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II. OMOWIENIE CELU NAUKOWEGO 1 UZYSKANYCH
WYNIKOW

WPROWADZENIE

Jednym z kluczowych problemow wspotczesnej medycyny jest proces gojenia ran
przewlektych. Charakteryzuje si¢ on ogromna zlozono$ciag i zaangazowaniem wielu
czynnikow molekularnych (Han i Ceilley, 2017). Dotyczy to szczegoélnie pacjentow
w podeszlym wieku obcigzonych roznymi chorobami takimi jak nowotwory, cukrzyca czy
choroby autoimmunologiczne, u ktorych proces ten znacznie si¢ wydtuza, powodujac
dyskomfort zycia uniemozliwiajgcy normalne funkcjonowanie (Velier i wsp., 2018).

Przerwanie cigglosci morfologicznej tkanek uruchamia kaskadowa odpowiedz
organizmu majacg na celu odbudowanie zranionej tkanki i powstanie blizny. Proces ten
jest ztozonym tancuchem reakcji biochemicznych (Ellis i wsp., 2018). Jego prawidlowy
przebieg jest mozliwy dzigki wspotpracy wielu typéw komorek, elementéw morfotycznych
krwi, czynnikéw molekularnych oraz cytokin. W gojeniu ran wyr6zni¢ mozna nastepujace
fazy: oczyszczanie (hemostaza), proliferacja (migracja) komorek oraz odbudowa
I obkurczanie rany efektem czego jest powstawanie blizny (Rodriguez-Acosta i wsp.,
2022; Cheng i wsp., 2019).

Natychmiast po urazie dochodzi do zatamowania krwawienia z uszkodzonych
naczyn krwionosnych poprzez wytworzenie si¢ skrzepu. Utworzenie czopu ptytkowego
jest bardzo istotne, poniewaz zapobiega dalszej utracie ptynow i elektrolitow z rany,
a takze ogranicza zanieczyszczenia pochodzace ze srodowiska zewngtrznego (Lih i wsp.,
2012; Smigiel i Parks, 2018). W prawidlowych warunkach fizjologicznych skrzep sktada
si¢ z siatki fibryny 1 osadzonych w niej ptytek krwi. Ze wzgledu na to, ze skrzep jest
jedynie chwilowg strukturg, stanowi on baze sktadowych biomolekut procesu gojenia.
Plytkopochodny czynnik wzrostu (PDGF) jest kluczowym biatkiem stymulujagcym
aktywacje¢ fibroblastow i makrofagow, ktore odpowiadaja za oczyszczanie rany (Rodrigues
I wsp., 2019; Karahan i wsp., 2018). Kolejnym etapem gojenia jest proliferacja i migracja
komorkowa. Zachodzi wtedy angiogeneza, odktadany jest kolagen, tworzy si¢ ziarnina
i nastepuje obkurczanie rany. W angiogenezie, komorki srodblonka naczyniowego tworzg
nowe naczynia krwionos$ne. Nastepuje wzmozona proliferacja fibroblastow i1 tworzy si¢

nowa, tymczasowa macierz zewnatrzkomorkowa przez syntez¢ kolagenu i fibronektyny.



Efektem powyzszych proceséw jest calkowite zamknigcie rany (Du 1 wsp., 2018;
Ammann i wsp., 2019; Torres i wsp., 2018 ).

W celu usprawnienia procesu gojenia i skrocenia czasu jego trwania naukowcy
skupiajg swojg uwage na opracowaniu innowacyjnych biomateriatow stosowanych jako
opatrunki.

Biomaterialy to naturalne materiaty biozgodne, ktore sg jak najbardziej zblizone do
naturalnych warunkoéw panujacych w organizmie cztowieka. Rolg biomateriatu jest
cze$ciowe lub calkowite zastepowanie tkanki lub organu i pehlienie ich funkcji
w organizmie (Ratner, 2019). Opatrunki z biomateriatbw powinny by¢ wykonane
ze specjalnych Dbiodegradowalnych polimeréw, begdacych dobrymi promotorami
wchtaniania substancji czynnej. Ogromne zrdznicowanie rodzajow ran spowodowato
opracowanie wielu opatrunkow z nowymi substancjami, czesto wprowadzanymi w celu
ukierunkowania procesu gojenia. Dopasowanie odpowiedniego opatrunku zalezy
od etiologii rany, jej lokalizacji, rozleglosci, stopnia zakazenia oraz od ogdlnego stanu
zdrowia pacjenta. Idealny opatrunek powinien doprowadzi¢ do szybkiego gojenia przy
mozliwie niskich kosztach i najmniejszych niedogodnosciach dla pacjenta (Murray i wsp.,
2019; Kumar i wsp., 2018).

InZynieria biomaterialdbw coraz czgsciej skupia si¢ na polimerach pochodzenia
naturalnego, takich jak: celuloza, chityna czy alginian. Zwiazki te charakteryzuja si¢
nietoksycznoscig, biokompatybilnoscia oraz biodegradowalnoscig. Ich budowa umozliwia
stosunkowo tatwe modyfikacje chemiczne i enzymatyczne, co sprawia, ze ciesza si¢ duza
popularnoscig w badaniach eksperymentalnych (Azuma i wsp., 2015; Kanikireddy i wsp.,
2020; Agrawal i wsp., 2014; Sun i wsp., 2013).

Liczne doniesienia o pozytywnym wplywie biomaterialow z chitozanem, celuloza
1 alginianem na proces gojenia ran staly si¢ podstawag do opracowania innowacyjnych
modyfikacji biomateriatow, ktore moglyby przyspiesza¢ gojenie. Sg to gldéwne powody,
dla ktérych sa one badane pod katem wykorzystania w medycynie. Biorgc pod uwage
zastosowanie naturalnych polisacharydow jako opatrunkéw na rany przewlekte, nalezy

pozna¢ doktadnie ich wlasciwosci biologiczne.



CEL PRACY

Proces przewleklego gojenia ran stanowi ogromny problem medyczny. Jest on dla
pacjenta bardzo wymagajacym etapem powrotu do pelni zdrowia. Wskaznik czgstotliwosci
wystepowania ran ,niegojacych si¢” stale wzrasta ze wzglgdu na starzenie si¢
spoleczenstwa oraz choroby, jak m.in. cukrzyca czy miazdzyca. Sprawia to, ze podjecie
tego typu tematu wydaje si¢ uzasadnione i niezmiernie istotne.

Celem badawczym niniejszej pracy byto okreslenie wlasciwosci biologicznych
kompozytéw chitozanowo-celulozowych oraz alginianowych modyfikowanych tlenkami
metali jako materiatéw potencjalnie przydatnych w procesie gojenia ran.

Zalozeniem pierwszego etapu byla ocena toksycznosci badanych materiatow.
Okreslenie hemotoksycznosci, cytotoksycznosci czy genotoksycznosci jest istotnym
elementem badan in vitro, dajacych podwaliny pdzniejszego zastosowania w praktyce.

Analizowano wpltyw tych zwiazkéw na indukcje hemolizy, adsorpcje oraz
utlenianie hemoglobiny w krwinkach czerwonych. Okreslono cytotoksycznos¢ wzgledem
komorek skory cztowieka w modelu in vitro. Zbadano rowniez mechanizmy toksyczno$ci
wzgledem fibroblastow 1 keratynocytow poprzez oddzialywanie biomaterialow
na parametry stresu oksydacyjnego, w tym indukcje¢ reaktywnych form tlenu (ROS) oraz
zmiany potencjalu mitochondrialnego. Wykonano eksperymenty sprawdzajace wpltyw
biopolimeréw na uszkodzenia DNA.

Celem drugiego etapu badan bylo wyselekcjonowanie biokompozytow mogacych
wplywa¢ na poszczegélne etapy procesu gojenia. Sprawdzono wpltyw kompozytow
na zewnatrzpochodny 1 wewnatrzpochodny szlak aktywacji krzepnigcia krwi, ktore sa
kluczowe w hemostazie. Dokonano analizy migracji fibroblastow i keratynocytow jako
istotnego etapu zarastania rany, a takze okreslono poziom glikozaminoglikanéw

pelniacych gldwnie role odzywcza w skorze.
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Biokompozyty chitozanowo-celulozowe i alginianowe modyfikowane tlenkami
metali wspomagaja proces gojenia ran.



OMOWIENIE PRAC WCHODZACYCH W ZAKRES ROZPRAWY
DOKTORSKIEJ

Na niniejszg rozprawe doktorska skladaja si¢ cztery publikacje (trzy prace
oryginalne oraz jedna praca przegladowa), ktore stanowig spdjny tematycznie cykl
artykutow. Kazdy artykut zostat opublikowany w indeksowanym czasopi$mie naukowym
o mi¢dzynarodowym zasiegu, znajdujgcym si¢ w bazie Journal Citation Reports. Seria prac
jest odzwierciedleniem pierwotnego planu badan, ktéry finalnie zostat w pelni
zrealizowany. Publikacje (I1), (111) i (IV) powstaly w ramach wspotpracy z zespotem
profesora Abdelkirma El Kadiba z Euromed Research Center, Engineering Division, Euro-
Med University of Fes, Maroko (UEMF). Zespot ten zajmowat si¢ syntezg wszystkich
badanych biomateriatdéw oraz oceniat ich wtasciwosci fizykochemiczne, ktore sa opisane
w pracach (I1) i (IV). Wyniki przedstawione w czgéci biologicznej wymienionych prac,
z wyjatkiem badan mikrobiologicznych, wchodza w zakres niniejszej rozprawy doktorskiej
1 zostang omowione ponizej.

Ponadto w pracy zawarte sa dodatkowe badania poziomu glikozaminoglikanéw
(GAGs) dla wyselekcjonowanej grupy biomaterialow, ktore nie sg opisane w cyklu
publikacji wchodzacych w sktad rozprawy doktorskiej.

Cykl artykutéw otwiera praca przegladowa pt. ,.Zastosowanie biomateriatow na
bazie chitozanu w leczeniu trudno gojgcych si¢ ran” (I). Artykul jest przegladem
publikacji dotyczacych zastosowania biomaterialow zawierajacych naturalne polimery
takie jak chitozan i alginian jako opatrunki w gojeniu ran przewlektych. Obejmuje opis
1 charakterystyke etapow procesu gojenia, budowe strukturalng 1 wlasciwosci
fizykochemiczne polisacharydow a takze ich wptyw na poszczegdlne etapy gojenia ran.

Publikacje oryginalne otwiera praca pt. ,,Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active
Bioplastics” (Il). Grupe badang stanowity filmy chitozanowo-celulozowe zbudowane
z celulozy mikrokrokrystalicznej (CS@MCC-f, CS@P-MCC-f, CS@PN-MCC-f), celulozy
nanokrystalicznej (CS@CNC-f, CS@P-CNC-f, CS@PN-CNC-f) oraz film chitozanowy
(CS-f). W czgséci biologicznej pracy, wchodzacej w sklad rozprawy doktorskiej,
przedstawiono ich wptyw na hemolize, adsorpcje oraz utlenianie hemoglobiny (Hb).

Poziom hemolizy erytrocytéw cztowieka 0znaczono spektrofotometrycznie poprzez
pomiar absorbancji uwolnionej hemoglobiny po 1, 3 i 24 godz. inkubacji z badanymi

filmami. Sprawdzano takze czy uwolniona z erytrocytow hemoglobina adsorbuje do



powierzchni badanych materialow oraz czy ulega utlenianiu do methemoglobiny (Drabkin,
1946).

Wszystkie badane filmy chitozanowo-celulozowe indukowaty hemolize, ale po
inkubacji przez 1 i 3 godz. jej wartos¢ nie przekraczata 6-8%. Po 24 godz. stopien
hemolizy wzrdést do 10—16%, a najbardziej toksyczny wzgledem erytrocytow okazat si¢
kompozyt zawierajacy celuloz¢ mikrokrystaliczng bez modyfikacji (CS@MCC-f).

Inkubacja wszystkich materialdbw z hemoglobing przez 3 godz. wykazata niewielKi
stopien adsorpcji hemoglobiny na powierzchni filmow. Wydtluzenie czasu inkubacji
spowodowato znaczny jej wzrost, nawet do 36%. Warto podkresli¢, ze przylaczanie
hemoglobiny do materiatow celulozowo-chitozanowych po 24 godz. zmniejszato
zawarto$¢ hemoglobiny w roztworze i mozna wnioskowac, ze poziom hemolizy zostat
zanizony, a zarazem uzyskane wyniki nie odzwierciedlaty rzeczywistej hemotoksycznosci.
Zbadano rowniez wptyw folii kompozytowych na utlenianie hemoglobiny. Zawarto$§¢
methemoglobiny po 3 godz. inkubacji dla wszystkich kompozytow wynosita 2-6%
natomiast po 24 godzinach wzrosta do poziomu 8-16%.

Podsumowujac, rodzaj modyfikacji celulozy wplywa na zdolno$¢ badanych
materiatbw do uszkadzania btony komodrkowej krwinek czerwonych oraz utleniania
I adsorbowania hemoglobiny.

W trzeciej pracy pt. ,Insight into Factors Influencing Wound Healing Using
Phosphorylated Cellulose-Filled-Chitosan Nanocomposite Films” (111) analizowano
cytotoksycznos¢ oraz  genotoksyczno$¢ kompozytoéw  chitozanowo-celulozowych,
a takze ich wlasciwosci antyoksydacyjne i hemostatyczne, oraz ich wpltyw na migracje
komorek skory cztowieka w konteks$cie oddziatywania na proces gojenia ran.

Do oceny cytotoksycznosci biokompozytow chitozanowo-celulozowych wzgledem
dwoch linii komorkowych skory cztowieka (fibroblastow i keratynocytow) wykorzystano
kolorymetryczny test zywotnosci MTT (Mosmann, 1983). Ponadto przeprowadzono
analiz¢ zmian poziomu wewnatrzkomorkowych reaktywnych form tlenu (ROS)
wykorzystujac fluorescencyjng sonde H>DCFDA (Myhre i wsp., 2003) i zmiany
btonowego potencjatu mitochondrialnego z uzyciem znacznika JC-1 (Feldkamp, 2005).

Wszystkie testowane filmy chitozanowo-celulozowe, z wyjatkiem kompozytu
z samym chitozanem (CS-f), wykazywaly statystycznie istotne zmniejszenie Zywotno$é
obu linii komérkowych, jednak zywotnos¢ komorek w zadnym przypadku nie byla nizsza

niz 70%. Spadek zywotnosci zalezal od skladu kompozytéw i rodzaju komorek.



Keratynocyty (KERTr) byly bardziej wrazliwe na dziatanie badanych filmow niz
fibroblasty (BJ).

Filmy chitozanowo-celulozowe po 24 godz. inkubacji, nie powodowaty
w zdecydowanej wiekszo$ci istotnych statystycznie zmian w poziomie reaktywnych form
tlenu, zarowno w komoérkach BJ, jak i KERTr. Jedynie film CS@P-MCC-f, w przypadku
fibroblastow powodowal niewielki, ale istotny statystycznie wzrost poziomu ROS
0 okoto 6% w porownaniu do kontroli nietraktowanej badanymi kompozytami. Natomiast
po inkubacji fibroblastéw z filmami CS-f, CS@CNC-f i CS@P-CNC-f obserwowany byt
nieznaczny lecz istotny statystycznie spadek zawartosci ROS o okoto 10%.

Kolejnym analizowanym parametrem (w kontek$cie wpltywu kompozytow
na komorki skory) byly zmiany potencjalu mitochondrialnego (A¥m). Wszystkie
modyfikacje filmu chitozanowego wptynety w nieznacznym stopniu na obnizenie tego
potencjalu, co pozwala wnioskowac, ze badane zwigzki nie wplywaja na aktywnos¢
proapoptotyczna.

W przypadku testowania materiatow, ktoére moga mie¢ potencjalne zastosowanie
w medycynie, wazne jest sprawdzenie ich dziatania w roznych aspektach, zwlaszcza ich
genotoksycznosci. W tym celu zastosowano test kometowy, ktory daje odpowiedz, czy
kompozyty indukuja uszkodzenia DNA (Singh i wsp., 1988; w modyfikacji Blasiak
i Kowalik, 2000).

Wszystkie filmy powodowaty niewielki lecz istotny statystycznie wzrost poziomu
uszkodzen DNA. Najwigkszy procent uszkodzen stwierdzono dla komorek inkubowanych
z CS@P-MCC-f. Kompozyt ten réwniez nieznacznie zwiekszyt poziom ROS, ktory mogh
wywolywac stres oksydacyjny i doprowadzi¢ do uszkodzen DNA. Zmiany te nie
przekroczyty jednak 10%, co sugeruje, ze testowane filmy nie sa genotoksyczne.

Ze wzgledu na to, ze badane kompozyty nie byly toksyczne wzgledem komorek
skory lub ich toksyczno$¢ byta niewielka oraz nie powodowaty znacznych uszkodzen
DNA postanowiono sprawdzi¢ ich potencjalng przydatno$¢ w procesie gojenia ran. W tym
celu badano ich wlasciwosci hemostatyczne, wptyw na migracj¢ komoérek skory oraz
poziom glikozaminoglikanow.

Do oceny wiasciwosci hemostatycznych zastosowano metody koagulometryczne.
Wykonano pomiary trzech markerow diagnostycznych oceniajacych sprawnos¢ dziatania
uktadu hemostazy: czasu protrombinowego (PT), czasu trombinowego (TT) oraz czasu
czesciowej tromboplastyny po aktywacji (aPTT) (Prasa, 1977, w modyfikacji
Kotodziejczyk-Czepas i wsp., 2018).



Pierwszym markerem okre$lajacym wlasciwosci  hemostatyczne badanych
materialow byl czas protrombinowy (PT). Stuzy on do oceniania zewnatrzpochodnego
szlaku krzepnigcia. Drugim byl czas trombinowy (TT) odpowiadajacy ostatniemu etapowi
krzepnigcia krwi, podczas ktorego fibrynogen jest przeksztalcany przez trombing
w fibryne. Uzyskane wyniki wykazaly istotne statystycznie zmiany czaséw krzepnigcia.
Badane materiaty skracaty czasy PT i TT w poréwnaniu do kontroli wykazujac dziatanie
prokoagulacyjne. Ostatni badany marker diagnostyczny, jakim byl czas cze$ciowej
tromboplastyny po aktywacji (aPTT), stuzy do oceny sprawnos$ci wewnatrzpochodnego
szlaku krzepnigcia. Wszystkie filmy chitozanowo-celulozowe powodowaly istotne
statystycznie skrocenie czasu aPTT, czyli dziataty prokoagulacyjnie.

Dokonano réwniez analizy migracji fibroblastow 1 keratynocytow pod wplywem
materiatow chitozanowo-celulozowych odgrywajacej istotng role w tworzeniu macierzy
zewnatrzkomoérkowej w etapie zarastania rany. Wykorzystano ilosciowy test migracji
komoérek przy uzyciu wktadek do hodowli komoérkowych ThinCert™ (Boyden, 1962,
Entschladen i wsp., 2005).

W przypadku fibroblastow, wszystkie badane kompozyty stymulowaly migracje
komorek. Istotny statystycznie wzrost poziomu migracji zalezny byt od rodzaju
modyfikacji kompozytéw. Najwyzszy jej poziom zaobserwowano dla filmow CS@MCC-f
oraz CS@CNC-f gdzie wynosil odpowiednio 151% i 157%. W przypadku keratynocytow
znaczgca wiekszo$¢ materiatow stymulowata migracje, jednak film CS@PN-CNC-f
powodowat istotny statystycznie spadek jej poziomu do 73%. Mozna wiec wnioskowac,
ze modyfikacja nanocelulozy cyklotrifosfazanem spowodowata inhibicje procesu

migracyjnego keratynocytow.

Oznaczanie poziomu glikozaminoglikanow po inkubacji z filmami

chitozanowo-celulozowymi

Stymulacyjne dziatanie badanych filméw na migracj¢ fibroblastow skory cztowieka
oraz fakt, ze fibroblasty s glownym miejscem wytwarzania
1 uwalniania glikozaminoglikanow wigzacych si¢ z kolagenem, byly inspiracjag do oceny
wplywu kompozytow chitozanowo-celulozowych na poziom glikozaminoglikanow
(GAGs) w fibroblastach. Wyniki tego eksperymentu nie zostaly zawarte w publikacjach
wchodzacych w sklad rozprawy doktorskie;.
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Funkcje GAGs i proteoglikanow, czyli postaci w ktorej najczesciej wystepuja
w warunkach fizjologicznych, sa zwigzane z ich wielkoscia oraz strukturg i bezposrednio
lub posrednio zaleza od polianionowego charakteru tych czasteczek. Obecnosé
polianionowych proteoglikandw na powierzchni bton komoérkowych lezy u podstaw
interakcji typu komorka-komorka oraz komorka-substrat, warunkujac zbadany wczesniej
proces migracji komoérek. Niegdys fibroblasty traktowane byly jako bierny uczestnik
proceséw fizjologicznych z funkcja ograniczong jedynie do wytwarzania macierzy
pozakomoérkowej 1 kolagenu. Obecnie wiadomo, ze uczestniczg takze w ztozonym procesie
reakcji immunologicznych bedac zrodtem czynnikéw wzrostu, cytokin zapalnych i czastek
chemotaktycznych, co odgrywa ogromna role w procesie gojenia ran (Daroszewski i wsp.
2006). Jednym z najlepiej poznanych zwigzkoéw nalezacych do glikozamioglikanow jest
kwas hialuronowy. Stymuluje on procesy komérkowej migracji, proliferacji 1 dojrzewania,
wykazujac rowniez dziatanie proangiogenne (Weindl i wsp., 2004).

Eksperyment przeprowadzono z zastosowaniem komercyjnego testu ELISA Human
GAGs, KIT from Wuhan Fine Biotech Co.,Ltd. (Perea i wsp., 2021). Badanie wykonano
zgodnie z instrukcjg zataczong do zestawu ELISA dla wyselekcjonowanej grupy
materiatow chitozanowo-celulozowych inkubowanych z fibroblastami.

Materiaty zawierajace w swej budowie mikrokrystaliczng celuloze powodowaty
istotny statystycznie, znaczny wzrost poziomu GAGs wzgledem kontroli (ryc. 1) czyli
fibroblastow (BJ) nietraktowanych badanym materiatem. Poziom glikozaminoglikanow
wzrost nawet o 52%. Przeciwne rezultaty uzyskano dla kompozytéw chitozanowych
z nanokrystaliczng celulozg. Kompozyty CS@CNC-f, CS@P-CNC-f i CS@PN-CNC-f
dziatalty hamujaco na syntez¢ i wydzielanie GAGs w fibroblastach a ich poziom spadt
maksymalnie o 20% wzgledem kontroli. Dane literaturowe donosza, ze chitozan moze
stuzy¢ jako analog GAGs, poniewaz zawiera grupy N-acetylo-glukozaminy w czasteczce
wplywajac na stymulowanie proliferacji fibroblastow (Tangsadthakun i wsp., 2007).
Prawdopodobnie celuloza, podobnie jak kwas hialuronowy, wykazuje zdolno$¢ do
wigzania wody w swojej polisacharydowej sieci i zapewnia utrzymanie prawidlowego
nawodnienienia (wilgotnosci) w obrebie macierzy rany. Dzigki wielowarstwowej,
siateczkowej strukturze celulozy, materiat ten nie hamuje procesd6w wymiany gazowej,

w tym dostepu tlenu do tkanki (Dydak i wsp., 2017).
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Rycina 1. Poziom glikozaminoglikanow (GAGS) w fibroblastach skory cztowieka
(BJ) po 24 godzinnej inkubacji z biomateriatami chitozanowo-celulozowymi, n=4,
*p<0.05.

Uzyskane wyniki in vitro dostarczyty bogatych informacji na temat wtasciwosci
biologicznych  badanych  biomateriatbw  chitozanowo-celulozowych.  Nieznaczna
cytototoksyczno$¢  oraz  genotoksycznos¢  pozwolity na  dokonanie  analizy
eksperymentalnej w kontek$cie potencjalnego zastosowania filméw jako opatrunkow
medycznych. Wptyw kompozytow na zewnatrzpochodny i wewnatrzpochodny szlak
aktywacji krzepniecia potwierdzit ich przydatne wlasciwosci hemostatyczne. Ponadto
wplyw na wzrost poziomu generowania i uwalniania glikozaminoglikanow w fibroblastach
| dzialanie stymulacyjne na migracj¢ fibroblastow 1 keratynocytow, pozwalaja
wnioskowa¢, ze biomaterialty chitozanowe modyfikowane celuloza moga by¢
potencjalnymi opatrunkami przyspieszajacymi proces gojenia ran.

Ostatni artykut z cyklu pt. ,,Glassy-like Metal Oxide Particles Embedded on
Micrometer Thicker Alginate Films as Promising Wound Healing Nanomaterials.” (1V)
dotyczy drugiej grupy badanych materiatow, jakimi byly biokompozyty alginianowe
modyfikowane tlenkami metali: Alg, Alg@(V-O-V)n, Alg@GeO,, Alg@(Fe-O-Fe)n,
Alg@Zn0O 20:1, Alg@ZnO 10:1, Alg@Zn0O 5:1, Alg@ZnO (Cl) 20:1, Alg@zZnO (CI)
10:1, Alg@ZnO (CI) 5:1, Alg@(Ti-O-Ti)n.

W cze$ci publikacji, stanowigcej wktad do rozprawy doktorskiej, zostaly opisane

wlasciwosci biologiczne badanych filmow alginianowych. Analizowano ich wplyw na
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erytrocyty i hemoglobing czlowieka. Sprawdzone zostaty wlasciwosci cytotoksyczne
1 genotoksyczne wzgledem komorek skory, a takze wptyw na uktad hemostazy i migracje
komorek skory cztowieka.

Hemoliz¢ badano po dwoch czasach inkubacji erytrocytow z biomateriatami:
po 1 i 3 godz., poniewaz wydtuzenie czasu inkubacji powodowato rozpuszczenie
kompozytow 1 zaktocenie odczytu. Wszystkie materialy alginianowe modyfikowane
tlenkami metali indukowaty hemolize. Po 3 godz. inkubacji najbardziej toksyczny
wzgledem erytrocytow czlowieka okazal si¢ film modyfikowany tlenkiem wanadu
Alg@(V-O-V)n, dla ktérego hemoliza wynosita 10%. Bezposredni wptyw badanych
materialdéw alginianowych na hemoglobing wykazal, ze wszystkie alginiany adsorbuja
hemoglobing na swojej powierzchni. Hemoglobina najbardziej adsorbowana byla do
powierzchni filmu Alg@(V-O-V)n. Uzyskane wyniki sugeruja, ze Hb uwalniana
z erytrocytow podczas hemolizy moze by¢ adsorbowana na materiatach alginianowych, co
skutkuje zmniejszeniem zawartosci hemoglobiny w roztworze. Oznacza to, ze
hemotoksyczno$¢ badanych kompozytow byla wyzsza niz przedstawiajg to uzyskane
wyniki hemolizy erytrocytow.

Ponadto sprawdzono dziatanie modyfikowanych filmow alginianowych na proces
utleniania hemoglobiny (Drabkin, 1946). Po 3 godz. inkubacji wszystkie badane materiaty
powodowaly znaczacy wzrost utleniania biatka i wysoki poziom methemoglobiny.
Najwyzszy poziom utlenionej hemoglobiny wynosit blisko 40%, dla préby inkubowane;j
z Alg@(V-0O-V)n.

Cytotoksycznos¢ wzgledem komorek skory oceniona zostala na podstawie
wynikow testu MTT (Mosmann, 1983). Badane kompozyty byly toksyczne zarowno
wzgledem fibroblastow jak i keratynocytow. Po 3 godzinach inkubacji poziom zywotnosci
populacji komoérek skory spadat nawet do 30%. Zywotno$¢ komoérek byta rézna
w zalezno$ci od rodzaju modyfikacji kompozytow alginianowych. Najbardziej toksyczne
wzgledem fibroblastow (BJ) byly kompozyty modyfikowane tlenkiem wanadu (Alg@(V-
O-V)n), zelaza (Alg@(Fe-O-Fe)n) i tlenkiem cynku (Alg@zZnO 20:1, Alg@ZnO 10:1,
Alg@ZnO 5:1). Wzgledem drugiej linii komorkowej keratynocytow (KERTY) wysoka
cytotoksycznos¢ odnotowano dla filmow Alg@(V-O-V)n, Alg@(Fe-O-Fe)n, Alg@ZnO
20:1, Alg@zZnO 10:1, Alg@znO 5:1, Alg@zZnO (Cl) 20:1, Alg@zZnO (CI) 10:1 oraz
Alg@Zn0O (CI) 5:1.

W publikacji wykazano, Ze materialy alginianowe w zaleznosci od modyfikacji

powodowaly niewielki wzrost poziomu ROS w fibroblastach oraz znaczny wzrost ROS
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w keratynocytach (Myhre i wsp., 2003). Najwiecej ROS w keratynocytach wykryto
w probach, ktore charakteryzowaly si¢ najwigksza toksycznoscig a wiec: Alg@(V-O-V)n,
Alg@(Fe-O-Fe)n, Alg@ZnO 20:1, Alg@ZnO 10:1, Alg@zZnO 5:1, Alg@ZnO (ClI) 20:1,
Alg@ZnO (Cl) 10:1 oraz Alg@ZnO (Cl) 5:1. Drugag metoda okreslajaca mechanizm
cytotoksycznosci byta analiza zmian potencjatu mitochondrialnego (Salvioli i wsp., 1997).
Wykazano, ze badane biomateriaty powodowaly obnizenie potencjalu btonowego
maksymalnie 0 30%.

Sprawdzono réwniez wplyw materialow na poziom uszkodzen DNA za pomoca
testu kometowego (Singh i wsp., 1988; w modyfikacji Blasiak i Kowalik, 2000).
Wszystkie badane materialy wykazywaly wlasciwosci genotoksyczne na do$¢ niskim
poziomie zaréwno wzgledem BJ jak i KERTr.

Kolejnym waznym etapem badan bylto sprawdzenie wtasciwosci hemostatycznych
i sprawnosci dziatania uktadu hemostazy (Prasa, 1977; w modyfikacji Kotodziejczyk-
Czepas i wsp., 2018; Versteeg i wsp., 2013). Wykonano pomiary dwoch markerow
diagnostycznych: czasu protrombinowego (PT) oraz trombinowego (TT). Ze wzgledu na
interferencj¢ biokompozytdw z ukladem do$wiadczalnym niemozliwe bylo zmierzenie
czasu cze$ciowej tromboplastyny po aktywacji (aPTT). Badane materialy zgodnie
z wynikami czasu PT (skrocenie czasu) stymulowaly aktywacj¢ i propagacje kaskady
krzepnigcia, jednak na poziomie aktywnego enzymu (trombiny) zwiazki te wykazywaly
dziatanie antykoagulacyjne. Poniewaz kompozyty alginianowe dzialaly rdznie na
poszczegbdlnych etapach kaskady krzepnigcia wykonano dodatkowy eksperyment
oceniajacy ich wplyw na aktywno$¢ trombiny. W tym celu zastosowano metode
amidolityczng z wykorzystaniem syntetycznego substratu. Wykazano, ze modyfikowane
tlenkami metali kompozyty alginianowe hamowaly aktywno$¢ trombiny, dlatego
wydtuzaty czas trombinowy.

Ostatnim oznaczeniem bylo sprawdzenie wplywu wyselekcjonowanej grupy
najmniej toksycznych materialow alginianowych na migracje komorek skory (Boyden,
1962; Entschladen i wsp., 2005). Kompozyty: Alg, Alg@GeO2 i Alg@(Ti-O-Ti)n
powodowaly istotny statystycznie wzrost migracji fibroblastow o maksymalnie 40%.
Wzgledem keratynocytow najbardziej obiecujgce wilasciwosci stymulujace migracje
wywotaty filmy: Alg, Alg@zZnO (Cl) 20:1 i Alg@(Ti-O-Ti)n. Najwyzsza migracja
keratynocytow byta w probie z Alg@(Ti-O-Ti)n a jej poziom wynosit 160%.

Kompozyty alginianowe ze wzgledu na roznorodnos¢ tlenkéw metali

wykorzystanych do modyfikacji wykazywaly zréznicowane wtasciwosci biologiczne.
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Najbardziej przydatnymi w procesie gojenia ran moga by¢ filmy z samym alginianem Alg
oraz modyfikowany tlenkiem tytanu Alg@(Ti-O-Ti)n.
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PODSUMOWANIE

Wykazano, ze rodzaj modyfikacji biokompozytow wpltywa na ich wilasciwosci
biologiczne. Biokompozyty chiotozanowo-celulozowe wykazywaly niewielkg toksycznosé
zarowno wzgledem erytrocytow jak i komorek skory oraz nie powodowaty znacznych
uszkodzen DNA. Wszystkie kompozyty celulozowe wykazywaly dziatanie
prokoagulacyjne wptywajac zar6wno na wewnatrzpochodny i zewnatrzpochodny szlak
krzepnigcia krwi, co stanowi wazny element etapu hemostazy gojenia ran. Kompozyty
celulozowe wptywaly na migracj¢ zaréwno fibroblastow BJ i keratynocytow KERTr, co
moze mie¢ wplyw na przyspieszenie zarastania rany. Ponadto, kompozyty: CS@f,
CS@MCC-f, CS@P-MCC-f oraz CS@PN-MCC-f powodowaly wzrost poziomu
glikozaminoglikanow w komorkach, ktére sa odpowiedzialne za utrzymywanie
odpowiedniego stopnia nawilzenia skory, utrzymywanie odpowiedniej struktury skory oraz
spajanie naskorka ze skorg wtasciwag.

W drugiej grupie badanych materiatbw tj. biokompozytéw alginianowych
modyfikowanych tlenkami metali zauwazono znaczacg toksyczno$¢ wzgledem
erytrocytow oraz w wigkszosci byly one cytotoksyczne wzgledem komorek skory. Sposrod
biomateriatéw alginianowych wplyw na migracje komodrkowa oraz wilasciwosci

hemostatyczne wykazywaty filmy alginianowe: Alg oraz Alg@(Ti-O-Ti)n.
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WNIOSEK
e Biokompozyty chitozanowo-celulozowe oraz alginianowe Alg, Alg@(Ti-O-Ti)n

wykazuja wlasciwo$ci wspomagajace proces gojenia ran i mozna rozwazac ich

zastosowanie w produkcji opatrunkdéw na rany.
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I11. STRESZCZENIE W JEZYKU POLSKIM

Wiasciwosci biologiczne biomateriatow decyduja o mozliwosci ich zastosowania
w medycynie. Dlatego tez, ocena wlasciwosci biologicznych biokompozytow powinna
stanowi¢ pierwszy bardzo wazny etap ich weryfikacji.

W przedstawionej pracy doktorskiej pt. ,,Ocena wiasciwosci biologicznych
modyfikowanych kompozytéw alginianowych oraz chitozanowo-celulozowych jako
potencjalnych czynnikdw przyspieszajacych proces gojenia ran” poddano biologicznej
analizie dwie grupy modyfikowanych biokompozytow: chitozanowo-celulozowych
i alginianowych.

Badano wlasciwosci biologiczne biomateriatow:

e chitozanowo-celulozowych (CS-f, CS@MCC-f, CS@P-MCC-f, CS@PN-
MCC-f, CS@CNC-f, CS@P-CNC-f, CS@PN-CNC-f)

e alginianowych modyfikowanych tlenkami metali (Alg, Alg@(V-O-V)n,
Alg@GeO2, Alg@(Fe-O-Fe)n, Alg@ZnO 20:1, Alg@zZnO 10:1, Alg@ZnO
5:1, Alg@zZn0O (CI) 20:1, Alg@ZnO (CI) 10:1, Alg@ZnO (ClI) 5:1, Alg@(Ti-
O-Ti)n).

Celem pracy byla ocena wlasciwosci hemotoksycznych, cytotoksycznych oraz
genotoksycznych badanych biokompozytow chitozanowo-celulozowych i alginianowych
modyfikowanych tlenkami metali wobec wybranych linii ludzkich komorek skory
i erytrocytow. Ponadto analizowano wiasciwosci biologiczne kompozytow w kontekscie
dzialania na poszczegdlne etapy procesu gojenia ran (wplyw materialow na
zewnatrzpochodny 1 wewnatrzpochodny szlak aktywacji krzepnigcia krwi, migracje
komorek skory 1 poziom glikozaminoglikanow).

Badania wykonano na ludzkich erytrocytach 1 osoczu oraz dwoch adherentnych liniach
komorek skory: ludzkich fibroblastach skory (BJ) i1 ludzkich keratynocytach skory
(KERTT).

Wykazano, zZe rodzaj modyfikacji biokompozytow wplywa na wlasciwosci
biologiczne. Biokompozyty chiotozanowo-celulozowe wykazywaly niewielkg toksycznos¢
zarowno wzgledem erytrocytow, jak i komorek skory oraz nie powodowaly znacznych
uszkodzen DNA. Wszystkie kompozyty celulozowe wykazywaty dziatanie
prokoagulacyjne wptywajac zar6wno na wewnatrzpochodny i zewnatrzpochodny szlak
krzepnigcia krwi, stanowigcy wazny element etapu hemostazy gojenia ran. Kompozyty

celulozowe wptywaly na migracj¢ zaréwno fibroblastow BJ i keratynocytow KERTr, co
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moze mie¢ wplyw na przyspieszenie zarastania rany. Ponadto kompozyty: CS@Tf,
CS@MCC-f, CS@P-MCC-f oraz CS@PN-MCC-f powodowaly wzrost poziomu
glikozaminoglikanéw w komorkach, odpowiedzialnych za utrzymywanie odpowiedniego
stopnia nawilzenia skory, utrzymywanie odpowiedniej struktury skoéry oraz spajanie
naskorka ze skora wlasciwa.

W drugiej grupie badanych materiatbw tj. biokompozytow alginianowych
modyfikowanych tlenkami metali zauwazono znaczgca toksycznos¢ wzgledem
erytrocytow oraz w wigkszosci byty one cytotoksyczne wzgledem komorek skory. Sposrod
biomateriatéw alginianowych wplyw na migracje¢ komodrkowa oraz wlasciwos$ci
hemostatyczne wykazywaly filmy: alginianowy bez modyfikacji (Alg) oraz modyfikowany
tlenkiem tytanu (Alg@(Ti-O-Ti)n).

Przeprowadzone  badania  in  vitro  dostarczyly  istotnych  informacji
na temat wlasciwos$ci biologicznych badanych biomateriatow chitozanowo-celulozowych
I alginianowych  modyfikowanych  tlenkami  metali.  Analiza  wlasciwosci
hemotoksycznych, hemostatycznych, cytototoksycznych i genotoksycznych oraz wptyw na
poziom generowania i uwalniania glikozaminoglikanow i dziatania na migracj¢ komoérek
skory, pozwalaja wyselekcjonowaé najbardziej obiecujace biomateriaty do zastosowania
w charakterze materiatow medycznych. Wszystkie materiaty chitozanowe z modyfikowang
celulozg oraz film alginianowy bez modyfiakcji (Alg) i modyfikowany tlenkiem tytanu
(Alg@(Ti-O-Ti)n) mogg by¢ rozwazane jako potencjalne opatrunki przyspieszajace proces
gojenia ran.

Uzyskane wyniki stanowig baze¢ informacji, ktora uzupehia i poszerza dotychczasowy

stan wiedzy na temat wlasciwosci materiatow zawierajacych naturalne polisacharydy.
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IV. STRESZCZENIE W JEZYKU ANGIELSKIM

The biological properties of biomaterials determine the possibility of their application
in medicine. Therefore, the assessment of the biological properties of biocomposites
should be the first, very important stage of their verification. In the presented doctoral
thesis entitled ,,Assessment of biological properties of modified alginate and chitosan-
cellulose composites as potential factors accelerating the wound healing proces” two
groups of modified biocomposites chitosan-cellulose and alginate were subjected to
biological analysis.

The biological properties of the following biomaterials were investigated:

e chitosan-cellulose (CS-f, CS@MCC-f, CS@P-MCC-f, CS@PN-MCC-f,

CS@CNC-f, CS@P-CNC-f, CS@PN-CNC-f)

o alginate modified with metal oxides (Alg, Alg@(V-O-V)n, Alg@GeO2, Alg@(Fe-
O-Fe)n, Alg@ZnO 20:1, Alg@ZnO 10:1, Alg@ZnO 5:1, Alg@ZnO (CI) 20:1,
Alg@Zzn0 (CI) 10:1, Alg@Zn0 (CI) 5:1, Alg@(Ti-O-Ti)n.

The aim of the study was to evaluate the hemotoxic, cytotoxic and genotoxic properties
of the tested chitosan-cellulose and alginate biocomposites modified with metal oxides
against selected human cultured skin cells and erythrocytes. In addition, the biological
properties of the composites were analyzed in the context of their action on individual
stages of the wound healing process (the influence of materials on the extrinsic and
intrinsic pathway of blood clotting activation, skin cell migration and the level of
glycosaminoglycans).

The studies were performed on human erythrocytes and plasma, and on two adherent
skin cell lines: human skin fibroblasts (BJ) and human skin keratinocytes (KERTT).

It has been shown that the type of biocomposites modification affects their biological
properties. Chiotosan-cellulose biocomposites showed low toxicity to erythrocytes and
skin cells and did not cause significant DNA damage. All cellulose composites showed
a procoagulant effect, influencing both the intrinsic and extrinsic pathways of blood
coagulation, which is an important element of the hemostasis stage of wound healing.
Cellulose composites influenced the migration of both BJ fibroblasts and KERTr
keratinocytes, which may have an impact on the acceleration of wound overgrowth. In
addition, the composites: CS@f, CS@MCC-f, CS@P-MCC-f and CS@PN-MCC-f

increased the level of glycosaminoglycans in cells, which are responsible for maintaining
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an appropriate level of skin hydration, an appropriate skin structure and bonding the
epidermis with the dermis.

In the second group of tested materials, i.e. alginate biocomposites modified with metal
oxides, significant toxicity to erythrocytes causing hemolysis was noticed, and most of
them were cytotoxic. Among alginate biomaterials, the alginate film without modification -
Alg and Alg@(Ti-O-Ti)n had an influence on cell migration and hemostatic properties.

The in vitro tests performed provided a wide range of information on the biological
properties of the studied chitosan-cellulose and alginate biomaterials modified with metal
oxides. The analysis of hemotoxic, hemostatic, cytotoxic and genotoxic properties of these
materials as well as their influence on the generation and release of glycosaminoglycans
and the effect on skin cell migration allow to select the most promising biomaterials for
use as a medical material. All chitosan materials with modified cellulose and alginate film
without modification - Alg and modified with titanium oxide Alg@(Ti-O-Ti)n can be
considered as potential dressings accelerating the wound healing proces.

The obtained results supplement and extend the current knowledge on the properties of

materials containing natural polysaccharides.
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Zastosowanie biomateriatow na bazie chitozanu
w leczeniu trudno gojacych sie ran

The use of chitosan-based biomaterials for the treatment
of hard-healing wounds
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Stowa kluczowe:

Streszczenie

Gojenie sie ran to ztozony proces, w ktdrym uczestnicza komérki skéry, krew, uktad odpornoscio-
wy oraz wiele krazacych w organizmie substancji. Infekcja, zanieczyszczenie rany czy rozlegly
obszar uszkodzenia komplikujg i opéZniaja naturalny proces regeneracji skory. Trudno gojace sie
rany to coraz powszechniejszy problem, gdyz moga znacznie upo$ledzac jako$¢ zycia pacjenta.
Z tego wzgledu niezwykle istotne jest poszukiwanie nowych czynnikéw (lekéw, opatrunkéw czy
innych substancji aktywnych), ktére moglyby przyspieszy¢ i ztagodzi¢ proces gojenia sie ran.
Spoéréd wielu zwiazkéw, bedacych w kregu zainteresowania inzynierii medycznej, uwage nalezy
zwréci¢ na naturalne polisacharydy np. chitozan i alginan. Artykut poswiecony jest biomate-
riatom, ktére odgrywaja istotng role w leczeniu ran przewlektych. Nalezg do nich: hydrozele,
widkniny, blony i gabki chitozanowe oraz kompozyty chitozanowo-alginianowe, czy kompozyty
chitozanowe potgczone z tlenkiem cynku i nanosrebrem. Materiat zawierajacy chitozan jako
baze, dziala na wszystkich etapach procesu gojenia. Przeprowadzono wiele badan zaréwno
in vitro, in vivo oraz badan klinicznych dajacych podstawy do stosowania materiatéw chitoza-
nowych jako substytutu konwencjonalnych bandazy i opatrunkéw. Materiaty te w stadium he-
mostazy przyspieszaja agregacje ptytek i tworzenie skrzepu fibrynowego. W stadium zapalnym
powoduja proliferacje neutrofili i makrofagdw, ktére oczyszczaja rane, uwalniajac cytokiny
w miejscu zranienia. W koficowym etapie mechanizmu gojenia chitozan nasladuje natywna
macierz zewnatrzkomérkowa, zapewniajac optymalne mikro$rodowisko rany.

gojenie ran - rany przewlekte - biomateriaty - biokompozyty chitozanowe - biokompozyty chitozanowo-
-alginianowe

Summary

Wound healing is a complex process that engages skin cells, the blood, the immune system
and a number of circulating substances in the body. Infections, contamination of the wound
or a vast area of damage complicate and delay the natural process of skin regeneration. The
incidence of hard-to-heal wounds is an increasingly common problem, because they can sig-
nificantly impair the quality of life of the patient. For this reason, it is extremely important
to look for factors (drugs, dressings or other substances) that could accelerate and relieve
wound healing. Among many compounds in the area of medical engineering interest, attention
should be paid to natural polysaccharides, e.g. chitosan and alginate. This article is devoted to
biomaterials that play an important role in the treatment of chronic wounds. These include
the following: hydrogels, non-wovens, membranes and chitosan sponges as well as chitosan-
alginate composites or chitosan composites combined with zinc oxide and nanosilver. The
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material, which has chitosan as a base, works on all stages of the healing process. Many in vitro,
in vivo and clinical studies that provide the basis for using chitosan materials as a substitute
for conventional bandages and dressings have been carried out. At the stage of hemostasis, it
accelerates platelet aggregation and the formation of a fibrin clot. In the inflamed stage, they
cause the proliferation of neutrophils and macrophages that cleanse the wound, releasing
cytokines at the wound site. Studies have shown that chitosan mimics the native extracellular
matrix, providing the optimal microenvironment for the wound.

Keywords: | wound healing - chronic wound - biomaterials - chitosan biocomposites - chitosan-alginate biocomposites
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Wykaz skrotow: ~ ACF-HS - hydrozele na bazie alginianu, chitozanu oraz fukoidyny (polisacharyd siarczanowy wyste-

WSTEP

pujacy gtdwnie u wodorostéw) (alginate, chitin/chitosan and fucoidan - hydrocolloidsheet), CCA
—kompleks chitozan-kolagen-alginian (chitosane-collagen-alginate complex), CD31 - klaster (biatko)
roznicowania 31 (cluster of differentiation 31), CECS/PVA - karboksymetylochitozan/alcohol poliwi-
nylowy) (carboxyethyl chitosan/poly(vinyl alcohol), ECM - macierz pozakomdrkowa (extracellular
matrix), EGF — naskérkowy czynnik wzrostu (epidermal growth factor), FGF — czynnik wzrostu fibro-
blastéw (fibroblast growth factor), GM-CSF — czynnik stymulujacy tworzenie kolonii granulocytéw
I mate imakrofagéw (granulocyte-macrophage colony-stimulating factor), HB-EGF — wiazacy hepary-
ne czynnik EGF (heparin- binding EGF-like growth factor), HGF — czynnik wzrostu hepatocytéw (he-
patocyte growth factor), IL-1, IL-6, IL-12 — interleukina-1, -6, -12 (interleukin-1, -6, 12), KGF - czynnik
wzrostu keratynocytéw 6 (keratinocyte growth factor), L929 - linia komérkowa mysich fibroblastow
(mouse fibroblast cell line), MTT - bromek 3-(4,5-dimetylotriazo-2-yl)-2,5-difenylotetrazolu (methyl-
thiazolyldiphenyl-tetrazolium bromide), NCz Ag — nanoczatki srebra (silver nanoparticles), NCz — na-
noczastki (nanoparticles), NR - test zywotnosci z czerwienia obojetng (neutral red), PDGF - czynnik
wzrostu pochodzenia ptytkowego (platelet derived growth factor), PEC - kompleks polielektrolitu
chitozan-alginian (chitosan-alginate polyelectrolyte complex), PEGDA - diakryl anglikolu poliety-
lenowego (polyethylene glycol diacrylate), PVA - alcohol poliwinylowy (polyvinyl alcohol), SDF-1
—zrebowy czynnik wzrostu (stromal cell-derived factor 1), SEM - skaningowy mikroskop elektrono-
wy (scanning electron microscope), TGF-a — czynnik wzrostu fibroblastéw-a (transforming growth
factor-a), TGF-3 — czynnik wzrostu fibroblastéw-f3 (transforming growth factor (3), TNF-a — czynnik
martwicy nowotworu (tumor necrosis factor-a), VEGF — czynnik wzrostu srédbtonka naczyniowego
(vascular endothelial growth factor), ZnO - tlenek cynku (zinc oxide).

wspélczesnej medycyny jest proces gojenia ran prze-

wlektych. Rany przewlekte dotyczg najczesciej oséb

Inzynieria biomedyczna jest zaliczana do gltéwnych
czynnikéw decydujacych o postepie i rozwoju wspdtcze-
snej medycyny i nauki. Dlatego coraz wiecej naukow-
céw na catym $wiecie interesuje sie tematyka zwiazana
z poszczegdlnymi jej dziedzinami. Wiele mozliwosci
biomedycznych pozwala na rozwigzanie problemdéw
medycznych, z ktérymi borykano sie od lat. Rozwdj
i unowocze$nianie wszelkich badan, aparatury i mate-
rialéw, a takze opracowanie praktycznego ich wyko-
rzystania, pozwalaja codziennie ratowal zycie wielu
osobom. Jednym z interdyscyplinarnych problemdéw

w podesztym wieku. Wskaznik czestotliwo$ci ich wyste-
powania stale wzrasta ze wzgledu na starzenie sie spote-
czeristwa, a zwieksza sie wraz z wiekiem pacjentéw [26,
28]. ,,Niegojace” rany dotycza pacjentéw chorujacych
na miazdzyce naczyn obwodowych, diabetykéw ze
stopa cukrzycowa i 0séb unieruchomionych z odlezy-
nami [79]. Inzynieria biomateriatléw dotyczy wytwa-
rzania i badania materiatéw biozgodnych. Zajmuje sie
wytwarzaniem nowych materiatéw oraz klasyfikacja
istniejacych, ktére moga m.in. mie¢ zastosowanie jako
opatrunki w procesie gojenia ran [57].
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RANY PRZEWLEKLE

Pojecie rany oznacza naruszenie ciagtoéci morfologicz-
nej tkanki prawidtowej. Najczesciej jest zwigzane z prze-
rwaniem zewnetrznej powtoki ciata i krwawieniem. Rang
przewlektg nazywa sie rane utrzymujaca sie dtuzej niz
1,5 miesigca. Powstawanie trudno gojacego schorze-
nia moze by¢ skutkiem choréb i zaburzen zwiazanych
z cze$ciowym ograniczeniem prawidlowego przeptywu
krwi w naczyniach krwiono$nych [46, 85]. Powikta-
niem niedostatecznego zaopatrzenia tkanek w sktadniki
odzywcze i tlen sa zmiany troficzne skéry, powodujgce
naruszenie metabolizmu komérkowego i martwice.
Powstale w ten sposéb owrzodzenie, nieleczone badz
leczone w niewlasciwy sposéb moze proliferowaé w gtab
tkanek, prowadzac do zakazenia [44].

GOJENIE RAN

W procesie gojenia ran mozna wyrézni¢ dwa systemy
naprawy. Pierwszy to gojenie, w wyniku ktérego naste-
puje odbudowa zranionej tkanki i powstanie blizny.
Tkanka po gojeniu nie moze juz spetniaé wszystkich funk-
cji jakie pelnita tkanka prawidtowa i charakteryzuje sie
zmieniong budowa histologiczng. Taki proces gojenia
zachodzi u wiekszo$ci ssakéw, w tym cztowieka. Drugim
wystepujacym tylko u nielicznych gatunkéw ssakdéw jest
proces regeneracji, ktéry — w przeciwienistwie do gojenia
- pozwala odtworzy¢ tkanke o petnej funkcjonalnosci bez
wytworzenia blizny. Regeneracja jest charakterystyczna
dla bezkregowcéw [6, 12]. Caly proces gojenia rany jest
niezwykle ztozonym taficuchem reakcji biochemicz-
nych zachodzacych w okre$lonych warunkach. Jego pra-
widlowy przebieg jest mozliwy dzieki obecnosci wielu

typéw komérek, odpowiednich elementéw morfotycz-
nych, czynnikédw molekularnych i cytokin (Ryc. 1) [16,
71]. Naruszenie cigglosci tkanek jest idealnym miejscem
do wnikniecia drobnoustrojéw w zwiazku z czym proces
ten powinien zachodzi¢ szybko i doktadnie.

Mechanizm gojenia mozna podzieli¢ na trzy gtéwne
fazy: oczyszczanie (hemostaza), proliferacja (migra-
cja) komérek oraz odbudowa czyli generowanie biatek
i obkurczanie rany wraz z wytwarzaniem blizny [56].
Z uszkodzeniem powtoki ciata wigze sie przerwanie
naczyn krwiono$nych i krwawienie, bedace nieroztgcz-
nym elementem zranienia. Dochodzi do hemostazy
i stanu zapalnego. Hemostaza, ktdrej gtéwnym celem
jest wytworzenie czopu plytkowego, zabezpieczajacego
rane przed czynnikami zewnetrznymi oraz zahamo-
wujacego krwawienie, rozpoczyna sie natychmiast po
zranieniu. Podczas tworzenia skrzepu generowane sa
nastepujace czynniki: SDF-1, PDGF oraz TNF-a. W tym
samym czasie do miejsca tworzenia czopu dyfunduja
monocyty, neutrofile i mastocyty. Skrzep jest jedynie
chwilowg struktura, umozliwiajaca migracje biomole-
kut oraz bazg sktadowych czynnikéw gojenia rany [61].
Gléwna rola w mechanizmie gojenia przypada czynni-
kowi PDGF, generowanemu przez trombocyty. Istota
jego obecnodci jest aktywacja fibroblastéw i makrofa-
gbw, wywotujacych dalszy etap procesu naprawy tkanki
tworzac macierz zewnatrzkomérkowa (ECM) [4, 8].
Nastepny etap to proliferacja komérkowa i odbudowa
tkanki tacznej zawierajgcej wiékna kolagenowe. Komér-
kami warunkujgcymi przejécie z fazy oczyszczania do
fazy namnazania komérek sg makrofagi. Szczeg6lna role
w stymulacji powstania tkanki wtéknistej odgrywaja
cytokiny oraz nastepujace czynniki wzrostu: PDGF, HGF,
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Ryc. 1. Fazy gojenia rany
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FGF, TGF-B, TGF-a i VEGF. Etap proliferacji polega na two-
rzeniu podktadu zwanego ziarning, na ktérym zostanie
zrekonstruowany wlasciwy naskérek. W ciagu 2 tygodni
od zranienia dochodzi do aktywnosci komérek tucznych,
ktére stymuluja gwattowne namnazanie sie keratyno-
cytéw i fibroblastéw. Wplyw na odtworzenie naskérka
maja cytokiny i biatka: IL-1, IL-6, FGF, HGF, KGF, GM-CSF.
Podtoze tworzace baze do odbudowy naskérka sktada sie
z niescistej sieci widkien kolagenowych, glikoproteiny
zawartej w macierzy pozakomérkowej (fibronektyny)
oraz kwasu hialuronowego. Integralnym procesem fazy
proliferacji jest angiogeneza [47, 48, 77]. W koricowej
fazie mechanizmu gojenia rany nastepuje restrukturali-
zacja macierzy zewnatrzkomdrkowej oraz wytwarzanie
kolagenu typu 1. Dochodzi do catkowitego zamkniecia
rany z udziatem kurczliwych miofibroblastéw [47].

CHARAKTERYSTYKA KOMOREK | CZYNNIKOW WZROSTU

Proces zamykania rany jest taficuchem nastepujacych
po sobie reakcji zaleznych od swoistych komérek i czyn-
nikéw wzrostu. Istotnymi w omawianym procesie sg
komérki macierzyste naskérka, szpiku, tkanki ttuszczo-
wej oraz komérki progenitorowe melanocytéw, komérki
$rédbtonka czy tez fibroblasty [78]. Aktywnych jest tez
wiele czynnikéw wzrostu nalezacych do odpowiednich
rodzin. Pierwszga rodzing sg czynniki PDGF (PDGF-AA,
PDGF-BB, PDGF- AB, PDGF-DD), majace najwiekszy wplyw
na zamykanie rany [47]. Druga rodzina sa biatka EGF, pet-
nigce funkcje regulatorowg w namnazaniu keratynocy-
téw. Do najwazniejszych naleza: EGF, TGF-a, HB-EGF [108],
nastepnie liczna rodzina FGF. Tworzg ja polipeptydy (od
FGF-1 do FGF-22), odpowiedzialne za stymulacje prolife-
racji keratynocytdw i fibroblastéw. Ostatnia rodzine two-
rzg peptydy VEGF. Poznano cztery formy: VEGF (A, B, C,
D), ktérych gtéwna funkcjg jest indukcja angiogenezy
i waskulogenezy. Wiadomo juz, ze czynniki VEGF przy-
czyniaja sie do regulacji wi6kien kolagenowych, a tym
samym s3 istotne w powstawaniu blizny [47]. Waznymi
stymulatorami proliferacji fibroblastéw sg cytokiny pro-
zapalne IL-6. Badania dowodza, ze IL-6 uczestniczy réw-
niez w procesie bliznowacenia [96].

TWORZENIE BLIZNY

Blizng nazywa sie tkanke zastepcza zabudowujaca
powtloke ciata po urazie. Rozpoczecie tworzenia bli-
zny jest mozliwe wtedy, gdy podczas angiogenezy oraz
odtworzenia zewngtrzkomdrkowej macierzy docho-
dzi do zamkniecia rany. Wéwczas rozpoczyna sie etap
utworzenia i remodelingu tkanki zastepczej zwigzany
z synteza i migracja widkien kolagenowych. Nalezy
wspomniel, ze szczegdlng funkcje w skérze odgrywa
kolagen. Jest to jedno z najwazniejszych biatek tkanki
tacznej, ktére nadaje skérze elastycznosé i wytrzyma-
to$é. Za wytwarzanie kolagenu sa odpowiedzialne fibro-
blasty, jednak w regulacji syntezy udziat biorg TGF, PDGF
oraz EGF. Biatko to stanowi prawie 50% budowy blizny.
Biatka kolagenowe sg zbudowane z trzech tancuchéw
polipeptydowych przybierajacych konformacje superhe-

lis. Swoiste dla ich budowy aminokwasowej jest podobny
sktad aminokwaséw zasadowych i kwasnych [91]. Wyrdz-
nia sie wiele odmian kolagenu, klasyfikowanych na pod-
stawie dtugosci, ksztattu i wymiaru domeny heliakalne;j.
W bliznowaceniu szczeg6lna role odgrywa kolagen fibry-
larny typu I [33]. Miejscem rozpoczecia biosyntezy jest
retikulum endoplazmatyczne, gdzie powstaja taticuchy
o prokolagenu. Nastepnie jest on transportowany do
siateczki §rédplazmatycznej, gdzie ulega modyfikacjom
potranslacyjnym. Nastepuje eksport czasteczek prokola-
genu po transformacji w kolagen zamkniety w pecherzy-
kach z aparatu Golgiego do przestrzeni pozakomdrkowe;j.
Dochodzi do taczenia sie biatek i tworzenia coraz bar-
dziej ztozonych struktur widkien kolagenowych [39, 80].
Wspomniane wiékna sg $cisle upakowywane w obrebie
naprawianego miejsca i z czasem ulegaja degradacji pod
wplywem metaloproteinaz macierzy. Przebudowa blizny
to etap trwajacy nawet do 2 lat, a ostatecznym wynikiem
jest odbudowa zranionego miejsca z maksymalnie 70%
wytrzymatoscia w stosunku do skéry prawidlowej [25].

ZAKAZENIA

Trudnym problemem prawidlowego gojenia zaburzeti
ciagloéci powtoki ciata jest mozliwo$¢ ich zainfekowa-
nia. Ekspozycja rany na otoczenie naraza na wnikniecie
drobnoustrojéw zaburzajacych prawidtowg odbudowe
tkanki, jak réwniez patologiczne zmiany w jej obrebie.
Niejatowe $rodowisko zaburzenia jest Zrédlem zakazeri
drobnoustrojami, jednak gtéwna przyczyna powiktan
jest flora bakteryjna pacjenta. Do bakterii najcze$ciej
przyczyniajacych sie do patofizjologii urazu zalicza sie
gronkowca ztocistego, gronkowce koagulazoujemne,
enterokoki i inne bakterie. Mikroorganizmami wywotu-
jacymi zakazenia sa réwniez grzyby oportunistyczne. Ze
wzgledu na coraz wiekszg oporno$¢ drobnoustrojéw na
antybiotyki, stosowanie niektérych metod leczenia nie
jest wystarczajace. Ryzyko wystapienia infekcji i rozwoju
jej negatywnych nastepstw sktania do badari nad udo-
skonalaniem i tworzeniem nowych metod terapeutycz-
nych - w tym wykorzystujacych nanotechnologie [22].

GOJENIE RAN PRZEWLEKLYCH

Rany przewlekte z owrzodzeniami sa bardzo trudne
w leczeniu, podstawg jest diagnostyka i rozpoczecie
wiasciwego leczenia przyczynowego, ktére jest wielo-
etapowe. Opatrunek powinien charakteryzowac sie réz-
nymi wtasciwosciami w poszczegSlnych etapach gojenia.
W fazie oczyszczania powinien wchianiaé wydzieline
z rany oraz zabezpieczaé przed wniknieciem drobno-
ustrojéw wywotujacych zakazenia. Na etapie ziarnino-
wania odpowiada za tworzenie sprzyjajacego, wilgotnego
$rodowiska namnazania komdérek, generowania bia-
tek i obkurczania rany. W ostatniej fazie bliznowacenia
powinien utrzymywaé optymalng wilgotno$é i ochraniaé
nowo powstaty naskdrek. Tak szerokie zapotrzebowanie
na rézne wladciwosci opatrunkéw wymagatoby stosowa-
nia innych materiatéw w poszczegdlnych fazach goje-
nia. Inzynieria biomedyczna podjeta dziatania majgce na
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Ryc. 2. Podziat biomateriatéw z uwzglednieniem ich wfasciwosci

celu stworzenie materiatu idealnego, majacego wszyst-
kie wymagane wia$ciwo$ci opatrunku, ktére beda zapew-
niaty ochrone i skuteczniejsze leczenie ran w réznych
stopniach ich zaawansowania, a jednoczesnie spetnig role
nos$nika substancji leczniczej [86, 93, 97].

BIOMATERIALY

Biomateriatem nazywa sie naturalny material bio-
zgodny, czyli mogacy podlegaé dtugotrwatemu kontak-
towi z zywymi tkankami oraz ptynami ustrojowymi bez
szkodzenia organizmowi. Funkcjg biomateriatu jest cze-
$ciowe lub catkowite zastepowanie tkanki lub organu
i petnienie ich funkcji w organizmie [27]. Biomateriaty sa
specyficzng grupg materiatéw o réznym sktadzie, budo-
wie i wlasciwo$ciach. Biomateriat to substancja inna niz
lek, ktéra moze by¢ uzyta na state badZ czasowo jako
cze$¢ lub catosé systemu.

Biomateriaty znalazty zastosowanie w medycynie m.in.
jako: implanty kostne, implanty w dentystyce (implanty
zebdw, mostki, korony) i jako podstawowy dodatek do
modyfikacji i ulepszenia istniejacych materialéw den-
tystycznych, stabilizatory ztamanych kosci, kregostupa
i sztuczne protezy moczoplciowe, stawdw i naczyn
krwiono$nych, soczewki kontaktowe, materiaty wyko-
rzystywane w laryngologii oraz materiaty w chirurgii
twarzowo-szczekowej [1, 10, 32, 60, 82]. Ze wzgledu na
szerokie zastosowania materiatéw naukowcy ciagle pra-
cuja nad ich unowocze$nieniem i opracowaniem nowych
biomateriatéw. Na Ryc. 2 przedstawiono podziat istnieja-
cych dotychczas biomateriatéw [59, 72].

Wazng grupa biomateriatéw sa takze te, ktére wspomagaja
proces gojenia ran. Opatrunki z biomateriatléw powinny
by¢ wykonane ze specjalnych biodegradowalnych polime-
réw, bedacych dobrymi promotorami wchtaniania substan-

Gji czynnej (Ryc. 3) [17, 76, 99]. Réznorodno$é rodzajéw ran
spowodowata opracowanie wielu opatrunkéw z nowymi
produktami, czesto wprowadzanymi w celu ukierunkowa-
nia procesu gojenia. Idealny opatrunek powinien doprowa-
dzi¢ do szybkiego gojenia przy mozliwie niskich kosztach
i najmniejszych niedogodnos$ciach dla pacjenta. W artykule
przedstawiono przeglad powszechnych materiatéw stoso-
wanych do ran oraz nowych technologii w celu przyspie-
szenia procesu gojenia [14, 50, 55, 76].

BIOMATERIALY CHITOZANOWE

Chityna i chitozan sa najcze$ciej wystepujacymi natural-
nie polimerami, zajmujacymi drugie miejsce po celulozie.
Chityna jest zwykle pozyskiwana ze Zrédet naturalnych,
takich jak: zewnetrzne pancerze skorupiakéw morskich,
zewnetrzne szkielety insektéw czy $ciany komédrkowe
grzybéw. Chitozan to polisacharyd zbudowany z cze$ci
deacetylowanej (B-[1,4]-d-glukozamina) i cze$ci acetylo-
wanej (N-acetylo-d-glukozamina), uzyskiwany w wyniku
cze$ciowej deacetylacji chityny (Ryc. 4) [88, 105].

Zwigzek jest nietoksyczny, biokompatybilny oraz bio-
degradowalny. Stosunkowo tatwo poddaje si¢ obrébce
z mozliwo$cig tworzenia réznych form, a takze jest
modyfikowalny chemicznie i enzymatycznie. Te podsta-
wowe wiasciwo$ci sprawiaja, ze chitozan znajduje zasto-
sowanie w medycynie oraz réznych gateziach przemystu.
Jednym z kierunkéw badan jest wykorzystanie tego wie-
locukru jako sktadowej materiatéw opatrunkowych.

WLOKNINY CHITOZANOWE

Ze wzgledu na tatwosé, szybkosé i wydajno$é produk-
cji nanowtdkien w wyniku elektroprzedzenia wodnego,
polegajacego na przyktadaniu wysokiego napiecia do
elektrycznie natadowanej cieczy wyprodukowano bio-
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BIOKOMPATYBILNOSC

Ryc. 3. Wiasciwosci idealnego biomateriatu

kompatybilne wtékna karboksymetylochitozan/(alko-
hol poliwinylowy) CECS/PVA. Powstate wiékniste maty
potencjalnie majg by¢ zastosowane jako rusztowanie
w procesie regeneracji skéry. Przeprowadzono bada-
nia in vitro na fibroblastach mysich, linia komérkowa
1929, w celu oceny cytotoksyczno$ci [112]. Dane lite-
raturowe wskazujg, ze badane wiékna nie powodowaly
zmian w zywotno$ci fibroblastéw, stajac sie innowacyj-
nym materiatem opatrunkowym. Wykazano réwniez, ze
pochodne chitozanu z czterema grupami amonowymi
maja duzg aktywno$¢ przeciwbakteryjna i przeciwgrzy-
bicza, dziatajac docelowo na btone cytoplazmatyczng
komérek bakteryjnych [96]. Dziatanie bakteriobdjcze
stwierdzono przeciw bakteriom Gram-dodatnim Staphyl-
lococcus aureus oraz Gram-ujemnym Escherichia coli [34].

Ponadto ta sama metodg wyprodukowano nanowtékna
chitozanowo-alginianowe. Stwierdzono, ze posta¢ kom-
pozytowa widkien zwieksza podatno$é na lizozym, co

CECHY

BIOAKTYWNOSC IDEALNEGO PRZEPUSZCZALNOSC
BIOMATERIAtU
\/
NIETOKSYCZNOSC TRWALOSC

BIODEGRADOWALNOSC

réwniez jest wazne w procesie gojenia. Enzymatyczny
rozktad przez lizozym i N-acetyloglukozoaminidaze
kompozytéw alginianowo-wapniowych z wiéknami
chitozanowymi powoduje uwalnianie N-acetylo-gluko-
zaminy i glukozaminy. Powstate produkty degradacji,
bedace chitooligomerami, moga stymulowaé makrofagi
i korzystnie dziatajg na odktadanie kolagenu, przyspie-
szajgc tym samym proces gojenia ran [80].

Chen i wsp. opracowali nanokompozytowa (chitoza-
nowo-kolagnowg) membrane widknistg. Wykazano, ze
wiéknina wspomaga gojenie ran, wywotujac migracje
i proliferacje komdrek. Z badan na zwierzetach wynika,
ze membrany nanowldkniste sa skuteczniejsze niz
powszechnie stosowane gazy i gabki kolagenowe [19].
Kossovich i wsp. skupili sie nad nanowtéknami chitoza-
nowymi, ktére maja mie¢ zastosowanie jako opatrunki
na rozlegte rany oparzeniowe. Opatrunki z nanowtdékien
chitozanu zostaly stworzone i przetestowane jako opa-
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Ryc. 4. Schemat deacetylacji chityny do chitozanu
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trunki na rany oparzen trzeciego stopnia. Wyniki wska-
zaly, ze opatrunki te zapewniajg skuteczng absorpcje
wysieku, wentylacje rany, ochrone przed zakazeniem
i stymulacje procesu regeneracji skéry. Natomiast usu-
wanie wtéknistych opatrunkéw z rany nie powoduje
dodatkowych uszkodzen rany [43].

HYDROZELE CHITOZANOWE

Hydrozele to tréjwymiarowe (3D) sieci polimerowe
utworzone przez sieciowanie hydrofilowych homopoli-
merdéw (lub kopolimeréw), ktére mogg absorbowaéd duze
iloci wody i/lub ptynéw biologicznych [66]. Wiele mate-
riatéw, zaréwno naturalnych, jak i syntetycznych lub ich
mieszanina, odpowiada definicji hydrozeli. Hydrozele sa
jednymi z najbardziej obiecujgcych materiatéw na opa-
trunki z powodu ich podobieristwa i fizycznych wiasci-
wosci chemicznych do macierzy pozakomérkowej, co
umozliwia dyfuzje i proliferacje komdrek [76]. Proce-
sem gojenia i odbudowa skéry, jako waznymi i trudnymi
problemami, zajmuje sie inzynieria tkankowa, zwtasz-
cza w przypadku rozlegtych oparzen trzeciego stopnia.
W zwiazku z tym opracowano dwuwarstwowe hydrozele,
ktére sktadaja sie z chitozanu i wody, poddano je obrébce
i zastosowano do urazéw oparzeniowych o réznej grubo-
$ci [15, 54]. Pierwsza warstwa sktadata sie ze sztywnego
zelu ochronnego, ktéry nadaje odpowiednie wasciwosci
mechaniczne i umozliwia przeplyw powietrza do rany.
Druga warstwa jest miekka i elastyczna zapewniajac ide-
alne przyleganie do miejsca zranienia. Badania hydro-
zelu na modelu zwierzecym wykazaty, ze materialty
chitozanu byty dobrze tolerowane i sprzyjaty szybszej
regeneracji skéry. Wywolywaty migracje komérek zapal-
nych i aktywno$¢ angiogenetyczng, sprzyjajac dobremu
unaczynieniu nowych tkanek [1]. Juz w 22. dniu stoso-
wania hydrozelu chitozanowego pod tkankg ziarninowa
obserwowano synteze kolagenu typu I 1V, tworzac potg-
czenia skérno-naskérkowe. W innym badaniu oceniano
cytotoksycznos$é hydrozelu na fibroblastach wyizolo-
wanych ze skdry szczura. Wykazano, ze hydrozel chito-
zanu promowat adhezje i proliferacje komérek. Dodatni
tadunek polisacharydu pozwala na interakcje elektrosta-
tyczne z glikozaminoglikanami, ktére przyciagaja czyn-
niki wzrostu, przyspieszajac proliferacje komérek [49].
Badania zywotno$ci komérek potwierdzity hipoteze, ze
hydrozel i produkty uboczne jego degradacji nie sa cyto-
toksyczne. Analiza histologiczna wykazata brak reakcji
zapalnej w zmianach skérnych z zastosowanym chioto-
zanem [1, 84]. Ponadto przeprowadzono do$wiadczenie,
w ktérym sprawdzono zastosowanie napromieniowa-
nia $§wiattem ultrafioletowym wodnego roztworu chito-
zanu zdolnego do sieciowania [36, 37]. W celu oceny jego
przyspieszajacego wptywu na gojenie ran, wykonano
naciecia skéry na catej grubosci skéry na grzbietach
myszy, a nastepnie do rany dodano wodny roztwér chi-
tozanu zdolnego do sieciowania i poddano dziataniu UV
w czasie 90 sekund. Zastosowanie hydrozelu chitozano-
wego znaczaco indukowato obkurczanie rany, powodujac
jej zamkniecie oraz przyspieszato gojenie w poréwnaniu
z nietraktowanymi kontrolami. Wyniki badan histolo-

gicznych wykazaly, zaawansowany stopien obkurczania
w pierwszych 2 dniach i wysoki stopiefi wypetnienia tka-
nek w 2-4 dniach od czasu dodania hydrozelu. Ponadto
w badaniach in vitro stwierdzono, ze pozywka hodowlana
z hydrozelu chitozanowego suplementowana 5% pto-
dowa surowicg bydlecg jest przyciagaczem chemicznym
dla ludzkich fibroblastéw skéry, przyspieszajac migracje
komdrek. Ze wzgledu na zdolno$¢ do przyspieszania kur-
czenia sie i gojenia rany, hydrozel chitozanowy moze sie
sta¢ analogiem opatrunku okluzyjnego do leczenia ran.

Innym rodzajem byly hydrozele na bazie PVA (alkoholu
poliwinylowego) i chitozanu rozpuszczonego w wodzie
i glicerolu. Wytworzono je przez napromienianie matymi
dawkami promieniowania gamma, prowadzacymi do
usieciowania PVA, a nastepnie przygotowane mate-
rialy zamrazano w temperaturze -20°C przez 2 godziny
i rozmrazano w temperaturze 4°C przez godzine. Cykl
zamrazania i rozmrazania powtarzano wiele razy, aby
otrzyma¢ hydrozele o réznych wlasciwosciach mecha-
nicznych. Sprawdzono ich cytotoksyczno$¢ na mysich
fibroblastach L929. Wyniki testu MTT sugeruja, ze eks-
trakt hydrozelu byt nietoksyczny w poréwnaniu z jatowa
gaza. Hydrozel PVA/chitozan/glicerol moze przyspie-
szaé proces gojenia ran o pelnej grubos$ci w modelu
szczurzym. Juz w 11. dniu po operacji stosowanie hydro-
zelu przyniosto oczekiwane skutki gojenia, zaobserwo-
wano powstanie dojrzatej warstwy naskdérka [110].

Zespdt Sunga opracowatl opatrunek z minocykling
o wzmocnionym dziataniu leczniczym. Usieciowane folie
hydrozelowe przygotowano z PVA i chitozanu metoda
liofilizacji. Nastepnie oceniono ich wlasciwosci zelowe,
adsorpcje in vitro oraz histologie. Chitozan zmniej-
szal frakcje zelu, wytrzymato$¢ i stabilno$é termiczna
hydrozelu PVA, jednocze$nie zwiekszajac zdolno$¢ pecz-
nienia, szybko$¢ przepuszczania pary wodnej, elastycz-
no$¢ i porowato$é. Wiaczenie minocykliny nie wptyneto
na wlasciwosci zelu. W tescie gojenia ran hydrozel PVA/
chitozan z minocykling przyspieszat gojenie sie rany na
grzbiecie szczura w poréwnaniu z produktem konwen-
cjonalnym lub kontrolnym (sterylna gaza). Szybsze goje-
nie zapewnita antygrzybicza aktywnos$¢ chitozanu oraz
potencjalne dziatanie lecznicze minocykliny - aktyw-
no$¢ antybakteryjna [93].

Udowodniono takze, ze hydrozele oparte na nanoczast-
kach chitozanu i Ag regeneruja odktadanie sie nabtonka
i kolagenu, skutecznie przyspieszajac gojenie sie ran.
W tym przypadku nanoczastki Ag dziataty jako oba
wypelniacze w celu poprawy wtadciwosci mechanicz-
nych hydrozelu i $rodka przeciwdrobnoustrojowego.
Mechanizm dziatania bakteriobdjczego polegat na pota-
czeniu rozerwania blony komérkowej i wigzania DNA,
zapobiegajac replikacji bakterii [67]. Podsumowujac,
w kilku pracach wykazano, ze hydrozele oparte na chito-
zanie modyfikowane lub niemodyfikowane ($rodki bak-
teriobdjcze, czynniki wzrostu itp.) odegraly wazng role
w ranie przez bezposrednie dziatanie w réznych fazach
procesu gojenia [42, 76].
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BLONY CHITOZANOWE

Wielu naukowcdéw opracowuje innowacyjne opatrunki
na bazie chitozanu. Dotychczasowe badania pozwa-
lajg stwierdzié, ze btony chitozanowe hydrolizowane
do chitooligomerdw stymulujg prawidtowe odktada-
nie, sktadanie i orientacje widkien kolagenowych, co
odgrywa wazna role w bliznowaceniu [43]. Ponadto
wyniki histologiczne wskazuja, ze membrany chitoza-
nowe stymuluja migracje komérek zapalnych i decy-
duja o organizacji komérkowej podczas gojenia [11, 65].
Biomateriaty chitozanowe maja postaé cienkich, prze-
zroczystych i bezbarwnych bton [20]. Dane kliniczne
dowodzg, ze btony chitozanowe przylegaja jednolicie
do $wiezo zranionej powierzchni skéry. Jest to podsta-
wowa wlasciwosé, ktérag powinien spelnia¢ materiat
opatrunkowy. W przypadku niecatkowitego przylega-
nia powstajag wolne przestrzenie wypetnione powie-
trzem, w ktérych gromadzi sie ptyn wysiekowy i moga
sie namnazaé bakterie, powodujac infekcje. Muzzarelli
odkryt réwniez, ze biomacierze chitozanowe wyka-
zujg aktywno$é hemostatyczna, wptywajac na kaska-
dowe rekcje krzepniecia. W badaniach skrzep krwi
powstal miedzy btona chitozanowg a regenerujacg sie
tkankg nabtonkowg [68, 84]. Zmniejszajg towarzyszace
ranom $wiad i bdl oraz przyspieszajg bliznowacenie. Po
10 dniach usuwano membrany z chitozanem, a miej-
sce zranienia bylo zagojone, obszar czysty i zdrowy
w poréwnaniu do powszechnie stosowanego impre-
gnowanego bandazu tiulowego Bactigras [7, 31]. Bada-
nie histologiczne, potwierdzito, ze epitelizacja zostata
przyspieszona, a odktadanie kolagenu w skérze wiasci-
wej pokryto obszar rany [64].

KOMPOZYTY CHITOZANOWE | CHITOZANOWO-ALGINIANOWE

Innym zastosowaniem chitozanu sa innowacyjne opa-
trunki na rany, bedace kompozytem btony chitozano-
wej i chlorowodorku minocydynowego przygotowanego
z uzyciem komercyjnych folii poliuretanowych (Tega-
derm) [5]. Badania prowadzono na ciezkich ranach
oparzeniowych szczuréw. Sprawdzano wptyw kompo-
zytéw na stan i zmiane powierzchni rany. Po dobraniu
odpowiednich ilosci chlorowodorku miocykliny (2 mg)
i stopnia deacetylacji (optymalny 83%) potwierdzono
bardzo dobry wptyw kompozytéw na proces goje-
nia, gtéwnie w fazie migracji komdrek (fibroblastéw
i keratynocytéw) [18]. Ponadto oceniano wptyw kom-
pozytéw chitozanowych z diakrylanem glikolu poli-
etylenowego (PEGDA) na cytotoksyczno$¢ fibroblastéw
mysich. Wykazano, ze materiat nie wykazywat cytotok-
syczno$ci w kierunku wzrostu linii L929 w warunkach
in vitro. Przeprowadzono réwniez obserwacje skanin-
gowa mikroskopig elektronowa SEM i potwierdzono,
ze mikroporowata struktura powierzchni kompozytéw
chitozan/PEGDA nie powodowata zmian w morfologii,
proliferacji i réznicowaniu mysich fibroblastéw linii
L929. Kompozyty te moga mieé zastosowanie jako sub-
stytut materiatu opatrunkowego [111].

Opatrunki na rane zawierajace alginian sg dobrze znane,
takze jako produkty komercyjne [75]. Wiekszo$¢ opatrun-
kéw na bazie alginianu, zawiera alginian wapnia. Zwig-
zek ten jest naturalnym hemostatem, ktéry jest przede
wszystkim wykorzystywany w krwawigcych ranach. Wta-
$ciwosci alginianu do tworzenia zelu wspomagaja usuwa-
nie z tatwoscig opatrunku, nie powodujac dodatkowych
urazéw i niwelujg bél pacjenta przy ich zmianie [13].
Alginian zapewnia wilgotno$¢ $rodowiska gojenia, przy-
spieszajac granulacje i reepitalizacje. Badania kliniczne
pacjentéw wykazaly, ze opatrunki z alginanem wapnia
przyspieszaty gojenie juz w ciggu 10 dni w poréwnaniu do
pacjentéw z opatrunkiem z gazy parafinowej [30]. Ponadto
inne badania z udzialem pacjentéw oparzeniowych wyka-
zuja, ze opatrunki z alginianem wapnia zmniejszaty nasi-
lenie bélu oraz byly chetniej stosowane przez personel
medyczny ze wzgledu na tatwos¢ opieki. Zastosowanie
opatrunkéw okluzyjnych z alginianem wapnia w leczeniu
miejsc dawcy przeszczepu skéry eliminowato bél, problem
powstawania i wyciekania ptynu surowiczego w poréwna-
niu do zwyktego opatrunku okluzyjnego [24].

Wazne byto skupienie sie wokét hydrozeli chitozanowo-
-alginianowych stosowanych m.in. w leczeniu oparzen
lub odlezyn. Szczegdlng ich cecha jest duza zdolno$é
sorpcyjna. Ponadto wykazujg odpowiednia elastyczno$é
i wytrzymato$¢ na rozcigganie. Istotne jest réwniez to, ze
wykazuja wlasciwosci bakteriostatyczne przeciw Escheri-
chia coli, gdy w kompozycji znajduje sie siarczan cynku [38,
104]. Badania przeprowadzone przez japotiskich naukow-
céw wykazuja skuteczno$é kompozytu chitozanowo-
-alginianowego w przyspieszaniu procesu gojenia [107].
Wilgotne $rodowisko w obrebie rany zostato zapewnione
przez hydrokoloidowg warstwe opatrunku, utworzong na
bazie alginianu, chitozanu oraz fukoidyny (polisacharydu
siarczanowego wystepujacego gtéwnie w wodorostach -
ACF-HS). Grupg badang byly myszy z wywotana cukrzyca,
u ktérych na tylnej powierzchni grzbietu utworzono pet-
noécienne uszkodzenie skéry o $rednicy 12 mm. Z rany, na
ktéra natozono ACF-HS, co kilka dni pobierano materiat
do analiz histologicznych. Wyniki badania mikroskopo-
wego pokazaly znacznie zaawansowany proces granulacji
w ranie i wzmozenie tworzenia kapilar naczyniowych w 4,
9 oraz 14 dniu od natozenia opatrunku ACF-HS, w poréw-
naniu z ranami zwierzat leczonych opatrunkami hydro-
koloidowymi. Wyniki tego eksperymentu wykazuja, ze
opatrunek ACF-HS dziatal skutecznie w leczeniu ran [81].

W badaniach zespotu Wanga sprawdzano nowe mem-
brany kompleksu polielektrolitu chitozan-alginian (PEC).
Testy MTT i NR sugerowaly, ze btony PEC chitozan-algi-
nan byly nietoksyczne na mysich i ludzkich fibrobla-
stach. W poréwnaniu do konwencjonalnego opatrunku
z gazy membrany PEC spowodowaly przyspieszenie goje-
nia ran cietych szczura, a badania histologiczne wykazaty
prawidtowg i petng odbudowe naskérka o zrogowaciatej
powierzchni, bez stanu zapalnego w skérze wlasciwej. Na
podstawie biokompatybilnosci i skuteczno$ci gojenia ran,
membrany PEC z chitozanem i alginaniem mozna poleci¢
jako substytut stosowany w leczeniu ran [101].
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Opatrunek z optymalna kombinacjg alginianu i glikolu
polietylenowego zawierajgcy synergistyczna kombi-
nacje antybiotyku i srodka przeciwbdélowego badano
u ludzi z przewlektymi niegojacymi sie owrzodze-
niami. Zaobserwowano, ze material ten spowodowat,
ze wrzdd zostat oczyszczony i korzystnie wptywat na
zmniejszenie zakazenia. Stwierdzono réwniez, ze chi-
tozan stopniowo ulega depolimeryzacji uwalniajac
N-acetylo-D-glukozamine, ktéra powoduje proliferacje
fibroblastéw, pomaga w uporzadkowanym odktadaniu
kolagenu i stymuluje podwyzszanie poziomu naturalnej
syntezy kwasu hialuronowego w miejscu rany. Pomaga
w szybszym gojeniu ran i zapobiega bliznom. Jednym
z najnowszych materialéw badanych jako potencjalny
opatrunek na rany przewlekte byt opatrunek kompo-
zytowy CCA, ztozony z chitozanu, alginianu i kolagenu.
Badania wykazaly, ze opatrunek CCA miat duzg poro-
wato$¢ i doskonalg zdolno$¢ pecznienia, co umozliwia
wchlanianie wysieku z rany przy jednoczesnym utrzy-
maniu wilgotnego $rodowiska gojenia. Sugeruje to, ze
opatrunek kompozytowy powinien utatwié agregacje
plytek i tworzenie skrzepu fibrynowego, a takze migra-
cje fibroblastéw czy komérek $rédbtonka. Wilgotne
mikrosrodowisko umozliwia tatwg i bezbolesng zmiane
opatrunku bez uszkodzenia nowo powstatej tkanki oraz
chroni rane przed bakteriami [91]. Biomateriat wzma-
gat ekspresje EGF, bFGF, TGF-B i CD31 we wczesnym sta-
dium gojenia sie ran [106].

FOLIE CHITOZANOWE Z NANOCZASTKAMI SREBRA
I TLENKIEM CYNKU (ZNO) JAKO OPATRUNKI
0 WEASCIWOSCIACH PRZECIWBAKTERYJNYCH

Antybiotykoopornosé¢ drobnoustrojéw jest jednym
z gtéwnych probleméw w leczeniu ran i postepowa-
niu z nimi, co prowadzi do powiktari i opéznionego
gojenia. Z tego wzgledu wiele badan koncentruje sie
na modyfikacji réznych materiatéw i surowcéw nano-
czgstkami srebra (NCz Ag) [81]. Polegaé to moze na
osadzaniu NCz Ag w no$nikach lub optaszczaniu nimi
innych powierzchni. Dzieki takim modyfikacjom nowo
powstate materiaty nabiorg wtasciwosci przeciwgrzy-
bicznych, przeciwbakteryjnych, wirusobdjczych oraz
antystatycznych i impregnujacych [109]. W budowie
nanoczgstki srebra obserwuje sie 20-15 000 atomdéw
pierwiastka. Dzialanie biobdjcze mozliwe jest dzigki
wplywowi srebra na uszkadzanie bton komérkowych,
denaturacje biatek, generowanie reaktywnych form
tlenu, hamowanie replikacji DNA i zaktécenie syntezy
niektérych biatek [94, 107]. Dziatanie bakteriobdjcze
NCz Ag zalezne jest od sktadu $ciany komdrkowej bak-
terii. Obecno$¢ w $cianie komdrkowej peptydoglikanu
zmniejsza wrazliwo$¢ bakterii na dzialanie srebra, tak
wiec bakterie Gram-ujemne sg bardziej podatne na
toksyczne dziatanie NCz Ag niz Gram-dodatnie [41, 69].
Ponadto prowadzono badania, ktére wykazaly, ze two-
rzenie polaczent NCz Ag z lekami przeciwbakteryjnymi,
takimi jak amoksycylina, penicylina G czy kindamy-
cyna wzmacniaja ich dziatanie [90].

W ostatnich latach, w celu ulepszenia dziatat przeciw-
drobnoustrojowych, naukowcy skupili sie na osadzaniu
nanoczgstek srebra w warstwie chitozanu, przez synteze
in situ nanoczastek z prekursora lub przez bezpo$rednie
dodanie nanoczastek i homogenizacje [3, 58]. Asyme-
tryczne membrany chitozanowe o przedtuzonej zdolnosci
przeciwdrobnoustrojowej z nanosrebrem zaprojektowano
tak, aby spetnialy wymagania dobrego opatrunku, tj.
przepuszczalno$é tlenu, kontrolowane odparowywanie
pary wodnej i drenaz wysiekéw rany. Zbadano, ze asyme-
tryczna btona chitozanowa dziata jako opatrunek kontro-
lujacy stan rany i uwalniajgcy jony srebra w przedtuzony
sposdb [64]. Chociaz opatrunki chitozanowe zostaly
opracowane w celu rozwigzania problemu gojenia ran
przewlektych, nie zawsze sg skuteczne w kontrolowa-
niu krwawienia i dziatania bakteriobdjczego. Ong i wsp.
przeprowadzili badania, ktére miaty na celu udoskonale-
nie opatrunku chitozanowego przez suplementacje pro-
koagulantem. Syntetyzowano chitozan zawierajacy rézne
typy i iloéci polifosforandw, a ich wtasciwosci hemosta-
tyczne oceniono in vitro. Optymalny preparat polifosfo-
ranu chitozanu ze srebrem przyspieszat krzepniecie krwi,
zwiekszat adhezje plytek i bardziej dziatat prokoagulacyj-
nie w poréwnaniu do samego chitozanu [69, 74].

Na podstawie danych literaturowych wiadomo, ze tlenek
cynku ZnO budzi ogromne zainteresowanie ze wzgledu
na duzg aktywno$¢ fotokatalityczna, stabilno$¢ oraz wta-
$ciwodci antybakteryjne i znikomg toksyczno$¢ [21, 103].
W zwiazku z tymi cechami naukowcy opracowali folie chi-
tozanowe z nanosrebrem i tlenkiem cynku metoda trans-
formacji zlewowej. Badania wykazaty, ze produkt miat
bardzo dobra aktywnos¢ przeciwbakteryjna przeciwko
szczepom: Bacillussubtilis, Escherichia coli, Staphylococcus
aureus oraz aktywno$¢ przeciwgrzybicza dziatajac na: Peni-
cillium, Aspergillus, Rhizopus i drozdze [52]. Badania Vicen-
tiniego i wsp. réwniez potwierdzity, ze folie chitozanowe
z ZnO wykazuja lepsza aktywno$¢ antybakteryjna, a to
pozwala stwierdzad, ze materialy te moga by¢ stosowane
jako opatrunki hydrofilowe i oparzeniowe [70].

GABKI CHITOZANOWE

Gabki sa miekkimi i elastycznymi materiatami o dobrze
potaczonej strukturze mikroporéw. Ze wzgledu na uni-
kalne cechy strukturalne, bardzo dobrze wchtaniaja ptyny
oraz oddziatuja z komérkami dzieki hydrofilowosci. Jed-
nak takie materialy sg niewystarczajaco trwate mecha-
nicznie w ciggu trwania catego procesu gojenia [89].
Z powodu tych wiasciwosci gabki moga by¢ skutecznie
stosowarne jako materiat leczniczy do ran oparzeniowych.
W oparzeniach III stopnia zniszczeniu ulega cata grubo$é
struktury skéry. Jednym ze sposobéw leczniczych jest
zabieg przeszczepienia cienkiej warstwy zdrowej skéry
z wlasnego ciata pacjenta w miejscu rany. Aby chroni¢
ubytek skéry przed infekcjami i odwodnieniem w okre-
sie miedzy hospitalizacjg a przeszczepieniem, rana musi
by¢ odseparowana od $rodowiska zewnetrznego [62].
Inwazja bakteryjna moze sprawié, ze rana nie bedzie sie
nadawac do przeszczepu ze wzgledu na rozwéj zakazenia.
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Opatrunek na rane, ktéry ma w jednej z warstw struk-
ture podobna do gabki, moze spetniaé takie warunki jak:
wymiana gazowa, ochrona rany przed infekcjg i odwod-
nieniem [29]. Zalety stosowania gabek to utrzymywanie
wilgotnego $rodowiska rany oraz duza zdolno$¢ pecznie-
nia. Materiat w postaci gabki mozna wzbogaci¢ o $rodki
przeciwdrobnoustrojowe. Zastosowanie sulfodiazyny sre-
bra zapobiegato infekcjom bakteryjnym w ranie. Badania
histologiczne potwierdzity wptyw materiatéw na proli-
feracje fibroblastéw i wyrazna redukcje komdérek zakaz-
nych [49]. Denkabs i wsp. opracowali gabki chitozanowe
z zamknietym w §rodku modelowym antybiotykiem (nor-
floksacyna). Przygotowane gabki miaty strukture widk-
nistg. Sprawdzano ich zdolno$¢ pecznienia, whasciwosci
uwalniania antybiotyku w warunkach in vivo oraz aktyw-
no$¢ przeciwbakteryjna. Zaobserwowano, ze wspdtczyn-
nik pecznienia zmniejszal sie wraz ze wzrostem gestosci
sieciowania. Stwierdzono, ze uwalnianie norfloksacyny
jest zapoczatkowane przez pecznienie, a uwalnianie leku
zachodzi na zasadzie kontrolowanej dyfuzji. Ponadto udo-
wodniono, ze aktywno$¢ przeciwbakteryjna byta wprost
proporcjonalna do szybko$ci uwalniania leku. Powyz-
sze badania pozwalajg twierdzié, ze opatrunki w postaci
gabek mozna stosowad jako materiat opatrunkowy [23].

OPATRUNKI NA BAZIE CHITYNY | CHITOZANU STOSOWANE
W GOJENIU RAN

Pierwszym komercyjnym opatrunkiem na bazie chi-
tyny byt Beschitin®, ktéry wprowadzono w 1982 r. na
rynek japonski. Miat posta¢ wtdkniny pobudzajgcej
proces ziarninowania. Mimo udowodnionego dziata-
nia na przyspieszanie procesu gojenia, chityny i jej
pochodnych, wysoki koszt zwigzany z certyfikacja
wyrob6w opartych na ich bazie i realna mozliwo$¢ nie-
powodzenia mogg decydowad o matej popularnosci
tego typu wyrobéw w Europie [35].

Stosunkowo duzo badati naukowych dotyczacych chityny
przeprowadzanych jest w Polsce. Obecnie prowadzi sie
liczne badania naukowe, projekty badawczo-rozwojowe,
czego dowodem sa zaréwno liczne polskie zgtoszenia paten-
towe, publikacje naukowe, jak i pierwsze wyroby oparte na
chitynie i jej pochodnych wprowadzone na rynek. Pierw-
szym opatrunkiem na bazie chitozanu w Polsce byt opra-
cowany przez 16dzka firme Tricomed S.A. Tromboguard’,
Zostat nagrodzony ztotym medalem na Miedzynarodowych
Targach Poznarskich w 2011 r. Tromboguard' to opatrunek
hemostatyczny stuzacy do udzielania pierwszej pomocy
i opatrywania ran urazowych. Wyrdb sktada sie z trzech
warstw: kontaktowej - stanowigcej unikalng kombina-
cje sktadnikéw aktywnych, ktére znacznie skracaja czas
krwawienia. Warstwa ta zawiera chitozan i alginiany. Chi-
tozan przez reakcje na powierzchni rany z erytro- i trom-
bocytami znacznie zmniejsza czas krwawienia. Alginian
wapnia przyspiesza naturalny proces tworzenia skrzepu,
a alginian sodu - chtonac wydzieline z rany - tworzy na
powierzchni opatrunku warstwe zelu, kt6ry zapobiega jego
przywieraniu do rany. Druga warstwa, tzw. chtonna jest
wykonana z wysokochtonnej pianki poliuretanowej, ktéra
trwale pochtania i magazynuje w swoich strukturach krew,
nawet w warunkach ucisku oraz z warstwy zabezpieczajg-
cej - wykonanej z wodoodpornej membrany poliuretano-
wej, ktéra zabezpiecza zewnetrzna strone opatrunku przed
czynnikami zewnetrznymi, a jednocze$nie chroni personel
medyczny przed kontaktem [45]. W Tabeli 1 przedstawiono
stosowane w ostatnich latach opatrunki komercyjne na
bazie chityny i chitozanu.

PODSUMOWANIE

Gojenie ran skérnych jest skomplikowanym procesem,
ktéry obejmuje kilka etapédw: hemostazy, proliferacji
i przebudowy. Artykul poswiecony jest biomateriatom
chitozanowym, ktére odgrywaja istotna role w lecze-

Tabela 1. Zestawienie wybranych opatrunkéw komercyjnych na bazie chityny i chitozanu [35, 45, 53, 63,70, 73,102]

Nazwa opatrunku  Twodrca i kraj pochodzenia Sktad

Charakterystyka

Beschitin® Unitika, Japonia Chityna
CELOX RAPID® Opatrunki 112, Polska Zgranulowany chitozan
ChitiPack S® Eisai Co, Japonia Chityna
Chitodine® IMS, Polska Sproszkowany chitozan

z dodatkiem jodyny

Stosowany w leczeniu ran urazowych; pobudza do ziarninowania i
zapobiega tworzeniu blizny. Uzywany jest na rynku japoriskim od ponad
201at

Gaza w postaci opatrunku sktadanego powleczona preparatem
hemostatycznym CELOX z aktywnymi granulkami chitozanowymi
Chito-R. Chito-R tworzy przylepny zel, ktdry uszczelnia rane i w ten
spos6b hamuje krwawienie, jednoczesnie skracajac czas ucisku

Stosowany w ranach pourazowych z duzymi ubytkami tkanek, ma
postac gabki, pobudzajacej proces ziarninowania

Opatrunek wtérny — dziatanie dezynfekujace i oczyszczajace
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Nazwa opatrunku  Twérca i kraj pochodzenia Sktad Charakterystyka
i Postac zelu, sktadajaca sie z dodatnio natadowanych czasteczek
. ™ Luna Innovations Inc., Stany . . ) AR S L
ChitoSeal ) Chitozan chitozanu, ktdry przyciaga ujemnie natadowane krwinki, przyspieszajac
Zjednoczone ;
tworzenie skrzepu
. Hemostasis LLC Co, Stany . Opatrunki Kyto(‘el s'q bardzo ch’fonne,‘dopasowumce siei B
Excel Arrest Zjednoczone Modyfikowany chitozan hemostatyczne; skfadaja sie z naturalnych, biodegradowalnych wtdkien

HemCon Dental

Hemcon, Stany Zjednoczone

Octan chitozanu

chitozanu

Natadowany elektrostatycznie dodatnio, przyciaga komérki krwi
szybko tamujac krwotok, zapewnia skuteczng hemostaze i fizyczng
antybakteryjna bariere, redukuje ryzyko infekgji

KytoCel moze by¢ stosowany w leczeniu odlezyn (etap II-IV), wrzodéw
zylnych, owrzodzen cukrzycowych

Wykorzystuje wtdkna poli-N-acetyloglukozaminy w unikalnej
liofilizowanej tréjwymiarowej strukturze tamujac krwawienie

Materiat zastepczy skory, materiat opatrunkowy w leczeniu ran
urazowych, odlezyn i przewlektych owrzodzen

Tamuje krwawienia dzieki bardzo dobrym wtasciwosciom sorpcyjnym

Stosowany w pierwszej pomocy do opatrywania ran urazowych, skraca

Dressing PRO®
KytoCel® Aspen Medical, Polska Acylowana forma chitozanu
Syvek-Patch® Marlne.PolymerTe(hnoIogles, Chityna
Stany Zjednoczone
Hainan Xinlong Non-Wovens .
®
Tegasorb Industry, Chiny Chityna
Traumastat® Ore-Medix, Stany Zjednoczone Witkna krz'emlonkowe
pokryte chitozanem
Opatrunek hemostatyczny
Tromboguard® Tricomed S.A, Polska zawierajacy chitozanii
alginany
Vulnosorh® Tesla-Pharma, Holandia Kompozycja kolagenu

chitozanu

czas krwawienia

W postaci chtonnej gabki zapewnia wilgotne Srodowisko w ranie

niu ran przewleklych. Materialy majace jako baze chi-
tozan dziataja na wszystkich etapach procesu gojenia.
W stadium hemostazy przyspieszaja agregacje plytek
i tworzenie skrzepu fibrynowego. W stadium zapal-
nym, powoduja proliferacje neutrofili i makrofagdw,
ktére oczyszczaja rane uwalniajac cytokiny w miejscu
zranienia. W badaniach wykazano, ze chitozan na$la-
duje natywna macierz zewnatrzkomérkowa, zapewnia-
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ABSTRACT: Controlled cellulose fragmentation and its downsizing to micro- and nanocrystals have recently captured tremendous
attention to access sustainable nanomaterials. Hitherto, few functionalized cellulose derivatives have been used as fillers, and
additional knowledge is needed to establish an accurate structure—performance relationship in the realm of sustainable
nanocomposites. Herein, a range of phosphorylated microcellulose (MCC) and nanosized cellulose (CNC) have been prepared and
used as reinforcing fillers to build transparent and flexible cellulose-filled chitosan nanostructured films. Regardless of their
functionalization, all nanocellulose fillers reach good dispersion in the matrix, while those that are microcellulose aggregate slightly
inside of the films. Distinctively, improved thermal stability was seen for chitosan films reinforced with cyclotriphosphazene grafted
on cellulose nanocrystals (PN-CNC), where only half weight of the bioplastic was decomposed at 700 °C. Moreover, better
mechanical properties were obtained using nanocellulose instead of microcellulose as fillers, with PN-CNC-filled chitosan reaching
the highest value of 1.649 MPa in tensile modulus compared to 1.195 MPa for neat chitosan films. Phosphorylated cellulose fillers
(P-CNC and P-MCC) also bring interesting antibacterial and intercellular catalase activities, compared to neat chitosan and
unmodified cellulose-filled chitosan. In total, this study sheds light on the pivotal role of cellulose phosphorylation in improving the
thermal, mechanical, and biological properties of the next generation of rationally designed bioplastics.

KEYWORDS: phosphorylated cellulose, chitosan, biobased nanocomposites, sustainable bioplastics, antibacterial films

B INTRODUCTION dreadful issue of conventional plastics shifted the interest to
biobased polymers, bringing into existence a new field referred
as bio-(nano)composites."*~"> The search for more sustain-
ability in polymer-manufacturing industry has moreover
invoked the necessity for green fillers, as the extraction,
synthesis, and surface modification of conventional nanosized
reinforcements involve a considerable amount of corrosive and

The first report claiming that a tiny amount of exfoliated
montmorillonite sheets improves the mechanical properties of
manufactured nylon-clay nanocomposites’ has initiated an
avalanche of investigations to deliver innovative, competitive,
and cost-effective filled polymer nanocomposites.” > This then
triggered a massive production of fully stable petroleum-based
plastics for which their controversial end-of-life has raised

many environmental issues. Presently, <10% of plastics are Received: June 16, 2020 §§%}a[gahlg
recycled, with the same amount being incinerated, while the Revised:  October 12, 2020 ?
vast majority accumulates in landfills or aquatic environ- Published: December 4, 2020 @
ments.”” Alarmingly, a large amount of plastics (>10 tons) are 4
discarded into the ocean every minute® ™'’ and are expected to

outweigh fish by 2050."" The increased awareness for this

© 2020 American Chemical Society https://dx.doi.org/10.1021/acssuschemeng.0c04426
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waste products.'® A fashionable trend has therefore been to
design fully sustainable bioplastics using polymers and
nanofillers simultaneously derived from natural, abundant,
and easily accessed biorenewables, through benign synthetic
procedures that produce a minimal amount of waste." "
These eco-designed nanocomposites are more suitable for
applications where biocompatibility and nontoxicity are
mandatory, for example, nanofertilizers for agriculture, film
packaging for food preservation, and biodegradable antimicro-
bial agents for advanced medicine.”’

Among the available biomass precursors, polysaccharides
stand out as the most promising and have already dominated
research revolving around the design of new biobased
nanocomposites.”' ">’ Among those of interest, chitosan-
based marine fishery waste stands as the sole cationic
polysaccharides,” its amino groups being the basis of its
catalytic activity, metal-chelating ability, and biological
efficiency.”>~>’ Moreover, chitosan is biocompatible, fully
degradable, and readily soluble in acidic aqueous media and
can be used in several forms, including a colloidal state, in
coagulated forms as hydrogels or microspheres. It is also
moldable and can be caste on demand at a desirable thickness
as nanostructured films.”*~>> The excellent film-forming ability
of chitosan has opened great opportunities for biobased
packaging materials.”>~*° Coupled to the possibility of
conjugating chemicals through its primary amine, a subtly
controlled release of active ingredients from chitosan films has
also been recently demonstrated.”*~** The poor mechanical
strength of chitosan has also been overcome by addition of a
small amount of nanosized fillers, for example, Montmor-
illonite,” graphene oxide,**~** hydroxyapatite,”* carbon nano-
tubes,***> and metal oxide nanoparticles,46 among
others.>?*46 Recently, nanofibrils, nanocrystals, and nano-
whiskers of cellulose, chitin, lignin, and other biomass-sourced
building blocks have also been used for sustaining chitosan
films. "’

We recently reported on a straightforward and highly
versatile preparation of phosphorylated cellulose by surface
functionalization of microsized and nanosized cellulose (MCC
and CNC, respectively), under urea-free, corrosive-free, and
gentle experimental conditions.””** Despite extensive research
revolving around cellulose-surface functionalization, most of
these reports explored grafting through silylation and organic
modification.”> >’ Comparatively, few deep investigations have
been focused on surface phosphorylation,”® with the aim of
establishing an accurate reactivity—stability relationship.’”~!
This fact is quite surprising taking into account the virtues of
phosphorylated solid nanomaterials (functionalized by phos-
phonic acid, phosphonate, phosphates, linear and cyclo-
triphosphazene, etc.) as flame-retardant additives for manufac-
tured polymers, anchoring hosts for nanoparticles and
enzymes, and bioactive surface to grow living cells and/or to
inactivate pathogens and bacteria. With our phosphorylated
cellulose in hand, we envisioned that their microsize versus
nanoscale dimension associated to the flame-retardant abili?r
of phosphorus species®*™® and their biological activity>®’
could be suitable for the design of mechanically sustained and
biologically relevant bioplastics. Herein, we discuss the
synthesis and characterization of chitosan films reinforced
with six differently functionalized cellulose-based micro- and
nanoparticles. Their thermal, mechanical, and biological
activity (mainly their antibacterial and hemolytic activity)

have been evaluated and discussed based on the size (micro vs
nano) of the cellulose filler and its surface functionalization.

B EXPERIMENTAL SECTION

Materials and Tools. Commercially available reagents and
solvents phosphoryl chloride, hexachlorotricyclophosphazene, ethanol
(99.8%), tetrahydrofuran (97%), and acetic acid (98%) were
purchased from Across and Sigma-Aldrich (St. Louis, MO, USA).
Chitosan of medium molecular weight (190,000—310,000 Da) and
85% deacetylation degree was purchased from Sigma-Aldrich
(Hamburg, Germany). Phosphate-buffered saline (PBS) was
purchased from BioShop (Burlington, ON, Canada). Glutaraldehyde
25% and osmium tetroxide 4% solution were purchased from Agar
Scientific (Stansted, UK). Absolute ethanol was purchased from
EMSURE (Darmstadt, Germany). Microcrystalline cellulose (MCC,
CAS 9004-34-6) synthesized from cotton linters was purchased from
Sigma-Aldrich. Cotton wool used for the synthesis of nanocellulose
was purchased from Fisher Scientific. Ultrasonication involved a VWR
ultrasonic cleaner (USC-THD: Power 9. VWR International GmbH,
Vienna, Austria).

Characterization. Fourier transform infrared (FTIR) spectra
were obtained with a Perkin-Elmer Spectrum 100FT-IR spectrometer
(Perkin-Elmer, Shelton, CT, USA) equipped with an ATR accessory.
The FTIR spectra were recorded in the 4000—600 cm ™" range with a
resolution of 4 cm™ and an accumulation of 32 scans. Diffuse
reflectance UV—visible spectroscopy (DRUV) was measured in the
200—800 nm wavelength range on a Perkin-Elmer Lambda 1050
spectrometer equipped with an integrating sphere (Perkin-Elmer,
Labsphere, North Sutton, NH, USA). Contact angle measurements
were recorded using a dynamic contact angle meter (KRUSS GmbH
Easy Drop, Kruss GmbH, Hamburg, Germany) equipped with a
charge-coupled device camera and using an image capture program
employing scat software (VCA Optima, AST Products, Billerica, MA,
USA. The cut film (3 X 3 cm) was fixed on top of a dynamic support.
A droplet (3 uL) was placed on the film surface and the change in
contact angles was treated using the software (VCA Optima, AST
Products, Billerica, MA, USA) of the apparatus. Each measurement
was repeated four times, and the readings were averaged.
Thermogravimetric analysis (TGA) involved a Discovery TGA
analyzer (TA Instruments, New Castle, DE, USA) using a heating
rate of 10 °C/min from room temperature to 700 °C under nitrogen.
Differential scanning calorimetry (DSC) analyses were carried out on
a Discovery DSC apparatus (TA Instruments, New Castle, DE, USA)
using a heating rate of 10 °C/min from —50 to 400 °C under
nitrogen. Scanning electron microscopy (SEM) images were acquired
using a Zeiss EVO 10 SEM Carl Zeiss Microscopy, GmbH, Jena,
Germany), operating at 15 kV. Tensile tests were performed at room
temperature using a universal testing machine (LUDWIG mpk). The
specimens were cut in rectangular shapes with 80 mm in length and
10 mm in width. The gauge length was fixed at 30 mm, and the
crosshead speed was 5 mm/min. All tests were carried out on a
minimum of 5 samples, and the reported results are means + standard
deviation. One-way ANOVA was applied for data analysis, where a
value of P < 0.05 was considered statistically significant.

Preparation of CNC and Phosphorylated Cellulose. Cellulose
nanocrystals (CNCs) were prepared by H,SO, hydrolysis of cotton
wool. Acid hydrolysis was carried out at 45 °C with 65 wt % H,SO,
for 60 min with mechanical stirring. The resulting suspension was
washed with water through successive centrifugations at 10,000 rpm
for 20 min each time. CNC powder was obtained by a freeze-drying
process.”®

Phosphoric Acid-Grafted Cellulose. In a typical procedure using
POCI; as the phosphorylating agent, 1 mL (1.06 mmol) of POCI; was
dropped into S mL of THF solution containing 200 mg of MCC or
CNC (stirred for 10 min), and the resulting solution was stirred at
room temperature for 24 h. Then, 10 mL of deionized water was
added to the mixture and stirred for 1 h. Finally, the obtained
products, P-MCC and P-CNC, were washed and collected by
centrifugation and dried at 60 °C for 24 h.>

https://dx.doi.org/10.1021/acssuschemeng.0c04426
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Cyclotriphosphazene-Grafted Cellulose. In a typical procedure
using hexachlorocyclotriphosphazene (N3P;Cl;) as the phosphorylat-
ing agent, 100 mg (0.29 mmol) of N;P;Cls was added into S mL of
THF solution containing 100 mg of MCC or CNC (stirred for 10
min); the resulting mixture was stirred at room temperature for 24 h.
Then, 10 mL of deionized water was added to the mixture and stirred
for 1 h. Finally, the obtained products, PN-MCC and PN-CNC, were
washed and collected by centrifugation and dried at 60 °C for 24 h.>®

Preparation of Chitosan-Reinforced Cellulose Films. Chito-
san (CS)-based nanocomposite films containing 3 wt % MCC, CNC,
P-MCC, P-CNC, PN-MCC, and PN-CNC were successfully prepared
using the same approach as for the elaboration of clay and graphene
oxide-filled chitosan nanocomposites.****® Briefly, S0 mg of CS
powder was dissolved completely in 4 mL of 1% (v/v) aqueous acetic
acid solution, and the mixture was vigorously stirred for 120 min. A
total of 1.5 mg of unmodified and modified cellulose filler (3 wt %
with respect to chitosan) was dispersed in 2 mL of 1% (v/v) aqueous
acetic acid solution and sonicated for 15 min. The filler dispersion was
gradually added to the CS solution and the resulting mixture was
stirred for further 90 min. The resulting solution was cast into plastic
Petri dishes, allowing solvent removal and film formation after
complete drying. The films were coded as CS@MCC-f, CS@CNC-f,
CS@P-MCC-f, CS@P-CNC, CS@PN-MCC-f, and CS@PN-CNC-f.

Determination of Antimicrobial Activity. The antimicrobial
activity of CS nanocomposite films against Staphylococcus aureus
(ATCC 6538) and Escherichia coli (ATCC 25922) was evaluated
using Japanese Industrial Standards JIS Z 2801:2000 (https://
infostore.saiglobal.com/en-us/Standards/JIS-Z-2801-2000634364 _
SAIG_JSA JSA_1462706/) with two modifications: first, the size of
the tested samples was 2 X 2 cm, whereas the size of samples
according to the standards is 5 X S cm. Second, the samples were
sterilized by the UV method, whereas in the standard, the samples are
sterilized with 70% ethanol. The methodology was described in our
previous work.*? Gram-positive bacteria of S. aureus or Gram-negative
E. coli were cultured on Luria Bertani (LB) medium at 37 °C on a
rotary shaker. After the incubation, the test inoculum of S. aureus or E.
coli containing 1 X 10° colony-forming units (CFU per mL) in 500-
fold-diluted LB medium was prepared. The bacterial suspension was
then transferred to films (2 X 2 cm). A neat CS film was examined as
the control sample. After dripping suspensions of S. aureus or E. coli
on the films, each sample was covered with a sterile film (1.7 X 1.7
cm). The samples were incubated in a moist chamber in the dark for
24 h at 37 °C. They were put in aseptic Falcon tubes containing
phosphate buffer, vortexed, and removed from the tubes; then, they
were serial-diluted with the remaining solution in phosphate buffer.
Out of each dilution, 100 L of bacterial suspension was seeded on an
agar plate and incubated for 24 h at 37 °C. After incubation, viable
cells of bacteria were counted. Each film was examined in triplicate
and analyzed individually in four independent experiments. The
antimicrobial activity of the films was calculated as a percentage of
bacterial growth inhibition (£SD) toward control cellulose-free films.

Hemolysis Assay. Blood from healthy donors was obtained from
the Regional Blood Donation and Blood Treatment Center in Lodz,
Poland. Erythrocytes were isolated from blood by centrifugation
(3000 rpm, 10 min) at 4 °C, washed three times with phosphate-
buffered saline (PBS; pH 7.4), and used immediately after separation.
To study the impact of chitosan-cellulose nanocomposite on red
blood cells (RBCs), washed erythrocytes (hematocrit, HTC 2%) were
treated with films in the form of squares (0.5 X 0.5 cm). RBCs
suspended in PBS (without chitosan-cellulose films) were used as a
control. The samples were incubated at 37 °C for 1, 3, and 24 h. The
samples were then centrifuged at 3000 rpm for 10 min, and the
absorbance of the supernatant was measured spectrophotometrically
at 540 nm (Jasco V-650, Jasco International Co., Osaka, Japan).*” The
percentage of hemolysis was determined based on the hemoglobin
(Hb) amount released into the supernatants and calculated using the
following formula (eq 1)

9% hemolysis = A,/A_ X 100% (1)
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where A is the absorbance of the sample and A, is the absorbance of
the samples containing erythrocytes in water (100% hemolysis).

Adsorption of Hemoglobin (Hb). The adsorption of hemoglo-
bin onto the chitosan-cellulose nanocomposite was also investigated.
Chitosan film squares (0.5 X 0.5 cm) were added to hemoglobin
solutions (0.1% v/v) and incubated at 37 °C for 3 or 24 h.
Absorbance of the hemoglobin solution was next measured at 540 nm.
The percentage of hemoglobin adsorption was calculated from the
formula (eq 2)

adsorption of Hb [%] = 100% — (A,/A. X 100%) (2)

where A is the absorbance of the sample containing the chitosan-
cellulose films and A, is the absorbance of the control without
chitosan-cellulose films.**

Methemoglobin (Met-Hb). Methemoglobin was determined
spectrophotometrically based on the absorption spectrum in the
range from 440 to 700 nm (Jasco V-650).%” The percentage of met-
Hb in the sample was calculated from the absorbance at 630 and 700
nm (eq 3). Hemoglobin treated with potassium ferricyanide (100%
met-Hb) was used as a positive control.

% of met-Hb = (Agy — Ango)/(Agsy — Adg)100% (3)

where Ag, = the absorbance of a sample with/without chitosan-
cellulose nanocomposites at 630 nm, A,y = the absorbance of a
sample with/without chitosan-cellulose nanocomposites at 700 nm,
A%, = the absorbance of a sample with/without chitosan-cellulose
nanocomposites treated with potassium ferricyanide (100% met-Hb)
at 630 nm, and A%), = the absorbance of a sample with/without
chitosan-cellulose nanocomposites treated with potassium ferricya-
nide (100% met-Hb) at 700 nm.

Catalase Activity. Catalase (CAT) activity in erythrocytes was
determined by the method of Aebi.”® Erythrocytes were incubated for
3 or 24 h at 37 °C with/without chitosan-cellulose nanocomposite
squares (0.5 cm X 0.5 cm). Enzyme activity was determined in
hemolysates in the presence of 0.06% H,O, diluted in 50 mM
phosphate buffer (pH 7). The reaction was carried out for 1 min,
measuring absorbance at 4 = 240 nm with a Jasco V—-650
spectrophotometer. One unit of catalase activity was defined as the
activity required to degrade 1 pumol hydrogen peroxide in 60 s.
Catalase activity was calculated in relation to mg of hemoglobin in
hemolysates. The calculation was based on the following formula (eq
4)

activity (U/mL) = (AA X R)/0.014S (4)

where AA = the decrease in absorbance tested at 4 = 240 nm, R = the
sample dilution, and 0.0145 = the micromolar absorption coeflicient
for hydrogen peroxide. The concentration of hemo§lobin in the
hemolysates was measured by the method of Drabkin.”” The results
are presented as a percentage of the control.

Statistical Analysis. Data are presented as mean + SD from six
sets of measurements for hemolysis, Hb adsorption, methemoglobin,
and catalase activity and from three replications for antimicrobial
activity. The statistical differences between the control and treatment
groups and differences between films were analyzed by one-way
ANOVA followed by Tukey’s analysis. P < 0.05 was accepted as
statistically significant.

B RESULTS AND DISCUSSION

Preparation and Chemical Characterization of Phos-
phorylated Cellulose-Reinforced Chitosan Films. In the
realm of reinforced polymer—filler nanocomposites, the
accepted wisdom dictates two prerequisites: the nanosized
dimension of the filler and the presence of functional groups
having affinities with the matrix.”"’” These two characteristics
account for good interfacial interactions between the polymer
and the filler, which result in excellent dispersion and a
dramatic improvement in the properties of the resulting
nanocomposites. Based on these criteria, we have engineered
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Figure 2. SEM of cellulose-filled chitosan films reinforced with microcrystalline cellulose in the top [(a) CS@MCC-f. (b) CS@P-MCC-f. (c) CS@
PN-MCC-f] and on the bottom [(d) CS@CNC-f. (e) CS@P-CNC-f. (f) CS@PN-CNC-f]. Onset [(a—c), aggregated particles. (e,f) Visualization

of the cross section of the film].

different fillers for an accurate comparative study. We used two
different cellulosic fillers with microscale and nanoscale
dimension to show the advantage of the so-called nanosize
effect. Microcrystalline cellulose (MCC) is commercially
available, whereas the nanosized cellulose (CNC) was
prepared according to a well-established procedure.”® The
two fillers were also independently functionalized to
simultaneously elucidate the influence of the size and surface
chemistry of the filler on the final properties of the
nanocomposites.” By installing phosphate groups in cellulose,
we envisioned a good interfacial compatibility with chitosan, as

phosphates can interact with the positively charged amine
groups of chitosan. Two phosphorylated reagents were used
(POCI; and P;N;Cly), allowing surface functionalization with
either P-O-P(O)(OH), or with an inorganic —O—P;N;—
(OH), ring.”® The chemical structure of the cellulosic fillers is
shown in Figure 1.

Irrespective to the cellulose filler, a homogeneous cellulose-
chitosan aqueous solution was obtained after adding 3 wt %
cellulose to the mixture. Evaporative-induced assembly of the
resulting solutions provides high-quality crack-free cellulose-
filled CS films.

https://dx.doi.org/10.1021/acssuschemeng.0c04426
ACS Sustainable Chem. Eng. 2020, 8, 18354—18365


https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04426?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04426?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04426?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04426?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04426?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04426?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04426?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c04426?fig=fig2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c04426?ref=pdf

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

a 100
——cCcsf
—— CS@MCC-f
—— CS@P-McCC-f
80 —— CS@PN-MCC-f
CE S
E E
5 5
20
o T T T T T T 1
100 200 300 400 500 600 700
Temperature (°C)
——CSf
c —— cs@Mcc-f
4 —— CS@P-MCC-f
—— CS@PN-MCCf
5
B
2
K
b= =
®
Q
I
T T T T 1
0 100 200 300 400

Temperature (°C)

b ——CS-f
100 + —— CS@CNC-f
—— CS@P-CNC-f
—— CS@PN-CNC-f
80 | @
60 |
40 |
20 |
04
T T T T T T 1
100 200 300 400 500 600 700
Temperature (°C)
——CS-f
—— CS@CNC-f
—— CS@P-CNC-f
—— CS@PN-CNC-f
3
2
3
k)
L
k>
(]
T
T T T T 1
0 100 200 300 400

Temperature (°C)
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In DRIFT, neat CS-f film gives typical signals of chitosan
where vibration at 1022, 1330, 1551, 1641, and 3362 cm™" is
attributed to C—0—C, C—N, N—-H, NHCO, and —OH,
respectively’®™***® (Figure S1). Without distinction, all the
reinforced nanocomposites have the typical signature of
chitosan, with a slight shift of some interacting groups
including N—H and NHCO, suspected of interfacial interplay
with the filler. In particular, we noticed a slight modification in
the hydrogen-bonding pattern at 3282 and 3352 cm™" for all
reinforced chitosan films that afford one broad and fused
vibration. This indicates to the occurrence of hydrogen-
bonding interactions, involving both hydroxyl and amine
groups. These assumptions can be consolidated by the
similarities and highest affinities of the two sugar-based
building blocks that have good interfacial properties through
extended hydrogen bonding without the need for compatibil-
izers or plastisizers (e.g., glycerol, sorbitol) that are commonly
used to reduce the hydrophilic—hydrophobic discrepancy at
the interface in the special case of petroleum-based polymer-
filled nanocomposites.”” By contrast, precedents in the
literature have established the occurrence of an intimate
interplay of cellulose and chitosan through hydrogen
bonding.”* This entanglement is further facilitated by the
surface similarities of the two carbohydrates, mainly through
hydrogen bonding but also favorable chemical interaction
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between phosphate and amine groups belonging, respectively,
to cellulose fillers and the chitosan polymer.

Because the amount of the phosphorylated cellulosic fillers
did not exceed 3 wt % in each case, it was difficult to recognize
their typical signals.> This result is consistent with those
previously reported for chitosan-graphene oxide’™* and
chitosan-clay nanocomposite films®® with the same filler
loading. At this stage, one can at least confirm that the
microscale versus nanoscale size of the cellulose filler does not
influence the macroscopic aspect of the resulting films nor
their transparency.

Morphological, Thermal, and Mechanical Properties
of Phosphorylated Cellulose-Reinforced Chitosan
Films. The morphology of the resulting films was investigated
using scanning electron microscopy (SEM) images (Figure 2).
It has been previously shown that slow solvent evaporation of
aqueous chitosan solution provides films that have a dense
network and a smooth surface without open pores or surface
roughness. Chitosan chains are actually drawn together
through strong hydrogen bonding during solvent evaporation.
In the case of chitosan-based nanocomposites, the difficulties
for filler dispersion or the poor polymer—filler interfacial
interactions are often confirmed by scanning microscopy, as
the presence of aggregated particles or a rough surface leads to
a discontinuous and heterogeneous network. If the two
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components are incompatible, phase segregation and separa-
tion occurs to reduce the surface energy of each phase, and
consequently, agglomerated microparticulates, voids, and
porous network could also appear. In our case, the comparison
at a first glance of the network built from chitosan reinforced
with microcrystalline cellulose and nanosized cellulose reveals
a marked difference in terms of the network homogeneity and
filler percolation. SEM of CS@MCC-f reveals the presence of
rod-like objects of 120—155 pum in length and 40—50 ym in
width, which is typical of poor dispersion of the filler. In the
case of CS@P-MCC-f, although some aggregated particles are
still present, they do not have the same regular shape as those
observed in the case of CS@MCC-f, thereby attributing this
divergence to the presence of phosphoric acid fragments in the
surface of the used P-MCC cellulose fillers. In the case of CS@
PN-MCC-f, few aggregated particles are still visible in the
network. These particles emanate from the filler—filler
interaction and display a uniform dendritic pattern rather
that tubular shape. This interplay suggests that PN-MCC is
probably connected to each other through the cyclo-
phosphazene ring acting as a cross-linker. Distinctively, CS@
CNC-f, CS@P-CNC-f, and CS@PN-CNC-f have a homoge-
neous network, consistent with the conventional wisdom that a
nanosized filler can be easily dispersed in the matrix compared
to the microsized ones (Figure 2).

The contact angle was also measured to see how the
presence of the filler and the nature of the phosphoryl reagent
affect the wettability of the surface and the hydrophilic—
hydrophobic balance (Figure S2 and Table S1). Enhanced
hydrophilicity was noticed for CS@P-CNC-f and CS@P-
MCC-f, reaching 52 and 38°, respectively, compared to 83°
obtained for neat chitosan CS-f. This result can be attributed
to the polar acidic groups P(O)(OH), generated during
surface functionalization and the possible growth of the
polyphosphate layer on top of the biocomposite surface. In
contrast, a diverging pattern was observed for CNC and MCC,
for which the latter enhances the hydrophilicity of the surface
owing to the presence of amorphous regions with agglom-
erated microparticles, compared to CNC that is stiffer and has
tewer hydroxyl groups. The introduction of hydrophobic and
planar phosphazene ring counterbalances the two effects and
gives surface properties similar to those of native chitosan, as
gathered in Table S1. The nature of the filler affects the
thickness of the nanocomposite films as native CS-f has a
thickness of 15 pm. Incorporation of CNC and MCC increases

18359

the thickness to 20 pm, and phosphorylated cellulose further
increases the thickness to 30 ym (Table S1). As anticipated,
these films generally display more pronounced hydrophilicity
compared to hydrophobic chitosan-graphene oxide films
reinforced with a similar loading of “3 wt %” of the
corresponding particles.””~*>*¢

TGA of the reinforced materials was also performed and
plotted against the native chitosan film (Figure 3ab). No
significant variation was noticed at low temperature (degrada-
tion at 48 and 286 °C) as accurately confirmed through DTG
analysis (Figure S3). At high temperature, however, the
presence of cellulose, irrespective of its nature, allows for
harvesting char residue superior to 24%, whereas a negligible
char weight of 4 wt % was obtained for thermal degradation of
chitosan alone at 700 °C. CS@PN-CNC-f is outstandingly
stable, with a residue of 46 wt % at 700 °C, meaning that only
half the weight of the bioplastic is decomposed. This result can
be rooted in the excellent features of PN-CNC that combines
the advantages of small-sized nanocrystals and the robust
character of the grafted inorganic (P=N), tricyclophospha-
zene core. A similar improvement in thermal properties has
already been reported using cyclotriphosphazene-based den-
drimers and hybrid materials.”>”®
neously investigated for the same goal (Figure 3c,d). All the
materials exhibit a similar pattern of two characteristic bonds.
Chitosan gives the first peak at 80 °C attributed to the removal
of physisorbed water and the second at 296 °C because of its
chemical degradation.”” A common trend was observed for all
reinforced nanocomposites that consist in shifting the two
values to high temperature. However, the shift seems to be
more substantial for the first variation compared to the one of
chemical degradation, pointing to a substantial change in the
state of physisorbed water molecules on the film surface.
Previously, it was found that cellulose microfibrils retain easily
evaporative moisture that normally leaves around 100 °C
through water entrapment within the newly created hydrogen-
bonding network.”® Indeed, reinforcement through cellulose
nanoparticles can be also exploited to chemically tune the
wettability and surface properties of the conceived films as
these scaffolds also behave to some extent as plastisizers.””
Although no improvement in thermal properties was seen at
lower temperature, a positive effect was recorded at high
temperature treatment, owing certainly to the flame retardancy
of phosphorylate cellulose embedded in a chitosan network.*

DSC was also simulta-
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Mechanical properties of the resulting films were also
investigated (Figures 4 and S4). Tensile modulus and tensile
strength are improved for cellulose-filled chitosan nano-
composites compared to native chitosan films. The incorpo-
ration of only 3 wt % of cellulosic hard-phase fillers into
chitosan films allows adsorbance of a part of the external stress
owing to their high Young’s modulus. Tentatively, the
following trend can be announced: (i) on the whole, the
mechanical properties achieved with CNC derivatives are
slightly better compared to those with MCC, suggesting the
virtue of the nanosized effect of the filler for achieving an ideal
nano-reinforcing effect in the polymer matrix owing to the
highest surface area available for interaction with the matrix
through nanoscale dispersion. It is well-established that filler
agglomeration induces stress concentration spots in the
polymer matrix and affects the dissipation of external stress
through particle-polymer interaction.” (ii) Phosphorylation
improves the mechanical properties compared to native
cellulose, and this statement is valid for both MCC and
CNC. This should be attributed to enhanced interfacial
interactions between the biopolymer and the filler as
phosphate groups interact with amine and acetamide groups.
(iii) PN-cellulose was more efficient as the filler compared to
P-cellulose for both CNC and MCC derivatives, the highest
values being reached for CS@PN-CNC-f. In quantitative
terms, a large increase in the tensile modulus to 1649 MPa was
noticed in CS@PN-CNC-f compared to 1195 MPa for neat
chitosan films. An improvement in tensile strength of about
53% was also seen, compared to 39% for native chitosan films.
A tentative explanation can be the slight rigidity of the
phosphazene ring and its probable role as a cross-linker for
individual fibers but also for its possible interfacial interaction
with functional groups in the biopolymer. Whichever filler was
used, a substantial decrease in the elongation at break was
noticed for all these materials, in consistency with entangle-
ment of the filler in the biopolymer network. The
entanglement of cellulose as the hard phase affects the
flexibility and plasticity of the network and leads to substantial
local stress concentrations in the polymer matrix, which reduce
the elongation at the break value of the resulting nano-
composite films.*’ Notably, the use of cellulose as reinforcing
particles allowed comparable mechanical properties to be
obtained, using the same loading of the graphene oxide filler (3
wt %).* Indeed, CS-GO-f has a tensile modulus of 1800 MPa,
whereas the one for CS@PN-CNC-f was equal to 1649 MPa.
Comparable tensile strengths of 60 and 53 MPa were also
obtained for CS-GO-f and CS@PN-CNC-f, respectively. A
comparable decrease in their elongation at break was also
noticed (20% for both CS-GO-f and CS@PN-CNC-f).**

Biological Activity of Chitosan-Modified Cellulose
Films. We next made an assessment of the biological activity
of these films, formulating the following questions: (i) does the
filler size (micro vs nano) matter in the biological activity of
the films? and (ii) does surface modification imparts
interesting biological activity? Comparative experiments can
provide key learning to build more efficient, multifunctional
nanocomposites.

We discovered that the introduction of a tiny amount of
cellulose in the chitosan backbone imparts cellulose-filled
chitosan films with high antimicrobial activity compared to the
native chitosan film alone (Figure S). Indeed, CS@MCC-f
inhibits both S. aureus and E. coli compared to CS@CNC-f.
Unexpectedly, a small biological response was observed for
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Figure 5. Antibacterial activity of the resulting nanocomposite films.
Inhibition (%) of S. aureus (black) and E. coli (red) after 24 h
incubation. Each bar represents the average and SD taken from n > 3
wells from three independent experiments. Comparison was made
using one-way analysis of the Student t-test. *p < 0.05 vs control

group.

CS@CNC-f, not exceeding 10% inhibition for S. aureus,
highlighting the limitation of downsizing cellulose to the
nanoscale, when biological activity is required. This finding
parallels the abundance of report in the literature regarding
decorating CNC with silver, zinc, titanium dioxide, and other
antimicrobial nanoparticles for the preparation of biologically
responsive materials.”

Total inhibition was even reached with CS@P-MCC-f and
CS@P-CNC-f in which phosphorylated micro- and nano-
cellulose have been used as fillers. The inhibition can be
attributed to the association of cellulose and phosphorus
incorporation in chitosan films. The outstanding inhibitory
effect reached without using known antibacterial agents (silver
or other metal nanoparticles, oxides, and graphene deriva-
tives)4l’46’83 is of utmost importance as the introduction of any
exogenous object might add cost and, more importantly, it
might interfere with the full sustainability of cellulose-filled
chitosan films. Moreover, such films are likely to be readily
biodegradable.

Our attention was then given to other biological activity
including hemolysis, hemoglobin adsorption, catalase intra-
cellular activity, and methemoglobin (Figure 6a—d). Determi-
nation of the hemolytic properties of cellulose-filled chitosan
nanocomposites is an important aspect of the present work,
considering that these materials are intended to use as
additives in food films and in food-packaging technology.
The as-prepared bioplastics are expected to have a direct
contact with humans, for example, in the wounds, creating a
potential source of hemolytic damage or can be digested by
animals after disposal in the environment as microplastics.
Therefore, it is important to investigate the harmlessness of
these new plastics toward the erythrocyte membrane. The in
vitro tests performed are the basis for further in vivo analyses
and risk assessment resulting from the use of cellulose-filled
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Figure 6. Hemolysis of erythrocytes after incubation with cellulose-filled chitosan materials (a); hemoglobin adsorption on the surface of cellulose-
filled chitosan films (b); hemoglobin oxidation (c); and catalase activity (d) after incubation with cellulose-filled chitosan films. In (d), for control
(red blood cells without films), catalase activity has been taken as 100% and the values for samples in the presence of films are presented as a
percentage of this control. All changes are statistically significant compared to the control (n = 6, p < 0.05).

chitosan films. Human erythrocyte hemolysis was determined
by measuring the hemoglobin content in the supernatant after
incubation for 1, 3, and 24 h with cellulose-chitosan
nanocomposites (Figure 6a). All the cellulose-chitosan films
induced hemolysis, although it did not exceed 6—8% after
incubation for 1 and 3 h, with no statistically significant
differences between the nanocomposites. After 24 h, the
percentage of hemolysis increased to 10—16%, the biggest
increase (16.3%) being recorded for CS@MCC-f.

We also investigated the possibility of hemoglobin
adsorption on the surface of cellulose-filled chitosan films to
confirm or rule out the occurrence of significant hemolysis
(Figure 6b). Incubation of all films with hemolysate for 3 h led
to a slight adsorption of hemoglobin on the surface. After 24 h
of incubation, a significant increase in the adsorption of
hemoglobin was observed, reaching 19—36%. Native cellulose
fillers induce a diverging pattern depending on their size as the
lowest percentage of adsorption was recorded for CS@MCC-f,

whereas the highest was recorded for CS@CNC-f. The results
suggest that hemoglobin released from erythrocytes is attached
to cellulose-chitosan materials by 24 h, which decreases the
content of hemoglobin in the solution, and was misread as a
lack of any increase in hemolysis by this time.

To sum up, hemoglobin adsorption seems to be easier with
CS@CNC-f and CS@-f, both displaying lower wettability. This
result agrees with our previous results dealing with hemoglobin
adsorption using chitosan-functionalized graphene nanocom-
posite films** and fatty acid-modified silica materials.**
Increased hemolysis was also observed for CS@CNC-f and
CS@MCC-f with respect to native chitosan. In contrast, the
role of surface phosphorylation seems to be contradictory in
comparing conjointly the behavior of CS@MCC-f and CS@P-
MCC-f on the one hand and of CS@CNC-f and CS@P-CNC-f
on the other hand. Indeed, while hemolysis was reduced after
phosphorylation of microsized cellulose, an increase in
hemolysis was observed using P-CNC as a filler compared to
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native CNC. Several factors alone or in combination could
explain these results, including the presence of a glucose-like
surface in cellulose fillers that may influence red blood cells.
Plausible scenarios are a decrease in the ionic strength of the
external solution leading to membrane expansion and the
formation of small pores that then causes a release of
hemoglobin.** Also, the possible adsorption of some proteins
of the erythrocytes on the surface of cellulose-filled-chitosan
films could significantly change the lifetime of erythrocytes.*®
Finally, high glucose concentration generates free radicals in an
auto-oxidation process of glucose, resulting in an increase in
cell lipid peroxidation and membrane damage,”’ =™ but further
studies are needed before a valid explanation can be reached.
As an important antioxidant enzyme to defend organisms
against excessive reactive oxygen species (ROS), CAT is
essential; variation in its activity reflects to some extent the
oxidation—reduction equilibrium in cells. After 3 h of
incubation with cellulose-chitosan nanocomposites, erythro-
cyte catalase activity decreased significantly compared to the
control (Figure 6d). The lowest values (~40%) were noticed
for CS@P-MCC-f and CS@PN-MCC-f and slightly higher
(~50%) for CS@MCC-f. After 24 h of incubation, catalase
activity increased compared to the 3 h of incubation, but only
the native form of CS@-f was increased compared to the
control. These findings suggest that cellulose incorporation
reduces catalase activity, leading to oxidative imbalance. The
mechanism of action of cellulose-chitosan nanocomposites on
catalase activity is not clear, and depletion of NADPH
necessary for maintaining enzyme activity is among the factors
thought to decrease the catalase activity in erythrocytes.”
We also tested the influence of cellulose-chitosan nano-
composite films on oxidation of hemoglobin in erythrocytes
because a decreased catalase activity correlates with an
increased methemoglobin (met-Hb) level in RBCs.*””! Our
cellulose-filled chitosan films led to oxidation of hemoglobin
after 3 h of incubation with the erythrocytes, except CS@PN-
CNC-f. For the control, a marginal percentage of methemo-
globin (1.8%) was noticed after 3 h of incubation, increasing to
4% after 24 h of incubation (Figure 6c). The highest
methemoglobin content (6.4%) was after 3 h of incubation
in the sample treated with CS@P-MCC-f. After 24 h,
statistically significant changes in the percentage of met-Hb
content were observed, with the highest content for CS@PN-
MCC-f (15.8%) and CS@PN-CNC-f (15.5%) and the lowest
value for CS@CNC-f (~9.6%). These results are similar to
those previously obtained using graphene-filled chitosan
nanocomposites, with which we had also observed a reduction
in catalase activity and an increase in the level of metHb.*

B CONCLUSIONS

Massive exploration of renewable resources as a sustainable
alternative in nanocomposites is suspected to resolve the
thorny issue surrounding currently used plastics. Herein, we
rationally designed fully sustainable films by merging the two
most abundant biobased building blocks, namely, chitosan
derived from marine waste and disassembled microsized and
nanosized phosphorylated cellulose. Phosphorus incorporation
in cellulose fillers was dictated by the notorious biological
properties and flame retardancy of phosphorylated materials.
We have indeed succeeded in devising films with slightly
improved thermal and mechanical performance as well as
tunable interfacial properties. The noticeable change in
thermal properties (high char residue) can be rooted in the
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flame retardancy of phosphorus derivatives that extinguish the
heat/fire, preventing its propagation, which later causes
massive carbonization. Increase in the mechanical properties
of cellulose-filled chitosan films, especially those reinforced
with nanosized cellulose, can be attributed to the addition of a
hard phase (CNCs) into a softer chitosan matrix, which
absorbs part of the external stress (a high Young’s modulus),
whereas particle—particle and particle—polymer friction
provides a way of dissipating stress. Biological activity also
seems to be partially dependent on the nature of the functional
reagent and the size of the filler. Interestingly, mechanical and
biological properties attained herein are comparable to perhaps
better than those recently reported using graphene oxide as
nano-reinforcing particles.42 Besides, the presence of cellulose
nanocrystals in polymer nanocomposites is expected to lead a
more tortuous path to permeation of water and gas molecules
for improving the barrier properties.”” "* Moreover, the
addition of CNCs promotes the biodegradability of the
whole nanocomposite films, which is of pivotal interest in
the realm of bioplastics.”””® These two points warrant further
investigation to gain additional knowledge on these promising
bioplastics. Considering the abundance of cellulose, its cost-
effectiveness, and trivial surface functionalization and keeping
in mind the tedious steps necessary for graphite oxidation,
surface modification, and filler dispersion, cellulose could stand
as a better chance of promoting the next generation of
mechanically sustained and biologically-active bioplastics. To
sum up, we have herein shown that holistic properties can be
simultaneously tailored in the final nanomaterial through
cellulose filler phosphorylation, which is suspected to broaden
the range of modified cellulose fillers and fully sustainable
bio(nano)composites.
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Abstract: Marine polysaccharides are believed to be promising wound-dressing nanomaterials be-
cause of their biocompatibility, antibacterial and hemostatic activity, and ability to easily shape into
transparent films, hydrogels, and porous foams that can provide a moist micro-environment and ad-
sorb exudates. Current efforts are firmly focused on the preparation of novel polysaccharide-derived
nanomaterials functionalized with chemical objects to meet the mechanical and biological require-
ments of ideal wound healing systems. In this contribution, we investigated the characteristics of six
different cellulose-filled chitosan transparent films as potential factors that could help to accelerate
wound healing. Both microcrystalline and nano-sized cellulose, as well as native and phosphorylated
cellulose, were used as fillers to simultaneously elucidate the roles of size and functionalization. The
assessment of their influences on hemostatic properties indicated that the tested nanocomposites
shorten clotting times by affecting both the extrinsic and intrinsic pathways of the blood coagulation
system. We also showed that all biocomposites have antioxidant capacity. Moreover, the cytotoxicity
and genotoxicity of the materials against two cell lines, human B]J fibroblasts and human KERTr
keratinocytes, was investigated. The nature of the cellulose used as a filler was found to influence
their cytotoxicity at a relatively low level. Potential mechanisms of cytotoxicity were also investigated;
only one (phosphorylated microcellulose-filled chitosan films) of the compounds tested produced
reactive oxygen species (ROS) to a small extent, and some films reduced the level of ROS, probably
due to their antioxidant properties. The transmembrane mitochondrial potential was very slightly
lowered. These biocompatible films showed no genotoxicity, and very importantly for wound healing,
most of them significantly accelerated migration of both fibroblasts and keratinocytes.

Keywords: chitosan; cellulose; phosphorylated cellulose; bio-composites; wound-healing

1. Introduction

The skin, the largest organ of the human body, has many important functions. First,
it creates a barrier against the penetration of pathogens as well as chemical and physical
factors. It is also involved in regulating body temperature, perceives external stimuli,
protects against water loss, affects the hormonal balance, and contributes to the immune
system [1-3]. Due to the complexity and importance of these functions for the organism,
the organ must function properly and, especially, must ensure its full continuity. Therefore,
many mechanisms have evolved to ensure effective healing of wounds and skin defects.
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Proper wound healing protects organisms against pathogens that can cause local and
systemic infections, including sepsis [4,5].

One of the problems in modern medicine is the process of healing chronic wounds.
Each year, millions of people worldwide experience both acute and chronic skin injuries,
and ~37 million people suffer from chronic wounds [6]. Chronic wounds most often affect
the elderly. The rate of their occurrence is constantly increasing due to the aging of society
and the ages of patients [7,8]. “Non-healing” wounds most often concern patients suffering
from peripheral arteriosclerosis, diabetic foot, and people immobilized with bedsores [9].

Wound healing is a very complicated process due to the involvement of many factors
and the complexity of the associated mechanisms. The repair process depends on many
types of cells and factors, including fibroblasts, growth factors, cytokines and elements
of the extracellular matrix [10]. During healing, complex reactions of chemically and
biologically active substances take place as well as physical phenomena expressed by an
increase in tensile strength and changes in skin elasticity.

Healing mechanisms can be divided into three main phases: debridement (hemostasis),
cell proliferation (migration), and restoration (protein generation and wound contraction
with scar formation) [11]. Damage to the skin is associated with the rupture of blood vessels
and bleeding, which are inseparable features of a wound. Hemostasis and inflammation
then occur.

Hemostasis, its main goal being to create a lamellar plug that protects the wound
against external factors and stops bleeding, begins immediately after injury. At the same
time, monocytes, neutrophils, and mast cells diffuse into the plug-forming site. The hemo-
static response, including the activation of blood platelets, triggers the plasma coagulation
cascade and generation of the thrombin enzyme, which are important elements that stim-
ulate tissue remodeling and wound healing [12]. The clot is a temporary structure that
allows the migration of biomolecules and is the basis of wound healing factors [5]. One
of main cellular factors involved in the healing mechanism is platelet-derived growth
factor (PDGF) in the blood. The essence of its presence is the activation of fibroblasts
and macrophages, triggering a further stage of the tissue repair process by creating the
extracellular matrix (ECM) [13,14].

The next stage is cell proliferation and reconstruction of connective tissue containing
collagen fibers. Macrophages determine the transition from the purification phase to the
multiplication phase.

Proliferation leads to the formation of a base called granulation tissue, on which
new epidermis is reconstructed. Within two weeks of injury, mast cells become active,
stimulating the rapid multiplication of keratinocytes and fibroblasts. The substrate for
this reconstruction of the epidermis consists of a network of collagen fibers, glycoprotein
contained in the extracellular matrix (fibronectin), and hyaluronic acid. An integral process
in the proliferation phase is angiogenesis [15,16]. In the final stage of wound healing,
the extracellular matrix is restructured, and type I collagen is produced. The wound is
completely closed with the participation of contractile myofibroblasts [2].

Current therapeutic strategies are insufficiently effective, making it necessary to focus
on new therapeutic approaches and develop technologies for treating both persistent
short- and long-term wounds. In this framework, the inherent properties of natural
polysaccharides seem to be attractive; their use has already stimulated extensive research
to find improved devices [17-22].

Chitosan extracted from crustaceans is one of the most interesting polysaccharides,
owing to the abundance of its source, the presence of nitrogen in the skeletal structures,
and is ease of shaping into hydrogels, porous beads, and transparent films [23,24]. Its
potential drawback lies in its poor mechanical properties, which can be circumvented
by adding a tiny amount of nanometric filler (e.g., graphene oxide, ceramic metal oxide,
clay, calcium carbonate, metals, and hard carbon) [25-28]. We previously investigated the
entrapment and growth of different objects inside chitosan films to access highly reactive
bioplastics [29-32]. With the aim of avoiding any undesirable or side effects that might
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emanate from the filler nature, we further explored the use of naturally abundant and
biodegradable micro- and nanocellulose as fillers, allowing access to fully compatible
cellulose-filled chitosan nanocomposites [33]. Interestingly, phosphorylated cellulose fillers
also enhance the antibacterial activity of chitosan films, making these materials active
without the entrapment of silver nanoparticles, zinc oxide clusters, or any other costly
synthetic metals. Additionally, these films are transparent, which is very convenient when
used as wound dressings to directly observe the wound and accurately monitor its healing.
Herein, we investigated the use of phosphorylated and native cellulose-filled chitosan
biocomposites as potential materials to accelerate wound healing. These biomaterials were
tested for their hemostatic properties, cytotoxicity against two cell lines (fibroblasts and
keratinocytes), antioxidant properties, and influence on cell migration.

2. Results and Discussion

For our study, we selected seven chitosan-based films (Figure 1). One of them, denoted
as CS, was built by casting a colloidal solution of chitosan; it served as a benchmark. We
also added 3 wt% microcrystalline cellulose (MCC) and nanosized cellulose (CNC) to the
starting chitosan cellulose to create CS@MCC and CS@CNC, respectively. Herein, any
comparison should reflect the pivotal role played by the size of the filler and could highlight
interest in downsizing cellulose to the nanoscale. We also modified both MCC and CNC
with POCI; to produce P-MCC and P-CNC and used cyclo- triphosphazene ring to access
PN-MCC and PN-CNC [34]. These phosphorylated celluloses were also used as fillers to
build novel cellulose-filled chitosan films. Any discrepancy in material performance could
be attributed to filler functionalization. Detailed characterization of these materials has
already been described in [33,34].
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Figure 1. Multistep preparation of cellulose-filled chitosan films. (A) the chemical structure of chitosan used to generate
flexible and transparent films; (B) the structure of the two cellulose fillers used to reinforce chitosan, namely microcrystalline
cellulose (MCC) with tactoids and isolated tiny crystals of nanocellulose (CNC); (C) the use of two different phosphorylated
reagents (POCl3 or N3P3Clg) affords two kinds of phosphorylated cellulose (P-MCC/P-CNC and PN-MCC/PN-CNC);
(D) mixing of chitosan and cellulose derivative followed by the introduction of the resulting solution in a petri dish
and further evaporation of the solvent; (E) digital photos of the resulting cellulose-filled chitosan films, illustrating their
transparency.
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2.1. Hemostatic Properties

The first stage was done to evaluate the influence of cellulose biocomposites on the
activation of the extrinsic and the intrinsic pathways of the blood plasma coagulation
system. The effects of the biocomposites were determined based on well-known diagnostic
biomarkers, i.e., blood clotting times. Prothrombin (PT), thrombin (TT), and the activated
partial thromboplastin time (aPTT) were determined after 15 min of incubation with the
tested films. Figure 2 shows that all of these coagulometric parameters were shortened
compared with control blood plasma, which indicated that the composites accelerated
blood coagulation.
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Figure 2. PT (A), TT (B), and aPTT (C) blood clotting times of control human blood plasma incubated with chitosan-cellulose
biocomposites. n =10, * p < 0.05.

Data on prothrombin times after incubation with cellulose films are provided in
Figure 2A. The control plasma samples (i.e., blood plasma untreated with biocomposites)
coagulated after 15.3 & 1.4s. All biocomposites reduced the time similarly to 14-13 s.
Figure 2B shows thrombin times. For the control sample, the time was 17.7 & 2.2 s. Incu-
bation with biocomposites reduced this by ~4 s. The most efficient procoagulant activity
in the TT measurements occurred in samples incubated with CS@P-MCC-f. Another time
measured was the aPTT, which indicated the activity of the intrinsic coagulation pathway.
The control took 54.6 £ 5.5 s, and the incubation of plasma with biocomposites significantly
shortened the clot formation time (Figure 2C). The highest level of clotting activity occurred
with the CS@PN-CNC-f composite, for which the aPTT time was 35.6 + 4.5 s. Similar
results were found by Li et al. [35] who tested the influence of collagen with oxidized
microcrystalline cellulose on hemostatic properties. aPTT and TT of sponge collagens with
0.25% cellulose (M2) had the lowest levels among the materials tested, being significantly
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reduced compared to the normal saline group. The results show that a cellulose supplement
can shorten the aPTT time and activate blood plasma clotting factors (VIIL IX and XI and
XII), which corresponds to M2 promoting factor XII activation. The data also imply that M2
has a direct impact on the intrinsic coagulation pathway but not on the extrinsic pathway.
A reduction in TT indicated that the conversion of plasma fibrinogen into a fibrin clot in
the samples of the M2 group was significantly increased compared with the control group.
In summary, the addition of cellulose to the tested material could be directly involved in
stimulating the intrinsic coagulation pathway, thereby accelerating blood plasma clotting.

Cheng et al. [36] studied the hemostatic mechanism for oxidized microcrystalline cellu-
lose and its composites. They showed that ORC (Oxidized Regenerated Cellulose), OMCC
(Oxidized Microcrystalline Cellulose), and the hemostatic composite affected the activation
of coagulation factors VIII, IX, XI, XII but did not affect factors Il and VII, suggesting that
only the intrinsic blood coagulation pathway was activated. This activity can significantly
accelerate the activation of blood coagulation factor XII and promote the generation of
thrombin [37]. In the presence of thrombin, soluble fibrinogen polymerizes and turns
into a fibrin clot. The formation of a fibrin network on the surface of the damaged blood
vessel wall is crucial for filling the injury, stopping bleeding, and modulating the activity
of the coagulation and fibrinolytic proteins as well as stimulating wound healing [38]. As
in the case of the tested cellulosic biomaterials, this investigation focused on a sponge
based on large, mesoporous silica nanoparticles (MSN) and N-alkylated chitosan (AC) [39].
aPTT was significantly shortened by MSN, MSN-GACS (mesoporous silica nanoparticles
with a glycerol-modified N-alkylated chitosan sponge), and kaolin, whereas AC had no
influence on aPTT. In addition, the PT of all of these agents was unchanged, indicating
that MSN-GACS does not significantly affect the extrinsic coagulation pathway. SiO, and
kaolin can induce activation of the intrinsic coagulation pathway by activating plasma
coagulation factor XII. Therefore, the results suggest that the MSNs in MSN-GACS, rather
than AC, freely contact the blood components and activate the intrinsic pathway. The
coagulation potential of AC could depend on its positive charge, which can be adsorbed
on the cytomembranes of blood cells and by some proteins [40].

2.2. Measurement of the Total Antioxidant Capacity

The antioxidant capacity of chitosan-cellulose biocomposites was analyzed on the
basis of ABTS’s radical scavenging capacity, as shown in Figure 3 [41,42].
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Figure 3. Antioxidant properties of chitosan-cellulose biomaterials after 15 min of incubation,
expressed as a percentage of inhibition, n = 6, * p < 0.05.
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All nanocomposites tested were found to have antioxidant properties after 15 min of
incubation. The nanocomposite with the highest ABTS radical scavenging capacity was
the best antioxidant. In the case of the films, free radicals were most effectively removed by
the chitosan film, where the scavenging capacity was 83.5%. Nanocomposites containing
cellulose in their structure also show antioxidant activity; however, the radical scavenging
values were lower compared with CS-f. Nanocomposites reinforced with phosphorylated
micro- and nanocellulose (CS@P-MCC-f and CS@PN-MCC-f) were found to have similar
antioxidant properties to the nanocomposite without modification, CS@MCC-f. The re-
sults are consistent with those presented in other reports, suggesting that cellulose has
antioxidant properties [43]. Materials containing nanocellulose have greater antioxidant
capacity than those containing microcrystalline cellulose. The highest value for CS@PN-
CNC-f was 46%. These results suggest that adding cellulose to chitosan may partially
reduce its antioxidant properties. Others have tested the antioxidant properties of different
cellulose-containing composites. Zhang et al. [44] showed that cellulose nanocrystals (CNC)
and cellulose nanofiber (CNF) are excellent controlled release agents and stabilizers that
significantly increase the antioxidant and antibacterial properties of edible food-packaging
films. Others have also shown antioxidant properties of composites containing cellulose;
however, they were often increased by adding other substances, e.g., Rosemary and Aloe
Vera essential oils, which contain polyphenols [45] or melanin nanoparticles [46].

2.3. Cell Viability

The cytotoxicity of cellulose-filled-chitosan biocomposites was assessed by cell via-
bility studies using BJ and KERTr cell lines after 24 h of incubation with biocomposites.
Cell viability was assessed with the MTT assay. The percentages of viable cells are given
relative to control cells incubated without biomaterials (the control being taken as 100%) in
Figure 4. All of our tested composites, except for CS-f, showed statistically significantly
decreased viability for both cell lines. However, the viability of the cells was not <70%.
The decrease in viability depended on the composition of composites and the type of
cells. Keratinocytes were more sensitive than fibroblasts (Figure 4). The biggest decrease
in KERTr viability was found with the three microcrystalline cellulose composites. For
CS@MCC-f, CS@P-MCC-f and CS@PN-MCC-{, the viabilities ranged from 70 to 72%. The
least toxic were the CS@CNC-f and CS-f composites, which reduced viability by ~15%. For
fibroblasts, the most toxic film (CS@P-CNC-f) decreased viability to ~76%. In contrast, the
viability of BJ treated with CS-f remained at the control level (Figure 4A).
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Figure 4. Viability of B] (A) and KERTr (B) treated with chitosan-cellulose biocomposites for a 24 h incubation period, n = 6.

*p <0.05.

There is information on the cytotoxicity of biomaterials containing nanocellulose. Bio-
nanocomposites that do not decrease viability below 80% can be considered noncytotoxic.
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Poonguzhali et al. [47] assessed the effect of chitosan-PVP-nanocellulose composites on
fibroblasts (NIH-3T3). All of the composites decreased in viability to 40-70% after 24 h
of incubation and to 60-80% after 3 and 5 days. An increase in viability proved the good
compatibility of the composites, because after 3 and 5 days, the cells began to proliferate.
Naseri et al. [48] used porous nanocomposite electrospun mats based on chitosan-cellulose
nanocrystals for wound healing. The in vitro cytocompatibility of cellulose nanocrystals
and electrospun mats (MCNCyyc) and XMCNCyyc;) was measured in a direct contact sys-
tem using adipose-derived stem cells (ASC) and the 1929 cell line. The biomaterials were
stained with MTT. Cells in contact with all of their materials had similar morphologies to
the negative (non-cytotoxic) control. There was no zone of cell growth inhibition; therefore,
the biomaterials were considered noncytotoxic. Some previous studies also showed no
cytotoxicity for nanocellulose and nanochitin [49-51].

In our study, the slight decrease in metabolic activity compared with the control was
probably unrelated to cell death; the decrease could have been related to decreased cell
proliferation. One possible explanation for the decreased proliferation may have been
increased mechanical stress caused by polysaccharides, which could have affected the
proliferative capacity of other cell types in 3D matrices [52]. A bigger reduction in metabolic
activity by keratinocytes may indicate that these types of cells are more sensitive than
fibroblasts, consistent with the findings of Burd et al. [53]. Similar results were shown by
Coli¢ et al. [54]. CNF (cellulose nanofibrils) material was noncytotoxic to keratinocytes.
The cells retained the same morphology as the control cells, indicating the suitability of
CNF as a wound dressing material They also showed reduced metabolic activity and cell
proliferation but low cytotoxicity from CNEFE. Cellulose materials have previously been
shown to reduce cell proliferation without affecting the viability of keratinocytes [55].
CNF (50 pg/mL) did not affect fibroblasts or keratinocytes over a 24 h incubation period,
showing that the potential leakage of CNFs in a wound could be acceptable [56].

2.4. Generation of Reactive Oxygen Species

To check whether reactive oxygen species (ROS) reduce the viability or proliferative
capacities of B] and KERTr cells, their level was determined after 24 h of incubation with
our tested materials, the results being related to the control (100%). Only one of the tested
films (SC@P-MCC-f) significantly increased the level of ROS in BJ cells. The other tested
films did not significantly affect ROS in cells or might have reduce their concentration in
some cases (Figure 5). Regarding fibroblasts (Figure 5A), the most significant decrease in
ROS occurred in samples incubated with CS@P-CNC-f and CS@CNC-f.
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Figure 5. The content of reactive oxygen species in cells of B] (A) and KERTr (B) incubated for 24 h with chitosan-cellulose

biocomposites, n = 6. * p < 0.05.
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Similar results were obtained for modified cellulose nanofibrillation by Aimonen
et al. [57], who investigated whether wood-derived nanofibrillated cellulose (NFC) induces
intracellular ROS production. Only U-NFC (unmodified) induced a significant increase
in ROS formation compared to the negative control at 500 pug/mL after 24 h of exposure,
whereas C-NFC (carboxymethylated), H-NFC (hydroxypropyltrimethylammonium), P-
NFC (phosphorylated), and S-NFC (sulphoethylated) did not significantly increase the
level of ROS for any doses or exposure times.

2.5. Assessment of Mitochondrial Membrane Potential (A¥m)

Alterations to the mitochondrial membrane potential (A¥m) after incubation with
chitosan-cellulose biocomposites were monitored using a JC-1 fluorescent probe technique.
Experiments on our two cell lines, B] and KERTr, showed that unmodified chitosan film
(CS-f) slightly, but significantly, increased AYm, which suggests that the film does not
affect proapoptotic activity (Figure 6). On the other hand, chitosan-cellulose films did not
change AYm, or some of them just gave slightly lower potentials. For fibroblasts incubated
with CS@P-MCC-f, the lowest value was 90% of the control value, and for keratinocytes,
the biggest decrease was with the CS@CNC-f composite, AYm (88%).
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Figure 6. The transmembrane mitochondrial potential (A¥m) of BJ (A) and KERTr (B) incubated for 24 h with chitosan-
cellulose biocomposites, n = 6. * p < 0.05.

As suggested by others, biomaterials containing modified forms of cellulose may
lower the AYm by generating mitochondrial ROS [58-60]. Sunasee et al. [61] showed that
the cationic nanocrystalline cellulose (CNCs) derivative induces NLRP3 inflammasome-
dependent IL-13 secretion associated with mitochondrial ROS production. CNC-AEMA?2
(aminoethylmethacrylamide) was associated with the biggest loss in AYm, indicating a
decrease in the red/green ratio compared with untreated cells. Depolarization of the
mitochondrial membrane can directly impact ATP production by mitochondria. Therefore,
intracellular and extracellular levels of ATP were also measured. Both CNC-AEMAT1 and
CNC-AEMAZ2 decreased intracellular ATP in J774A1 (mouse macrophage) cells; however,
CNC-AEMA2 gave a more pronounced negative effect than CNC-AEMAL, as reflected by
a significant increase in the extracellular ATP content.

We found a relationship between the AYm and ROS results for CS@P-MCC-f. This
film gave the highest increase in ROS inside B]J cells and led to the largest decrease in
AY¥Ym, which explains the mechanism of cell membrane depolarization, as the production
of intracellular reactive oxygen species interferes with cellular ATP levels, thereby reducing
the mitochondrial potential [62,63].
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2.6. Migration of Fibroblasts and Keratinocytes

Another important aspect is the influence of chitosan-cellulose composites on the
migration process of B] and KERTr cells. The ability of keratinocytes and fibroblasts to
migrate to the wound environment from adjacent areas also determines the success of the
healing process. The level of cell migration was determined by the migration assay using
ThinCertTM (Figure 7). Among the biomaterials analyzed, CS@CNC-f and CS@MCC-f
most strongly increased fibroblast migration after 24 h of incubation. These composites
increased cell migration by one and a half times compared with untreated cells. Composite
CS@PN-CNC-f had the smallest influence on the migration of fibroblasts. In the case of
keratinocytes, migration was lower than with fibroblasts. The highest level of keratinocytes
migrated in samples treated with CS@MCC-f was similar to fibroblasts, but the value
was lower, ~126%. Interestingly, one of the CS@PN-CNC-f films delayed the migration
of keratinocytes compared with the control. It can be concluded that both the microcrys-
talline and nanocrystalline forms of cellulose have positive effects on migration; however,
modification with P- (phosphorylated) and PN- (cyclotriphosphazene) groups reduce the
migration effect. Wang et. al. [64] investigated whether bacterial cellulose (BC)/gelatin
membranes with electric field stimulation affect cell migration, thereby accelerating wound
healing. In particular, a 40% stretched BC/gelatin membrane promoted the adhesion,
orientation, and migration of NIH3T3 cells. The aligned BC/gelatin membrane synergisti-
cally directed the migration of NIH3T3 cells and significantly improved wound healing by
accelerating wound closure, increasing the granulation thickness, collagen deposition, and
angiogenesis. These findings suggest that a combination of 40% stretched BC/gelatin with
electric field stimulation may be a promising therapeutic strategy to guide cell migration
for improving wound healing.
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Figure 7. The migration of B] (A) and KERTr (B) cells incubated for 24 h with chitosan-cellulose biocomposites, n = 6,

*p < 0.05.

Research by Bacakova et al. [65] aimed to improve a clinically used carboxymethylcel-
lulose (Hcel® NaT) wound dressing by coating it with fibrin and pre-seeding it with skin
fibroblasts to create a cell carrier with the potential to deliver skin cells to a wound. This
novel cell-enriched dressing is expected to improve the healing capacity of deep wounds.
After degradation of the fibrin coating by cells, their cellulose scaffolds would become less
attractive than the wound bed for cell adhesion, and thus, spontaneous release and migra-
tion of cells from these scaffolds could be expected. The scaffolding could then be easily
removed, and thus scaffolds based on fibrin-modified cellulose can serve as cell carriers
for skin wounds. A similar phenomenon was seen with human keratinocytes grown on
poly-(2-hydroxyethyl methacrylate) plates used clinically to treat severe burns [66].
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2.7. Genotoxicity

For testing materials that may have potential use in medicine, it is important to check
their activities from different aspects, notably their genotoxicity. For this purpose, the
comet test was used, which gives an answer to whether composites induce single- or
double-stranded DNA breaks. Genotoxicity of materials may result from direct interactions
with DNA or from an indirect response induced by several factors, including surface stress,
through the direct influence of particles on DNA, the release of toxic ions from soluble
nanoparticles, or the generation of oxidative stress [67-69]. The percentage of DNA in the
tail is used to describe damage in the test specimens. The results shown in Figure 8A,B
concern the DNA content in the tails of fibroblasts and keratinocytes, respectively, after 24
h of incubation with chitosan-cellulose biocomposites. Negative controls were untreated
cells, and positive controls were cells treated with HyO,. All films significantly increased
the tail moment. The greatest tail moment was found for cells treated with CS@P-MCC-f.
CS@P-MCC-f also slightly increased the level of ROS, which might have caused oxidative
stress and led to DNA damage. However, these changes did not exceed 10%, so it can be
concluded that the tested films are non-genotoxic. Genotoxicity measurements of cellulose-
containing biocomposites were carried out by Coelho et al. [70], who checked the toxicity
of bacterial cellulose membranes functionalized with hydroxyapatite and the antibone
morphogenetic protein 2 (BC-HA) on a murine osteoblast line, MC3T3. The percentage of
DNA in the tail determined using the Comet Assay revealed that BC-HA is non-genotoxic
compared with its negative control (NC); the percentage of DNA in the tail was found
to be approximately 3%. They also tested the toxicity of therapeutic contact lenses based
on bacterial cellulose with coatings to provide transparency. The assessment showed
genotoxicity in only one case, but this was due to diclofenac sodium. None of the lenses
tested had a mutagenic effect [71]. Moreira et al. [72] also confirmed that cellulose is
nongenotoxic; they concluded from the comet test that cellulose nanofibers (NFs) do not
induce DNA strand breaks or crosslinks.
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Figure 8. The genotoxicity of BJ (A), KERTr (B) cells incubated for 24 h with chitosan-cellulose biocomposites, 1 = 6,

*p <0.05.

3. Materials and Methods
3.1. Materials

Cellulose-filled chitosan nanostructured films were prepared in accordance with
previously described procedures [33]. The commercially available reagents and solvents
phosphoryl chloride, hexachlorotricyclophosphazene, ethanol (99.8%), tetrahydrofuran
(97%), and acetic acid (98%) were purchased from Across and Sigma-Aldrich (St. Louis,
MO, USA). Chitosan (190-310 kDa) and 85% deacetylation degree were purchased from
Sigma-Aldrich (Hamburg, Germany). Phosphate-buffered saline (PBS) was purchased
from BioShop (Burlington, ON, Canada). Glutaraldehyde 25% and osmium tetroxide
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4% solution were purchased from Agar Scientific (Stansted, UK). Absolute ethanol was
purchased from EMSURE (Darmstadt, Germany). Microcrystalline cellulose (MCC, CAS
9004-34-6) synthesized from cotton linters was purchased from Sigma-Aldrich. Cotton wool
used for the synthesis of nanocellulose was purchased from Fisher Scientific (Hampton,
NH, USA). Ultrasonication involved a VWR ultrasonic cleaner (USC-THD: Power 9 VWR
International GmbH, Vienna, Austria).

The human fibroblast B] (CRL-2522) cell line and human keratinocyte CCD 1102
KERTr (CRL-2310) were purchased from American Type Culture Collection ATCC® (Man-
assas, VA, USA). Keratinocyte serum-free medium with added keratinocyte supplements,
including bovine pituitary extract (BPE), human recombinant epidermal growth factor
(EGF), fetal bovine serum (FBS), and Dulbecco’s modified Eagle’s medium (DMEM),
was purchased from Gibco, Thermo Fisher Scientific (Waltham, MA, USA). Blood from
healthy donors was obtained from the Regional Blood Donation and Blood Treatment
Center in Lodz, Poland. Dimethyl sulfoxide (DMSO) 3-(4,5-2-y1)-2-5-diphenyl tetrazolium
bromide (MTT), 5,6,6'-tetrachloro-1,1,3,3'-tetraethyl-imidacarbocyanine iodide (JC-1),
2,7-dichlorodihydrofluorescin diacetate (HDCFDA), 2,2"-azinobis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS), potassium persulfate (di-potassium perox-
disulfate), phosphate buffered saline (PBS) tablets, fetal bovine serum, and trypsin were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). Commercially available reagents
for the determination of clotting times (Dia-PT and DiaPTT) were purchased from Diagon
(Budapest, Hungary). The thrombin enzyme was provided by Biomed (Lublin, Poland).

Fresh human blood plasma for hemostatic assays derived from buffy coats (from
healthy volunteers) was purchased from the Regional Centre of Blood Donation and Blood
Treatment in Lodz (Poland).

The genotoxicity study used a fluorescent dye that strongly binds to DNA by DAPI
intercalation (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Membrane culture
inserts for 24-well plates, PET, and 8 pM pores to check cell migration were purchased
from Biokom (Janki, Poland).

All other chemicals used were of analytical grade, and solutions were prepared using
water purified by the Mili-Q system.

3.2. Measurements of Prothrombin Time (PT)

Activation of the extrinsic and intrinsic pathways of blood coagulation [73] was
determined using the Optic Coagulation Analyzer K-3002 (KSELMED, Grudziadz,
Poland) [74,75]. In measurements of the PT, human plasma (1.5 mL) was incubated with
cellulose films in the form of squares (0.5 x 0.5 cm) for 15 min at 37 °C and then sampled in
a 50 pL coagulometric cuvette with 50 uL thromboplastin (i.e., Dia-PT reagent; DIAGON,
Budapest, Hungary; a commercial preparation was dissolved in 2 mL deionized water) and
incubated for 1 min at 37 °C on a block heater. After incubation, the cuvette was transferred
to the analyzer, and 50 uL of 25 mM CaCl, was immediately added.

3.3. Measurements of the Thrombin Time (TT)

Human plasma (1.5 mL) was incubated with cellulose biomaterials in the form of
squares (0.5 x 0.5 cm) for 15 min, sampled into a 50 pL. measuring cuvette, and incubated
for 1 min at 37 °C on a block heater. The cuvette was transferred to the measuring holes
and 100 pL thrombin (Biomed, Lublin, Poland) was added (final concentration 1 U/mL).
The thrombin time (TT) was determined coagulometrically (Optic Coagulation Analyser
K-3002; KSELMED, Grudziadz, Poland).

3.4. Activated Partial Thromboplastin Time (aPTT)

Activation of the intrinsic blood coagulation pathway was determined using the
Dia-PTT reagent (i.e., cephalin preparation for activated partial thromboplastin time mea-
surements dissolved in 4 mL deionized water and incubated at 37 °C for 30 min). A
cuvette was placed in the coagulometer thermostat (Optic Coagulation Analyzer K-3002;
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KSELMED, Grudziadz, Poland) and 50 pL of plasma previously incubated for 15 min with
cellulose biocomposites was introduced to it. The dia-PTT reagent was added to the plasma
in the cuvette. The mix was incubated at 37 °C for 3 min. Then, 50 uL of 0.025 M CaCl,
was added to the cuvette prior to measurement. Following the addition of CaCl,, further
clotting factors were activated, leading to the formation of a blood plasma fibrin clot.

3.5. Measurement of the Total Antioxidant Capacity

A colored blue-green solution of the radical ABTS (ABTS*") is formed by the reaction
between ABTS and K;OgS;. ABTS and potassium persulfate were dissolved in distilled
water to final concentrations of 7 and 2.45 mM, respectively. These two solutions were
mixed and left to stand in a dark at room temperature for 16 h before use in order to
produce the ABTS radical (ABTS®"). The absorption spectrum of ABTS®** is characterized
by the presence of several maxima for the wavelengths 415, 645, 734, and 815 nm. Adding
an antioxidant to the solution reduces the concentration of the ABTS radical, discoloring the
solution [76]. The ABTS radical solution was diluted with distilled water to an absorbance
of 0.7-0.9 at 734 nm. Biocomposites were added to the diluted ABTS®** solution (1.5 mL)
and incubated for 15 min, and the absorbance was read using a spectrophotometer. The
percentage of reaction inhibition was calculated from the formula (1):

ABTS radical scavenging (%) = (1—A/Ag) x 100% 1

where:
Ap—represents the absorbance of the control (only ABTS) at 734 nm
A—represents the absorbance of the sample (ABTS + film) at 734 nm

3.6. Cell Culture

Cells were cultured using regular practices. Adherent BJ cells were grown in DMEM
growth medium, whereas the KERTr cells were grown in Keratinocyte-Serum Free medium
(Gibco). DMEM was supplemented by increased concentrations of vitamins and amino
acids, as well as pyruvate and glucose. DMEM was supplemented with 10% inactivated
FBS and an antibiotic (1% penicillin). Keratinocyte-Serum Free (Gibco) medium was
supplemented with Keratinocyte Supplements, including Bovine Pituitary Extract (BPE,
Gibco) and human recombinant epidermal growth factor (EGFE, Gibco). Both cultures were
carried out under standard conditions in a CO, incubator (37 °C, 95% air and 5% CO,, 100%
relative humidity). Cells of both lines were maintained in the logarithmic growth phase
by regular passage into new culture flasks after the cells had reached ~80% confluence.
Monolayers were washed sequentially with an isotonic saline solution (0.9%), and the
cell monolayers were trypsinized by adding 0.25% trypsin with EDTA and KERTr by
adding a 0.25% TrypLE solution (Gibco) in the appropriate volumes. Cells were incubated
for 3-5 min in a CO; incubator and checked under a microscope. After detachment,
DMEM culture medium was added to BJ and Keratinocyte-Serum Free was added to
KERTx, respectively. Cell viability was checked at each passage using Trypan blue, which
enters cells with damaged cell membranes, making them blue. A small amount of the cell
suspension (~10 uL) was mixed 1:1 with Trypan blue and applied to the plates. During
measurement, the total cell density and the amount of dead and living cells per 1 mL of
suspension were determined.

3.7. Cell Viability Assay (MTT Assay)

The cytotoxicity of chitosan-cellulose films was measured by the MTT assay, which is
based on cellular reduction of the soluble yellow dye 3-[4,5-tetrazolium salt) dimethylthia-
zo0l-2-yl]-2,5-diphenyltetrazolium bromide (MTT) by mitochondrial dehydrogenases to
water-insoluble purple formazan in living cells. Therefore, the amount of formazan crystals
is proportional to the number of living cells, because the dehydrogenases are inactive in
dead cells [77,78].
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The BJ cells were seeded in flat-bottomed 24-well plates at concentrations of 5 x 10* (BJ)
and 10° (KERTY) cells in 400 uL medium per well. After 24 h, they were treated with films
in the form of 0.5 x 0.5 cm squares, with the controls being untreated. The plates with
biocomposites were incubated for 24 h under culture conditions before the MTT test was
used. The medium was removed from the wells, and the cells were washed twice with PBS
(200 pL). MTT reagent (200 uL) was added to the wells and incubated for 3 h at 37 °C. MTT
was aspirated, and 400 uL. DMSO was added to each well. The absorbance at 570 nm was
measured spectrophotometrically (BioTek, Synergy HTX multi-mode reader, Winooski, VT,
USA). MTT tests were repeated in 6 separate experiments. The percentage of viability was
calculated using the formula (2):

% Viablility= Ag/Ac x 100% @)

where: A is the absorbance of the sample and A. is the absorbance of the samples control
(untreated cells).

3.8. Generation of Reactive Oxygen Species

H;DCFDA is a form of reduced fluorescein that freely penetrates cells, where it is
hydrolyzed to its non-fluorescent form, HyDCE, by intracellular esterases. Subsequently,
H,DCF is oxidized by ROS to 2/,7'-dichlorofluorescein (DCF). DCF is localized in the
cytoplasm and is strongly fluorescence, its intensity being proportional to the concentration
of ROS [79-81].

BJ cells were seeded in black 96-well plates at 1.25 x 10* per well and KERTr cells at
2.5 x 104 per well. After 24 h of incubation with the biocomposites, the medium was re-
moved, and the cells were washed with PBS before 50 uL 2 uM H,DCFDA was added. The
probe plate incubation time was 15 min. The solution was recovered, and 50 uL of PBS was
added per well. Samples were analyzed using a Fluoroscan Ascent FL microplate reader
(BioTek, Synergy HTX multi-mode reader) with an excitation wavelength of Aex = 495 and
emission wavelength of Aem, = 529.

3.9. Assessment of the Mitochondrial Membrane Potential (AY'm)

One of the parameters that proves mitochondrial dysfunction is a decrease in AYm.
The JC-1 probe (5,5-iodide,6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolycarbocyanine)
was used to determine AYm. The probe is a positively charged lipophilic fluorescent
marker. Normal cells with appropriate potentials ensure more efficient functioning of
metabolic pathways, providing the cell with more ATP, so AYm values range from —120
to —180 mV. In damaged cells, energy production in the form of ATP is decreased, and
membrane depolarization—a decrease in the potential—occurs. The primary location for
the probe is the mitochondrial matrix. JC-1 comes in monomer and dimer forms. The
dimeric form occurs when the mitochondrial membrane is polarized, with a high A¥m.
Red fluorescence is then emitted. In the case of the monomeric form, the value of AYm is
lower, and the characteristic fluorescence is green [82].

BJ cells were plated in black 96-well plates at 12.5 x 103/well and KERTr cells were
plated at 25 x 10°. After incubation for 24 h with biocomposites, the medium was removed.
After washing with PBS, 50 uL of JC-1 (1 pM) was added. The plate was incubated for
30 min in the dark, and the solution was removed from the wells. PBS (50 L) was added
to each well and measured. In the analysis, specialized filters were used to measure the
fluorescence of monomers (Aex = 485 nm, Aem = 538 nm) and dimers (Aex = 530 nm,
Aem =590 nm). From the measurement on a Fluoroscan Ascent FL microplate leader
(BioTek, Synergy HTX multi-mode reader), the fluorescence coefficient was calculated (3):

¥Ym = Fd/Fm 3)
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where ¥Ym is the transmembrane mitochondrial potential directly proportional to the
fluorescence coefficient, Fd is the fluorescence of dimers, and Fm is the fluorescence of
monomers.

3.10. Cell Migration

BJ and KERTr cells were starved overnight in serum-free medium with 0.2% bovine
serum albumin (BSA) [83,84]. Harvested BJ cells were washed twice in PBS and resus-
pended in serum-free DMEM medium with 0.2% BSA to obtain an appropriate final
concentration of 2.5 x 10° cells/mL, whereas KERTr cells were resuspended in growth-
factor-free medium to the same cell density. Twenty-four-well ThinCert™ cell culture
inserts with 8 uM pores and translucent PET membranes were placed in the wells of a
CELLSTAR® cell culture plate. Six hundred microliters of DMEM medium with 10% FBS
was added to each well of the BJ cell culture plate (lower compartment). For keratinocytes,
Keratinocyte-Serum Free medium with growth factors was added to the lower wells. Two
hundred microliters of BJ cell suspension with 450 pL of free-serum medium DMEM was
added to each cell culture insert, and the same volumes of KERTr and free-growth factor
medium Keratinocyte-Serum Free were used. The plate with inserts was incubated for 24 h
in an incubator at 37 °C and 5% CO in air. The culture medium was removed from the
ThinCert™ cell culture inserts, and the inserts were transferred to the wells of a freshly
prepared 24-well plate containing 500 pL of Trypsin-EDTA per well. This plate was incu-
bated for 10 min in a cell culture incubator at 37 °C and 5% CO, with sporadic agitation.
The inserts were discarded, and 200 pL of Trypsin-EDTA solution (now containing the
detached migratory cells) was transferred from each well into a new well of a flat-bottom
24-well plate. Finally, the viability of the migrating cells was determined using the MTT
test and measured spectrophotometrically at 570 nm.

3.11. Comet Assay

The alkaline version of the comet assay was carried out according to the procedure of
Singh et al. [85] with slight modifications described by Blasiak and Kowalik [86]. Briefly,
100 pL (50,000 cells) of cell suspension was mixed with 10 pL of 0.75% low melting-point
agarose (LMP) at 37 °C and spread on a normal agarose (NMP) pre-coated microscope
slide. The slides with cells were covered with a coverslip and subsequently placed on
an ice-cold surface to solidify for about 10 min. The coverslips were removed, and the
slides were placed in cold lysing solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 1% Triton
X-100, 10% DMSO, pH 10; the last two components were added freshly). Lysis took 1 h at
4 °Cin the dark. The slides were incubated in an electrophoretic buffer (300 mM NaOH,
1 mM EDTA, pH > 13) for 20 min to allow the unwinding of DNA before electrophoresis.
Electrophoresis was run in the same buffer at 0.73 V/cm (28 mA) for 20 min to allow
damaged DNA or fragments to migrate towards the anode. The slides were washed in
water, drained, stained with 2 pg/mL DAPI, and covered with coverslips. Microscopic
analysis was started after a minimum of 30 min. To prevent additional DNA damage,
the whole procedure was conducted under limited light or in the dark. The comets were
analyzed by an Eclipse fluorescence microscope (Nikon, Tokyo, Japan) attached to a COHU
4910 video camera (Cohu, Inc., San Diego, CA, USA) equipped with a UV-1 A filter block
and connected to a personal computer-based image analysis system Lucia-Comet v. 4.51
(Laboratory Imaging, Praha, Czech Republic). The tail moment, as a measure of DNA
damage in the graphic presentation, represents the mean of 50 images (comets) randomly
selected from each sample of 3 individual experiments.

3.12. Statistical Analysis

Data are presented as the mean £ SD from a minimum of 3 sets of measurements.
Statistical differences between the control and treatment groups were analyzed by one-way
ANOVA followed by Tukey’s analysis. p < 0.05 was taken as statistically significant.
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4. Conclusions

While the use of marine polysaccharides for wound healing has been intensely in-
vestigated, few reports have focused on deciphering the role of the filler used to reinforce
the polysaccharide matrix in accelerating or delaying wound healing. We have conse-
quently designed several nanocomposite films built from chitosan marine waste. The
common threat with these materials is the use of cellulose as a filler. The use of icrometric
versus nanometric cellulose and phosphorylated versus non-modified cellulose enabled
the preparation of seven films. Our investigation allowed a comparative performance
relationship based on the size of the filler and the functionalization type. Measurements
of the hemostatic, cytotoxic, and genotoxic properties of cellulose-filled-chitosan films
showed that these nanocomposites shorten the clotting times by affecting both the extrinsic
and intrinsic coagulation systems and have antioxidant properties. They only slightly
reduced the viability of human skin cells and were not genotoxic. In addition, most of
the tested nanocomposites significantly accelerated the migration of both fibroblasts and
keratinocytes, which is very important since increased skin cell migration promotes wound
healing and accelerates scarring. Associated with the previously demonstrated antibacte-
rial properties of phosphorylated cellulose-filled chitosan films, the results shown herein
suggest that these transparent, fully degradable, and biocompatible nanocomposite films
have the potential to be implemented in wound dressing devices.
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Abstract: Micrometer-thicker, biologically responsive nanocomposite films were prepared starting
from alginate-metal alkoxide colloidal solution followed by sol-gel chemistry and solvent removal
through evaporation-induced assembly. The disclosed approach is straightforward and highly
versatile, allowing the entrapment and growth of a set of glassy-like metal oxide within the network
of alginate and their shaping as crake-free transparent and flexible films. Immersing these films in
aqueous medium triggers alginate solubilization, and affords water-soluble metal oxides wrapped in
a biocompatible carbohydrate framework. Biological activity of the nano-composites films was also
studied including their hemolytic activity, methemoglobin, prothrombin, and thrombine time. The
effect of the films on fibroblasts and keratinocytes of human skin was also investigated with a special
emphasis on the role played by the incorporated metal oxide. This comparative study sheds light
on the crucial biological response of the ceramic phase embedded inside of the films, with titanium
dioxide being the most promising for wound healing purposes.

Keywords: alginate; metal oxide clusters; flexible films; hemolytic activity; prothrombin and
thrombine time; wound healing

1. Introduction

Polysaccharides are notoriously recognized as biocompatible and abundant building-
blocks, built from naturally-designed intriguing architecture units, with additional ad-
vantages of featuring functional groups for further modification [1,2]. Commonly, these
carbohydrates can be processed in water, under mild conditions, and can be configured in
different forms (fibers, films, microspheres, monoliths, fine powders) with possible textural
engineering of their secondary structures [3-5]. These features have triggered their use as
precursors for nanostructured hybrid materials [6,7].

Alginate extracted from brown algae is among the most interesting carbohydrates.
Its structure consists of alternated blocks of (1,4)-linked urinate residues of pyranose
rings featuring carboxylic pendant groups (Figure 1). Alginate is extensively used for the
entrapment of biologically active materials for diverse applications such as the controlled
release of drug or cosmetics, biological catalysis, food preservation and the transport of
enzymes for detergency [8,9]. Alginate also reacts with divalent and multivalent cations to
form the so-called ionotropic gels [10]. Alginate can be also distinguished by its outstanding
cell encapsulation virtues, compared to its polysaccharide congeners. In essence, the two
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inherent properties of alginate, namely (i) its ability to form a strong gelling network with
tunable strength, and (ii) its stabilizing effect toward metal clusters and nanoparticles, are
credited its use to host chemical objects [11,12]. Modified alginate consequently presents
enormous potential for further use as wound healing and tissue engineering materials.
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Figure 1. Stepwise preparation of the functional alginate-metal oxide [Alg@M-O-M),] films.
(a) chemical structure of alginate. (b) a plausible mechanism taking place during the sol-gel process
and the film formation. (c) digital photos.

Prompted by the possible involvement of its carboxylic acid to stabilize metal alkoxide
sol-gel species and the straightforward casting of its body as flexible films, we envisioned
that such an approach could led to the preparation of sol-gel modified alginate films. No-
tably, many nanosized metal oxide particles have been proven to be biologically active,
opening indeed a new channel of possibilities in nanomedicine [13,14]. We have conse-
quently investigated different sol-gel precursors to trigger the growth of titanium dioxide,
iron oxide, zinc oxide, germanium oxide, and vanadium oxide inside of alginate films.
These metal oxides were selected considering their precedents in sol-gel chemistry and the
available data concerning their biological activity. Their dissolution further provides an
entry to ultra-stable, water-dispersed metal oxide nanoparticles coated on a carbohydrate
framework. Biological activity of these films was undertaken to obtain insight into their
possible use for tissue engineering and wound healing applications.

2. Results and Discussion
2.1. Preparation and Characterisation of Alg@(M-O-M),, Films

The preparation of alginate-metal oxide Alg@(M-O-M),, films is a multistep procedure
starting from aqueous sodium alginate solution, to which an ethanol solution of metal
alkoxide was added dropwise (Figure 1).

After aging and stirring until homogenization, the mixture was poured into a Petri dish
and the removal of the solvent triggered sol-gel condensation and growth of the metal oxide
clusters and simultaneous densification of the network. The process leads to the formation
of micrometer thicker films that can be easily taken off from the initial mold, and handled
without precautions. As a result, flexible and transparent crack-free films are obtained as
illustrated in Figure 1c. Interestingly, the amount of the metal oxide can be tuned with
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respect to that of alginate and the resulting films were denoted as Alg@(M-O-M),-X:Y
(where Alg refers to alginate, (M-O-M), refers to the metaloxane network grown inside and
X:Y is the amount of alginate and metal oxide engaged. This amount is calculated based on
the number of carboxylic groups within the alginate, being 0.231 mmol-g~!. As it will be
commented later, when the structure of the metaloxane network could be unambiguously
established, the expected structure is directly mentioned [ex. GeO; rather that (Ge-O-Ge)y]
whereas the general formula of (M-O-M);, is used when only the amorphous network was
grown inside of the films. We have interestingly noticed that an impressive equimolar
amount (1:1) of COO™: M could be held within the matrix without disrupting the sol-gel
polymerization or the film quality despite the well-established stiffness of the metal oxide
phase. This result highlights the importance of the following in-situ synthesis, especially
for high metal oxide loading, compared to conventional physical mixing of the formed
metal oxide and polymeric alginate that do not provide high-quality films. Above this ratio,
the excess of metal oxide with respect to alginate provides less regular films with significant
cracking, meaning that there is a limit for the amount of metal oxide to be entrapped while
keeping the film quality and transparency.

Observation with the naked eye provides evidence for the incorporation of the metal
oxide clusters inside as the film color corresponds to that of the native metal precursor
solution (dark green for vanadium oxide, transparent for zinc oxide, light yellow for
titanium dioxide and white for germanium oxide) (Figure 1c). The thickness of the films
ranges from 15 to 25 pm. EDX mapping was also used to confirm the presence of these
inorganic oxide species where the incorporated element was seen in the spectra (Figure S2b).
The infrared spectra of the films exhibited asymmetric stretching of the carboxylate groups
at 1592 cm ™!, characteristic of the alginate backbone. Additional typical bands at 1407 cm~?
and 1302 cm ™! were also observed, indicating the intactness of alginate during the self-
assembly and sol-gel polymerization. Besides, the fingerprint of the metal oxide was
also noticed at low regions, typical of an extended network of M-O-M based inorganic
materials. While those seen for V-O-V at 789 cm~! and for Ti-O-Ti at 1084 cm~! overlap
with those of alginate, the ones related to Fe-O-Fe (546 cm ') and Ge-O-Ge (862 cm™!) are
well distinguished, thereby providing clear evidence for the formation of M-O-M bridges
inside of the films (Figures 2 and S3).

[Alg@Ge0,-1:1

[Alg@(Ti-0-Ti),-1:1

Transmittance, a.u.
Transmittance (a.u.)

1592 cm™!

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber(cm™)

Alg@(Fe-O-Fe),-1:1 . 546 cmet w
i i 789 cm™*

Transmittance, a.u.
Transmittance, a.u.

1 -
1592 cm™" ikl
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Figure 2. FTIR spectra of Alg and the corresponding Alg@(M-O-M), nanocomposites.
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SEM analyses of Alg@(Ti-O-Ti)s-1:1 show a smooth surface with no visible clustering
or aggregation that may be assigned to uncontrolled growth of the metal oxide species.
In the case of Alg@ZnO-1:1, regular discrete nanoparticles are visible and in the case of
Alg@(Fe-O-Fe),-1:1 slightly bigger objects can be distinguished from the network, as a
result of the significant growth of the resulting metal oxide particles (Figures 3 and S2a).
However, the pattern is very typical of well-controlled nanoparticles rather that randomly
grown surfactant-free nanoparticles. Nice regular nano-squares are also observed in the
case of Alg@GeO,-1:1 where the squares are attributed to the formation of crystalline
germanium oxide. However, the flexibility of the film is also maintained as it is for other
materials, meaning that the growth of the crystalline phase has occurred intimately within
the alginate network, thereby excluding the phase separation (Figure 3).

Figure 3. SEM of Alg@(Ti-O-Ti)n-1:1, Alg@(V-O-V)n-1:1, Alg@(Fe-O-Fe)y-1:1, Alg@GeO,-1:1 and
Alg@ZnO-5:1 films.

X-ray diffraction (XRD) reveals that, depending on the metal precursor, amorphous or
crystalline phase could be formed inside (Figure S4). Indeed, no crystalline peaks could
be observed in the case of Alg@(Ti-O-Ti),-1:1, Alg@ZnO-5:1 and for Alg@ZnO(Cl)-5:1
meaning that only amorphous titanium dioxide and zinc oxide could be formed under
our conditions. Some crystalline peaks were observed in the case of Alg@(V-O-V),-1:1.
Well-resolved crystals are also noticed in the case of Alg@GeO;-1:1, that match perfectly
with a-quartz-like trigonal GeO, structure with P3221 hexagonal symmetry. The size
of the crystal is of 51 nm as estimated by Scherrer equation. In the case of Alg@(Fe-O-
Fe)n-1:1, XRD reveals the presence of one diffraction peak at 26 value of 13°. This single
crystal fits well with the crystalline structure of Fe3(CO);, with an average size of 9.73 nm.
These similarities suggest the formation of three iron clusters ligated by carboxylic groups
following the well-known egg-model and their confinement inside.

High thermal stability was noticed for alginate-metal oxides Alg@M-O-M), film
as compared to the native alginate film owing to the successful incorporation of metal
oxide within the film (Figure S5). A significant increase of T50 (50 wt% decomposition
temperature) was observed from 271 °C for alginate film to 495 °C for Alg@(Ti-O-Ti),-1:1,
with an impressive AT of 224 °C. Furthermore, up to 28 wt% of inorganic oxide residue
remained after complete degradation of the polysaccharide films at 900 °C.

We have next triggered disintegration of alginate-based hybrid films under aque-
ous conditions (Table S1b). Alg-(M-O-M),, could be dissolved easily in neutral solutions
compared to analogues chitosan-based films that necessitate gentle acidic solution [15].
Alg@GeO,-1:1, Alg@(Fe-O-Fe),-1:1 and Alg@(V-O-V),-1:1 dissolve instantaneously to give
a long term stable dispersed solution (Figure 4a—e). Visualization of these solutions by
transmission electron microscopy confirms the formation of discrete and small nanopar-
ticles (Figure 4 and Figure S6). The smallest size (nearly 5 nm) observed in the case of
Alg@(Fe-O-Fe),-1:1 and Alg@(Ti-O-Ti) »-1:1, which is the consequence of the structure-
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directing growth exerted by alginate, is consistent with the amorphous nature of the metal
oxide phase, as a substantial expansion is necessary to trigger crystallization. In the case
of germanium oxide, regular spherical particles of nearly 80 nm are observed upon dis-
solution, meaning that germanium oxide crystals are built from the association of these
elementary nanoparticles. More interestingly, these solutions maintain their colloidal sta-
bility for an extended time of two months, with no noticeable evolution or sedimentation.
This long-term stability contrasts with the high surface energy of metal oxide particles in
water, and could be explained by an intimate interplay of the metal oxide and the alginate
backbone where the latter ensure favorable interfacial interactions with the milieu while
preventing the coarsening of the metal oxide nanoparticles. A similar behavior was previ-
ously disclosed for water-dispersed Prussian blue nanoparticles prepared by dissolution of
porous polysaccharide-Prussian blue aerogels [16] and by dismantling of chitosan-mixed
metal oxide films [15]. To sum up, the prolonged stability of these colloidal solutions is due
to the presence of metal oxide nanoparticles (with a small size) and their strong interplay
through hydrogen-bonding with alginate.

Figure 4. Digital photos and TEM. (a) Alg. (b) Alg@(Ti-O-Ti)s-1:1, (c) Alg@(V-O-V),-1:1, (d) Alg@(Fe-
O-Fe)n-1:1, (e) Alg@GeO;-1:1 and their corresponding transmission electronic microscopy.

2.2. Hemolytic Activity and Hb Adsorption

Human erythrocytes hemolysis was determined by measuring the hemoglobin content
after incubation (1 and 3 h) with alginate nanocomposites (Figure 5a). We observed that all
alginate-metal oxide nanocomposites induced hemolysis. The degree of hemolysis depends
on the metal oxide entrapped inside and the incubation time. For 1-h incubation, the largest
hemolysis of 9% was caused by Alg@(V-O-V),-1:1 while the lowest value (2%) was for
Alg@GeO,-1:1. For the other films, the hemolysis ranged from 2.5 to 5% and increases
to around 3-11%. after 3 h of incubation. Again, the highest hemolysis was induced
by Alg@(V-O-V), film and the lowest hemolysis was observed for Alg@ZnO(Cl)-5:1 and
Alg@Zn0O-20:1. Notably, the percentage of hemolysis measured for Alg@ZnO(Cl)-5:1 and
Alg@(Ti-O-Ti),-1:1 was higher after 1 h of incubation than after 3 h of incubation.

The decrease in hemolysis after prolonged incubation gave grounds to check the ad-
sorption of hemoglobin on the surface of the films (Figure 5b). As in hemolysis, adsorption
of hemoglobin depended on the type of their modification. Adsorption ranges from 1.5% to
15% after 1 h of incubation and from 3% to 26% after 3 h. The lowest percentage of adsorp-
tion after 3 h of incubation was recorded for Alg@Zn0O-5:1 and Alg@GeO,-1:1 films, and
the highest for Alg@(V-O-V),-1:1. The results suggest that Hb released from erythrocytes
is adsorbed to alginate materials, which results in a decrease in the hemoglobin content
in the solution, which was regarded as no increase in hemolysis after 3 h of incubation. A
low hemolysis and adsorption of Hb after incubation with alginate alone film (Alg) and a
germanium oxide-containing film (Alg@GeO,-1:1) may suggest that these two films are
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the least hemotoxic. These results are in agreement with the previously reported literature.
The highest hemolysis was observed for Alg@(V-O-V),-1:1. Precedents have shown that
vanadium pentoxide induces 65% hemolysis of red blood cells [17] while other works
have suggested the involvement of vanadium species in producing lipid peroxidation in
the erythrocyte membrane, leading to hemolysis, with a possible interference with the
erythroid differentiation process [18]. A correlation between the degree of hemolysis and
the decrease in the reduction of peripheral erythrocytes after exposure to vanadium has
been also demonstrated [19]. For Alg@ZnO films, hemolysis was directly proportional to
the concentration of ZnO in the films, in agreement with the literature [20,21]. An opposite
trend was however observed for Alg@ZnO(Cl), which points to the role of the starting
precursor that contain chloride. However, adsorption of hemoglobin may interfere with
the determination of the level of hemolysis.
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Figure 5. (a) Hemolysis of erythrocytes incubated with alginate-metal oxide nanocomposite films
for 1 and 3 h. All changes are statistically significant compared with the control (n = 6, * p < 0.05).
(b) Hemoglobin adsorption by different alginate-metal oxide composites incubated for 1 and 3 h
(n=10,*p <0.05).
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2.3. Methemoglobin

We next turned our attention to measure the percentage of methemoglobin. In fact,
circulating hemoglobin is always at risk of being oxidized to methemoglobin, in which the
molecule retains its original tetrameric structure but can no longer carry oxygen.

We herein noticed that most alginate-metal oxide films cause oxidation of hemoglobin
after 1 h incubation with erythrocytes (Figure 6). The measured methemoglobin was only
2% for the control after 1 h of incubation and increases to 4% after 3 h. After 1 h incubation
with alginate films, the highest methemoglobin content (20%) was in the sample incubated
with Alg@(V-O-V),-1:1. Statistically significant changes in the percentage of met-Hb content
were observed for all alginate composites after 3 h incubation. A percentage of 7% was
measured for Alg@7ZnO-20:1 while a high amount of met-Hb was rather measured for
Alg@(Fe-O-Fe)n-1:1 (37%) and for Alg@(V-O-V)p-1:1 (42%). We indeed conclude that the
presence of iron oxide and vanadium oxide in alginate films contributes to the increase in
the level of metHb in erythrocytes in in vitro tests.
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Figure 6. Percentage of methemoglobin in erythrocytes incubated with alginate composites for 1 and
3 h. All changes are statistically significant compared with the control (n = 6, * p < 0.05).

2.4. Cytotoxicity (MTT)

In order to assess the cytotoxicity of the tested composites on fibroblasts and ker-
atinocytes of human skin, the MTT test was performed. Cytotoxicity of biocomposites
was assessed based on cell viability after 3 h of incubation (Figure 7). The percentage
of viable cells was calculated relative to controls (cells incubated without biocomposite)
whose viability was considered 100%. All the test nanocomposites decreased the viability
of BJ and KERTr cells, but unmodified alginate film can be considered non-toxic as cell
viability is above 80%. After incubation of cells with Alg, BJ cell viability was around 85%
and KERTr around 90%. The Alg@(Ti-O-Ti),, film also showed low toxicity in consistency
with the literature. Kecelil et al. [22] showed that titanium oxide did not cause a large
decrease in the viability of fibroblasts, the viability of fibroblasts incubated with TiO, was
comparable to the control. The most toxic composites to fibroblasts were Alg@(V-O-V),
and Alg@(Fe-O-Fe),, reducing the cells viability to ~20% (Figure 7a). For keratinocytes,
zinc-containing composites were the most toxic, with Alg@ZnO(Cl)-5:1 recording only 24%
viability and 27% for Alg@ZnO-10:1 (Figure 7b). The obtained results showed indeed that
the cytotoxicity of the films is caused by the presence of metal oxides and varies depending
on their type.
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Figure 7. Viability of BJ (a) and KERTr (b) cells treated with alginate composites for 3 h. All changes
are statistically significant compared with the control (n = 6. * p < 0.05).

These results are not surprising given the well-established toxicity of metal oxide
nanoparticles, which are mainly attributed to the adsorption of protein on their highly-
reactive surface. The adsorption capacity of metal oxide nanoparticles is an important
factor in the in-vitro cytotoxicity assessment for low toxicity materials [23-25]. Besides, it
has been also mentioned that some metal oxide nanoparticles act as a reservoir to release
soluble substances that possibly induce severe mitochondrial dysfunction and induction
of intracellular ROS [24]. Given that alginate-metal oxide films behave by themselves as
precursors for soluble nanoparticles, this could explain the reduced viability noticed with
these films.

2.5. ROS Generation

For the determination of the role of reactive oxygen species (ROS) in the cytotoxic
activity of alginate biocomposites, B] and KERTr cells were incubated with the tested
materials for 3 h. The results were referenced to a 100% control. Alginate films did not
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induce ROS, but alginate-metal oxide films slightly induced oxidative stress, leading to
an increase in the number of intracellular reactive oxygen species (Figure 8). The level
of ROS was the highest for both cell lines for Alg@(V-O-V)n-1:1 and was about 110% for
BJ and 135% for KERTr. For composites Alg@ZnO-5:1, Alg@ZnO (Cl)-5:1 and Alg@(Ti-O-
Ti)n-1:1 ROS level in fibroblasts was in the range of 105-107%, while Alg@(Fe-O-Fe),-1:1,
Alg@ZnO(C1)-20:1, Alg@ZnO(Cl)-10:1 did not generate ROS. Their level was lower or the
same as in the control. However, the level of reactive oxygen species in keratinocytes after
incubation with the modified films was in the range of 105-135%. Only Alg@(Ti-O-Ti),-1:1
did not contribute to the increase in ROS levels.
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Figure 8. Percent of reactive oxygen species in BJ (a) and KERTr (b) cells incubated by 3 h with
alginate composites. (1 = 6, * p < 0.05).

It is well known that metal oxide nanoparticles induce oxidative stress in culture
cells [26]. In A549 cells, remarkable increase of the intracellular ROS level was induced
by ZnO and ZnO-S exposure [27]. Moreover, internalized nanoparticles produce ROS
directly and indirectly via mitochondrial dysfunction [26]. However, ROS generated by
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nanoparticles metal oxides play signaling and regulatory roles (antiseptic role in wound
healing and wound-to-leucocyte signaling) in tissue engineering [28-30]. Metal oxide
nanoparticles show indeed good potential for therapy of different diseases and pathogen
control. Aside from the important biological functions of ROS such as cell proliferation,
migration, signalization, wound healing and so forth, the generated reactive species could
have a detrimental effect above a certain amount by producing an inflammatory response
and generating oxidative stress and eventual apoptosis of normal cells [31].

2.6. Assessment of Mitochondrial Membrane Potential (N¥'m)

The method using the JC-1 probe allows to assess the proapoptotic activity of alginate
biomaterials modified with metal oxides, associated with the change of transmembrane
mitochondrial potential (A¥Ym). Our studies have shown that most biocomposites exhibit
low proapoptotic capacity (Figure 9). Incubation of BJ cells with alginate films caused slight
depolarization or hyperpolarization of the mitochondrial membrane (Figure 9a).
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Figure 9. Changes in mitochondrial membrane potential (A¥m) after incubation (3 h) with alginate
composites in (a) BJ and (b) KERTr cells (1 = 6, * p < 0.05).
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The largest decrease in A¥m was observed for Alg@ZnO(Cl)-5:1, Alg@(V-O-V), or
Alg@Zn0O-10:1, while there was an increase for Alg@(Fe-O-Fe),. Similar results can be
observed in the case of KERTr keratinocytes incubated for 3 h with biocomposites. The
greatest decrease in mitochondrial potential is seen in cells incubated with Alg@Zn0O-10:1,
Alg@ZnO(CI)-5:1 and Alg@(V-O-V),. The remaining composites did not cause significant
changes in potential and remained at the control level. These studies suggest that it is
the type of metal oxide modifying the alginate composite that influences the changes
in the mitochondrial potential. Previous studies have demonstrated that alginate does
not cause changes in mitochondrial activity in fibroblasts (NIH 3T3) [32,33] while other
works have gained insight into the role of zinc oxide nanoparticles for the reduction of
mitochondrial membrane potential [34]. A substantial decrease in mitochondrial potential
was also associated to the presence of vanadium oxide, which consolidate the results
obtained herein with Alg@(V-O-V), [35-39].

2.7. Genotoxicity (Comet Assay)

An important aspect of testing the toxicity of any material intended to use in wound
healing is the determination of their genotoxicity. The influence of all types of composites
on the DNA of skin cells is an extremely important stage in in vitro research. Comet
assay identifies single-stranded and double-stranded DNA breaks as well as any chemical
and enzymatic modifications that can turn into DNA breaks or chromatids. The results
presented in Figure 10 show the comet tail length as a percentage of the level of damage.
After 3 h of incubation, the percentage of the tail for B] and KERTr amounted to a maximum
of 10-15%. For fibroblasts the most genotoxic nanocomposites were Alg@ZnO(Cl)-20:1,
Alg@Zn0-20:1, Alg@ZnO-10:1, while Alg@(Fe-O-Fe),, can be ranked as slightly less toxic.
For keratinocytes the strongest DNA damaging effect was noticed for Alg@(Fe-O-Fe)y,
Alg@Zn0-20:1, Alg@ZnO-10:1. Indeed, the entrapment of iron oxide and zinc oxide instead
of the alginate films induces a significant damage in DNA, whereas no damage can be
associated to the use of native alginate Alg, as the tail length percentage was very low,
about 4% for fibroblasts and 2% for keratinocytes. A critical survey of the literature shows
the genotoxicity of titanium dioxide, zinc oxide, iron oxide and most of them occur through
DNA oxidation by ROS and DNA strand breaks [40-47].
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Figure 10. The genotoxicity of alginate composites to BJ cells (a) and KERTr cells (b) incubated for
3 h (PC- positive control; cells treated with HyO;), n = 6. * p < 0.05.

2.8. Migration Cells Fibroblasts and Kerationcytes

The skin cell migration process plays an important role in closing a wound and
rebuilding damaged tissue. To assess the influence of alginate nanocomposites on the
migration process of B] and KERTr cells, we have selected films displaying lowest toxicity
against the cells. We noticed that some of the tested composites increased the migration of
both fibroblasts and keratinocytes after 3 h of incubation (Figure 11). Alginate alone (Alg)
increased the migration of both type of cells. Alg@(Ti-O-Ti), had the greatest impact on the
stimulation of the migration of fibroblasts and keratinocytes, for which the migration level
was about 140% for BJ and about 170% for KERTr. Alg@GeO, composite also activated
the migration of fibroblasts, but slightly reduced the migration of keratinocytes. On
the other hand, all selected alginates composites containing zinc oxide (Alg@ZnO(Cl))
caused a reduction in cell migration compared to the control, which might be due to the
toxicity of Alg@ZnO(Cl). To summarize, Alg, Alg@(Ti-O-Ti), and Alg@GeO, stimulate the
migration of skin cells, which may potentially affect faster wound healing. These results
complement those previously reported in the literature on the positive effect of alginate-
based materials for cell migration and explain the extensive use of alginate derivatives in
tissue engineering [48-52].

2.9. Prothrombin Time (PT), Thrombin Time (TT) and Amidolytic Activity of Thrombin

To determine the effects of the examined composites on the hemostatic properties
of blood plasma, two types of blood clotting tests, i.e., the prothrombin time (PT) and
the thrombin time (TT), were used. The PT parameter reflects the tissue factor-induced
activation of the blood plasma coagulation cascade, and provides information on function-
ality of the extrinsic pathway of coagulation and thrombin generation. Figure 12a shows
that the prothrombin time (PT) was slightly reduced in plasma containing the functional-
ized alginate films compared to the control. The PT for control was 15.6 s. The shortest
time was obtained after incubation with Alg@Zn0O-20:1 and it was 12.2' s. The weakest
effect on reducing the clotting time was observed for Alg@(Fe-O-Fe),-1:1 and was equal
to 14 s. Measurements of the prothrombin time demonstrated indeed that alginate-based
nanocomposites shortened this clotting time, i.e., increased the activation of prothrombin
and generation of the thrombin enzyme.

The thrombin time corresponds to the last step of blood clotting, during which fibrino-
gen is transformed into fibrin by thrombin. Surprisingly, in the TT test, the anti-coagulant
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effects was found. Figure 12b. shows that the thrombin times were prolonged in plasma
incubated with alginate films, when compared to the control. Incubation of plasma with
alginate films had no protective effect on plasma clotting ability. For the control, the
thrombin time was about 18 s. Alg@(Fe-O-Fe),-1:1 had the strongest effect on extending of
thrombin time—it was about 36 s, being twice as long as in control. Films: Alg@GeO;-1:1
and Alg@(Ti-O-Ti),-1:1 did not show procoagulant abilities.
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Figure 11. The migration of (a) BJ, (b) KERTr cells incubated for 3 h with modified alginate biocom-
posites (n = 6. * p < 0.05).

Our findings indicated modulatory effects of the examined alginate nanocomposites
and their diverging actions at different steps on the blood plasma coagulation cascade.
While the coagulation cascade activation and propagation were stimulated by the examined
alginate nanocomposites (acc. to PT results), at the level of the active enzyme (thrombin),
these substances acted rather as inhibitors of coagulation (TT results). Thus, to determine
whether the examined composites were able to inhibit the thrombin activity, additional ex-
periments devoted to their influence on this enzyme were also performed. Results from the
amidolytic activity of thrombin exposed to the alginate composites evidently demonstrated
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their thrombin-inhibitory effects (Figure 12c). The most effective thrombin inhibitors were
Alg@7n0O-10:1, Alg@ZnO-5:1 and Alg@ZnO(Cl)-10:1, reducing the hydrolytic activity of
this enzyme by about 80%. Mechanistically speaking, the blood coagulation process is
a complex cascade of enzymatic reactions associated with an extensive network of other
interactions, including cofactor properties of the coagulation surface, allosteric modula-
tion of enzyme activities as well as both the positive and negative feedback effects [53].
Thrombin enzyme is susceptible to regulation by different factors, including ions, allosteric
modulators and direct or indirect inhibitors [54]. Its structure contains two anion-binding
exosites (I and II), responsible for interactions with negatively charged regions on cofac-
tors and other molecular targets for thrombin [55]. Herein, measurements of the PT and
the thrombin amidolytic activity assay demonstrated that the alginate nanocomposites
may act as thrombin inhibitors. Considering the negatively charged surface of alginate
nanocomposites, their interactions with the exosites I and II seem to be the most likely
mechanisms of allosteric regulation of this enzyme by the presence of these materials and
their inhibitory action on thrombin.
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Figure 12. Effects of the examined alginate composites on human blood plasma clotting parameters:
(a) Prothrombin time in plasma incubated with alginate composites. All changes are statistically
significant compared with the control (untreated plasma) (1 = 8, * p < 0.05); (b) Thrombin time in
plasma incubated with alginate composites. All changes are statistically significant compared with
the control (untreated plasma) (n = 8, * p < 0.05); (c¢) Amidolytic activity of thrombin incubated
with alginate composites. All changes are statistically significant compared with the control (1 = 4,
* p < 0.05). In the thrombin amidolytic assay, the activity of control (untreated enzyme) was assumed
as 100%.

3. Materials and Methods
3.1. Chemical and Reagents

Titanium diisopropoxide bis (acetylacetonate) (Ti(acac),OiPr;), Vanadium III acety-
lacetonate (V(acac)3), iron (III) acetylacetonate (Fe(acac)3), Zinc acetate (Zn(OAc);), Zinc
chloride (ZnCl,), Germanium(IV) ethoxide (Ge(OEt)4), absolute ethanol, were obtained
from Sigma Aldrich (Hamburg, Germany), and used without any further purification.
Sodium alginate was supplied by Sigma Aldrich, and used as received.

3.2. Characterisation Techniques

Fourier transformed infrared spectra were obtained with a PerkinElmer Spectrum
100FT- IR spectrometer on neat samples (ATR FT-IR) (PerkinEmler, Shelton, CT, USA).
X-ray powder diffraction (XRD) patterns were recorded on a D8 Advance Bruker AXS
system (Karlsruhe, Germany) using Cu K« radiation with a step size of 0.02° in the 20 range
from 10° to 80° for WAXS (geometry: Bragg—Brentano, 8/26 mode). Scanning electronic
microscopy (SEM) images were obtained using a JEOL JSM 6700F (SEMTech Solution, North
Billerica, MA, USA). Transmission electronic microscopy (TEM) images were obtained using
JEOL (JEOL JEM2010, 200 Kv, Pleasanton, CA, USA) at an activation voltage of 200 kV.
Thermogravimetric analyses (TGA) were obtained with a thermal analyzer instrument
Q500 (TA Instruments, New Castle, DE, USA) on the range 25-1000 °C at heating speed of
5 °C/min.

3.3. Preparation of Alginate-Metal Oxide Films

A quantity of 0.05 g of sodium alginate powder (0.231 mmol of carboxylic acid
sodium salt unit) was dissolved in 4 mL of deionized water and stirred for 1 h. Next,
a selected ethanol solution of metal precursor [Ti(acac),OiPry, Zn(OAc),, ZnCl,, Ge(OEt)4
and Fe(acac)3] with different molar ratio with respect to COO™ unit of alginate, was added
to the transparent solution. The mixture was stirred for additional 2 h at room temperature
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until complete homogenization. The resulting solution was cast onto a clean petri dish
at room temperature for 24 h until total evaporation of the solvent. Specific experimental
conditions are given in Table Sla.

3.4. Materials for Biological Studies

Human fibroblast B] (CRL-2522) and human keratinocyte CCD 1102 KERTr (CRL2310)
cell line were purchased from American Type Culture Collection ATCC® (Manassas,
VA, USA). Keratinocyte serum-free medium with added keratinocyte supplements, in-
cluding bovine pituitary extract (BPE), human recombinant epidermal growth factor
(EGF), fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM) and 4’,6-
diamidino-2-phenylindole (DAPI), were purchased from Gibco, Thermo Fisher Scientific
(Waltham, MA, USA). Dimethyl sulfoxide (DMSO), 3-(4,5-2-yl)-2-5-diphenyl tetrazolium
bromide (MTT), 5,5',6,6'-tetrachloro-1,1’,3,3'-tetraethyl-imidacarbocyanine iodide (JC-1),
2,7-dichlorodihydrofluorescin diacetate (H2DCFDA), potassium persulfate (di-potassium
peroxdisulfate), phosphate buffered saline (PBS) tablets, fetal bovine serum, and trypsin
were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Commercially available
reagents for the determination of clotting times (Dia-PT and DiaPTT) were purchased
from Diagon (Budapest, Hungary). The thrombin enzyme was provided by Biomed
(Lublin, Poland) and 3 and Chromogenix S-2238® substrate (H-D-Phenylalanyl-L-pipecolyl-
Larginine-p-nitroaniline dihydrochloride) by Diapharma (Beckett Ridge, OH, USA). Blood
from healthy donors and fresh human blood plasma for hemostatic assays derived from
buffy coats (from healthy volunteers) were obtained from the Regional Blood Donation
and Blood Treatment Center in Lodz (Poland). Membrane culture inserts for 24-well plates,
PET, and 8 uM pores to check cell migration were purchased from Biokom (Janki, Poland).
All other chemicals used were of analytical grade, and solutions were prepared using water
purified by the Mili-Q system.

3.5. Hemolysis Assay

The red blood cells (RBCs) were collected after centrifugation of whole blood at
3000 rpm (10 min, 4 °C), and purified by three cycles of washing with PBS (phosphate
buffered saline; pH = 7.4). To study the effect of alginate composites on erythrocyte
stability, red blood cells (RBCs) suspended in PBS to a final hematocrit (HTC) of 10%
were treated with different modified alginate composites, in the form of squares with
dimensions 0.5 cm x 0.5 cm for 1 or 3 h. Erythrocytes in PBS (without alginate composite)
were used as a control. After incubation, samples were centrifuged (3000 rpm, 10 min)
and the absorbance of supernatant was measured spectrophotometrically (Jasco V-650,
Jasco International Co., Osaka, Japan) at 540 nm to calculate the percentage of hemolysis
according to the following equation:

% Hemolysis = As/Ac x 100%

where:

As represents the absorbance of the sample
Ac represents the absorbance of the erythrocytes in water (100% of hemolysis).

3.6. The Adsorption of Hemoglobin (Hb)

The experiment was carried out to investigate whether alginate composites adsorb
hemoglobin from the environment. Alginate squares with dimensions of 0.5 cm x 0.5 cm
were added to hemoglobin solutions (0.1% ©v/v). Samples were incubated at 37 °C for
1 or 3 h. After this time, the samples were centrifuged, and the absorbance of hemoglobin
was measured at a wavelength of 540 nm. The percentage of hemoglobin adsorption was
calculated from the formula:

Adsorption of Hb [%] = 100% — (As/Ac x 100%)
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where:

As is the absorbance of the sample containing the alginate composites
Ac is the absorbance of the control (hemoglobin without alginate composites).

3.7. Methemoglobin

The concentration of hemoglobin was measured by the Drabkin method. Absorption
spectra of hemoglobin were obtained for the wavelengths ranging from 440 to 700 nm
using a spectrophotometer (Jasco V-650, Jasco International Co., Osaka, Japan) connected
to a computer. The percentage of met-Hb in the total Hb content, after incubation with
composites (1 or 3 h), was calculated from the absorbance at 630 and 700 nm. Hemoglobin
treated with potassium ferricyanide (100% metHb) was used as a positive control.

% of met-Hb = [(A630 — A700)/(A630* — A700*)] x 100%

where:

Agzp—the absorbance of a control sample and sample with composites at 630 nm,
Azpp—the absorbance of a control sample and sample with composites at 700 nm,
Agzp+—the absorbance of a control sample and sample with composites treated with potas-
sium ferricyanide—100% met-Hb at 630 nm,

Aypo+—the absorbance of a control sample and sample with composites treated with potas-
sium ferricyanide—100% met-Hb at 700 nm.

3.8. Cell Culture

BJ cells were grown as a monolayer in DMEM medium supplemented with 10% fetal
bovine serum (FBS) and 1% streptomycin. The cultures were incubated at 37 °C in an
atmosphere of 5% CO,. KERTr cells were grown in Keratinocyte Serum Free Medium (Gibco
1705-042%) with added Keratinocytes Supplements (Gibco 3700-015®) including Bovine
Pituitary Extract (BPE, Gibco 13028-014®) and human recombinant epidermal growth
factor (EGF, Gibco 10450-013®) further supplemented with additional 30 ng/ml human
recombinated epidermal growth factor (EGF), was purchased from Gibco, Thermo Fisher
Scientific (Waltham, MA, USA). The cultures were incubated at 37 °C in an atmosphere of
5% CO,. Both cell lines were split for subcultures every 2 days and were kept in log phase
by regular passage according to the procedure described previously [56].

3.9. Cytotoxicity Assay

Cell viability was determined by the MTT assay after incubation (3 h) with alginate
composites. In brief, BJ cells (5 x 104 cells/well) and KERTr cells (5 x 10° cells/well) were
seeded in a 24-well plate and kept overnight in the incubator (37 °C, 5% CO,). The next day,
the medium was replaced with fresh medium and the alginate nanocomposite was added.
After 6 3 h of incubation, cells were washed in PBS and incubated with 0.5 mg/mL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) at 37 °C for 3 h. Then, the
MTT was discarded carefully, and dimethyl sulfoxide (DMSQO) was added to solubilize the
formazan crystals [57]. Finally, the absorbance was measured for each well at a wavelength
of 570 nm using a Bio-Tek Synergy HT Microplate Reader (Bio-Tek Instruments, Winooski,
VT, USA). All experiments were performed in six repetitions. Cell viability was calculated
as the percent ratio of absorbance of the samples to the reference control, according to
the formula:

% Viability= As/Ac x 100%

where: As is the absorbance of the sample and Ac is the absorbance of the control (untreated
cells).
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3.10. Measurement of Reactive Oxygen Species (ROS)

To measure changes in the level of reactive oxygen species (ROS) in cells the H2DCFDA
fluorescent probe 2,7 -dichlorodihydrofluorescein diacetate) was used. H2DCFDA af-
ter deacetylation to DCFH2 (2/,7'-dichlorodihydrofluorescein) is oxidized intracellularly
emitting fluorescence 2’,7'-dichlorofluorescein (DCF). The fluorescence intensity increases
linearly with an increase in the amount of reactive oxygen species in the cell [58]. BJ cells
were seeded in black 96-well plates at 1.25 x 10* per well while KERTr cells at 2.5 x 10%
per well. After 3 h of incubation with the materials, the medium was removed, and the
cells were washed with PBS before 50 uL 2 uM H2DCFDA was added. The probe plate
incubation time was 15 min. The solution was recovered, and 50 uL of PBS was added
per well. Samples were analyzed using a Fluoroscan Ascent FL microplate reader (BioTek,
Synergy HTX multi-mode reader, Winooski, VT, USA) with an excitation wavelength of
Aex = 495 and emission wavelength of Aem = 529.

3.11. Assessment of Mitochondrial Membrane Potential (A¥m)

The mitochondrial membrane potential (AYm) was estimated using fluorescent probe
JC-1 (5,5 ,6,6'-tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocyanine iodide) [59]. Cells
were seeded into black 96-well tissue culture plates with a transparent bottom (Greiner)
at a density of 5 x 10* cells/well (B]) or 5 x 10° cells/well (KERTr) in a 100 pL culture
medium and allowed to adhere overnight, and then treated with alginate composites
for 3 h. Finally, the cells were preincubated with 5 uM JC-1 in CO2 incubator at 37 °C
for 30 min. The fluorescence was measured on a Bio-Tek Synergy HT Microplate Reader
(Bio-Tek Instruments, Winooski, VT, USA). Results are shown as a ratio of fluorescence of
dimers (measured at 530/590 nm) to monomers (measured at 485/538 nm). All compounds
were tested in six duplicates and AYm was calculated from the formula:

AY¥Ym = Fd/Fm

where:

AY¥m—mitochondrial transmembrane potential directly proportional to the fluorescence
coefficient,

Fd—dimer fluorescence,

Fm—monomer fluorescence.

3.12. Genotoxicity

The comet assay was performed at pH > 13 essentially according to the published pro-
cedure [60]. The experiment assay was modified as described by Blasiak and Kowalik [61].
A freshly prepared suspension of the cells (5 x 10* cells/mL) in 0.75% LMP agarose
dissolved in PBS was spread onto microscope slides precoated with 0.5% NMP agarose.
The cells were lysed for 1 h at 4 °C in a buffer consisting of 2.5-M NaCl, 100-mM EDTA,
1% Triton X-100, 10-mM Tris, and pH 10. After the lysis, the slides were placed in an
electrophoretic buffer (300 mM NaOH, 1 mM EDTA, pH > 13) for 20 min to allow the
unwinding of DNA. Electrophoresis was conducted in the same buffer at temperature of
4 °C for 20 min at an electric field strength of 0.73 V/cm (28 mA). The slides were then
washed in water, drained and stained with 2-mg/ml DAPI, and covered with cover slips.
To prevent additional DNA damage, all the steps described above were conducted under
dimmed light or in the dark. Each experiment in the alkaline version of the comet assay
included a positive control, which were both lines cells incubated with H,O, at 20 mM for
10 min at 4 °C. The comets were observed at 200 magnifications in an Eclipse fluorescence
microscope (Nikon, Tokyo, Japan) attached to COHU 4910 video camera (Cohu, San Diego,
CA, USA) equipped with a UV-1 filter block (an excitation filter of 359 nm and a barrier filter
of 461 nm) and connected to a personal computer-based image analysis system LuciaComet
v. 6.0 (Laboratory Imaging, Praha, Czech Republic). Fifty images were randomly selected
from each sample.
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3.13. Cell Migration

BJ and KERTr cells migration was assessed according to the procedure described
previously [56]. Both cell lines were starved overnight in serum-free medium with 0.2%
bovine serum albumin (BSA). Cells were prepared in a concentration of 2.5 x 10° cells/mL.
ThinCert™ cell culture inserts were placed in a multiwell cell culture plate, thereby forming
two compartments: the upper compartment of the insert and the lower compartment of
the plate well. Both compartments formed the migration chamber, separated by the porous
PET membrane. The plate with cells with alginate composites was incubated for 24 h in
an incubator at 37 °C and 5% CO; in air. Finally, the viability of the migrating cells was
determined using the MTT test and measured spectrophotometrically at 570 nm.

3.14. Measurements of Prothrombin Time (PT)

Prothrombin time (PT) was determined coagulometrically using an Optical Caogu-
lometer K-3002 (Kselmed, Grudziadz, Poland), according to the protocol provided by the
manufacturer. Briefly, after 15 min of pre-incubation with alginate composites, the human
plasma (50 uL) was incubated for 2 min at 37 °C in the analyzer thermoblock and then,
directly before measurement, 100 uL of Dia-PT liquid (commercial preparation: Diagon,
Budapest, Hungary) was added.

3.15. Measurements of Thrombin Time (TT)

Thrombin time (TT) was determined coagulometrically using an Optical Caogulometer
K-3002 (Kselmed, Grudziadz, Poland), according to the protocol provided by the manu-
facturer. Briefly, after 15 min of pre-incubation with alginate nanocomposites, the human
plasma (50 puL) was incubated for 2 min at 37 °C and then, directly before measurement,
100 pL. of thrombin (Biomed, Lublin, Poland) was added (at the final concentration of
5U/mL).

3.16. Amidolytic Activity of Thrombin

Thrombin (Biomed, Lublin, Poland; 0.75 U/ml, in the tris-buffered saline/TBS, pH
7.4) was pre-incubated with alginate nanocomposites for 15 min, at 37 °C. The reaction
mixture contained 40 pL of 3 mM Chromogenix S-2238® substrate (H-D-Phenylalanyl-L-
pipecolylLarginine-p-nitroaniline dihydrochloride; Diapharma, Beckett Ridge, OH, USA)
and 280 pL of the thrombin solution, i.e., the control/untreated thrombin or enzyme
pre-incubated with the examined alginate composites. Measurements were executed in
96-well microplates, using a kinetic mode of the BMG Labtech Spectrostar Nano microplate
spectrophotometer. Absorbance changes were recorded every 15 s for 10 min, at 415 nm.
The hydrolytic activity of thrombin in all samples was estimated based on the maximal
velocity of the reaction (Vmax).

3.17. Statistical Analysis

Data are presented as the mean + SD from minimum of 3 sets of measurements.
Statistical differences between the control and treatment groups were analyzed by one-way
ANOVA followed by Tukey” analysis. p < 0.05 was taken as statistically significant.

4. Conclusions

Alginate is known both in the literature and even commercially as a promising scaf-
fold for wound dressings. Surprisingly, despite the interest of downsizing metal oxide
for biological purposes, few studies have focused on merging alginate and glassy-like
metal oxide phase to generate homogenous nanocomposite films. Therefore, we have
attempted to embed glassy-like metal oxide inside of the corresponding alginate films and
investigated the possible use of the final composites in wound healing. Different films were
prepared including alginate-titanium dioxide, alginate-germanium oxide, alginate-iron
oxide, alginate-vanadium oxide and alginate-zinc oxide. We have moreover succeeded in
varying the amount of the metal oxide grown inside without compromising the flexibility of
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the films or their transparency. We have also shown that dissolution of these films provides
water-soluble nanoparticles and the alginate shell prevents them from sedimentation.

Among the analyzed alginate composites modified with metal oxides, the most detri-
mental was the one functionalized by vanadium and iron oxide species. The most promising
was the alginate-titanium oxide composite (Alg@(Ti-O-Ti)n), which showed low cytotoxic-
ity and genotoxicity towards fibroblasts and keratinocytes. It did not cause a significant
decrease in the cellular potential and generation of reactive oxygen species. Moreover, it
showed the greatest stimulating effect on cell migration in both cell lines, which plays an
important role in the healing process. Studies on human blood erythrocytes proved that
Alg@(Ti-O-Ti),, does not show significant hemolytic properties. It also acts as a procoagu-
lant during the prothrombin time. The obtained results complement and extend the current
state of knowledge on alginate materials in wound dressings.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms23105585/s1.
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S1. Experimental section
Table Sla: Preparation of Alginate-metal oxide films

Sample Metal precursors rr@ C (g/L)> | TGA residue (%) re®
Alg@(Ti-O-Ti)n Ti(acac)20iPr2 1:1 40 28 1:1.05
AlG@(V-OV), V(acac)s 1:1 40 28 1:1.01

Alg@GeO: Ge(OEt): 1:1 29 34 1:1.06
Alg@Zn0-5:1 Zn (OAc) 5:1 4 - -
Alg@Zn0-10:1 Zn (OAc):2 10:1 2.1 - -
Alg@Zn0-20:1 Zn (OAc) 201 1.05 - -

Alg@ZnO(Cl)-5:1 ZnClz 51 31 - -

Alg@ZnO(CI)-10:1 ZnCl, 1001 15 - -

Alg@ZnO(Cl)-20:1 ZnCl 201 0.7 - -
Alg@(Fe-O-Fe)n Fe(acac)s 1:1 40 27 1:1.05

. 17, the theoretical molar ratio of COO-:metal precursor; b C, Concentration of the alcoholic solution of the metal alkoxide

precursor (g/L); €. re, the experimental molar ratio of COO-:metal precursor. The calculation of the molar ratio of Alg@(Ti-O-
Ti)s, Alg@(V-O-V),, Alg@GeO, and Alg@(Fe-O-Fe),was based on the mass residue of TiO,, VO,, GeO, and Fe,0;,
respectively, analyzed via TGA under air.

Table S1b: Water-soluble chitosan- coated —metal oxide nanoparticles
7 mg of Alg@(M-O-M)n films were immersed in aqueous solution and kept under

stirring for different periods of time.

Films Mass | Solvent | Volume | Dissolution
(mg) (mL) time (min)

Alg 7 3 <1

Alg@(Ti-O-Ti)n- 7 3 30
1:1

Alg@(V-O-V)n-

7 3 4
1:1 Water
Alg@GeO2-1:1 7 3 2
Alg@(Fe-O-
Fe)n-1:1 : 3 4




S2. SEM and EDX analysis of alginate-metal oxide films

Figure S2a. SEM images obtained for Alg@(M-O-M)n films
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Figure S2b. EDX analysis of Alg@(M-O-M)n films



S3: DRIFT spectra obtained for alginate-metal oxide films
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Figure S3. DRIFT spectra obtained for Alg@ZnO films



S4: XRD results obtained for alginate-metal oxide films
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Figure S4. X- ray diffractogramms obtained for Alg@(M-O-M)n films



S5: TGA results obtained for alginate-metal oxide films
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Figure S5. TGA results obtained for alginate-metal oxide Alg@(M-O-M)n films




S6: TEM analysis of alginate-metal oxide solution
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Katedra Biofizyki Ogolne;j
Uniwersytet £.odzki

Oswiadczenie wspolautora

Dotyczy publikacji:

Kedzierska Marta, Milowska Katarzyna* (2019) Zastosowanie biomaterialéw na
bazie chitozanu w leczeniu trudno gojacych sie ran. Postgpy Higieny i Medycyny
Doswiadczalnej, 73: 768-781.

Os$wiadczam, ze moj wktad w powstanie publikacji polegal na wspétudziale przy
tworzeniu koncepcji pracy oraz korekcie merytorycznej przygotowanego tekstu manuskryptu.

Moj udzial oceniam na 20 %.

Kl Tonsde

Podpis



Blilid Sara Fés, 18-05-22....ccusssss
Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),

Fés-Shore, Route de Sidi Hrazem, 30070 Feés, Morocco

Statement of contribution
Applies to publication:

Blilid Sara, Kedzierska Marta, Milowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365.

I declare that my contribution to the publication consisted of the preparation of modified

cellulose, chitosan-reinforced films and their characterisation.

I estimate my participation at 25 %.

........... m

Signature



Mgr Marta Kedzierska Lodz, 13.12.2021
Katedra Biofizyki Ogolnej
Uniwersytet £.6dzki

Oswiadczenie wspolautora

Dotyczy publikacji:

Blilid Sara, Kedzierska Marta, Milowska Katarzyna, Wroniska Natalia, EI Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365

Oswiadczam, ze moj wkiad w powstanie publikacji polegal na wspétudziale przy
tworzeniu koncepcji czesci biologicznej pracy, wspotudziale w przygotowaniu wstepu do pracy
oraz zaplanowaniu i wykonaniu eksperymentow dotyczacych oceny hemotoksycznosci
kompozytow wzgledem erytrocytow, adsorbeji hemoglobiny do filméw oraz wptywu badanych
biomaterialéw na stopien utlenienia hemoglobiny i aktywno$¢ katalazy. Dokonatam analizy i
interpretacji uzyskanych wynikéw. Ponadto przygotowatam opis materiatéw, metod, wynikow

i dyskusje z czesci biologicznej i bratam udziat w przygotowaniu odpowiedzi dla recenzentow.

Moj udzial oceniam na 25 %.

Podpis



9, .
Dr hab. Katarzyna Mitowska, prof. UL 1.6dz, OOngcZQ &
Katedra Biofizyki Ogolnej
Uniwersytet £.odzki

Oswiadczenie wspolautora

Dotyczy publikacji:

Blilid Sara, Kedzierska Marta, Milowska Katarzyna, Wronska Natalia, E1 Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365.
Os$wiadczam, ze mdj wklad w powstanie publikacji polegal na wspoétudziale przy
tworzeniu koncepcji czesci biologicznej pracy oraz na konsultacji naukowej obejmujacej

interpretacje uzyskanych wynikow badan.

Moéj udzial oceniam na 7 %.



Dr Natalia Wronska Lc’>dz’,/.f/./‘»;.!-.I l‘ 3 s FRAA NV
Katedra Mikrobiologii Przemystowej i Biotechnologii
Uniwersytet £.6dzki

Oswiadczenie wspolautora

Dotyczy publikacji:

Blilid Sara, Kedzierska Marta, Mitowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365

Os$wiadczam, ze moj wklad w powstanie publikacji polegat na wykonaniu oznaczefi

mikrobiologicznych oraz opracowaniu i analizie uzyskanych wynikow.

Moéj udziat oceniam na 5 %.



MOHAMMED VI
Bo LY T E L OH 414
UNIVERSITY

Mounir EL ACHABY Benguerir, May 18,2022
Materials Science and Nano-Engineering (MSN) Department

Mohammed VI Polytechnic University

Lot 660- Hay Moulay Rachid

43150- Benguerir — Morocco

E-mail: mounir.clachabvi@umo6p.ma

Tel: (+2126) 62010620

Statement of contribution

Applies to publication:

Blilid Sara, Kedzierska Marta, Mitlowska Katarzyna, Wronska Natalia, E1 Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365.

I declare that my contribution to the publication consisted of mechanical properties.

[ estimate my participation at 4 %.
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Katir Nadia Fés, 05/18/ 2022
Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),

Fés-Shore, Route de Sidi Hrazem, 30070 Fes, Morocco

Statement of contribution
Applies to publication:

Blilid Sara, Kedzierska Marta, Mitowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365.

I declare that my contribution to the publication consisted of characterization of

functional cellulose.

I estimate my participation at 4 %.

Nadia KATIR

Signature
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Emmanuel Belamie Montpellier, May 18th 2022
Institut Charles Gerhardt Montpellier,

ICGM, UMR 5253 CNRS-ENSCM-UM,

34296 Montpellier Cedex 5, France,

EPHE, PSL Research University,

75014 Paris, France

Statement of contribution
Applies to publication:

Blilid Sara, Kedzierska Marta, Mitlowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365

I declare that my contribution to the publication consisted of discussing the results and

supervising the manuscript writing. I estimate my participation at 4%.

I estimate my participation at 4 %.

S
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Alonso Bruno Montpellier , the 18" of May 2022
Institut Charles Gerhardt Montpellier,

ICGM, UMR 5253 CNRS-ENSCM-UM,

34296 Montpellier Cedex 5, France

Statement of contribution

Applies to publication:

Blilid Sara, Kedzierska Marta, Milowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365

I declare that my contribution to the publication consisted of discussing the results and

supervising the manuscript writig, a task representing about 4% of the work.

Sincerely yours,

Signature



Prof dr hab. Katarzyna Lisowska Lodz, 270507
Katedra Mikrobiologii Przemystowej i Biotechnologii

Uniwersytet L.odzki

Oswiadczenie wspolautora

Dotyczy publikacji:

Blilid Sara, Kedzierska Marta, Mitowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365

Oswiadczam, ze moj wklad w powstanie publikacji polegal na konsultacji naukowe]

obejmujacej interpretacje uzyskanych wynikéw badan mikrobiologicznych.

MJj udzial oceniam na.g.. %.



Lahcini Mohammed Marrakech 18-05-2022
Laboratory of Organometallic and Macromolecular

Chemistry-Composites Materials, Faculty of Sciences

and Technologies, Cadi Ayyad University,

40000 Marrakech, Morocco;

Chemical & Biochemical Sciences (CBS),

Mohhamed VI Politechnic University (UM6P),

43150 Benguerir, Morocco

Statement of contribution
Applies to publication:

Blilid Sara, Kedzierska Marta, Mitowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed. Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365.

I declare that my contribution to the publication consisted of checking the chemistry

part.

I estimate my participation at 4 %.
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Prof dr hab. Maria Bryszewska Lédi}{f). 'J %{M&
Katedra Biofizyki Ogoélne;j
Uniwersytet £odzki

Oswiadczenie wspélautora

Dotyczy publikacji:

Blilid Sara, Kedzierska Marta, Mitowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active

Bioplastics. ACS Sustainable Chemistry & Engineering, 8(50):18354-18365.

Os$wiadczam, ze moj wktad w powstanie publikacji polegal na konsultacji naukowej

oraz korekcie jezykowej pracy.

MJj udziat oceniam na 3 %.
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Prof. Abdelkrim El Kadib
Euro-Mediterranean University of Fez (UEMF),
Route de Meknés. Rond-Point de Bensouda. 30070 Fés, Morocco
E-mail: a.elkadib@ueuromed.org

Prof Abdelkrim El Kadib Fes, 18-05-2022...
Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),

Fés-Shore, Route de Sidi Hrazem, 30070 Fés, Morocco

Statement of contribution
Applies to publication:

Blilid Sara, Kedzierska Marta, Milowska Katarzyna, Wronska Natalia, El Achaby
Mounir, Katir Nadia, Belamie Emmanuel, Alonso Bruno, Lisowska Katarzyna, Lahcini
Mohammed, Bryszewska Maria*, El Kadib Abdelkrim* (2020) Phosphorylated Micro- and
Nanocellulose-Filled Chitosan Nanocomposites as Fully Sustainable, Biologically Active
Bioplastics. ACS Sustainable Chemistry & Engineering, 8 (50):18354-18365.

I declare that my contribution to the publication consisted of supervising the material

chemistry work.

I estimate my participation at 12 %.




Mgr Marta Kedzierska Lodz, 3‘/ 95,1022
Katedra Biofizyki Ogdlnej
Uniwersytet £.6dzki

Oswiadczenie wspolautora
Dotyczy publikacji:

Marta Kedzierska*, Sara Blilid, Katarzyna Mitowska, Joanna Kotodziejezyk-Czepas,
Nadia Katir, Mohammed Lahcini, Abdelkrim El Kadib, Maria Bryszewska.
(2021) Insight into Factors Influencing Wound Healing Using Phosphorylated Cellulose-Filled-

Chitosan Nanocomposite Films. International Journal of Molecular Sciences, 22(21):11386

Os$wiadczam, ze méj wklad w powstanie publikacji polegal na wspotudziale przy
tworzeniu koncepcji pracy, zaplanowaniu i wykonaniu wszystkich eksperymentow oraz
analizie i interpretacji wszystkich wynikéw przedstaionych w pracy. Ponadto przygotowatam
wersje podstawowg wstepu, opis materialow, metod, wynikow i dyskusje. Opracowatam
graficznie wyniki badan. zredagowatam tekstu manuskryptu i przygotowatam odpowiedzi dla

recenzentow.

Moéj udziat oceniam na 65 %.
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Blilid Sara Fés, 18-05-22
Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),

Feés-Shore, Route de Sidi Hrazem, 30070 Fés, Morocco

Statement of contribution

Applies to publication:

Marta Kedzierska*, Sara Blilid, Katarzyna Mitowska, Joanna Kotodziejczyk-Czepas, Nadia
Katir, Mohammed Lahcini, Abdelkrim El Kadib, Maria Bryszewska.
(2021) Insight into Factors Influencing Wound Healing Using Phosphorylated Cellulose-Filled-

Chitosan Nanocomposite Films. International Journal of Molecular Sciences, 22(21):11386.
I declare that my contribution to the publication consisted of preparation and

characterization of functional cellulose films.

I estimate my participation at 4 %.

Signature



Dr hab. Katarzyna Mitowska, prof. UL Lodz, 6005 L0 2 v
Katedra Biofizyki Ogolnej
Uniwersytet £.6dzki

Oswiadczenie wspoélautora
Dotyczy publikacji:

Marta Kedzierska*, Sara Blilid, Katarzyna Milowska, Joanna Kotodziejczyk-Czepas,
Nadia Katir, Mohammed Lahcini, Abdelkrim El Kadib, Maria Bryszewska.
(2021) Insight into Factors Influencing Wound Healing Using Phosphorylated Cellulose-Filled-

Chitosan Nanocomposite Films. International Journal of Molecular Sciences, 22(21):11386.

O$wiadczam, ze mdj wkiad w powstanie publikacji polegal na wspétudziale przy
tworzeniu koncepcji pracy oraz pomocy merytorycznej przy pisaniu pracy i interpretacji
wynikéw badan.

Mo¢j udziat oceniam na 10 %.

Podpis



Dr hab. Joanna Kotodziejczy-Czepas, prof. UL~ Lodz, 27«77
Katedra Biochemii Ogolne;j
Uniwersytet L.odzki

Oswiadczenie wspoélautora

Dotyczy publikacji:

Marta Kedzierska*, Sara Blilid, Katarzyna Milowska, Joanna Kolodziejczyk-Czepas,
Nadia Katir, Mohammed Lahcini, Abdelkrim El Kadib, Maria Bryszewska.
(2021) Insight into Factors Influencing Wound Healing Using Phosphorylated Cellulose-Filled-

Chitosan Nanocomposite Films. International Journal of Molecular Sciences, 22(21):11386.

Oswiadczam, ze moj wklad w powstanie publikacji polegal na pomocy w zaplanowaniu
czesci eksperymentdéw zwigzanych z pomiarem czaséw koagulometrycznych oraz pomocy w

interpretacji uzyskanych wynikow badan.

Moj udziat oceniam na 5 %.
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Katir Nadia Fes, 05/18/ 2022
Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),

Fés-Shore, Route de Sidi Hrazem, 30070 Fés, Morocco

Statement of contribution
Applies to publication:

Marta Kedzierska*, Sara Blilid, Katarzyna Milowska, Joanna Kotodziejczyk-Czepas, Nadia
Katir, Mohammed Lahcini, Abdelkrim El Kadib, Maria Bryszewska.
(2021) Insight into Factors Influencing Wound Healing Using Phosphorylated Cellulose-Filled-

Chitosan Nanocomposite Films. International Journal of Molecular Sciences, 22(21):11386.
I declare that my contribution to the publication consisted of preparation and

characterization of functional cellulose films.

I estimate my participation at 4 %.

Nadia KATIR

Signature




Lahcini Mohammed Marrakech 18-05-2022
Laboratory of Organometallic and Macromolecular

Chemistry-Composites Materials, Faculty of Sciences

and Technologies, Cadi Ayyad University,

40000 Marrakech, Morocco:;

Chemical & Biochemical Sciences (CBS),

Mohhamed VI Politechnic University (UM6P),

43150 Benguerir, Morocco

Statement of contribution
Applies to publication:

Marta Kedzierska*, Sara Blilid, Katarzyna Mitowska, Joanna Kotodziejczyk-Czepas, Nadia
Katir, Mohammed Lahcini, Abdelkrim El Kadib, Maria Bryszewska.
(2021) Insight into Factors Influencing Wound Healing Using Phosphorylated Cellulose-Filled-

Chitosan Nanocomposite Films. International Journal of Molecular Sciences, 22(21):11386.
I declare that my contribution to the publication consisted of supervising the preparation

of cellulose nanocrystals.

[ estimate my participation at 4 %.
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Prof. Abdelkrim El Kadib
Euro-Mediterranean University of Fez (UEMF),
Route de Meknés. Rond-Point de Bensouda. 30070 Fés, Morocco
E-mail: a.elkadib@ueuromed.org

Prof Abdelkrim El Kadib Fés, 18-05-2022
Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),

Fés-Shore, Route de Sidi Hrazem, 30070 Fes, Morocco

Statement of contribution

Applies to publication:

Marta Kedzierska*, Sara Blilid, Katarzyna Mitowska, Joanna Kolodziejczyk-Czepas, Nadia
Katir, Mohammed Lahcini, Abdelkrim El Kadib, Maria Bryszewska.
(2021) Insight into Factors Influencing Wound Healing Using Phosphorylated Cellulose-Filled-

Chitosan Nanocomposite Films. International Journal of Molecular Sciences, 22(21):11386.
I declare that my contribution to the publication consisted of writing- review and editing

and resources.

I estimate my participation at 5 %.




Prof dr hab. Maria Bryszewska L6dz, J(%/- 05. QA/Q/;L
Katedra Biofizyki Ogolne;j
Uniwersytet £.odzki

Oswiadczenie wspélautora

Dotyczy publikacji:

Marta Kedzierska*, Sara Blilid, Katarzyna Mitowska, Joanna Kotodziejczyk-Czepas,
Nadia Katir, Mohammed Lahcini, Abdelkrim El Kadib, Maria Bryszewska.
(2021) Insight into Factors Influencing Wound Healing Using Phosphorylated Cellulose-Filled-

Chitosan Nanocomposite Films. International Journal of Molecular Sciences, 22(21):11386.

Oswiadczam, ze m6j wktad w powstanie publikacji polegat na konsultacji naukowe;

oraz korekcie jezykowej pracy.

Moéj udziat oceniam na 3 %.
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Mgr Marta Kedzierska Lodz, 50,95 4
Katedra Biofizyki Ogolnej
Uniwersytet L.odzki

Oswiadczenie wspoélautora
Dotyczy publikacji:

Marta Kedzierska*, Nisrine Hammi, Joanna Kotodziejczyk-Czepas, Nadia Katir,
Maria Bryszewska, Katarzyna Mitowska, Abdelkrim El Kadib*. (2022) Glassy- like metal
oxide particles embedded on micrometer thicker alginate films as promising wound healing

nanomaterials. International Journal of Molecular Sciences, 23, 5585.

Os$wiadczam, ze mdj wktad w powstanie publikacji polegal na wspotudziale przy
tworzeniu koncepcji pracy, zaplanowaniu i wykonaniu wszystkich eksperymentéow z czgsci
biologicznej oraz ich analizie i interpretacji. Ponadto przygotowatam wersje podstawowa
wstepu, opis materiatow, metod, wynikow i dyskusje. Opracowatam graficznie wyniki badan,

zredagowatam tekst manuskryptu i przygotowatam odpowiedzi dla recenzentow.

Moj udziat oceniam na 50 %.



Nisrine Hammi Fés,18/05/2022
Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),

Feés-Shore, Route de Sidi Hrazem, 30070 Fes, Morocco

Statement of contribution

Applies to publication:

Marta Kedzierska*, Nisrine Hammi, Joanna Kolodziejczyk-Czepas, Nadia Katir, Maria
Bryszewska, Katarzyna Milowska, Abdelkrim El Kadib*. (2022) Glassy- like metal oxide particles
embedded on micrometer thicker alginate films as promising wound healing nanomaterials.

International Journal of Molecular Sciences, 23, 5585.

I declare that my contribution to the publication consisted of preparation and

characterization of functional alginate films.

I estimate my participation at 10 %.




Dr hab. Joanna Kotodziejczy-Czepas, prof. UL. ~~ Lodz, <0777
Katedra Biochemii Ogolne;j
Uniwersytet L.odzki

Oswiadczenie wspolautora

Dotyczy publikacji:

Marta Kedzierska*, Nisrine Hammi, Joanna Kolodziejczyk-Czepas, Nadia Katir,
Maria Bryszewska, Katarzyna Mitowska, Abdelkrim El Kadib*. (2022) Glassy- like metal
oxide particles embedded on micrometer thicker alginate films as promising wound healing

nanomaterials. International Journal of Molecular Sciences, 23, 5585.

Oswiadczam, ze moj wktad w powstanie publikacji polegal na pomocy w zaplanowaniu
czesci eksperymentow zwigzanych z pomiarem czaséw koagulometrycznych oraz pomocy w

interpretacji uzyskanych wynikéw badan.

Mo¢j udziatl oceniam na 5 %.
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Katir Nadia Fes, 05/18/2022

Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),
Fés-Shore, Route de Sidi Hrazem, 30070 Fes, Morocco

Statement of contribution

Applies to publication:

Marta Kedzierska*, Nisrine Hammi, Joanna Kotodziejczyk-Czepas, Nadia Katir, Maria
Bryszewska, Katarzyna Mitowska, Abdelkrim El Kadib*.
(2022) Glassy- like metal oxide particles embedded on micrometer thicker alginate films as promising

wound healing nanomaterials. International Journal of Molecular Sciences, 23, 5585.

I declare that my contribution to the publication consisted of preparation and

characterization of functional alginate films.

I estimate my participation at 5 %.

Nadia KATIR
Signature
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Oswiadczenie wspélautora
Dotyczy publikacji:

Marta Kedzierska*, Nisrine Hammi, Joanna Kolodziejczyk-Czepas, Nadia Katir,
Maria Bryszewska, Katarzyna Milowska, Abdelkrim El Kadib*. (2022) Glassy- like metal
oxide particles embedded on micrometer thicker alginate films as promising wound healing

nanomaterials. International Journal of Molecular Sciences, 23, 5585.

Oswiadczam, ze méj wklad w powstanie publikacji polegat na konsultacji naukowe;j

oraz korekcie jezykowej pracy.

Moéj udzial oceniam na 5 %.



Dr hab. Katarzyna Mitowska, prof. UL L6dz, 6005"20‘2‘2 V-
Katedra Biofizyki Ogdlnej
Uniwersytet £.odzki

Oswiadczenie wspoélautora
Dotyczy publikacji:

Marta Kedzierska*, Nisrine Hammi, Joanna Kotodziejczyk-Czepas, Nadia Katir, Maria
Bryszewska, Katarzyna Milowska, Abdelkrim El Kadib*. (2022) Glassy- like metal oxide
particles embedded on micrometer thicker alginate films as promising wound healing

nanomaterials. International Journal of Molecular Sciences, 23, 5585.

Os$wiadczam, ze mo6j wkiad w powstanie publikacji polegal na wspétudziale przy
tworzeniu koncepcji pracy oraz pomocy merytorycznej przy pisaniu pracy i interpretacji
wynikéw badan.

Moj udziat oceniam na 10 %.
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Prof. Abdelkrim El Kadib
Euro-Mediterranean University of Fez (UEMF),
Route de Meknés. Rond-Point de Bensouda. 30070 Fés, Morocco
E-mail: a.elkadib@ueuromed.org

Prof Abdelkrim El Kadib Fes, 18-05-2022

Euromed Research Center,

Engineering Division,

Euro-Mediterranean University of Fes (UEMF),
Feés-Shore, Route de Sidi Hrazem, 30070 Fes, Morocco
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