h, aby uzyska¢ kwasne 24 h, aby uzyska¢ 9% H,0, w 80°C przez 2,5h
= Srodowisko reakcji. zasadowe $rodowisko ) a
2 . Nastepnie NaOH, aby reakcji. Nastepnie HCI, #1010y 80°C pizea o
g zobojetni¢ roztwdr, na  aby zobojetni¢ roztwdr, na 1% KMnO,4 w 80°C przez 20 min.
E koniec plukanie WOdE} koniec plukanie WOdq Nast@pnie kwas szczawiowy (4%
5 destylowana. destylowana. C,H,0,), aby usunaé nadmiar KMnO,,

kolejno NaOH, aby wytraci¢ mangan,
a na koniec ptukanie wodg destylowang.

6 Sorpcja jonéw Ni*" na chitynie wyizolowanej wg wariantu nr 3

Uzyskana chityng zwazono, a efektywnos¢ procesu zostata obliczona wedhug ponizszego wzoru.

m
wydajnoséchityny = — X 100%
w
gdzie m jest masa wyizolowanej chityny, a w masa wylinki Hermetii illucens.

Sorpcja niklu

Sorpcje jonéw Ni** przeprowadzono na chitynie pozyskanej przy zastosowaniu wariantu 3
(Tab. 1). W tym celu nawazke chityny (0,1 g) zalano 10 cm’ roztworu metalu o pH réwnym 5,
a proces sorpcji prowadzono przez 24 h. Zastosowano pie¢ stezefi roztworu jonéw Ni*', ktére
wynosity 10, 20, 40, 80 i 180 mg/dm’. Nastepnie zawiesing w postaci roztworu jonu metalu oraz
chityny wirowano z predkoscig 12000 rpm. Stezenie metalu mierzono w supernatancie za pomocg
techniki ICP-OES (Thermo Scientific iCAP Series 6500, USA). Caty proces prowadzony byt w statej
temperaturze 22 + 2°C. Eksperyment przeprowadzono w trzech powtérzeniach.

Spektroskopia rentgenowska z dyspersja energii (EDX)

Analiz¢ wykonano za pomocg mikroskopu FEI Quanta 3D FEG. Zliofilizowane probki chityn
(natywne i wzbogacone jonami Ni*") przed pomiarem zostaly sprasowane w celu uzyskania ptaskiej
i gladkiej powierzchni. Widma EDX uzyskano z pieciu réznych obszaréw dla kazdej probki. Skiad

pierwiastkowy probek obliczono za pomoca oprogramowania EDAX Genesis.

Analiza termograwimetryczna (TG, DTG, DTA)

Analiz¢ termograwimetryczng chityny przeprowadzono przy uzyciu aparatu Derivatograph C
(Paulik, Paulik i Erdey, MOM, Wegry) z tyglami korundowymi. Weczesniej zwazone porcje probek
(okoto 10 mg) analizowano w zakresie temperatur 20—600°C w obojetnej atmosferze azotu, przy
tempie wzrostu temperatury 10°C/min.
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4. Wryniki i dyskusja

4.1. Wyniki dotyczace (1—3)-a-D-glukanéw (publikacja nr 2)

4.1.1. Wybor optymalnego (1—3)-a-D-glukanu w kontekscie sorpcji metali ciezkich

Zawarto$¢ rozpuszczalnych w zasadach (1—3)-a-D-glukanéw w grzybach wahata sie od 2,2% do
10% suchej masy grzybowej. Tabela 2 przedstawia zdolno$¢ sorpcyjng grzybowych a-glukanéw
testowanych pod katem wiazania czterech metali cigzkich (Ni**, Cd*', Zn*', Pb™). Stwierdzono, ze
glukany wyekstrahowane z Ganoderma lucidum, Boletus edulis i Lentinus edodes (shiitake) wykazuja
najlepsze zdolnosci sorpcyjne wzgledem badanych metali. Jednakze to L. edodes zostat wybrany do
dalszych badaf. Przestanki, ktére zadecydowaty o tym wyborze byty nastepujace: i) sorpcja metali,
jakkolwiek nie najwigksza, takze byla stosunkowo duza; ii) pozyskanie materiatlu z grzybow
Ganoderma lucidum, Boletus edulis jest wieloetapowe i czasochlonne, a co za tym idzie - drogie.
Natomiast L. edodes jest uprawiany w S$wiecie w ogromnych ilosciach (shiitake jest trzecim
najezedciej uprawianym grzybem na $wiecie), a materiat po jego produkcji, mozliwy do
wykorzystania przy pozyskaniu (1—3)-0-D-glukanéw, jest dotychczas zagospodarowywany gtownie
przez kompostowanie lub produkcje biogazu.

W kolejnym etapie badano wiasciwosci sorpeyjne (1—3)-0-D-glukanéw pozyskanych z réznych
odmian L. edodes. Ostatecznie do dalszych analiz wybrano grzyba L. edodes odmiana SH 37.
W dalszej czgsci pracy wybrany (1—3)-a-D-glukan okreslny bedzie skrotowo jako a-glukan.
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4.1.2. Charakterystyka (1—3)-a-D-glukanu pozyskanego z odmiany SH 37 Lentinus edodes

Metody mikroskopowe

Analiza SEM wykazata ztozona morfologie powierzchni a-glukanu z Lentinus edodes. Struktura
przypominata ptatki, co moze wptywa¢ korzystnie na efektywno$é sorpcji metali ciezkich z uwagi na

duza powierzchnig badanego materiatu (Bayramoglu i Arica, 2008).

XRPD

Wykorzystujac technike dyfrakcji rentgenowskiej okreslono, ze indeks krystalicznosci a-glukanu
wyniost 8,5%. Jednakze ta niska krystaliczno$é badanego polisacharydu nie musi determinowaé
stabych zdolnos¢ wigzania metali cigzkich. Zhang i in. donosza na przyktadzie innego naturalnego
polimeru — chitozanu (otrzymanego z chityny uzyskanej ze skorupy kraba), ze prawdopodobnie
zwigkszona krystalicznos¢é moze zmniejszaé dostepnosé miejsc wiazania metalu ze wzgledu na

szczelniejsze upakowanie widkien, tworzac tym samym przeszkody sferyczne dla metalu (Zhang i in.,
2005).

FT-IR i FT-Raman

W oparciu o techniki spektroskopowe potwierdzono obecno$¢ charakterystycznych grup

funkcyjnych dla polisacharydow, a takze polozenie wigzan glikozydowych i ich anomeryczng
konfiguracje.

W charakterystyce strukturalnej a-glukanu wazne sa dwa obszary: ,region anomeryczny” (950—
750 cm™) oraz sregion cukrowy” (1200-900 cm™) (Synytsya i Novak, 2014) (Rys. 2).
Charakterystyczne wigzania dla polisacharydu zawierajacego wigzaniami o-(1—3)- wystepuja przy
930 cm™', 840 cm™ i 820 cm™ (Choma i in., 2013; Osirska-Jaroszuk i in., 2017). Ponadto widoczny byt
pik przy 1140 cm™ odpowiadajacy wigzaniom a-(1—3)-glikozydowym (Seymour i in., 1980; Choma i
in., 2013), a wigc réwniez te wigzania sa obecne w badanym polimerze. Przy 3300 cm™ wystepowat
szeroki, intensywny pik charakterystyczny dla drgan rozciagajacych grupy O-H, dlatego mozna
wywnioskowa¢, o ich obecnosci w badanym polisacharydzie (Qian i in., 2009; Osifiska-Jaroszuk
iin., 2017).

Wyniki uzyskane dla a-glukanu z grzyba shiitake poréwnano z wynikami dla tego samego
materiatu po sorpcji (Rys. 3). Zaobserwowano zmiany w widmie w postaci przesunie¢ pasm z 3282
cm™ na 3314 cm™ 122914 cm™ na 2950 cm™. Pasma te sg charakterystyczne dla drgan rozciagajacych
grupy —OH. Kolejno, przesuniecie pasma z 1635 cm™ (—OH z adsorbowanej H,0) na 1653 cm™.
Réznice miedzy obydwoma widmami pokazujg, ze adsorpcja jonéw Pb** zachodzi poprzez grupy
hydroksylowe (Igbal i in., 2009).
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Rys. 2. Pordwnanie widm FT-IR (linia czerwona) i FT-Ramana (linia niebieska) probki a-(1—3)-
D-glukanu z L. edodes.
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Rys.3. Widma FT-IR o-(1—3)-D-glukanu z L. edodes oraz po procesie sorpcji z jonami Pb*".

Analiza metylacyjna

Analiza metylacyjna potwierdzita, ze badany a-glukan, rozpuszczalny w alkaliach, zawierat dwie
heksozy: glukozg (75,9%) i mannozg (19,5%) oraz niewielka ilo$¢ pentozy (4,5%) zidentyfikowane;j
jako ksyloza. Wyniki wskazuja, ze gtdwny tancuch polimerowy sktadat sie z glukozy potgczonej
wigzaniami (1—3)- (86,5%), a dodatkowo wystepowaty fragmenty glukozy potaczone wiazaniami
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(1—4)- (5,3%) oraz terminalna glukoza (glukoza na koncu fancucha glukanu) (8,2%). Badana frakcja
to gtéwnie polimer glukozy. Nalezy jednak pamieta¢, ze nie jest mozliwe wyizolowanie frakgji
materiatu biologicznego zawierajacego tylko jeden rodzaj polisacharydu i jeden rodzaj wigzan miedzy

nimi.

NMR

Do okreslenia struktury oraz konfiguracji anomerycznej glukozy wykorzystano jedno- (1D)
i dwuwymiarowy (2D) homojadrowy 'H NMR (DQF-COSY, TOCSY, NOESY) oraz dwuwymiarowy
(2D) heterojadrowy 'H-"C NMR (HSQC). Zidentyfikowano dwa uklady spinowe, oba
charakterystyczne dla a-D-glukozy, a wiec dwa rodzaje polimeréw na bazie o-D-glukozy sa
skladnikami badanego materiatu. Gtéwna frakcja to (1—3)-a-D-glukan (86%), a towarzyszy jej
szesciokrotnie mniejsza ilos¢ polimeru podobnego do amylozy (14%). Opierajac sie wylacznie na
danych spektroskopowych NMR, trudno stwierdzi¢ czy te dwa sktadniki sa zwiazane chemicznie
tworzgc jeden duzy nierozpuszczalny w wodzie polimer, czy sa mieszaning polimeréw, ktorg mozna
oddzieli¢ metoda ekstrakcji alkalicznej. Nie wykryto natomiast spodziewanych sygnatéw
odpowiadajacym rozgatezionej glukozie i terminalnej glukozie (4. ich ilo$¢ byta ponizej 0,5% granicy
wykrywalnosci metody).

4.2. Wyniki dotyczace chityny (publikacja nr 3)

4.2.1. Izolacja chityny 7 wylinek H. illucens

Informacje dotyczace skutecznosci izolacji chityny przedstawiono w Tabeli 3. Wydajnos¢ izolacji
chityny w odniesieniu do poszczegolnych wariantéw izolacji wynosita od 5,69% do 7,97%.
Zaobserwowano przy tym, ze im mocniejszy odczynnik uzyty na etapie depigmentacii, tym nizsza
wydajnos¢ izolacji.

Tab. 3. Wydajnos¢ izolacji chityny z wylinek poczwarki H. illucens w zaleznosci od wariantu
izolacji (srednie i odchylenie standardowe, n = 3). Warianty opisano w Tabeli 1. Ta sama litera
oznacza, ze nie bylo réznic istotnych statystycznie (test HSD Tukeya; p <0,05).

Numer wariantu 1 2 3 4 5

Wydajnosé [%] 7,95+0.20° 7,97+0.10° 7,01 £0.12° 5,98+0.08 ° 5,69+028*°

4.2.2. Charakterystyka chityny z wylinek H. illucens

Mikroskopia optyczna i konfokalna

Uzyskane probki chityny poddano ocenie za pomoca mikroskopii optycznej i konfokalnej. Probki
ze wszystkich wariantéw izolacji wykazywaly podobng strukture tj. miaty regularng powierzchnie
sktadajaca si¢ z szesciokatnych jednostek przypominajaca plaster miodu oraz posiadaty strukture
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porowata. Porowatos¢ byla szczegolnie widoczna w prébkach pozyskanych w wariancie 3 izolacji.
Ta cecha jest wazna z punktu widzenia sorpcji — im wigksza porowato$é tym sorpcja powinna byé
bardziej efektywna (Synowiecki i Al-Khateeb, 2003). Ta obserwacja byta jedng z przestanek wyboru
wariantu 3 do dalszych badan dotyczacych sorpcji jondw niklu.

Na podstawie zdjg¢ z mikroskopu konfokalnego mozna stwierdzi¢, ze wszystkie badane probki
wykazywaly niewielka fluorescencje, ktéra dotyczyta tylko niektorych obiektéw ze wzgledu na
absorpcje $wiatta monochromatycznego oraz przesunigciu barwy w kierunku fal o wiekszej dhugosci
(niebieska i czerwona), a wigkszos¢ probki chityny $wiecita §wiattem odbitym (fiolet). Silniejsza
fluorescencje niektérych obiektéw wykazywat wariant nr 4, a to prawdopodobnie spowodowane byto
uzyciem silnego utleniacz (H,0,) przez dostatecznie dtugi czas (5 h). Ogélnie, chityna nie posiada
zdolnosci do autofluorescencji (Lee i in., 2009). Przeprowadzenie tego typu badan na chitynie
z wykorzystaniem mikroskopu konfokalnego wymaga uzycia odpowiedniego odczynnika
(np. fluostain) (Moussian i in., 2005).

XRPD

Dyfraktogramy proszkowej dyfrakcji rentgenowskiej wykonano dla wszystkich probek.
Na podstawie poréwnania danych eksperymentalnych z bazami danych dyfrakcji proszkowej oraz
z danymi literaturowymi (Sikorski in., 2009) zidentyfikowano chityne jako odmiane alfa.
We wszystkich przypadkach wielko$¢ krystalitu wynosi ~ 80 nm jak wskazano w analizie Rietvelda
opartej na krystalograficznych danych strukturalnych dostarczonych przez Sikorski i wsp. (Sikorski
in., 2009). Oszacowano, ze stopien krystalicznosci probek wynosi okoto 60%. Mozna stwierdzié, ze
metoda izolacji chityny nie ma wptywu na krystalit chityny. Sladowe iloci krzemionki (Si0,)
wykryto w dwéch wariantach (nr 11 2).

Analiza termograwimetryczna (TG, DTG, DTA)

Na podstawie przeprowadzonych analiz termograwimetrycznych stwierdzono, ze rozktad chityny
uzyskanej przy roznych wariantach zachodzit w dwoch etapach, co widoczne byto w postaci dwéch
pikéw endotermicznych. Pierwsze przejécie endotermiczne zwigzane bylo z odparowaniem wody
w zakresie temperatur 80-100°C. Drugie przejscie, to rozktad samej chityny w temperaturze 356—
392°C, w zalezno$ci od probki. Zastosowane metody izolacji wplywaty na temperature rozktadu
chityny, zatem mozna wnioskowaé, ze metoda izolacji wptyneta na skfad otrzymanej chityny. Ubytek
masy podczas rozktadu dla poszczegolnych probek okreslony na podstawie krzywej TG wynosit
migdzy 67,2% a 73,1%, w zaleznosci od probki. Najwyzsza temperatura rozkladu chityny nastgpita
w probkach pozyskanych przy zastosowaniu wariantu nr 3 izolacji (czyli chitynie traktowanej H,0,
przez 2,5 h). Poniewaz daje to mozliwos¢ szerokiego wykorzystania tej chityny (tj. w najszerszym

przedziale temperatur) to byta to druga przestanka wyboru wariantu nr 3 do badaf sorpcji jonéw Ni*'.

FT-IR
Technika FT-IR zostata wykorzystana do okreslenia rodzaju allomorfow chityny (alfa, beta
i gamma) (Kaya i in., 2015) oraz do poréwnania wariantéw chityny otrzymanej réznymi procedurami
izolacji. W otrzymanych widmach FT-IR chityny widoczny jest podzial pasma amidu I rzedu na
1620 cm™ 11652 cm™, co wskazuje, ze chityna pochodzaca z owada H. illucens miata posta¢ alfa, co
zostato niezaleznie potwierdzone technika XRPD. Piki te wystepujace w prébkach niezaleznie od
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metody izolacji. Wyniki uzyskane w tych analizach potwierdzaja doniesienia literaturowe méwiace, ze
w owadach wystepuje odmiana alfa chityny (Kaya i in., 2015a).

Warianty nr 2-5 nie wykazaly istotnych r6znic miedzy widmami. Réznice (w stosunku do
pozostatych wariantow) widoczne byly w przypadku wariantu 1. W wariancie tym widoczne sa
dodatkowe piki w widmie FT-IR probki. Piki te wynikaly z obecnosci substancji, ktére nie zostaty
usunigte w etapie depigmentacji (w wariancie nr 1 nie byto tego etapu).

4.2.3. Wybor procedury izolacji chityny

Wyboru metody izolacji, jakg zastosowano do pozyskania chityny do badan sorpcji dokonano nie
tylko na podstawie wydajnosci, ale takze wlasciwosci przedstawionych w powyzszych rozdzialach.
Biorac pod uwage uzyskane wyniki wybrano wariant 3 tj. depigmentacje z uzyciem 9% H,0, w 80°C
przez 2,5 h.

4.2.4. Sorpcja jonow niklu

Izoterma adsorpcji niklu na chitynie wykazata stopniowy wzrost adsorpcji wraz ze wzrostem
stgzenia metalu, po czym osiagnigta zostata rownowaga i powierzchnie sorbentu wysycita sie metalem
(Rys. 4). Chityna zaadsorbowata maksymalnie 1,66 mg/g jonéw niklu, przy poczatkowym stezeniu
niklu 178 mg/dm’ i pH roztworu rownym 5,0. Otrzymang izoterme testowano na dwédch modelach
adsorpcyjnych (Langmuira i Freundlicha), a parametry kazdego z nich przedstawiono w Tabeli 4.

Analiza danych wykazata, ze lepsze dopasowanie uzyskano dla izoterma Freundlicha.

16 t

q.(mg'g)

0.4 3

0

0 26 40 60 80 100 120 140 160 180 200

¢, (mg/L)

Rys. 4. Izoterma adsorpcji jonéw Ni** na chitynie wyizolowanej z H. illucens (Srednie (n=3) = SD
(stupki)) zgodnie z procedurg nr 3 (patrz Tabela 1), gdzie c, to stezeniem réownowagowym Ni*';
q. to ilos¢ Ni**zaadsorbowanego w stanie réwnowagi.
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Tab. 4. Parametry izoterm otrzymanych podczas sorpcji Ni** na chitynie

Langmuir Freundlich
T Yee Img/g] ”
Ky qm [mg/g] R K 1/n R
0,008 3,086 0,620 1,662 0,010 1,179 0,860

Gm - maksymalna teoretyczna zaadsorbowana ilo$¢ (pojemnosé sorpeyjna), K; — stata Langmuira -
quasi-gaussowska heterogeniczno$¢ energetyczna ukiadu adsorpcyjnego, R - wsp6tczynnik
determinacji, ge e, - maksymalna eksperymentalna ilos¢ zaadsorbowana w czasie roéwnowagi,
K, n - stale empiryczne wskazujgce na pojemnos¢ i intensywno$é sorpc;ji.

W celu okreslenia mechanizmu sorpcji Ni na chitynie przeprowadzono analizy z wykorzystaniem
technik EDX oraz FT-IR.

Wyniki EDX wykazaty obecnos¢ Al i Ca przed sorpcja jondw niklu, a pierwiastki te nie
wystgpowaly po procesie sorpcji, zmniejszyta si¢ rowniez ilogé Na po sorpcji. Zmiany w zawartosci
wspomnianych pierwiastkéw w probkach moga by¢ spowodowane wymiang jonowa. Chociaz
technika EDX mierzy tylko ograniczona powierzchnig i gtebokosci probki, usrednione wyniki
z licznych pomiaréw wykonane w réznych niezaleznych punktach chityny potwierdzaja powyzsze
rozumowanie.

Widmo FT-IR chityny z sorbowanymi jonami Ni** bardzo przypominato to przedstawione dla
wariantow nr 2-5. Po procesie sorpcji metalu nastapito niewielkie przesuniecie pasm 3369 cm™ i 2910
cm” w kierunku dtuzszej dtugosci fali (odpowiednio 3380 cm™ i 2920 cm™). Pasma te odpowiadaja
drganiom rozciagajacym grup —OH, stad mozna wnioskowaé, Ze uczestnicza one w adsorpcja metalu.
Sorpcja badanego metalu byta prawdopodobnie oparta na kompleksowaniu grup —OH na powierzchni
uzytego sorbentu (chityny).

Tak wigc wydaje si¢, ze sorpcja jonéw Ni*" przebiega w wyniku dwoch rownoleglych

mechanizméw tj. wymianie jonowej oraz kompleksowaniu.
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S,

Whioski

. Grzyby moga by¢ bardzo dobrym zZrédtem pozyskiwania (1—3)-a-D-glukanéw.

Z badanych 16 gatunkéw grzybéw najlepsza sorpcja metali ciezkich wystapita w przypadku

oa-glukanéw wyizolowanych z Ganoderma lucidum, Boletus edulis i Lentinus edodes (shiitake).

. Grzybowy (1—3)-a-D-glukan wyizolowany z grzyba L. edodes (shiitake) wykazuje dobre

wlasciwosci sorpeyjne ze wzgledu na dobrze rozwinieta powierzchnig, niska krystalicznosé oraz
duzg liczbe grup hydroksylowych obecnych na powierzchni polimeru.

Biorac pod uwage tatwo$¢ uzyskania (1—3)-a-D-glukanu z materiatu odpadowego, z grzyba
shiitake moze on by¢ uzywany jako nowy biosorbent metali ciezkich do zanieczyszczonych
roztworéw wodny ch, réwniez z uwagi na jego nierozpuszczalnosé w wodzie.

Wylinki z muchy Hermetia illucens (black soldier fly) moga by¢ bardzo dobrym zrédtem chityny.

. Z przebadanych wariantéw izolacji chityny najlepszym byta tréjetapowa procedura polegajaca na:

i) demineralizacji 1M HCI w 22°C przez 1 h; ii) deprotenizacji IM NaOH w 80°C przez 24 h oraz
iii) depigmentacji 9% H,0, w 80°C przez 2,5 h. Wydajno$é tej procedury wyniosta 7%.

. Wyizolowana z H. illucens, w oparciu o wybrang procedure chityna posiada forme alfa, ze

stopniem krystaliczno$ci 60% i maksymalng temperaturg rozktadu ~ 392°C.

Biorac pod uwagg skutecznos¢ wykorzystania badanej chityny w sorpcji jonéw niklu, chityna moze
stanowi¢ fatwo dostepny i tani materiat wykorzystywany w procesach oczyszczania $rodowiska
z metali cigzkich.

Sorpcja jonoéw niklu na chitynie z H. illucens zachodzi z duzym prawdopodobieristwem na skutek

dwoch réwnoleglych mechanizméw tj. wymiany jonowej i kompleksowania.
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Abstract: The cell walls of fungi are composed of glycoproteins, chitin, and «- and -glucans.
Although there are many reports on 3-glucans, x-glucan polysaccharides are not yet fully understood.
This review characterizes the physicochemical properties and functions of (1—3)-x-p-glucans.
Particular attention has been paid to practical application and the effect of glucans in various respects,
taking into account unfavourable effects and potential use. The role of «-glucans in plant infection has
been proven, and collected facts have confirmed the characteristics of Aspergillus fumigatus infection
associated with the presence of glucan in fungal cell wall. Like 3-glucans, there are now evidence
that a-glucans can also stimulate the immune system. Moreover, x-p-glucans have the ability to
induce mutanases and can thus decompose plaque.

Keywords: fungi; cell walls; polysaccharides; (1—3)-x-p-glucans

1. Introduction

Glucans are glucose polymers and are, therefore, classified as polysaccharides. Although their
simple composition might be taken as indicative of an uncomplicated construction, differences can be
found among glucans in terms of the anomeric configuration of glucose units and glycosidic linkages
(sequence and position), the type and degree of bond branching and molecular size [1]. Glucans can,
therefore, be divided according to the anomeric conformation of glucose (x-glucans, B-glucans and
o, B-glucans) as well as the position of the glycosidic bonds (1,3-, 1,4- and 1,6-glucans) [2].

Along with glycoproteins, glucans are components of fungal cell walls. These compounds shape
fungal cells and form a barrier, which protects the cells against environmental stress. The outermost
layer of the cell wall consists of glycoproteins, and beneath this is an inner layer, which is formed by
glucose polymers (3-1,3-glucans, 3-1,6-glucans, a-1,3-glucans and chitin) [3,4]. It has been proved
that B-glucans are connected by covalent bonds with chitin chains, and this network is under the
glycoprotein layer. There are no unambiguous reports as to the position of x-glucans chains. Griin
reported that the (1—-3)-x-p-glucans layer is beneath all the layers of biopolymers, just above the
cytoplasmic membrane (Figure 1) [3]. However, the latest reports indicate that the location of
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(1-3)-a-p-glucans is quite fluid and depends on many factors, including the fungus species [5,6].
In addition, within the same species (A. fumigatus), (1—3)-x-p-glucans may be in a different location,
depending on the developmental form of the fungus (conidia or vegetative mycelium) [5] and the type
of plant cultures [6].

glycoprotein

B-glucan

__a-glucan

st Cytoplasmic
¥ membrane

Figure 1. Structure of fungal cell walls by Griin [3].

The fluorescently labelled antibodies method is used to determine the location of « «-glucans
in cells [7,8]. Choma et al. (2013) found (1—3)-x-p-glucan in the hyphae of Aspergillus wentii
and particularly large quantities in hyphal septa [7]. Fujikawa, Kuga and Yano et al. (2009) used
fluorescent labels to study the distribution of infected cell wall polysaccharides in the rice blast fungus
Magnaporthe grisea. The results obtained with immunoelectron microscopy showed that «-1,3-glucan
and (3-1,3-glucan were mixed in the cell wall of hyphae, but a larger deployment of x-1,3-glucan
occurred further from the cell membrane [8].

(1-3)-a-p-glucans have been found in numerous fungi [8-11]. In larger quantities, x-glucans
occur in representatives of the Basidiomycetes class. Their content reaches 44-53% of the dry weight of
fruiting bodies of the birch pathogen Fomitopsis betulina (Bull.: Fr.), and even 75-88% in the fruiting
bodies of Laetiporus sulphureus (Bull.: Fr.) Murrill [12,13]. In smaller quantities, x-glucans were found
in representatives of the Ascomycetes class, i.e., Aspergillus niger (9%). Some kinds of yeast may not
have «-glucans (e.g., Saccharomyces cerevisiae and Candida albicans) [14], but Histoplasma capsulantum
contains 46.5% [15]. Table 1 presents an overview of the latest literature (since 2000) relating to the
content of (1—3)-o-p-glucans and their properties in individual species of fungi [7,16-25]. The table
is a supplement to the information contained in Griin’s publication, which provided an analogous
review of the literature on (1—3)-a-p-glucans content in individual fungi [3]. Thus, both works fully
document the occurrence of (1—3)-x-p-glucans in fungi.
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Biosynthesis of «-glucans has not been fully researched. In general, the synthesis of these
polysaccharides involves glucose and (1—3)-x-p-glucan synthase [26]. Griin (2003) indicated two
(1—-3)-a-p-glucans biosynthesis mechanisms [3]. The first is a single-step biosynthesis mechanism,
which occurs in the walls of the spores and involves a single a-glucan monomer. The two-step
mechanism in Schizosaccharomyces pombe involves o-glucan, which has a dimeric structure composed
of two covalently linked building blocks, each consisting of a linear (1—3)-«-p-glucan segment with
a small number of (1—4)-residues at its reducing end. In another publication, Griin et al. studied
biosynthesis of «-glucans in yeast [27]. Hochstenbach et al. (1998) specifically identified «-glucan
synthase in Schizosaccharomyces pombe, i.e., Agslp and its three domains: an intracellular synthase
domain, a C-terminal multipass transmembrane domain, and an N-terminal extracellular domain,
which might act as a transglycosylase [28]. Aspergillus nidulans has two «-1,3-glucan synthase genes
(agsA and agsB), but studies show that only AgsB is necessary for normal growth [29]. Yoshimi et al.
(2017) have extensively described the x-glucan biosynthesis mechanism, including issues related
to signalling the integrity of the cell wall, the genes and enzymes involved in this process, and a
detailed description of the biosynthesis in Schizosaccharomyces pombe [30]. They have also suggested a
biosynthesis and degradation model for (1—3)-a-p-glucan in Aspergillus nidulans.

In the literature, there is a lot of information about fungal -glucans, but «-glucans (which are also
frequently occurring polysaccharides in fungi) have not yet been fully characterized. The starting point
for discussion is the work of Griin from 2003 [3]. In recent years, a variety of analyses of x-glucans have
been performed, shedding light on the structure, properties and functions of these polymers. However,
a conclusive report on cell wall location and the functions of x-glucans is missing. For this reason,
it is worthwhile collecting information about these as yet little-known polysaccharides. The report
presented here is one of the few reviews on the subject of a-glucans. In addition to current information
on their structure and functions, the review describes miscellaneous applications of (1—3)-o-p-glucans,
e.g., as a mutanase inducer [31-35], as support for lipase immobilization, as a prebiotic [36] and, finally,
based on recent research undertaken by our group, a new application as a heavy metal sorbent [37,38].

2. Methods for Isolating (1—3)-x-p-Glucans

In the literature, there are several procedures for isolating «-glucans [4]. Table 2 shows the
different isolation methods and compares the reagents used in these. Generally, the methods presented
consist of the decolourization stage, which is also the stage of removing the water-soluble fraction,
further obtaining the alkali-soluble fraction, neutralization and rinsing [39-42].

Table 2. Summary of x-glucans isolation methods detailing the reagents used in each isolation step.

Decolorization and Removal of

Species of Fungi Used the Water-Soluble Fraction Neutralization Stage Rinsing Stage Reference
Sodium borohydride, Sodium T L —— Methanol-water solution
Trichoderma viride hydroxide, methanol, methanol . Water, boiled in water [39]
’ solution
water solution Ethanol
Methanol, 0.9% sodium hydroxide,
. . hot water, 5% Na,CO3 o
Amanita muscaria 1M NaOH solution with sodium IMHCI Water [40]
borohydride (200 mg)
Water
Schizophyllum commune 5% KOH Acetic acid Water [41]
activated charcoal
. Water -
Laetiporus sulphureus NaOH HCl Water [42]

For «-glucans isolation, Griin [3] used different reagents and a method of isolating. The milled
fruiting bodies of Laetiporus sulphureus were treated with a solution containing EDTA, Tris and pH 7.6
solution, and these were then blended. SDS and 2-mercaptoethanol were added and boiled to remove
cytosolic impurities. The suspension was centrifuged and washed in water. Following this, the milling



Molecules 2019, 24, 3972 50f 20

and extraction steps were repeated. The centrifuged material was suspended in ice-cold NaBHy and
KOH, and stirred for 30 min at 4 °C. The undissolved material was removed by centrifugation. Acetic
acid was added to the centrifuged supernatant to bring the solution to pH 6.0. The water-insoluble
fraction was mixed at 4 °C for 24 h, after which the pellet was centrifuged and resuspended in sodium
azide, 2-mercaptoethanol, citrate-phosphate buffer and pH 5.3 containing Zymolyase-100T (Seikagaku,
Tokyo, Japan) to remove (1—3)-3-p-glucans. After stirring overnight at 37 °C, the insoluble fraction was
collected by centrifugation and washed twice with water. Alkaline extraction and enzymatic hydrolysis
were repeated once more. Finally, the material was re-extracted with SDS and 2-mercaptoethanol and
washed with sodium azide.

3. Structure and Property of Fungal (1—3)-x-p-Glucans

The properties of compounds (especially biologically active molecules) depend on their structure,
conformation and molecular weight. In order to determine the structure, molecular weight and
other physicochemical properties of (1—3)-a-p-glucans, different techniques are used: spectroscopic,
chemical, and separation methods [1], for example, size-exclusion (gel permeation) chromatography
(SEC or GPQ), laser light scattering (LLS), and viscometry. This analysis is difficult due to x-glucans
being insoluble in water, so specific solvents or chemical modification are required [1].

(1—-3)-o-p-glucans consist of glucose monomers linked with mainly 1,3-glycosidic bonds, but
their structure varies depending on the fungus species. However, in «-glucans, there are not only
1,3 bonds (such as those in the Amanita muscaria) [40], but there may also be small amounts of 1,4-
linkages (Neurospora crassa) [43] as well as compounds of the nigeran type, where alternate 1,3- and
1,4- bonds exist (Parmelia caperata) [44]. The structure of alkali-soluble polysaccharides isolated from
Boletus edulis was also studied. This polymer consists mainly of «-(1—3)-p-glucan chains (about 67%)
but also «-(1—3)-p-mannans (28%) [38]. In another construction, x-glucans form on dental plaque,
where the glucose units are linked by binding 1,3- in the main chain and 1,6- in the side chains [26].

(1—-3)-a-p-glucans are insoluble in water due to the presence of strong hydrogen bonds.
The presence of these bonds makes it difficult to determine the molecular weight or conformation
of the molecules. Zhang et al. (2000) [21] used urea and NaOH solutions to break the hydrogen
bonds, and determined the molecular weight and viscosity of the x-glucan from the Lentinus edodes as
5.21 x 10° and 148 cm3-g~?, respectively. The molecular weight of the glucan was directly influenced
by the degree of polymerization, which was between 60 and 3500 [3].

By 1979, the structure of (1—3)-a-p-glucans had already been defined by Ogawa et al. [45],
who used X-ray analysis and defined conformation as extended, close to a 2/1 helix [45,46]. Moreover,
in LiCl/DMSO solution, (1—3)-a-p-glucans occurs as a flexible chain [47,48] and (according to other
reports) as a random coil [20] due to the breaking of hydrogen bonds.

(1—3)-a-p-glucans occur in different crystal forms (polymorphs), depending on the fungus species,
type of tissue investigated (reproductive or non-reproductive tissue) and preparation conditions [13].
Jelsma and Kreger (1979) [13] investigated four species of fungi using X-ray diffraction: Laetiporus
sulphureus, Piptoporus betulinus, Schizophyllum commune, and Aspergillus nidulans. They reported that
a-glucan can present in three polymorphs (I, IT and III). The first form (I) occurs in native tissue of
L. sulphureus and P. betulinus. The second form (II) can be obtained by precipitation from alkaline
solution. The third crystalline form is not hydrated, in contrast to the other two, and can, therefore,
be obtained by drying polymorph I at 60 °C (total change) and polymorph II at 95 °C in a vacuum.
It seems that form II is the most energy stable, but the less stable form is generally preferred in
nature [13]. These changes are presented schematically in Figure 2, based on Jelsm’s work [13].
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Figure 2. Mutual transformations of crystalline/polymorphic forms of (1—-3)-a-p-glucans, based on
Jelsma et al. [13].

Choma et al. (2013) [7] characterized water-insoluble polysaccharide from Aspergillus wentii
and reported that the studied polymer was linear x-p-glucan with a molecular weight of 850 kDa.
The glucan was composed of 25 subunits, and each subunit consisted of 200 «-p-glucose residuals with
(1-3)-bonds separated by short fragments of x-p-glucoses linked by (1—4)-bonds.

4. Functions of (1—3)-a-p-Glucans

The role of cell wall components of fungi is generally known; they provide cell rigidity to protect
against the external environment and, at the same time, provide flexibility, which enables cell growth.
The typical role of a-glucans in cell walls is controversial [3]. Zonneveld (1972) reported that a-glucan
in Aspergillus nidulans stores material which has accumulated in the cell wall during vegetation
growth [49]. However, the mutant of this fungus which lacked x-glucan showed normal growth,
suggesting that «-glucan in Aspergillus nidulans is an unnecessary compound for this process [50].
Glucans play a significant role in yeast because they are essential for ensuring the integrity of fission
yeast cells and are a major constituent of fission yeast spore walls. The spore wall (like the cell wall
of haploid cells) maintains structural integrity, regulates cell permeability and protects the cell from
environmental stresses [3]. Moreover, the observed correlation between a lack of x-glucans in the cell
wall of fungus is temperature sensitive. The mutant of Schizosaccharomyces pombe (with a mutation in
the gene responsible for a-glucan biosynthesis) has been found to be sensitive to temperature and its
cells wall lysed at 37 °C [28].

In a medical context, extensive interest in glucans is associated with their anti-tumour properties.
More specifically, 3-glucans have these properties, but x-glucans have little or no anti-tumour effect
due to being insoluble in water. However, modified x-glucans (for example, carboxymethylated or
sulphated derivatives) are soluble in water and have potent anti-tumour activity [22,51-53]. Wiater et al.
(2011) reported that carboxymethylated x-glucans from Lentinus edodes, Pleurotus ostreatus, Piptoporus
betulinus and Laetiporus sulphurous have a biological activity potential (express cytotoxic or mitochondrial
metabolism-modulating effects), but they do not show free radical scavenging activity [22]. Moreover,
glucan-based preparations that stimulate the immune system are commercially available. Bao et al.
(2001) reported that modified x-glucans (carboxymethylated derivatives) have stimulating effects on
lymphocyte proliferation and antibody production [54].
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In addition, the report by Yoshimi et al. [30] cited diverse applications of glucans, e.g., a possible
use as thermoplastic materials due to their thermostable properties [55] or in the fermentation industry
due to enzymes and metabolites secreted by fungi [56].

The presence of a-glucans also has a negative effect, and the correlation between the presence
of a-glucan and fungal virulence is known [57,58]. Fujikawa et al. [8,59] report that many fungi that
cause plant diseases through the presence of x-glucans impair the immune response of plants, and,
in some species, these polysaccharides are used to maintain the infectivity of structures.

Moreover, a-glucans enables aggregation of swollen conidia, which occurs in biofilm during
pulmonary aspergilloma (caused by A. fumigatus) [60]. It has been proven that «-glucan in mutans
streptococci causes virulence in the aetiology of dental caries in humans through the glucans’ cell-cell
and cell-surface adhesion, especially adhesion to hard surfaces [61-63]. On the other hand, by using
a-glucans for the production of (1—3)-x-glucanases, glucosidic bonds in the mutant synthesized by
cariogenic oral streptococci can be hydrolysed, thereby removing dental plaque mutans [64-66].

Table 3 provides a summary of the medical properties of fungal (1—3)-a-p-

e o B

glucans [16,22,25,33,34,36,42,51-54,57,58,60,64—84].

Table 3. Medical properties and potential application of fungal (1—3)-x-p-glucans.

Medicinal Property of (1—3)-o-p-Glucans Application Reference

Anti-tumour properties Potential anti-cancer drug

Immunological activity Adjuvants in vaccination

Active ingredient of oral hygiene products

Mutanase inducers i
¢ (mouthwashes, toothpastes, or chewing gums),

[33,34,42,64-66,76-75]

Role in the pathogenicity of Aspergillus fumigatus Vaccine and diagnostic test systems [57,60,79-83]

Prebiotic properties New prebiotic source [36,84]

5. The Biological Role of (1—-3)-a-p-GLucans

5.1. Fungal (1—3)-a-p-Glucans Is Essential for Successful Plants Infection

The effect of fungus—plant host interaction results from the establishment of a balance between
fungal virulence and plant resistance [85-88]. Disturbance of the balance (resulting from a lowered
plant self-protection ability or increased fungal virulence) leads to development of disease [89-92].
The fungus—plant interaction constitutes a dynamic system involving numerous processes directly
inhibiting pathogen growth and indirectly affecting the growth of both organisms (resistance induction)
as well as co-regulation of metabolite formation [93]. Plant protection against pathogen invasion
(provided by the direct action of microorganisms) is enhanced by indirect induction of plant resistance
by elicitors produced during inhibition of pathogen growth by rhizosphere microorganisms employing
mechanisms of direct action [94-96].

Cell walls are the most important sources of molecular designs associative with microorganisms/
pathogens (microbe/pathogen-associated molecular patterns, MAMPs/PAMPs) [8,10]. Fungal MAMPs
include B-glucans, mannans and chitin, which induce an immune response in both plant and
mammalian cells [11,46,97-99]. They are identified by binding proteins that make up the receptor
complex. Chitin and B-1,3-glucan in fungal walls are the most important and best known MAMPs,
which cause an immune response in plants [11,100-102].

Elicitors are plant-resistance inducers released from the cell walls of a host (endoelicitors) and
invading microorganism (exoelicitors). Elicitors already recognized can be classified as members of the
race-specific group that determines induction of gene-to-gene resistance. They can also be included
in the particularly interesting group of common elicitors of so-called race non-specific resistance,
which interact with all varieties of an infected host species and originate from various pathotypes of
pathogenic and/or non-pathogenic strains [85,103-107].

The latest reports indicate that (1—3)-a-pD-glucans may be a factor in the virulence of some
pathogens [50], with a role in the aggregation of germinating conidia of Aspergillus nidulans [108] and
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showing elicitor activity [9,109]. Compared with 3-glucans, x-glucans are less well understood in terms
of their ability to induce plant resistance and their anti-cancer properties. Water-soluble x-glucan from
the lichen fungus Ramalina celastri (a linear polymer of glucose with «-(1,3)- and «-(1,4)- in a ratio of 3:1)
has an in vitro anti-cancer property against HeLa cells and in vivo murine macrophage-macrophage
activation capacity, stimulating phagocytosis and increasing the production of hydrogen peroxide [67].
(1-3)-a-p-glucan presents in the wall of the non-pathogenic binucleated fungus Rhizoctonia (BNR)
(an effective factor in biological protection, inducing plant resistance against diseases caused by
pathogenic strains of R. solani) has been found to not only induce resistance to the infection in
potato stems but also induce protection against cancer and dry rot caused by Rhizoctonia [110-112].
The (1—3)-a-p-glucans strongly induce activity markers of resistance-related proteins of pathogenicity
(PR): (1—3)-B-glucanase (PR-2) and chitinase (PR3) [113]. Kinetics of induction of (1—3)-3-glucanase
in the stems of potato mycelium are similar to those induced by (1—3)-x-p-glucan isolated from the
cell wall of BNR. Wolski et al. [112] have, for the first time, detected x-glucanase activity in plant
tissues using (1—3)-a-p-glucans as a substrate (derived from a Rhizoctonia cell wall). It has been shown
that accumulation of (1—3)-a-p-glucan depends on the MAP kinase pathway (Mps1), which can be
activated by an endoelicitor, such as that originating from degradation of wax 1.16-hexadekanodiol [8].
Rappleye et al. (2007) proved that the (1—3)-a-p-glucan both spatially and functionally masks the
(1-3)-B-p-glucan in infection hyphae of Histoplasma capsulatum (and protects them against enzymatic
degradation) by blocking the plant host’s ability to recognize these polymers [10].

It seems that the key function of x-glucans are protection of -glucans and chitin against degrading
enzymes (that is, against the release of exoelicitors), against recognition by the plant and for running
the defence response [8,10,114]. This mechanism seems to be universal and can be observed in both
fungal-mammal [10] and fungal-plant interaction [8,30]. There seems to be a clear relationship between
the amount of a-glucan in fungal cell wall (FCW) and the ability of a fungus to infect host cells
(virulence). Studies contributing to our understanding of the fungal-host defence response prevention
strategy have indicated the location of polysaccharides in cell walls using fluorescent marking during
differentiation of infection structures in Magnaporthe grisea [8,115]. Immunomicroscopic analysis
showed that infectious cell wall fragments of rice pathogen Magnaporthe grisea (1—3)-x-p-glucan and
(1—3)-B-p-glucan are intertwined with each other, but (1—3)-x-p-glucan remains further away from
the cell membrane. When infective Magnaporthe grisea hypha was developing on a hydrophobic plastic
surface, (1—3)-x-p-glucan was only found in an appressorium. On the other hand, when infective
Magnaporthe grisea hypha developed on the surface of plants, (1—3)-«-p-glucan was found with both
hypha-growing from a conidium (germ tube) and an appressorium [115].

Fungal plant pathogens reorganize their cell wall components in response to specific plant- derived
compounds, which these pathogens may encounter during infection [116]. Figure 3 shows specific
changes in the fungal cell wall structure during plant infection in a simplified manner as the exact
distribution of polysaccharides in the wall is unknown. In addition, the arrangement of cell wall
proteins has been omitted for the sake of clarity. Chitin, (1—3)-B- and (1—6)-p-glucans are present in
all cell types and form a specific grid. The extracellular matrix (EM) is the glycoprotein outer layer.
Plant infection causes deacetylation of chitin, forming chitosan and causing a decrease in B-glucans
content. The distribution of (1—3)-o-p-glucans also changes, occupying the outer layers [117].
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Figure 3. Changes in the structure of the fungus cell wall during plant infection, according to
Geoghegan et al. [117]. ‘

Because (1—3)-«-p-glucans are a refractory polysaccharides for plants, it is highly likely that
surface accumulation of (1—3)-a-p-glucans protects the fungal cell walls from antifungal agents,
such as cell wall degrading enzymes, which fungi encounter during infection [8].

5.2. The Role of (1—3)-a-p-Glucans in the Pathogenicity of Aspergillus Fumigatus

Aspergillus fumigatus is a human pathogen that causes systemic infections in immunodeficient
patients, for example, after transplantation or chemotherapy. Ghazaei et al. prepared a review on
pathogenesis and infection by Aspergillus fumigatus, where they discussed various factors affecting
the virulence of this fungus (e.g., thermotolerance, nutrient uptake, adhesins, toxins) including the
effect of cell wall components [80]. The cell wall of Aspergilus fumigatus is mainly composed of
(1-3)-a-p-glucan [79]. This polysaccharide is present in the extracellular matrix which surrounds the
fibrillar core, composed of (1—3)-p-p-glucan and chitin [58]. In A. fumigatus, x-glucan has a structural
role in the cell wall, providing cell rigidity. The absence of this polymer in cells is compensated for by
increasing chitin and/or 3-glucan content, so it can be concluded that x-glucan is a key component
of the cell wall and is not required for vegetative growth [118]. However, a-glucan participates in
the process of germination of Aspergillus fumigatus conidia, more precisely, in the aggregation of
germinating conidia. This aggregation (i.e., cell-cell interaction) is characteristic of the Phanerochaete,
Syncephalastrum, and Aspergillus species [119-123]. An experiment conducted by Fontaine and Beauvais
(2010) using beads coated with (1—3)-«-p-glucan has shown that these polysaccharide chains interact
with one another, and the results confirmed the ability of x-glucan to aggregate conidia [60]. On the
other hand, Henry et al. (2011) reported that a lack of a-glucan does not disrupt the process of conidial
germination. The germination level of the mutant (without genes determining the biosynthesis of
a-glucan) was found to be similar to the parental strain [118].

In A. fumigatus, o-glucan also has a different role, that is, this polysaccharide causes virulence.
Removal of the gene responsible for its biosynthesis does not always limit its adverse effects.
Biosynthesis of a-glucan is determined by three genes successively known as AGS1, AGS2,
and AGS3 [58]. Decreased x-glucan content in the cell wall only causes a lack of the gene AGSI.
However, even the loss of x-glucan is enough to keep the virulence of A. fumigatus, and deletion of
AGSI and AGS2 does not reduce virulence in the strain [57,79]. There are reports that AGS3 has a role
in the biosynthesis of «-glucan and changes the virulence of A. fumigatus [79]. In an experiment by
Maubon and Spark (2006), a strain lacking this gene was shown to produce faster and more robust
disease compared with the original strain [79]. Its virulence was related to greater resistance to H,O,,
the ability to germinate more rapidly [81] and an increase in melanin in the cell wall of conidia (which
results in a resistance to phagocytic killing) [82]. According to Beauvais, Bozza, and Kniemeyer
(2013) [58], deletion of the three genes results in a lack of (1—3)-a-p-glucans in fungal wall cells but
no reduction in growth of the fungi. These mutant fungi are less pathogenic than the strain without
modification. Deletion changes the structure of conidial cell walls, causing a reduction in the viability
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of conidia in vivo, that is, a decrease in the virulence of the mutant. A study using a model of murine
aspergillosi reported that a mutant without «-glucan was less virulent than the native strain [58]. A lack
of germination and vegetative growth was found in the lungs of mice infected with mutated conidia.
Structural changes in the cell wall of mutant conidia caused conidia to be more easily phagocytosed by
macrophages. In addition, unlike the native strain, B-glucan and chitin could be seen on the surface of
mutant germinating conidia. These polysaccharides cause an immune response against fungi [6].

Beauvais et al. (2005) [57] suggest that «-glucan in the cell wall of A. fumigatus has an additional
function to other pathogenic fungi. In A. fumigatus, x-glucan acts as a cement for the other cell wall
components. It does not cause masking or anchoring of the cell wall surface molecules, which is
probably what causes pathogenicity. For this reason, there are differences in the virulence of different
species of pathogenic fungi; absence of the x-glucan synthetase gene does not reduce the virulence of
the mutant when compared to the native strain [57].

Komarova et al. have used the relationship between the presence of (1—3)-x-p-glucan
and the virulence in Aspergillus fumigatus in practice. They synthesized a pentasaccharide and
neoglycoconjugates, which are related to c-glucan. This discovery will be used in the future to develop
a diagnostic test system and vaccine to detect and combat this pathogen [83].

6. Applications of (1—3)-x-p-Glucans

6.1. Immunological Activity

Polysaccharides have been found to be good modulators and stimulators of immune responses.
The most active include not only (1—3)-, (1—4)- and (1—6)-B-p-glucans but also (1—4)-, (1—6)- and
(1—-3)-a-p-glucans. These are considered as Toll-like receptor 4 (TLR4) ligands, and they induce
receptor-mediated signal transduction via TLR4/IKK/NK-kB molecular pathways. Polysaccharides,
including glucans, are known to induce activity and differentiation of immune cells, such as
macrophages, leukocytes, or natural killer (NK) cells. These compounds belong both to innate
(mainly macrophage-dependent immune system responses) and adaptive immunity (including B-
and T-cell activity). Among them, monocyte activation is considered to be an initiating stage of
immune responses after glucan impact [124]. Further immunomodulatory activity includes other
cells like subsets of lymphocytes, NK, dendritic and myeloid cells, and their soluble mediators.
(1—4)-a-p-glucans induce TNF-«, nitric oxide (NO) and prostaglandin E2 (PGE2) production by
macrophages, as well as pro- and anti-inflammatory cytokines (such as IL-13, IL-6, IL-8, IL-12, IL-18 or
IFN-y) by lymphocytes and other immunocompetent cells [125,126].

For a considerable time, (1—3)-o-p-glucan molecules were thought to have no significant biological
activity. Nevertheless, given the source of the glucan, chemical modification of its structure and
the presence of specific receptors on immune cells (which recognize glucan epitopes), it can exert a
significant immunomodulatory effect. Currently, «-p-glucans are considered as promising compounds
useful as adjuvants, especially for mucosal vaccination [126]. This activity is mediated through specific
processes, including upregulation of MHC and co-stimulatory molecules, enhancement of antigen
presentation, complement pathways and secretion of soluble mediators, as well as activation and
stimulation of phagocytic cell motility [126]. Despite the multifaceted activity of «-p-glucans on
immune responses, their immunomodulatory activity can be targeted through changes in the polymer
length, molecular weight, branching degree and type of bonds, as well as solubility and charge of the
molecule [126]. It has been shown that «-p-glucans with a mass higher than 10 kDa express poorer
macrophage lineage activation properties than polymers with lower molecular mass [74,126]. This is
clearly not always the case, however, and other variants often appear demonstrating the reverse.
As with many other antigens, x-p-glucan charge is also important in the stimulation of immune cells,
indicating that molecules with a high charge are often poorly immunogenic. Similarly, immune response
is dependent on the type of glycosidic bonds, indicating differences in the stimulation of macrophage
activity dependent on prevalence of (1—3)-a- or (1—6)-a- bonds within the polymer. Nonetheless,
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soluble and insoluble (1—3)-x-p-glucans or (1—6)-x-p-glucans are able to stimulate an immune
response and soluble mediator secretion by immunocompetent cells. However, water-soluble forms are
postulated to be more immunogenic. Modification of x-p-glucans like sulphation, aminopropylation,
hydroxyethylation, or methylation also causes these agents to become much more biologically active
than the native, underivatized components. Moreover, after chemical modification of glucans, they
express less systemic toxicity than approved cytostatics [16,19,68,127]. These modifications also
make polymers more soluble in water and, finally, may increase their biological activity. Chemical
modification of a-p-glucans is thus an important procedure leading to an increase in the solubility of
glucans in water, with simultaneous enhancement of their immunomodulatory activity [25].

Immune cells may be directly affected by x-p-glucans, mainly through binding to specific TLRs,
CRs or dectin-1/2, expressed on the surface of these cells. This activation is followed by, e.g., NF-kB
molecular pathway activation, leading to production of pro- and anti-inflammatory cytokines. These
mediators stimulate antigen presentation in dendritic cells (DCs) and phagocytosis or secretion of other
cytokines macrophages. The appropriate micro-environment, conditioned by the presence of glucan,
also determines the most effective stimulation of the immune system and thus effective defence of the
body against pathogens or neoplastic transformed cells [75]. However, the immunomodulatory and
anti-tumour activities of o-p-glucans are generally mediated via host immune system activation rather
than direct cytotoxic impact on target cells [123]. Stephen-Victor et al. reported that «-(1,3)-glucan
isolated from A. fumigatus may play an important role in vaccination settings in patients after infections
with this fungal pathogen [73]. The anti-tumour activity of glucans is mainly mediated by T lymphocyte
activity and thymus-dependent mechanisms [69]. Maitake «-D-glucan (YM-2A; Grifola frondosa) has
been found to enhance host anti-tumour action, activating CD4+ and CD8+ lymphocytes in the spleen
and CD8+ cells in tumour-draining lymph nodes. This compound increases anti-tumour activity in
CD11b+ myeloid cells, macrophages of the peritoneum and DCs. Moreover, this polymer stimulates
secretion of soluble mediators in Peyer’s patches, indicating systemic activation of an anti-tumour
immune response in the host [70]. Nevertheless, one cannot exclude direct anti-cancer or cytotoxic
activity of x-p-glucans inducing apoptosis of transformed cells [67].

The role of these compounds is based on general tumourigenesis prevention. In particular,
it should include limitation of tumour cell proliferation (especially sulphated forms of glucans),
potentiation of the immune response against pathologic tissue, as well as preventive effects on the
motility and metastasis of cancer cells. Moreover, they may induce tumour mass infiltration by natural
killer (NK) cells and cytotoxic T lymphocytes, and consequently limit the volume of tumour growth [71].
Potential x-p-glucans anti-tumour activity should thus be linked (besides immune) with nervous or
hormone systems stimulation and consequently whole-body mobilization [69,72,128].

6.2. (1-3)-a-p-Glucans as a Mutanase Inducers

(1—3)-o-p-glucans isolated from fungal cell walls can be also used for the production of
(1—3)-x-glucanases, which are inducible enzymes catalysing the hydrolysis of glucosidic bonds
in various (1—3)-a-p-glucans. (1—3)-a-glucanases are produced by microorganisms, fungi and
bacteria, whose enzymes are involved in the processes of nutrition, including, inter alia, mobilization
of cell wall «-p-glucans in response to carbon and energy source exhaustion [49,129], or, in the case of
some yeasts, participate in morphogenetic processes during development and differentiation [130,131].
Some (1—3)-«-glucanases (also called mutanases) have the ability to hydrolyse the glucosidic bonds in
mutans (branch (1—3)- and (1—6)-x-p-glucans) synthesized by cariogenic oral streptococci. Mutans
are a key component of extracellular polymeric substances, forming a framework of cariogenic biofilm
(dental plaque) [64—66]. When mutanases not naturally present in the oral cavity are added to oral
hygiene products (such as mouth rinses, toothpaste or chewing gum), they can effectively support the
cleaning of teeth through decomposition of dental plaque mutans [76]. Unfortunately, production of
microbial mutanases is hampered by the lack of an available inducer for the synthesis of these enzymes.
Mutan would be the best inducer if it were not for the potential pathogenicity of its producers, low
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synthesis yield and great structural diversity. However, it is possible to replace mutan in this role with
more easily available fungal (1—3)-«-p-glucans. Cell walls preparations of various fungi or glucans
with different levels of purity have been used for this purpose. High glucanase activities were obtained
from Bacillus circulans WL-12 by supplementing the media with whole Schizosaccharomyces pombe cells
or purified linear (1—3)-o-p-glucan (pseudonigeran) from Aspergillus niger [77]. Pseudonigeran was
also used to induce Trichoderma viride glucanase [78]. Imai et al. (1977) [132] produced mutanase by
culturing Streptomyces KI-8 on (1—3)-a-p-glucan isolated from dried fruiting bodies of Lentinus edodes.
A cell wall preparation of Schizophyllum commune or Botritis cinerea was used as a (1—-3)-x-glucanase
inducer in Bacillus circulans KA-304 [31,32] and in Trichoderma asperellum, respectively [33]. The fruiting
bodies of Laetiporus sulphureus are a particularly good source of the inducer for fungal and bacterial
mutanases [34,42]. This basidiomycetous fungus grows worldwide on dead or weakened trees,
producing very large, edible fruiting bodies and can be readily cultivated on a large scale [35].
A relatively high amount of (1—3)-a-p-glucan in the cell wall material of the fungus (up to 80%,
which is several times more than other fungi) [3] can make the production of mutanases profitable.

6.3. (1—3)-a-p-Glucans as a Prebiotic

Intestinal microflora affects overall health, including the risk of cancer, so it is important for
humans to maintain a balance of intestinal flora. For this reason, food and new probiotics are sought,
which have a positive effect on intestinal flora [36,133]. It has been reported that fungal polysaccharides
have prebiotic properties. They stimulate growth of Lactobacillus more strongly than the popular
inulin and are also resistant to gastric juices (remaining more than 90% undigested) [36]. Nowak et al.
studied polysaccharides isolated from 53 species of Polish mushrooms, and the results indicate that
these compounds are a substrate for growth of the reference strain L. acidophilus and two strains
of L. rhamnosus [36]. Synytsya et al. (2009) studied the prebiotic properties of various extracts of
P. ostreatus and P. eryngii mushrooms, including alkali-soluble extracts containing (1—3)-a-p-glucans.
The extracts were tested on nine probiotic strains of Lactobacillus, Bifidobacterium, and Enterococcus.
In most cases, the fungal extracts stimulated the growth of probiotic bacteria, and the intensity of
growth depended on the type of the extract used. In general, the extract from P. eryngii had better
prebiotic properties. Studies show that (1—3)-a-p-glucans are prebiotic compounds and can stimulate
the growth of Lactobacillus and Bifidobacterium bacteria [34].

6.4. (1—3)-a-p-Glucans as a Support for Enzyme Immobilization

The presence of free hydroxyl groups in the structure of x-glucans means they have the ability to
form bonds with various molecules, and this property of polysaccharides is used for the immobilization
of enzymes [134]. Immobilization is a common treatment to stabilize enzymes, and it is based on the
high affinity between the ligand and biomolecule [135]. This process protects the enzymes against
denaturation [136], which makes them cheaper and more stable during use and storage in comparison
to the native enzyme [137]. Most fungi cell walls have x-glucans (especially Laetiporus sulphureus) [13],
and they can be easy to obtain. For this reason, these polymers may be successfully used to support
enzymes, and studies have confirmed this. Wang et al. (2006) report that x-glucan from Penicillium
chrysongenum is highly effective for the immobilization of lipase from Candida sp. The results show
increased stability during storage and improved thermal stability of immobilized lipase, although the
enzyme immobilized at the same time had a slightly lower specific activity than the free enzyme (down
4.1%). According to the authors, these mobilized enzymes may be effectively used as a biocatalyst [134].

7. Sorption Properties of (1—3)-o-p-Glucans

The ability of fungi to bind metals has been known for a long time. Until now, research has focused
on the content of metals in the whole fruiting bodies and has not considered a specific component
responsible for sorption capacity [138-140]. It is now known that (1—3)-x-p-glucans have the ability
to bind metals thus constituting a structural component responsible for the accumulation of elements
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in fungi [37,35]. In nature, there are two mechanisms by which fungi accumulate heavy metals:
passive uptake (biosorption) and active uptake. In the former, heavy metals can be captured in the
cellular structure and then biosorbed onto biding sites. In addition, this process is energy independent.
The mechanisms of biosorption are generally based on physicochemical interactions between the metal
ions and functional groups present on the cell surface, such as electrostatic interactions, ion exchange,
and metal ion chelation or complexation [141]. Most literature defines the mechanism of metal uptake
by viable cells as a two-phase process—an initial rapid stage of biosorption, followed by slower active
uptake [142-144]. Humans have used the ability of fungi to bind metals through bioremediation,
a process which uses biological material for purification of the environment, targeting various types of
pollution (organic and inorganic pollution) [145-147]. By using fungal material as a sorbent, heavy
metals can be removed (e.g., from industrial wastewater), and, at the same time, waste can be managed.
In the sorption process, it is important to choose the sorbent and external conditions, such as pH,
temperature and process time. Studies have been conducted on many (1—3)-«-p-glucans isolated
from different species of fungi, and these indicate the most effective sorbent to be (1—3)-«-p-glucans
from Boletus edulis and Lentinus edodes [37]. The sorption abilities of these polymers result from the
developed and porous surface of glucan and a large number of functional groups on the surface,
which contain oxygen. An interesting result of the research is the correlation between low crystallinity
of studied polysaccharides and good sorption properties [37,38].

8. Conclusions

This review complements and systematizes existing knowledge of (1—3)-a-p-glucans, especially
in terms of their application and function. (1—3)-a-glucans are glucose polymers with 1,3- glycosidic
bonds, but 1,4- and 1,6-bonds can also be found in small amounts. Depending on the species of
fungus, the molecular weight of a-glucan ranges from several to 850 kDa, as does the degree of
polymerization, which ranges from 60 to 3500. Several methods of a-glucan isolation are reported in
the literature, but these are generally based on separately water-soluble fractions and on preparation of
alkaline-soluble (1—3)-o-glucans. (1—3)-o-glucans can be an inducer of (1—3)-a-glucanases, which can
be used in the cleaning of teeth through decomposition of dental plaque mutans. Due to their structure,
o-glucans free hydroxyl groups are capable of immobilizing enzymes, giving them more stability
and reducing susceptibility to denaturation. These polymers potentiate immune responses and have
prebiotic properties. However, x-glucans also have a negative effect. For example, they are involved in
infection of plants by fungi and can be responsible for the pathogenicity of Aspergillus fumigatus.
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Although the fungal ability to bind heavy metals has been known for many years, it was not determined which
component is responsible for this process. The aim of the study was to isolate (1 — 3)-a-d-glucans from various
fungi, select the most efficient compound in the biosorption of heavy metals, and determine its characteristics.
The best a-glucan for treatment of aqueous solutions from heavy metals (Ni*, Cd**, Zn?*, Pb?*) is the polymer
isolated from Shiitake, especially its SH 37 variety. Using various techniques, it was confirmed that the studied
polysaccharide consists mainly of glucose molecules (75.9%), i.e. glucose c-anomers linked by (1 — 3)-linkage
(86%). The well-developed surface, low crystallinity, and the large number of ~OH groups provide this polymer
with good sorption properties. Probably, the main mechanism of metal uptake is metabolism-independent pro-
cess that depends on the content and spatial structure of the glucans present in their cell wall.

© 2019 Published by Elsevier B.V.

1. Introduction

Since 1907, there have been literature reports on the chemical com-
position and ability of fungi to accumulate metals [1]. However, credible
results were achieved with the development of instrumental techniques
and analytical methods only after 1970 [2-5]. The research on metal ac-
cumulation involved higher fungi [4,6] and filamentous fungi [7,8]. On
the one hand, fungi contain magnesium, potassium, and selenium
[6,9] which are essential elements required in the human diet. On the
other hand, fungi accumulate toxic metals, e.g. cadmium, lead, and mer-
cury [9].

The total global production of cultivated edible mushrooms
exceeded 4 x 10° metric tons in 1991 and 6 x 10° t in 1997, while in
2009, it was estimated at 22 x 10° t [10-12]. In 2001-2002, the
United States alone produced nearly 4-10° t of mushrooms [10]. Agaricus
bisporus, Lentinus edodes, Pleurotus spp., Auricularia spp., Volvariella
volvacea, Flammulina velutipes, and Tremella fuciformis are the seven
most important cultivated mushrooms. In China, the main emphasis is
placed on L. edodes and Pleurotus spp., while A. bisporus occupies the
fourth place among all cultivated mushrooms. Global trade in mush-
room in 2013 was worth 63 billion US $ [11]. Such a large production
of mushrooms is associated with the generation of large quantities of to-
tally untreated waste. However, they can be a valuable raw material for

* Corresponding author.
E-mail address: k.nowak@ipan.lublin.pl (K. Nowak).

https://doi.org/10.1016/j.ijbiomac.2019.07.036
0141-8130/© 2019 Published by Elsevier B.V.

further processing. For instance, some authors have stated that the my-
celium or fruiting body (live or dead) and spent mushroom substrate
(SMS) can be used for the preparation of an effective biosorbent of
heavy metals [13,14].

In recent years, bioremediation and its various varieties is an in-
creasingly popular method of removing heavy metals using biological
material [15-17]. Extracellular polymeric substances can be used for
this process, including (3-1,3-glucan. These type of polymers are cheap,
environmentally friendly and biodegradable materials [15]. These natu-
ral polymers can be used as a biosorbent due to the high carbon content,
the availability of heavy metal binding sites through specific groups (hy-
droxyl groups in the case of polysaccharides), and the porous surface.
The advantage of using fungal polysaccharide is the management of
waste material from mushroom production, which is carried out on a
significant scale, as described above. In addition, ffungal glucans with
good sorption properties are also insoluble in water; hence, they can
be used as a sorbent in aqueous solutions. The disadvantage of this
type of fungal sorbent is the low efficiency of a-glucan isolation from
the fungal mass.

We propose a new biosorbent derived from biological waste as a
source of (1 — 3)-a-p-glucans, which can be used for the biosorption
of heavy metals from aqueous solutions. The high accumulation poten-
tial alkali-soluble fractions of c-glucans isolated from fungi are some of
the advantages facilitating their application as new biosorbents. We
screened (1 — 3)-a-p-glucans isolated from filamentous and higher
fungi to assess their potential to remove metal ions: nickel, cadmium,
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zing, and lead from aqueous solutions. Based on these tests the glucan
from L. edodes, in our opinion the best sorbent, was chosen and
physico-chemically characterized.

2. Material and methods
2.1. Fungi and culture conditions

Four Aspergillus and two Penicillium species were used in the exper-
iment, i.e. A. awamori DIM 3375 (Department of Industrial Microbiol-
ogy, Maria Curie-Sktodowska University, Lublin, Poland), A. nidulans
CIM 415 and A. wentii CIM 449 (Collection of Industrial Microorganisms,
Warsaw, Poland), A. oryzae CBS 133.52 (Centraalbureau voor
Schimmelcultures, Utrecht, The Netherlands), P. lanosum DIM 110 and
P. notatum DIM 102 (Department of Industrial Microbiology, Maria
Curie-Sktodowska University, Lublin, Poland). The microorganisms
were maintained on potato dextrose agar slants at 4 °C. The composition
of the medium and the growth conditions were as described by
Hasegawa et al. [18].

The fruiting bodies of Boletus edulis (Bull.) and Piptoporus betulinus
(Bull.: Fr.) P. Karst. were harvested in the summer of 2011 in Poznan
surroundings, Poland. The carpophores of Ganoderma lucidum (Fr.)
Karst., Hericium erinaceus (Bull.) Pers., Lentinus edodes (Berk.) Pegler
cv. “SH 37" (Department of Vegetable Crops of Poznaf University of
Life Sciences, Poland); “Sylvan 4080”; “Mycelia 3790", Pleurotus
citrinopileatus Sing., P. djamor (Rumph. ex Fr.) Boedijn, P. eryngii (DC.)
Quél,, P. ostreatus (Jacq.) P. Kumm., and P. precoce (Fr.) Quel. were pur-
chased from controlled cultivation carried out at the Department of
Vegetable Crops of Poznan University of Life Sciences. Voucher speci-
mens are deposited in the Department of Industrial Microbiology,
Maria Curie-Sktodowska University, Lublin, Poland [18].

2.2. Isolation of the alkali-soluble polysaccharides from fungi
The cell wall was extracted according to the procedure described by

Wiater et al. [19]. Table 1 shows the efficiencies of alkali-soluble poly-
saccharides isolation from individual fungal species.

961
2.3. Chemicals

Stock metal ion solutions of Ni(II), Cd(II), Zn(II), and Pb(II) ions
(1000 mg-dm > each) were obtained by dissolution of the following
salts: Ni(NOs3)36H,0, Cd(NO3)>4H,0, ZnS046H,0, and Pb(NOs),
(POCH, Gliwice, Poland), in redistilled water. A nitric acid (HNOs 36%)
(POCH, Gliwice, Poland) and NaOH (Merck, Darmstadt, Germany)
were used for adjustment of the pH of the solutions.

24. Sorption experiment

The sorption capacity of the studied (1 — 3)-a-D-glucans for Ni2 ™,
Cd?*, Zn?*, and Pb?* was determined using single metal systems at
an initial pH 5 (regulated by NaOH and HNOs). The initial concentra-
tions of each of the studied ions were 100 mg-dm ™. 0.1 g of each glucan
was mixed with 10 cm™> solutions of the analysed heavy metals. The
solutions were shaken (250 rpm) at room temperature (22 + 2 °C)
for 24 h. Then, the solutions were centrifuged at a speed of
12-10° min~! and the concentration of heavy metals were measured
in the supernatant using an ICP-OES (Thermo Scientific iCAP Series
6500). All the experiments were carried out in three repetitions and
mean values were used in the analysis of data.

2.5. Microscopic methods

2.5.1. SEM

The topographies and morphologies of the polymer surface were ex-
amined with an FEI Quanta 3D FEG at a magnification range from 250x
to 3500x%. Before measurement, the samples were covered with Pd—Au
to eliminate the adverse electrostatic effects. Surface images of the (1
— 3)-a-D-glucans were obtained with the high vacuum secondary elec-
tron detection method.

2.5.2. Optical microscopy
Detailed information regarding the optical microscope analysis is
presented in SL

Table 1
Biosorption capacity of fungi a-(1 — 3)-glucans to heavy metals.?
Species Type a-(1 - 3)-glucan MRE* MRE*
(dry matter) (%) (bgh™"mg™1)
(%) Ni2+ cdz+ 7n2+ Ph2+ Ni2+ cdz+ 7n2+ Ph2+
Vegetative mycelium
Aspergillus awamori 6.0 38 4.8 3.6 82 15 1.9 1.8 2.9
Aspergillus nidulans 9.4 6.8 14 14 37 2.7 55 6.8 14
Aspergillus oryzae 10 5.0 13 16 39 2.0 5.0 7.9 14
Aspergillus wentii 6.5 5:1 92 10 28 2.0 3 4.9 9.9
Penicillium lanosum 6.9 15 20 19 38 6.2 82 9.6 14
Penicillium notatum 9.0 7.8 7.6 38 13 27 29 1.8 4.6
Fruiting bodies
Boletus edulis 22 40 79 46 96 18 33 18 36
Ganoderma lucidum 6.1 23 45 23 90 94 19 8.8 33
Hericium erinaceus 5.0 55 15 5.0 28 22 6.3 1.9 10
Pleurotus citrinopileatus 2.7 2.7 10 4.8 21 1.1 43 1.6 7.8
Pleurotus djamor 33 1.9 13 43 24 1.1 53 1.6 8.8
Pleurotus eryngii 2.6 7.0 3.8 0 13 28 1.6 0 4.8
Pleurotus ostreatus 43 97 13 9.2 36 3.7 5.1 43 14
Pleurotus precoce 4.7 0 16 9.6 28 0 8.1 5.7 17
Piptoporus betulinus 8.0 27 11 29 91 11 45 12 34
Lentinus edodes (Lentinula) 9.0 22 38 23 72 8.8 16 8.4 27
Lentinus edodes Mycelia 3790 A - 11 24 4.2 51 92 18 31 35
Mycelia 3790 B - 11 22 52 51 8.4 17 6.8 37
Sylvan 4080 A - 8.9 18 5.0 49 74 15 329 34
Sylvan 4080 B - 13 27 15 54 11 21 11 37
SH37A - 13 25 14 50 9.9 19 9.9 33
SH37B - 13 23 12 48 10 18 0.30 34

# MRE: Metal removal efficiency; A: waste type; B: consumption type.
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2.6. XRD

Detailed information regarding X-ray diffraction analysis is pre-
sented in SI.

2.7. FT-Raman and FT-IR

FT-Raman spectra were obtained on an FT-Raman (NXR FTRaman)
for a Nicolet 8700 FT-IR using an InGaAs detector (Thermo Scientific).
The samples were illuminated using an Nd: YVO4 excitation laser oper-
ating at 1064 nm. The maximum laser power was 2 W. The spectra were
recorded over the range of 100-4000 cm™". The FT-IR spectra were ob-
tained using Nicolet 8700 spectrometer (Thermo Scientific) for Fig. 2.
Powdered (1 — 3)-a-p-glucans preparation was placed on ATR crystal.
Spectra were recorded in the range of 400-4000 cm™".

2.8. Methylation analysis

Monosugars were liberated from the polysaccharides by hydrolysis
using 2 M trifluoroacetic acid (100 °C, 4 h). Next, they were converted
into alditol acetates by reduction with NaBD,4 and peracetylation, as
was described elsewhere [20]. The absolute configuration of the
monosugars was established by analysis of peracetylated R-(—)-2-
butyl glycosides, according to the method described by Gerwig and
co-workers [21]. The sugar derivatives were analysed by GC-MS.

2.9. NMR

1D and 2D NMR experiments were recorded in a Me,SO-dg solution
at 80 °C (353 K) using a Varian Inova plus 500 spectrometer (operating
frequencies: 499.81 MHz for 'TH NMR and 125.69 MHz for '*C NMR) and
applying standard Varian software. The following two-dimensional
NMR experiments were performed: (homonuclear: 'H,'H DQF-COSY,
TOCSY, NOESY, and heteronuclear 'H,'>C HSQC). A mixing time of 100
and 150 ms was used in TOCSY and NOESY experiments, respectively.
The 'H and '3C resonances were measured relative to the methyl
group signal of Me,SO-dg (6 2.50 and 8¢ 39.50).

2.10. Statistical analysis

The values from all tests are the means of three separate
experiments 4 standard deviation. Tukey's HSD test (STATISTICA 8.0,
StatSoft, Inc., USA) was used for the determination of statistical differ-
ences with the significance denoted at p < 0.05.

3. Results and discussion
3.1. Sorption experiments

The total content of alkali-soluble of (1 — 3)-a-p-glucans ranged
from 2.2 to 10 g/100 g on dry weight (DW)! basis of the crude polysac-
charide extract. Interestingly, the (1 — 3)-a-D-glucans content of ex-
tracted polysaccharides expressed on DW basis of vegetative
mycelium was significantly higher than the amounts of a-glucans iso-
lated from fruiting bodies [20].

Table 1 also shows the sorption capacity of a-glucan materials iso-
lated from the different species of the fungi tested for binding to four
metals (Ni*, Cd?*, Zn2*, Pb?T). The polysaccharides extracted from
G. lucidum, Boletus edulis, and L. edodes (Shiitake) seem to be the best
in terms of heavy metal adsorption.

However, for economic reasons, L. edodes was selected due to the
complicated, multi-stage, and time-consuming cultivation processes of
the other two species. Choosing the best biosorbent, the efficiency of

1 Abbreviation: DW, dry weight

glucan isolation was taken into consideration. In addition, the Shiitake
mushroom is the third most common fungus in the world, but its pro-
duction waste has not been subjected to treatment so far. The next
stage of screening involved both the consumable and waste types of
this fungus. Eventually, the L. edodes SH 37 variety was chosen (Table 1).

3.2. Microscopic methods

The SEM analysis showed the complex surface morphology of the
polysaccharide from Lentinus edodes. The SEM image series (Fig. 1) doc-
uments the petal polysaccharide morphology. The subtle structure of
biopolymer chains is also visible. Bayramoglu and Arica [22] studied
the surface morphology of dried live fungal pellets from L. edodes
using SEM. They reported that these pellets had a fibrous and porous
surface structure, likewise the polysaccharide studied by us. This struc-
ture influences the total surface area, which can increase the efficiency
of heavy metal sorption. Qian et al. [23] studied alkali-soluble polysac-
charides of L. edodes and reported that the polysaccharides had a
smooth surface and a clearly regular shape, i.e. these were round parti-
cles. Probably, these different results are related to the use of different
extraction methods. The results obtained with SEM are confirmed by
the images from the optical microscope (Fig. S1), which shows a struc-
ture like the flake with an inhomogeneous surface.

3.3.XRD

X-ray diffraction was used to define the structure of the fungal poly-
saccharide [23]. The XRD patterns of a-glucans extracted from Lentinus
edodes are shown in Fig. S2. There are three peaks: the first broad peak
around 9° and two peaks around 18° and 21°. These results are similar to
previous studies of polysaccharides extracted from L. edodes [23,24]. In
the literature, peaks around 26 at 16° and 22.5° are characteristic of cel-
lulose I [25]; therefore, the studied material resembles slightly the
structure of this polymer. Similar to our study Ifuku et al. [26] have re-
ported that in the case of Hypsizygus marmoreus the X-ray diffractogram
contains crystal patterns of cellulose. Generally, the crystallization ca-
pacity of this type of polysaccharide is poor, which can be seen as
bun-shaped X-ray diffraction curves [24] but the presence of the first
broad peak is consistent with small and imperfect crystallites. The crys-
tallinity index of the fungal polysaccharide sample was 8.5%. Aranaz
et al. [27] have shown that another natural polymer chitin with a low
crystallinity degree has a high capacity for heavy metal removal. Thus,
the low crystallinity may determine the binding capacity of heavy
metals by the polymer. In contrast, Jelmsa and Kreger [28] reported
that (1 - 3)-a-p-glucans may have the ability to crystallize and can
exist in three crystal forms (1, II, III). These forms depend on the type
of fungus and the tissue in which they occur.

34. FT-IR and FT-Raman

The FT-IR and FT-Raman spectra of (1 — 3)-a-bD-glucan from
Lentinus edodes ranged from 4000 to 100 cm™", as shown in Fig. 2.
These spectroscopy techniques were used to confirm the presence of
specific groups as well as the position of glycosidic linkages and their
anomeric configuration in glucan. Two spectral areas are important for
the structural characterization of glucan: the “anomeric region”
(750-950 cm™!) and the “sugar region” (900-1200 cm™") [29]. Charac-
teristic bands for a polysaccharide with a-1,3-linkages are present at
930, 840, and 820 cm™! [30]. Moreover, a peak at 1140 cm™" corre-
sponds to a-1,4-glycoside bonds [30,31]; hence, this type of polysaccha-
ride is present in this preparation as well. There is a broad intense peak
at 3300 cm™! characteristic of O0—H stretching vibrations; therefore, it
can be concluded that there are hydroxyl groups in the polysaccharide
structure [23]. There is a clear peak at 2900 cm ™! characteristic for
C—H stretching vibrations and a broad band at 900-1200 cm ™" for
C—O0 and C—C stretching and C-OH bending vibrations [32,33]. The
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Fig. 1. SEM photographs of the o -(1 — 3)-glucan (A-D) of L. edodes at 250-3500 x magnification.

most important peaks obtained with the FT-IR and Raman techniques
overlap; hence, the presented results are reliable.

Further, the FT-IR analysis of a-glucan (L. edodes) was performed
after the biosorption with Pb?™ ions and the results were compared
with the native glucan (Fig. S3). The changes observed in the spectrum
were shifted from 3282 and 2914 to 3314 and 2950, respectively. These
bands are characteristic of the stretching vibrations of the —~OH group.
Secondly, a shift of the peak from 1635 (-OH from adsorbed H20 vibra-
tion) to 1653 cm™ ! and from 1015 to 1024 cm™! was noticed. The dif-
ferences between both spectra show that the adsorption of Pb?* ions
occurs through the hydroxyl groups [34]. Analogous spectra of glucan
with sorbed Ni?*, Cd?>*, and Zn®* ions were obtained (not shown).
The analysed heavy metal ions are complexed on the surface by
oxygen-containing groups.

3.5. Methylation analysis

The monosaccharide analysis proved that the studied alkali-soluble
polysaccharide contained two hexoses: glucose (75.9%) and mannose
(19.5%) and a small amount of pentose (4.5%) identified as xylose. Link-
age analysis showed that (1 — 3) linked Glcp is the major chain constit-
uent (86.5%) in addition to (1 — 4)-linked Glcp (5.3%) and terminal
glucose (8.2%). Bao et al. [35] isolated three polysaccharide fractions
from Ganoderma lucidum. The polysaccharide material shows that it
does not consist of glucose exclusively but there are also other polysac-
charides, for example mannose or rhamnose, and the individual units
combined different types of glycosidic bonds [35]. In summary, these re-
sults indicate that the studied fraction is mainly a glucose polymer or

glucan. However, it is impossible to isolate polysaccharide fractions
from biological material that contain only one type of polysaccharide
and one type of bonds between them.

3.6. NMR

The 1D and 2D 'H NMR (DQF-COSY, TOCSY, NOESY) and 2D "H—"3C
NMR (HSQC) experiments were performed to determine the structure
of the investigated preparation as well as the anomeric configuration
of glucose (the major sugar component) residues. The NMR data are
listed in Table 2. Two spin systems (marked by A and B) both character-
istic of a-p-glucose were identified. Therefore, it can be claimed that
two types of a-D-glucose-based polymers were constituents of the
test material. The major fraction, represented by the A spin system,
was (1 — 3)-o-p-glucan (86%). It is accompanied by a six-fold smaller
amount of an amylose-like polymer (14%, B spin system). The HSQC
spectrum (Fig. S4) contained only signals attributed to correlations be-
tween directly bounded carbon and proton nuclei, whereas the 'H
NMR and "H—'H 2D NMR-correlated spectra contained hydroxyl pro-
ton signals as well (not shown). These signals were present because of
the hygroscopic nature of both the solvent (DMSO dg) and the glucan
preparation. It was difficult to avoid the presence of residual water (&
at 3.14 ppm) absorbed from the surrounding environment. Three reso-
nances (at 4.22,4.51,4.91 ppm) could be assigned to protons from the
hydroxyl groups of (1 — 3)-a-p-glucan and other three small signals
(at 4.32,4.62,4.98) from the (1 — 4)-linked o-p-glucose polymer. The
first group of signals were assigned to OH-6, OH-2, and OH-4 of the glu-
cose ring of (1 — 3)-a-p-glucan and another three signals to OH-6, OH-
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2, and OH-3 of the glucose ring of (1 — 4)-a-D-glucan, respectively. In
the case of the main component of the preparation, the absence of an
OH-3 signal in the 'H NMR spectrum together with a downfield shift
of C-3 (83.6 ppm, Table 2) indicated that the glucose residues were (1
— 3)-linked within the main polymer. The low field anomeric proton
signal at 5.12 ppm and anomeric carbon at 100.1 ppm as well as the
small value of the Jij; 112 coupling constant (c.a. 3.0 Hz) are typical for
the a-anomer of glucose. '
Based only on NMR spectroscopic data, it is difficult to con-
clude whether the two components are chemically bonded to
form one large water-insoluble polymer or are a co-separated
mixture of polymers (using the alkaline extraction procedure)
from the fungal (L. edodes) tissue. Expected signals correspond-
ing to branching glucose and to terminal glucose were not de-
tected by the NMR spectroscopy (i.e. the amounts of the
residues were below the 0.5% detection limit of the method). An-
other glucan from L. edodes was reported [36], which contained a
main chain of (1 — 4) and (1 - 3)-linked glucopyranose resi-
dues. This water-soluble glucan had (1 — 3)-B-D-glucan having

two (1 — 6)-R-glucopyranoside branches for every five (1 —
3)-B-glucopyranoside linear linkages was the main structure

[37].

4. Conclusion

The fungal (1 - 3)-a-p-glucan isolated from Shiitake has good
sorption properties because of well-developed surface, low crystal-
linity and a large number of hydroxyls on the surface. Probably the
main mechanism of metal uptake by fungi is the metabolism-
independent process taking place through the formation of bonds
with oxygen-containing surface groups of cell-wall polysaccharides.
Given the ease of obtaining this biological waste material, a-glucan
from Shiitake can be used as a new heavy metal biosorbent for the
treatment of aqueous solutions. To the best of our knowledge, (1
— 3)-a-D-glucan isolated from L. edodoes has many advantageous
features, including water-insolubility as well as the low cost and
availability of raw biosorbents.

Table 2
The assignments of 'H and '>C NMR spectra and corresponding coupling constants of alkali-soluble polysaccharides from Lentinus edodes.
Spin system (% of residue) Signals
H-1 H-2 H-3 H-4 H-5 H-6 H-6 OH-2 OH-3 OH-4 OH-6
C-1 C-2 C-3 C-4 C-5 C-6
J12[Hz]

A - 3)-a-p-Glc(1 — (86%)° 512 3.47 3.69 3.49 3.89 3.57 3.70 4.46 nd* 4.86 417
100.1 71.0 83.6 70.4 72.5 61.1 - - - -
<3 Hz

B — 4)-a-D-Glc(1 — (14%)° 5.18 3:37 3.75 3.63 3.46 3.51 3.63 4.62 4.98 nd? 432
1004 72.3 733 83.7 70.5 61.4 - - - -
<3 Hz

2 nd - not exist in this polymer.

b Percentage of the polymer determined on the basis of surface areas of anomeric signals (*H NMR spectrum).
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ijbiomac.2019.07.036.
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Abstract: Chitin has become a desirable raw material used in various areas of life. The black soldier
fly (Hermetia illucens) can be a source of this substance. In the literature, there are many methods
of obtaining chitin but there is no one universal method of isolating it. In this publication, we
present various procedures for the isolation of chitin from H. illucens pupal exuviae. The obtained
chitin variants were characterized using different techniques (optical and confocal microscopy, FTIR,
XRD, EDX, thermogravimetric analysis). The tested chitin isolated with an efficiency of 5.69-7.95%
was the « form with a crystallinity degree of 60% and maximum degradation temperature of
392 °C. Furthermore, we characterized the nickel ion biosorption process on chitin and proposed the
mechanism of this process to be ion exchange and complexation. There have been no such studies
thus far on the isolation of chitin from H. illucens exuviae or on the biosorption of nickel ions on this
type of biosorbent. The conducted research can be used to develop the application of chitin as a
metal biosorbent that can be obtained with relatively high efficiency and good sorption properties.

Keywords: black soldier fly; Hermetia illucens; chitin isolation; heavy metals

1. Introduction

It is known that many species of insects play an important role in human life. There
are about 2 billion people for whom insects are also part of their traditional diets. Because
of the increasing cost and demand for animal protein and the continued growth in human
population, insects as a source of food appear to be a great solution for both people and
the environment [1]. They contain a high amount of fat, protein, vitamin, fibres and
minerals [2]. Other examples of insect use include feed production [1], as a source of chitin
and chitosan [3], utilization of organic wastes [4], and biocontrol of pests [5]. They can
even participate in the recycling of materials and can be used in the production of soil
fertilizer [1]. Chitin is a natural biopolymer whose importance is growing all the time in
many industries. It is used for instance in:

e  Medicine—in artificial tendons, ligaments, dressings, and wound healing; materials
produced from chitin are characterized by haemostatic and antibacterial activity and
biodegradability [6-8];

e  Dietetics—it is used in the production of supplements, food thickeners and pharma-
ceuticals [9];

e  Cosmetics: hair care, skin care, oral care; chitin can be also found in toothpaste,
mouthwashes and chewing gum [9,10];

Polymers 2021, 13, 818. https:/ /doi.org/10.3390/polym13050818

https:/ /www.mdpi.com/journal/polymers



Polymers 2021, 13, 818

20f16

e  Others, such as: food packaging industry, additive in paper production, textile indus-
try, adhesives or as a carrier in ion exchange resins [6,10-12].

There are many sources from which chitin can be obtained. Examples of frequently
used organisms are shrimp, crab, krill and squid [13-16]. Another source of chitin is sponge
skeleton [17,18]. Yet another source of chitin are insects [19-21] and among them is Hermetia
illucens, also known as the black soldier fly or black fly [3,22,23].

Many methods of chitin isolation have been developed in recent years [24,25]. Depend-
ing on the raw material used to isolate the chitin, there are various undesirable components
present in the material that have to be removed. In the case of insects, chitin is present in
the chitin-melanin complex [26], in fungi in the chitin—glucan complex [27], in crustaceans,
chitin forms a network with proteins where calcium carbonate is deposited [24]. To isolate
pure chitin, different chemical (using various reagents) as well as biological (enzymatic
deproteinization, fermentation) methods are used. However, there is no one standard
method of isolating chitin [24]. Therefore, it is best to experimentally optimize the chitin
isolation method based on the raw material used.

One of the possibilities of chitin application is its use as a sorbent in the sorption
process [28,29]. For instance, chitin obtained from H. illucens has been used as a sorbent
of organic dye [30]. Chitin obtained from other sources is a good sorbent for heavy
metals [31-33]. However, there is a lack of studies on the possibility of using chitin from H.
illucens in the sorption of heavy metals.

The aim of this work was first to find the best procedure of chitin isolation from H.
illucens pupal exuviae and usage it as the sorbent for nickel ions (as a representative of
bivalent metals) were used.

2. Materials and Methods
2.1. Insect Material

H. illucens was taken from laboratory scale cultivation in the Institute of Agrophysics
(Lublin, Poland). Larvae were grown at 26 £ 2 °C with substrate (EUROECO Beszczyniski,
Chelmza, Poland) humidity of 50-80%. Metamorphosis occurred after three weeks. After
metamorphosis the pupal exuviae were used for chitin isolation.

2.2. Chemicals

Sodium hydroxide (NaOH) and hydrochloric acid (HCI) (both Merck, Darmstadt, Ger-
many) were used in the demineralization and deproteinization stage. Hydrogen peroxide
(HyO,, 30%) (Standard, Lublin, Poland), potassium manganate (VII) (KMnOy) (POCH,
Gliwice, Poland) and oxalic acid (C;H,O4) (STANLAB, Lublin, Poland) were used in the
depigmentation stage.

Nickel ion (Ni?*) solution (1000 mg-dm~3) was obtained by the dissolution of nickel
nitrate (Ni(NOj),-6H,0) (POCH, Gliwice, Poland), in redistilled water. nitric acid (HNO3,
36%) (POCH, Gliwice, Poland) was used for the pH adjustment of the Ni?* solution.

2.3. Chitin Isolation from Hermetia Illucens Exuviae

Our variants of the chitin isolation from H. illucens were based on Draczyriski’s
methodology [34]. To find the best procedure (i.e., the best efficiency and the best quality
material), we introduced various modifications in the subsequent stages. Insect pupal
exuviae were used, which had been previously cleaned (using ethanol and water), dried
(60 °C) and ground. About 10 g of the exuviae were taken for each isolation procedure.
First, demineralization was performed with 1 M HCl for 1 h, followed by filtration, and the
precipitate was neutralized with NaOH and washed with water. Subsequently, deproteniza-
tion was performed with NaOH at 80 °C for 24 h. The precipitate was filtered, neutralized
(with HCI), and washed with water. The last stage, i.e., depigmentation, varied depending
on the variant. As there are procedures for chitin isolation without the depigmentation
stage [35,36], we omitted this stage in one of our variants (variant No. 1). In variant No. 2,
depigmentation was carried out by boiling the sample in water at 100 °C for 24 h. In variant
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No. 3, H,O, was used at 80 °C for 2.5 h and for 5 h for variant No. 4. Variant No. 5 was
obtained according to the Draczynski procedure using 1% KMnOy at 80 °C for 20 min (as
an oxidant) and 4% oxalic acid (as a reducing agent) at 80 °C for 1 h [34]. The final product
was obtained by filtration and then neutralized (using NaOH), washed with water and
dried at 60 °C for 24 h. The obtained chitin was weighed and the efficiency of the process
was calculated according to the formula below.

Chitin yield = g x 100% )
where m is the weight of the isolated chitin and w is the weight of Hermetia illucens exuviae.
The isolations were carried out in three replications for all variants. All the methods

described in this work are presented in Table 1.

Table 1. Variants of the isolation methods presented in this work. Variant numbers specified in this
table are used in the entire text.

T Demineralization Deproteinization Depigmentation
Stage Stage Stage
Without the stage of
1 . .
depigmentation
2 Water at 100 °C for
24h
3 9% H,O, at 80 °C
i for2.5h
; R TR
s o obtain alkaline 9% H,0, at 80 °C
= 4 22 °Cfor 1 h. Then . .
o . reaction for 24 h. Then or5h
R NaOH to obtain HCI to obtai el
g neutral reaction. EPODIGHLIICIG 1% KMnOy at 80 °C
= Rinsing by rea?lo.rlll. E’msmg by for 20 min. Then
° distilled water Jeulicd waten oxalic acid (4%
CyH,0y) to reduce
5 the excess of
KMnOQOy. Then
NaOH to precipitate
the manganese.
Rinsing by
distilled water
6 Sorption of Ni2* on chitin isolated in variant 3 procedure

The isolations were carried out in three replications for all variants.

2.4. Nickel Sorption

The isotherms (variant No. 6) were recorded during the sorption of Ni** ions on
chitin isolated according to the procedure described as variant No. 3 (Table 1). This
procedure was as follows: the solution of Ni?* ions was adjusted to an initial pH 5. 0.1 g of
chitin was mixed with 10 cm ™3 of Ni?* solution. Five Ni?* ion solutions were used whose
concentrations were 10, 20, 40, 80 and 180 mg-dm_3. Then, the suspensions of the Ni2* ion
solutions and chitin were centrifuged at a speed of 12,000 r.p.m. The concentration of metal
was measured in the supernatant using an ICP-OES (Thermo Scientific iCAP Series 6500,
Waltham, MA, USA). The entire process was carried out at a constant temperature of 22 +
1 °C. All the tests were carried out in three repetitions.

2.5. Methods of Chitin Characterization and Sorption Effect

The methods described in the following subchapters were used for the characterization
of both chitin itself and the chitin with sorbed nickel.
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2.5.1. Optical and Confocal Microscopy

Micrographs of the same fragment of the chitin samples and at the same microscope
magnification were taken in reflected white light and in the violet light of a laser with a
wavelength of A = 405 nm. The photos were taken with a Nikon Eclipse MA 200 metallo-
graphic microscope (Japan) with the Eclipse C1 confocal attachment.

2.5.2. X-Ray Powder Diffraction (XRPD)

The dry organic material was analysed without further grinding, using a powder X-ray
diffraction technique with an Empyrean (Malver PANalytical, Cambridge, UK) diffractome-
ter equipped with a Cu anode as the source of CuK« X-ray radiation (A = 1.5405 A) and
multilayer optics. The input slits were set to 3 and the detector had a background reducing
collimator. Both the incident beam path and detector path were corrected with Soller slits
(0.02 rad). During measurement, samples were rotated with a speed of 8 r.p.m. All samples
were measured over a 20 range of 4° to 90° with a step size of 0.013° and an exposition time
per step of 1 s. All data were collected at 20 °C. The degree of crystallinity was estimated
with the use of WaxFit software [37], which is based on the ratio of surface area under
curves of crystalline phase to the sum of the area under the curves of the amorphous
phases and crystalline phases. All peaks were described (estimated) by Gauss—Cauchy
functions. Before fitting, background data was taken into account and smoothed with the
Savitzky-Golay method. Diffraction data was compared using ReX software [38] with the
oc chitin structure from the CIF file presented in the work of Sikorsi et al. [39]. In the fitting
procedure, only scale, size of crystallites and background were used.

2.5.3. Thermogravimetric Analysis (TG, DTG, DTA)

Thermogravimetric analysis was performed using a Derivatograph C (Paulik, Paulik
and Erdey, MOM, Budapest, Hungary) with corundum crucibles. Previously weighed
portions of chitin samples (approximately 10 mg) were analysed in the temperature range
of 20-600 °C in an inert nitrogen atmosphere, at a temperature increase rate of 10 °C min~!.

2.5.4. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were recorded using a Nicolet 6700 FTIR spectrometer (Thermo
Scientific, Madison, WI, USA) equipped with a diamond attenuated total reflectance (ATR)
attachment. The FTIR spectra were recorded between 4000 and 400 cm ™.

2.5.5. Energy Dispersive X-Ray Spectroscopy (EDX)

The lyophilized samples of chitins (native and enriched with Ni ions) were attached
to an aluminium stub using carbon adhesive tape. As is necessary in EDX analysis,
the samples were pressed to obtain a flat and smooth surface. A FEI Quanta 3D FEG
scanning microscope was used. EDX spectra were obtained from five different areas of
each sample. To increase the representativeness of measurements, multiple measurements
were carried out. Elemental composition of the samples was calculated with the use of
EDAX Genesis software.

2.6. Statistical Analysis

The values from all tests were the mean values of three separate experiments =+ stan-
dard deviation. Tukey’s HSD test and Student t-test (STATISTICA 8.0, StatSoft, Inc., Tulsa,
OK, USA) was used for the determination of statistical differences with the significance
denoted at p < 0.05.

3. Results
3.1. Chitin Isolation from H. illucens Pupal Exuviae

Information concerning chitin isolation efficiency is presented in Table 2. It can be
seen that the less aggressive last stage of chitin isolation (depigmentation) gave the higher
isolation yield. The pigment was destroyed using 9% hydrogen peroxide (H,O;) (variant
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Nos. 3 and 4) while in variant No. 5 we used potassium permanganate (KMnOy). For
variant No. 2, the sample was boiled in water for 24 h to remove the pigment. Generally,
we observed that type of oxidant, time and temperature are the likely cause of chitin
degradation in this step of the procedure. The best isolation method was selected based on
the yield and the purified material properties (the biggest pore-like structure which should
favour the sorption process and the highest temperature decomposition which should
favour a wide range of applications).

Table 2. The efficiency of chitin isolation from H. illucens pupal exuviae depending on the isolation
variant (means and SD, n = 3). The variants are described in Table I. The same letter means that there
were no statistically significant differences (Tukey’s HSD test; p < 0.05).

Variant Number y 2 3 4 5
Yield (%) 7954020 797+0.10° 7.01 £0.12°¢ 5.98 & 0.08 2 5.69 4 0.282

3.2. Optical and Confocal Microscopy
Examples of photos made by both of the microscopes are presented in Figure 1.

Figure 1. Examples of photographs of the investigated samples obtained by optical microscope (top row) and confocal

microscope (bottom row). The numbers in the bottom left corners correspond to the numbers of the variants (Table 1).

It is difficult to notice significant changes in the optical microscope images for individ-
ual variants. Generally, it can be stated that the chitin surface resembles a honeycomb or
porous structure, especially in variant 3.

Based on the confocal photos it can be stated that variant No. 1 showed fluorescence
of only some objects due to the absorption of monochromatic light and a colour shift in the
direction of longer wavelengths (blue and red), and most of the chitin sample glowed with
reflected light (violet); variant Nos. 2 and 6 were similar. Variant 3 showed a slightly higher
fluorescence, although most of the sample was still illuminated with reflected (violet) light.
Next, variant No. 4 showed strong fluorescence of the objects, while the variant No. 5 had
lower fluorescence than variant No. 4.

3.3. X-ray Powder Diffraction (XRPD)

Figure 2 shows the X-ray powder diffraction patterns of all samples. Comparison of the
experimental data to records from powder diffraction databases and with the literature [39]
indicates the data are related to the alpha chitin. The crystallite size is ~80 nm in all cases
as indicated by Rietveld analysis based on the crystallographic structural data provided by
Sikorksi at al. [39].

The degree of crystallinity of the samples was estimated to be around 60%. Summaris-
ing this part of the results it can be stated that the preparation method has no effect on the
chitin crystallite.
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Figure 2. The diffraction pattern of « chitin for all isolation variants and after Ni?* sorption. The
presented data corresponds to the six variants from Table 1. The background was used to estimate
the degree of crystallinity. The inset shows a trace of SiO; in samples 1 and 2.

Trace silica (quarts-a S5i0,) amounts were found in two variants (Nos. 1 and 2), as it is
indicated by weak reflection at 20 = 26.6° (Figure 2, insets).

3.4. Thermogravimetric Analysis (TG, DTG, DTA)

All the curves obtained from thermogravimetric measurements are presented in
Figure 3 (Thermogravimetric—TG and Derivative Thermogravimetry—DTG) and 4 Differ-
ential Thermal Analysis curves (DTA). On the basis of these, it was found that the chitin
mass changes are related to two endothermic transitions. The evaporation of water at
temperatures in the range of 80-100 °C was the first (inset 1). The second was the decompo-
sition of chitin itself at temperatures in the range of 356-392 °C, depending on the sample
(Figure 3). The loss of mass during decomposition for individual samples was determined
from the TG curve and it was between 67.2% and 73.1%, depending on the sample.
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Figure 3. Thermogravimetric analysis (TG) (solid line) and Derivative Thermogravimetry (DTG) (dotted line) curves of
chitin from black soldier fly obtained by the isolation variants and after the Ni** sorption process. Numbers are related to
the variants presented in Table 1.
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The highest temperature of chitin decomposition and the highest weight loss occurred
in variant No. 3 (i.e., chitin treated with H,O, for 2.5 h), the lowest in the variant No. 6
(i.e., after Ni?* ions sorption).

There were no clearly visible peaks in the DTA curves for any of the samples tested
(Figure 4). However, it can be seen that at about 80 °C there was an endothermic transfor-
mation (for all samples except variant No. 3), and this reaction was probably caused by the
evaporation of water; and another at 300 °C associated with the exothermic decomposition
of chitin.
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Figure 4. Differential Thermal Analysis (DTA) curves of chitin from black soldier fly for all variants of chitin isolation and

after the Ni?* sorption process. Numbers are related to the variants presented in Table 1.
P P P

3.5. Fourier-Transform Infrared Spectroscopy (FTIR)

The results of infrared spectroscopy on the different variants of chitin are represented
in Figure 5A,B, respectively. Variants Nos. 2-5 showed no significant differences between
the FTIR spectra (Figure 5B), while additional peaks are visible in the FTIR spectrum
of the sample in which the depigmentation process was not performed (variant No. 1)
(Figure 5A). The sample without the depigmentation decolourization step presented much
sharper peaks then samples isolated with the depigmentation steps. The spectra of the
samples isolated with variant Nos. 2-5 have two characteristic bands, one at 1620 em~!and
another at 1652 cm™!. These bands are attributed to the amide I vibrations, especially C=O
secondary amide stretching vibration. Additionally, the band at 1552 cm~! correspond
to a N-H bending, C-N stretching typically characteristic for amide II. The sharp band
at 1307 cm ™! corresponds to a -CH,-group (amide IIT), due to the formation of CO-NH
components of protein. The other FTIR spectrum bands were observed as the following:
1377 cm~! (C-H bend, -CHj3 symmetric deformation), 1557 cm~ ! (N-H deformation of
amine II), 1067 cm~! (C-O-C asymmetric stretching in phase ring), 1008 cm~! (C-O
asymmetric stretching in phase ring) and 951 cm ™! (—CHj wagging).
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Figure 5. FTIR spectra for different variants of chitin isolation. Numbers are related to the variants presented in Table 1.
Because the spectrum of variant No. 1 was completely different than the others (B) it was presented as a separate

spectrum (A).

3.6. Sorption of Nickel Ions

The isotherm showed a gradual increase in adsorption with increasing metal con-
centration, after which equilibrium was reached and the sorbent surface was saturated
with metal (Figure 6). The obtained adsorption isotherm of Ni onto chitin was tested on
two adsorption models (Langmuir and Freundlich). The parameters of each model are
presented in Table 3. Analysis of these data showed that the better fit was obtained for the
Freundlich isotherm.

0 20 40 60 80 100 120 140 160 180 200

¢, (mg'L)
Figure 6. Isotherm curve for the adsorption of Ni?* onto chitin isolated from H. illucens (means
(n = 3) £ SD (bars)) by procedure No. 3 (see Table 1) where ce is the equilibrium Ni?** concentration;

< is the amount of Ni?* adsorbed at equilibrium.
9 q

Table 3. Parameters of isotherms obtained during the sorption of Ni2* on chitin.

Langmuir —— Freundlich
KL qm [mg-g—1] R? deexp IME'S K 1/n R?
0.008 3.086 0.620 1.662 0.010 1.179 0.860

gdm—the maximal theoretical adsorbed amount (sorption capacity), Kp—the Langmuir constant—the quasi
Gaussian energetic heterogeneity of the adsorption system, R—determination coefficient, qe exp—the maximal
experimental amount adsorbed at equilibrium time, K, n—empirical constants indicative of sorption capacity and
sorption intensity.
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3.7. Energy Dispersive X-Ray Spectroscopy (EDX)

EDX analysis was performed mainly to confirm nickel ion sorption on chitin and study
the biosorption mechanism. Therefore, for this purpose the chitin sample depigmented
with H,O; for 2.5 h (variant No. 3) and the same sample after Niz* sorption (variant No. 6)
were used. Table - presents percentage content of individual elements. The analysed chitin
samples consisted of about 60% carbon, about 25-28% oxygen, and about 9-12% nitrogen.
Other elements included in the chitin were sodium and chlorine, possibly in the form of
contaminating NaCl and traces of Al, Si and Ca. The content of Ni on the surface of the
tested chitin after adsorption was 0.23%. A decrease in the content of elements (Na, Al, Si, S
and Ca) was observed after the sorption. There were no statistically significant differences
between variants Nos. 3 and 6, except for chlorine and elements whose determined amount
was below the lower limit of quantification.

Table 4. The content of individual elements in the sample of chitin variant 3 and samples of chitin
variant 3 with sorbed of Ni?* determined by EDX (means and SD, = 5).

Variant No. 3 Variant No. 6

%C 61.56 £+ 7.40 62.71 £ 8.35
%N 11.60 £ 3.64 10.90 = 1.69
%0 25.88 +-4.93 25.28 4+ 3.19
%Na 0.37 £ 0.19 0.18 £0.12
%Al 0.18 £0.15 -

%Si 0.11 £0.10 -

%S 0:338 0.07 £ 0.04
%Cl 0.33 £0.16 0.64 £0.19
%Ca 0.07 -

O/OZII - =
%Cd - -
%Ni - 0.23 £+ 0.06
%Pb - -

4. Discussion
4.1. Chitin Isolation from H. illucens Pupal Exuviae

The chitin isolation yield for individual variants ranged from 5.69% to 7.97% and
depended on the reagent used in the depigmentation step—the stronger the reagent, the
lower the isolation yield. The literature data on the isolation yield varies considerably, e.g.,
the isolation yield of chitin from silkworm was 2.59-4.23% [40], and from bees 18% [34], or
even 19-36.8% [41]. However, these are results for chitin isolated from other sources, and
the organisms differ in their chitin content [22]. Chitin was isolated from Hermetia illucens
with a yield of about 20%, so much higher than in this study [22,25,42]. The first difference
between our work and the cited studies is the source of chitin isolation—in our case it was
pupal exuviae, while the other authors used dead flies. A recent study by Shin et al. confirm
that chitin yield from different stages of the life cycle of the insect (larvae, pupa, and adults)
showed values between 3.9% and 14.2% [43]. Another difference between the presented
work and the results from the literature is the use of different concentrations of the same
reagents for a different period of time and at a different temperature. Previously, chitin was
isolated from Hermetia illucens using hydrochloric acid (5%) (at room temperature, for 2 h)
and sodium hydroxide (5%) (at 100 °C, for 3 h), then the obtained precipitate was washed
with ethanol, and its residues were removed with chloroform [22]. On the other hand,
Hahn et al. used three different methods to measure chitin content in various insects (also
Hermetia illucens): acid detergent fibre (ADF), acid detergent lignin (ADL), a combination
of both (ADF-ADL) and acetyl group measurement. The authors concluded that the
best is ADF-ADL, taking into account the statistical analysis of the results, equipment
requirements, accuracy and universality of the method [42]. Brigode et al. compared the
conventional method of chitin isolation from black soldier fly using acid and base (1 M
HCI at 100 °C for 30 min and 1 M NaOH for 24 h) with the ADF, ADL and ADF-ADL
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methods [25]. The yield of chitin obtained by the conventional and ADF-ADL methods
was similar, higher results were obtained for the ADF method (3-10% higher) [25].

Abidin et al. conducted an extensive review of the literature on chitin and chitosan.
They compared the methods of chemical isolation and raw materials used. Insects have
been given particular attention as an alternative source to commonly used crustaceans [20].
It is difficult to choose one single method of chitin isolation that could be used for any raw
material. When selecting the isolation method, it is most important not to degrade the
chitin during its purification [20]. It was also noticed that the method of obtaining chitin
affects the properties of the sample, so the choice of method should take into account the
future use of the chitin [20]. Based on data collected by previous researchers [20], results
from our work indicate that the isolation procedures (especially variant No. 3) used in this
study can be used for the extraction of chitin from pupal exuviae H. illucens.

4.2. Optical and Confocal Microscopy

The obtained chitin samples were visually assessed with the use of optical and confocal
microscopes. All samples tested had a regular surface consisting of hexagonal units.
Similar results had been obtained previously using an SEM microscope [3,25]. Chitin
does not have the ability of autofluorescence [44]. Chitin studies have been conducted
using a confocal microscope, but the use of an appropriate reagent (e.g., fluostain) is
required [45]. A new technique that enables chitin testing without sample preparation
is nonlinear microscopy [46]. In this publication, the performed microscopic assessment
of the samples does not provide information on the purity of the obtained materials and
does not differentiate the samples but we observed a number of pores in the chitin surface
(variant No 3). Same authors [10] have stated that this structure increased the chitin’s ability
to absorb metal ions. For this reason, this variant was chosen for the sorption of nickel
ions. The strong fluorescence of the variant No. 4 is probably due to the use of a strong
oxidant (HO,) for a sufficiently long time (5 h) compared to the variant No. 5, where
the fluorescence was weaker as KMnO,4 was used for depigmentation for much shorter
time (20 min). It is difficult to notice significant differences in the images of the optical
microscope between variant No. 6 (after sorption) and variant No. 3 (without sorption).
Variant No. 6 showed weak fluorescence due to the absorption of monochromatic light;
the practical total of the chitin sample glowed with reflected light (violet), while the
fluorescence of variant No. 3 was slightly higher.

4.3. X-Ray Powder Diffraction (XRPD)

As mentioned above, chitin crystallite size was ~80 nm in all investigated isolation
variants. A recent study confirmed these data concerning crystallite size in different forms
of chitin [47]. This should be expected because the source of the chitin was the same in all
cases and the isolation procedures used should not affect the crystallographic pattern.

Sorption of Ni?* on chitin isolated in variant No. 3 leads to more sharp reflections in
the XRPD diffraction pattern. Only this sample has a clear and sharp (0 3 3) reflection.

The degree of chitin crystallinity was similar in all chitin isolation variants and was
around 60%. In the literature, the values for this parameter are very wide. Kaya et al. [48]
reported that chitin crystallinity was in the range 40-80%. However it is also possible
to find lower values, for instance: 25.2% from H. illucens pupae [49], 35% from pupae
and 24.9% for imago chitin [3] or 38.82% from H. illucens prepupae [50]. The degree of
crystallinity is strongly influenced materials sorption properties [51]. However, it should
be remembered that the longer the grinding time of the sample, the smaller degree of
crystallinity [52]. Therefore, it is more important to pay attention to the dependence of
the degree of deacetylation (related to the presence of amino groups) and the sorption
capacity [53-55].
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4.4. Thermogravimetric Analysis (TG, DTG, DTA)

The decomposition of the tested chitin obtained with various isolation variants took
place in two stages, which is consistent with the literature data [49,50], although there are
also older articles describing a single-stage decomposition process [57-59]. The tempera-
tures for the individual stages of different chitin variants were consistent with the literature
data [49,60]. The decomposition temperature of chitin was in the range of 356-392 °C, and,
for example, for the commercial chitin DTGmax it is 386 °C [48].

The applied methods of isolation affected the temperatures of decompositions and
therefore it can be concluded that it influenced the composition of the obtained chitin.
Although all tested samples were thermally stable, there were clear differences—up to
16 °C. The DTG max values (375.8-392.3 °C), which are the maximum decomposition
temperatures, were similar for all samples of isolated chitin (variant Nos. 1-5). The
highest decomposition temperature was obtained for variant No. 3 (i.e., chitin treated
with HyO, for 2.5 h), which makes this procedure the most favourable because the higher
the decomposition temperature, the wider the possibility of chitin usage. In previous
studies, it has been seen that the DTG max value of alpha chitin varied between 350 and
400 °C [61,62].

The mass loss for the tested chitins from the exuviae was 67.2-73.1%, these values are
lower compared to the literature for the same material (95%) [49]. Purkayastha et al. studied
chitin isolated from Hermetia illucens, but the DTA curves showed clear exothermic peaks
in the range 339-430 °C [5]. The most comparable result was obtained for variant No. 3.

4.5. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy is one of the classical methods for chitin identification, FTIR
spectra provides detailed information on the presence of amide and amine groups and,
therefore, is one of the most commonly used methods for the characterization of the degree
of acetylation in chitin samples [63]. FTIR has been used to determine chitin allomorphs
(alpha-, beta- and gamma-) [64] and to analyse the demineralization, deproteinization, and
decolorization processes when isolating chitin from raw materials [65]. It is known that
alpha chitin is found in insects [48]. In the FTIR spectra of the chitin isolated in this study,
the amide I band was split at 1620 and 1652 cm™~!, which indicates that the chitin from
H. illucens was in the alpha form, which has already been confirmed by the XRPD. These
peaks presented in the samples regardless of the isolation method. Moreover, the chitin
from H. illucens displayed the amide Il band at wavenumber 1552 cm ™! just as chitins from
Orthopthera species examined by Kaya et al. [64]. The band 1307 cm ™! was assigned to
CON-H deformation and to the -CHj,— group (amide III). In addition, the wavenumbers
at 1067 and 1008 cm ™! were observed to correspond to the asymmetric and symmetric
stretching vibration of the C-O-C group. Similar FTIR results have been obtained for alpha
chitin isolated from various insect species [47].

The spectrum of chitin with sorbed Ni** ions was very similar to those presented
in Figure 5B, i.e., for variants Nos. 2-5 and it was not presented in order not to reduce
the clarity of the figure. However, one observation of this spectrum analysis seems to be
important: a slight shift of bands 3369 and 2910 cm ™! occurred towards longer lengths
(3380 and 2920 cm ™!, respectively) after metal sorption. The bands correspond to the
stretching vibrations of the -OH groups, hence it can be concluded that they participate in
the adsorption of the metal.

Sorption was probably at least partly based on complexation involving -OH groups
on the surface of the tested sorbent (chitin).

4.6. Sorption of Nickel Ions

Studies on the sorption of various heavy metals on native and modified chitin are
available in the literature. The equilibrium sorption data fit both the Langmuir and
Freudlich isotherms [66-69]. It is influenced by the type of metal used for sorption, but it
also seems that chitin isolated from various sources also has different properties, which



Polymers 2021, 13, 818

12 0of 16

also translates into metal sorption. In our study, the chitin adsorbed 1.66 mg-g~! of nickel
ions at pH 5.0 and nickel concentration 178 mg-dm~3. It is difficult to compare the data on
the sorption of metals on chitin due to the different method of conducting the adsorption
process (using different weights of sorbent, different volumes of added metal solutions,
different procedures and process durations). Karthik et al. studied commercial chitin
modified with polypyrrole to remove Pb (II) and Cd (II) ions. The maximum metal removal
capacity was 98.20% for Pb (initial 2.79 mg-dm~3 and final 0.05 mg-dm~> concentration)
and 95.77% for Cd (initial 2.84 mg-dm 2 and final 0.12 mg-dm~3). The obtained isotherms
showed similarity to the Freudlich isotherm [68]. Forutan et al. used pink shrimp chitin as
a sorbent for lead ions. The highest ion removal capacity was 99.7%, with an initial metal
concentration of 20 ppm. The designated isotherm showed a better fit to the Freudlich
isotherm [67]. Xiang et al. studied the adsorption of Cd(II) ions on chitin. The maximum
absorbed amount of metal was 93.9 mg-g~!, and the obtained isotherm data showed
similarity to the Langmuir equation [69]. Chui et al. removed metals (Cu, Cr and Ni)
from aqueous solutions using chitin (derived from shrimp) packed in small columns using
the Solid Phase Extraction (SFE) technique. The removal capacity of Cu and Cr was 95%
and 96% respectively, while for Ni it was much lower and amounted to 44-70% (at the
initial metal concentrations of 20-100 mg.dm3_) [70]. Yazidi et al. used ultrasonic modified
chitin (from shrimp) for multi-component adsorption of Ni, Co, and Methylene Blue. The
equilibrium concentration for Ni, Co and Methylene Blue was 58 mg-g~!, 37 mg-g~! and
6 mg-g~!, respectively. To determine the isotherms, 50 mL of solution containing three
components with an initial concentration of up to 650 mg.dm~2 and 5 g of adsorbent
were used [71]. Although no research has been done on metal sorption on chitin from
H. illucens, the larvae of this insect have been used to treat municipal sewage sludge in
China where heavy metals are a major problem. H. illucens showed great tolerance to heavy
metals (including Ni, Cu, Hg, Cd); the examined metals did not significantly affect the
metamorphosis and life of insects, but they slightly limited the increase in mass [72].

In order to determine the mechanism of Ni sorption on chitin, analyses were carried
out using other techniques. It seems that the two sorption mechanisms presented by
Kotodynska et al. [73], i.e., ion exchange and complexation, should be taken into account.
The EDX results (Table 4) showed the presence of Al and Ca before Ni sorption and these
metals were not visible after sorption. The amount of Na decreased after Ni sorption. These
decreases may be caused by ion exchange. Although EDX measured only a limited surface
and limited depth of the material, the averaged results from multiplied measurements from
different individual points on a given sample (Table 4) confirmed the above reasoning.

Information about the parallel second mechanism of sorption, i.e., complexation can be
derived from FTIR results. The evidence for complexation mechanism is the shift of bands
corresponding to stretching vibrations of the -OH groups. Similar conclusions regarding
the sorption mechanism have already been reported [68,72]. Karthik et al. proposed that the
sorption of Pb (II) and Cd (II) probably occurs through ion exchange and complexation [68].
According to other authors, the complexation of Cd (II) ions occurs through an acetylamino
(-CONH-) and a hydroxyl (-OH) group [72].

4.7. Energy Dispersive X-Ray Spectroscopy (EDX)

The EDX technique made it possible to compare the content of individual elements
before and after sorption, and then to confirm the sorption process and make conclusions
about its mechanism. In the variant No. 6, the presence of Ni ions on chitin was found,
which confirms the biosorption of the tested metal. Comparing variant No. 3 and variant
No. 6, a decrease in Na content can be seen. It can be assumed that this decrease may be
due to ion exchange. Likewise, Acheampong et al. observed changes in the content of K
and Mg in agricultural materials after the sorption process, which were replaced by the
tested Cu ions [74].
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5. Conclusions

In this study, we extracted chitin from Hermetia illucens pupal exuviae using different
chemical methods. We obtained a chitin yield of 5.69-7.95% which is comparable with
other insect-specific studies. Taking into account the isolation yield and the chitin prop-
erties determined by many methods (optical and confocal microscopy, FTIR, XRD, EDX,
thermogravimetric analysis we selected the best procedure of chitin isolation consisting of
the following stages: (i) demineralization (1 M HCl at 22 °C for 1 h. Then neutralization
with NaOH to obtain neutral pH. Rinsing by distilled water), (ii) deproteinization (1 M
NaOH at 80 °C for 24 h. Then neutralization with HCl to obtain neutral pH. Rinsing with
distilled water), (iii) depigmentation (9% HyO, at 80 °C for 2.5 h). The longer use of H,O,
and more aggressive agent (KMnQy) at the depigmentation stage resulted in a decrease
in isolation yield without increasing the positive properties of chitin. The chitin extracted
from H. illucens is in o-form, with a crystallinity degree of 60%, and maximum degradation
temperature of ~392 °C. Furthermore, for the first time, we analysed and described the
biosorption process of nickel ions on chitin from H. illucens. Sorption of Ni?* ions on our
chitin was comparable to the sorption on chitin of a different origin. However, it is difficult
to make a detailed comparison because this type of research on nickel sorption on chitin
obtained from H. illucens could not be found. We found that in this study, the mechanisms
of ion exchange and complexation are responsible for the sorption process.
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prof. dr hab. Andrzej Bieganowski Lublin, dnia 01/06/2021
Zaktad Biogeochemii Srodowiska Przyrodniczego
Instytut Agrofizyki PAN w Lublinie

OSWIADCZENIE
Niniejszym o$wiadczam, ze:
1. Jestem wspdtautorem trzech nastepujacych publikacji:

o Ziotko K., Wiater A., Wasko A., Pleszczynska M., Paduch R., Jaroszuk-Sciset J.,
Bieganowski A. A Report on Fungal (1—3)-0-D-Glucans: Properties, Functions and
Application. MOLECULES 2019, 24, 3972.

e Nowak K., Wiater A., Choma A., Wiagcek D., Bieganowski A., Siwulski M., Wasko A.
Fungal (1—3)-a-D-glucans as a new kind of biosorbent for heavy metals.
INTERNATIONAL JOURNAL OF BIOLOGICAL MACROMOLECULES 2019, 137,
960-965.

e Ziotko K., Wasko A., Kaminski D.M., Budziak-Wieczorek 1., Bulak P., Bieganowski A.
Isolation of Chitin from Black Soldier Fly (Hermetia illucens) and its usage to metal
sorption. POLYMERS 2021, 13, 818.

2. Jako promotor wyrazam zgode, zeby powyzsze publikacje zostaly wykorzystane
w przewodzie doktorskim p. mgr Katarzyny Ztotko

3. Pomyst podjecia badan byt opracowany w zespole: Doktorantka i obaj promotorzy. Jednakze
to wkiad intelektualny p. mgr Katarzyny Ztotko byt najwiekszy, a rola promotoréw polegata
na ukierunkowaniu i wspomaganiu Doktorantki.

4. Doktorantka wykonala samodzielnie wiele pomiaréw przedstawionych w w/w pracach.
Czg¢$¢ pomiaréw wykonana byta przez wspétautorow.

5. Doktorantka przygotowala pierwsze wersje manuskryptow wszystkich powyzszych prac
oraz przygotowata prace do druku.

6. Moj wktad w kazda z powyzszych prac polegat na:
a) wspottworzeniu koncepcji pracy;
b) pomocy w realizacji pracy na wszystkich jej etapach

c) korekcie manuskryptu.
/]
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dr hab. Adam Wasko, prof. Uniwersytetu Przyrodniczego Lublin, dnia 01/06/2021
Katedra Biotechnologii, Mikrobiologii i Zywienia Cztowieka
Uniwersytet Przyrodniczy w Lublinie

OSWIADCZENIE
Niniejszym o$wiadczam, ze:
1. Jestem wspotautorem trzech nastepujgcych publikacji:

° Ziotko K., Wiater A., Wasko A., Pleszczyfiska M., Paduch R., Jaroszuk-Sciset 1.,
Bieganowski A. A Report on Fungal (1—3)-0-D-Glucans: Properties, Functions and
Application. MOLECULES 2019, 24, 3972.

* Nowak K., Wiater A., Choma A., Wiacek D., Bieganowski A., Siwulski M., Wasko A.
Fungal (1—3)-0-D-glucans as a new kind of biosorbent for heavy metals.
INTERNATIONAL JOURNAL OF BIOLOGICAL MACROMOLECULES 2019, 137,
960-965.

e Ziotko K., Wasko A., Kaminski D.M., Budziak-Wieczorek 1., Bulak P., Bieganowski A.
Isolation of Chitin from Black Soldier Fly (Hermetia illucens) and its usage to metal
sorption. POLYMERS 2021, 13, 818.

2. Jako promotor wyrazam zgodg, zeby powyzsze publikacje zostaly wykorzystane
w przewodzie doktorskim p. mgr Katarzyny Ztotko

3. Pomyst podjecia badan byt opracowany w zespole: Doktorantka i obaj promotorzy. Jednakze
to wkiad intelektualny p. mgr Katarzyny Ztotko byt najwiekszy, a rola promotoréw polegata
na ukierunkowaniu i wspomaganiu Doktorantki.

4. Doktorantka wykonata samodzielnie wiele pomiaréw przedstawionych w w/w pracach.
Czgs¢ pomiaréw wykonana byta przez wspotautorow.

5. Doktorantka przygotowata pierwsze wersje manuskryptéw wszystkich powyzszych prac
oraz przygotowata prace do druku.

6. Mdj wkiad w kazda z powyzszych prac polegat na:
a) wspéttworzeniu koncepcji pracy;
b) pomocy w realizacji pracy na wszystkich jej etapach
¢) korekcie manuskryptu.
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dr inz. Piotr Bulak Lublin, dnia 01/06/2021
Zaktad Biogeochemii Srodowiska Przyrodniczego
Instytut Agrofizyki PAN w Lublinie

OSWIADCZENIE
Niniejszym oswiadczam, ze:
1. Jestem wspotautorem publikacji:
e Ziotko K., Wasko A., Kamifiski D.M., Budziak-Wieczorek I., Bulak P., Bieganowski A.
Isolation of Chitin from Black Soldier Fly (Hermetia illucens) and its usage to metal
sorption. POLYMERS 2021, 13, 818.

2. Wyrazam zgode, zeby powyzsza publikacja zostata wykorzystana w przewodzie doktorskim
p. mgr Katarzyny Ztotko.

3. Pomyst podjecia tych badan oraz wigkszo$¢ prac zwiazana z przygotowaniem powyzszej
publikacji jest wkladem intelektualnym p. mgr Katarzyny Zlotko.

4. Moj wkiad w powyzsza prace polegat na:
a) Pomocy w opracowaniu metodyki izolacji chityny
b) Pomocy w pracach laboratoryjnych oraz w opracowaniu wynikéw w zakresie izolacji
chityny
c¢) korekcie manuskryptu.
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dr hab. Daniel M. Kaminski, profesor uczelni Lublin, dnia 01/06/2021
Katedra Chemii Ogélnej, Koordynacyjnej i Krystalografii
Uniwersytet Marii Curie-Sktodowskiej w Lublinie

OSWIADCZENIE
Niniejszym oswiadczam, ze:
1. Jestem wspotautorem publikacji:
e Ziotko K., Wasko A., Kaminski D.M., Budziak-Wieczorek I., Bulak P., Bieganowski A.
Isolation of Chitin from Black Soldier Fly (Hermetia illucens) and its usage to metal
sorption. POLYMERS 2021, 13, 818.

2. Wyrazam zgodg, zeby powyzsza publikacja zostata wykorzystana w przewodzie doktorskim
p. mgr Katarzyny Ztotko.

3. Pomyst podjecia tych badaf oraz wiekszo$é prac zwigzana z przygotowaniem powyzszej
publikacji jest wktadem intelektualnym p. mgr Katarzyny Zlotko.

4. Mdj wkiad w powyzsza prace polegat na:

a) Przeprowadzeniu pomiaréw przy wykorzystaniu rentgenowskiej  dyfraktometrii
proszkowej. Wigzalo si¢ to z opracowaniem metodyki pomiaru, walidacji,
przeprowadzeniu pomiaréw oraz wizualizacji otrzymanych wynikow.,

b) korekcie manuskryptu.



dr hab. Roman Paduch, profesor uczelni Lublin, dnia 01/06/2021
Katedra Wirusologii i Immunologii
Uniwersytet Marii Curie-Sktodowskiej w Lublinie

OSWIADCZENIE

1. Jestem wspétautorem publikacji:
e Ziotko K., Wiater A., Wasko A., Pleszczynska M., Paduch R., Jaroszuk-Sciset |
Bieganowski A. A Report on Fungal (1—3)-a-D-Glucans: Properties, Functions and
Application. MOLECULES 2019, 24, 3972.

2. Wyrazam zgode, zeby powyzsza publikacja zostala wykorzystana w przewodzie doktorskim
p. mgr Katarzyny Zlotko.

3. Pomyst podjecia tych badan oraz wigkszo$¢ prac zwigzana z przygotowaniem powyzszej
publikacji jest wktadem intelektualnym p. mgr Katarzyny Ztotko.

4. M¢j wktad w powyzszg prace polegat na przygotowaniu pierwszej wersji rozdziatléw 6.1.
(Immunological Activity) oraz 6.2. (1—>3)-0-d-Glucans as a Mutanase Inducers) oraz
korekcie manuskryptu.

Uwaga: Poniewaz w rozdziatach tych znalazly si¢ fragmenty opisujace moje badania
dlatego, w sekgji ,,Author Contributions” zostalo to uwzglednione. Nalezy jednak zaznaczyc,
ze badania te nie byly zwigzane z przygotowaniem i napisaniem pracy przegladowej w

MOLECULES.



dr hab. Adrian Wiater, profesor uczelni Lublin, dnia 01/06/2021
Katedra Mikrobiologii Przemystowej i Srodowiskowej
Uniwersytet Marii Curie-Sktodowskiej w Lublinie

OSWIADCZENIE
1. Jestem wspétautorem dwéch publikacii:

e Nowak K., Wiater A., Choma A., Wiacek D., Bieganowski A., Siwulski M., Wasko A.
Fungal (1—3)-0-D-glucans as a new kind of biosorbent for heavy metals.
INTERNATIONAL JOURNAL OF BIOLOGICAL MACROMOLECULES 2019, 137,
960-965.

e Ziotko K., Wiater A., Wasko A., Pleszczynska M., Paduch R., Jaroszuk-Sciset I
Bieganowski A. A Report on Fungal (1—3)-a-D-Glucans: Properties, Functions and
Application. MOLECULES 2019, 24, 3972.

2. Wyrazam zgode, Zeby obie publikacje zostaly wykorzystane w przewodzie doktorskim

p. mgr Katarzyny Ztotko.

3. Pomyst podjecia tych badan oraz wickszosé prac zwigzana z przygotowaniem powyzszych
publikacji jest wktadem intelektualnym p. mgr Katarzyny Ztotko.

4. Mdj wktad w powyzsze prace polegat na:
a) w przypadku publikacji w MOLECULES: konsultacji na etapie tworzenia koncepcji
pracy,
b) przygotowaniu pierwszej wersji rozdziatéw 6.2. (I—>3)-a-d-Glucans as a Mutanase
Inducers), oraz korekcie manuskryptu.
Uwaga: Poniewaz w rozdziatach tych znalazly si¢ fragmenty opisujace moje badania
dlatego, w sekcji ,,Author Contributions” zostalo to uwzglednione. Nalezy jednak
zaznaczy¢, ze badania te nie byly zwiazane z przygotowaniem i napisaniem pracy
przegladowej w MOLECULES.
¢) w przypadku publikacji w INTERNATIONAL JOURNAL OF BIOLOGICAL
MACROMOLECULES na przeprowadzeniu pomiar6w oraz opracowaniu wynikéw
dotyczacych, analizy metylacyjnej i NMR oraz korekcie manuskryptu.
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dr Dariusz Wigcek Lublin, dnia 01/06/2021
Zaklad Fizycznych Wiasciwosci Materiatéw Roslinnych
Instytut Agrofizyki PAN w Lublinie

OSWIADCZENIE
Niniejszym o$wiadczam, ze:
1. Jestem wspotautorem publikacji:

e Nowak K., Wiater A., Choma A., Wigcek D., Bieganowski A., Siwulski M., Wasko A.
Fungal (1—3)-a-D-glucans as a new kind of biosorbent for heavy metals.
INTERNATIONAL JOURNAL OF BIOLOGICAL MACROMOLECULES 2019, 137,
960-965.

2. Wyrazam zgode, zeby powyzsza publikacja zostala wykorzystana w przewodzie doktorskim

p. mgr Katarzyny Ztotko.

3. Pomyst podjecia tych badan oraz wickszo$¢ prac zwiazana z przygotowaniem powyzszej
publikacji jest wkiadem intelektualnym p. mgr Katarzyny Ztotko.

4. Moj wkiad w powyzsza prace polegal na nadzorowaniu przeprowadzenia pomiaréw oraz
wspotudziale w opracowaniu wynikéw dotyczacych analiz ICP.

D. Lisal



