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Streszczenie

Niniejsza rozprawa doktorska podsumowuje badania dotyczace biodegradowalnych
dwusktadnikowych wioknin formowanych w procesie elektroprzedzenia, zawierajacych
poliester alifatyczny oraz dodatek bialtkowy — kolagen lub Zelatyng, przeznaczonych na
rusztowania komorkowe w inzynierii tkankowej. Zakres prac obejmowal badania wplywu
rozpuszczalnika wykorzystywanego do przygotowania roztwordw polimerowych do procesu
elektroprzgdzenia, sieciowania dodatku bialkowego we wioknach oraz funkcjonalizacji
powierzchni widkien na wybrane wilasciwosci formowanych widknin, w tym réwniez na
odpowiedz komorkowa. Jednym z celow bylo opracowanie nowego, mniej toksycznego
systemu rozpuszczalnikowego, alternatywnego wobec silnie toksycznych alkoholi
fluorowanych stosowanych w elektroprzedzeniu tego typu materialdow, umozliwiajacego
otrzymywanie wtoknin o morfologii 1 wiasciwo$ciach zblizonych do uzyskiwanych przy
uzyciu klasycznych rozpuszczalnikéw. W tym celu z powodzeniem zastosowano mieszanke
kwasu octowego i mréwkowego. Zaobserwowana emulsyjno$¢ roztworéw polimerowych
opartych o t¢ mieszank¢ byla wynikiem stabszych oddziatywan polimer-rozpuszczalnik
skutkujacych inng konformacja czasteczek polimeru niz w przypadku zastosowania alkoholu
fluorowanego. Konsekwencja tego byty stabe oddzialywania polimer-polimer, prowadzace do
czgsciowe] segregacji obu polimerow w roztworze, co potwierdzono badaniami lepkosci.
Szybkie wymywania dodatku bialkowego w warunkach nasladujacych fizjologiczne dla
materialdw  dwuskladnikowych elektroprzedzonych z uzyciem nowego systemu
rozpuszczalnikowego bylo nastepstwem emulsyjnego charakteru roztworu polimerowego.
Stato sie to punktem wyjscia do badan nad sieciowaniem wtoknin dwusktadnikowych w celu
poprawienia stabilnosci dodatku biatkowego 1 jego bioaktywnosci. Rezultatem badan
porownawczych i optymalizacyjnych grupy czterech chemicznych metod sieciowania wtoknin
zawierajacych  polikaprolakton i  zelatyng, bylo zidentyfikowanie najszybszej
i najwydajniejszej z metod, okreslenie optymalnych czaséw reakcji oraz st¢zen reagentow
koniecznych do zapewnienia stabilnosci dodatku biatkowego w materiale. Ostatnia czgs¢
badan dotyczyta alternatywnego podejscia do otrzymywania materiatow dwusktadnikowych —
nie poprzez elektroprzgdzenie mieszanek polimeréw, a wykorzystujac funkcjonalizacje
powierzchni materiatu z poliestru alifatycznego z uzyciem biatka. Zbadano trzy metody
aktywacji powierzchni materiatow — hydrolize zasadowg, aminoliz¢ 1 zimng plazme tlenowa
I okreslono wpltyw kazdej z nich na stabilno$¢ przylaczenia zelatyny oraz na szereg innych

wlasciwosci tak otrzymanych materialoéw dwusktadnikowych.



Abstract

This doctoral dissertation summarizes research on biodegradable bicomponent nonwoven
materials formed by electrospinning, containing an aliphatic polyester and a protein additive —
collagen or gelatin, intended as cellular scaffolds for tissue engineering. The scope of the
research included investigating an influence of the solvent used for preparing polymer solutions
for electrospinning, the crosslinking of the protein within the fibers, and the surface
functionalization of fibers on selected properties of the resulting nonwovens, including the
cellular response. One of the objectives was to develop a new, less toxic solvent system, as an
alternative to the highly toxic fluorinated alcohols commonly used in electrospinning of this
type of materials, which would enable to obtain nonwovens with morphology and properties
comparable to those produced with conventional solvents. For this purpose, a mixture of acetic
acid and formic acid was successfully applied. The observed emulsive character of polymer
solutions based on this mixture resulted from weaker polymer-solvent interactions, leading to
a different polymer chain conformation compared to solutions prepared with fluorinated
alcohols. As a consequence, weak polymer-polymer interactions resulted in partial segregation
of the two polymers in solution, which was confirmed by viscosity measurements. The rapid
leaching of the protein additive under physiological-like conditions from bicomponent
electrospun materials obtained using the new solvent system was a direct consequence of the
emulsive character of the polymer solution. This observation served as the starting point for
studies on crosslinking bicomponent nonwovens in order to improve the stability of the protein
component and its bioactivity. As a result of comparative and optimization research of four
chemical crosslinking methods applied to polycaprolactone and gelatin nonwovens, the fastest
and the most efficient method was identified, and the optimal reaction times and reagent
concentrations necessary to ensure the stability of the protein additive within the material were
determined. The final part of the research focused on an alternative approach to obtaining
bicomponent materials — not by electrospinning polymer blends, but by functionalizing the
surface of an aliphatic polyester material with a protein. Three surface activation methods were
investigated — alkaline hydrolysis, aminolysis, and cold oxygen plasma and their effects on the
stability of gelatin immobilization as well as on a range of other properties of the resulting

bicomponent materials were determined.
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1. Wstep

Przygotowanie i napisanie rozprawy doktorskiej a nastepnie jej obrona sg istotnymi
krokami w karierze naukowej. Jest to idealny moment, aby zastanowi¢ si¢ nad tym, czym sam
w sobie jest doktorat. Stownik jezyka polskiego PWN zawiera takie oto definicje: 1. «stopien
doktora w jakiej$ dziedzinie nauki», 2. «praca naukowa napisana w celu uzyskania stopnia
doktoray. O ile obie definicje sa jasne i zrozumiate, to pozostawiaja we mnie niedosyt. Tym,
czego definicje te nie ujmuja, jest caly ogrom pracy naukowej niepisanej i niematerialnej. Czy
mozna by zatem zaproponowaé definicj¢ nr 3. «setki godzin wytezonej pracy naukowej
prowadzacej do uzyskania wynikéw koniecznych do napisania rozprawy doktorskiej» i uznac,
Ze temat zostal wyczerpany? Nie sadz¢ i juz spiesz¢ z moja prywatng definicja.

Dla mnie doktorat to cata ta zawila i cickawa droga, ktorg trzeba pokonaé, zanim
postawi si¢ ,,dr” przed nazwiskiem, bardziej niz finalna praca w formacie PDF czy
wydrukowana i oprawiona. Obrona doktoratu to tez nie zadna meta czy wierzchotek gory, choé¢
sypig si¢ gratulacje iusciski rgk. Mozna by powiedzie¢, ze to takie polpigtro na klatce
schodowej, gdzie przystaje na chwile i moge wyjrze¢ przez okno, zobaczy¢ jak wysoko juz
jestem. Mogg tez popatrze¢ na wszystko z wigkszego dystansu i zanim rusz¢ dalej, doceni¢
siebie, bo tu zasztam, ale i wszystkich tych, ktorzy mniej lub bardziej $wiadomie dotozyli si¢
do tego sukcesu.

Doktorat to nauka przeobrazania siebie — to proces nabywania dtugiej listy umiejetnosci
metodg prob i btedow, bo mato kto zaczyna te droge z pelnym zestawem potrzebnych narzedzi.
Dla mnie byta to nauka organizacji pracy i planowania, cierpliwosci i doktadnosci, a takze
bolesna lekcja tego, ze zaplanowanie w eksperymencie zaréwno za matlo, jak 1 za duzo probek
si¢ na mnie zems$ci. TO nauka radzenia sobie z niepowodzeniami, wyciggania wnioskow,
modyfikowania planu A i ruszania ponownie do pracy z wiarg w siebie — majac W zanadrzu
plan B.

Wiele nauczyla mnie praca w zespole — sluchania, wyrozumiato$ci oraz sity
w przekazywaniu swoich racji i idei. Radzenia sobie z nieporozumieniami i wspotpracy opartej
na tym, ze kazdy daje od siebie to w czym jest najlepszy. Moje doswiadczenia z dydaktyka
pokazaty mi, jaka satysfakcje moze dawac dzielenie si¢ wiedza, jak niezwykle istotna jest rola
edukacji. Uczenie innych to uczenie siebie cierpliwos$ci i zrozumienia. Te wszystkie lekcje od
moich opiekundéw, wspotpracownikoéw i studentow niezmiernie doceniam i jestem za nie

ogromnie wdzig¢czna.



2. Wprowadzenie merytoryczne

Wedtug definicji sformutowanej przez Roberta Langera i Josepha P. Vacanti na famach
magazynu Science inzynieria tkankowa jest dziedzing majaca umozliwi¢ wykorzystanie
osiggnie¢ nauk przyrodniczych oraz nowoczesnych technologii do rozwoju materialow
biologicznych  mogacych  przywrdci¢,  utrzymaé  badz  usprawni¢  funkcje
poszczegolnych tkanek lub narzadow [1]. Prace w tej dziedzinie zaczely si¢ pojawia¢ na
poczatku lat 90. XX wieku jako odpowiedZ na ograniczenia tradycyjnych metod takich jak
przeszczepy czy alloplastyka w leczeniu ubytkow tkanek. Wykorzystanie do tego celu
innowacyjnych technologii i materialtow sprawia, ze inzynieria tkankowa jest obszarem
dynamicznego rozwoju, stawiajacym przed badaczami nowe wyzwania i otwierajac coraz

wigksze mozliwosci.
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Rys. 1. Schemat przedstawiajacy strukture¢ macierzy zewnatrzkomorkowej

ijej interakcje z btong komorkowa [2].

Inzynieria tkankowa opiera si¢ na tworzeniu rusztowan nasladujacych naturalng
macierz zewnatrzkomorkowa (ECM), ktére stuza jako tymczasowe wsparcie dla komorek,
umozliwiajac im adhezje, proliferacj¢, synteze biatek naturalnej ECM i ostateczne formowanie
nowych, funkcjonalnych tkanek. Wzorujac si¢ na tej strukturze, naukowcy opracowuja
syntetyczne rusztowania, ktore majg imitowa¢ wtasciwosci biologiczne macierzy naturalne;.

Macierz zewnatrzkomorkowa jest kluczowym komponentem niemal kazdej tkanki, a jej
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ztozono$¢ wynika z unikalnego trojwymiarowego ukladu wlokien kolagenowych,
elastynowych oraz polisacharydow, co determinuje specyficzne wlasciwosci mechaniczne
I biochemiczne. Naturalnie wystepujace w macierzy biatka zawieraja sekwencje sygnatowe
takich jak trojpeptyd arginina-glicyna-kwas asparaginowy (RGD), ktore tacza si¢ z biatkami
btonowymi — integrynami (Rys. 1). Wiedza na temat interakcji pomiedzy komorkami a ECM
jest niezwykle istotna przy projektowaniu biomimetycznych materiatdéw na rusztowania dla
inzynierii tkankowe;j.

Skuteczne rusztowania muszg spelnia¢ szereg wymagan, ktore zapewnig ich
funkcjonalno§¢ oraz bezpieczenstwo stosowania. Przede wszystkim, muszg by¢
biokompatybilne, co oznacza, ze ani materiaty, z ktorych si¢ sktadaja, ani produkty ich
rozktadu nie wykazuja cytotoksycznos$ci oraz nie wywotuja reakcji alergicznych czy stanow
zapalnych, a wlasciwosci mechaniczne odpowiadaja tkankom, jakie majg zastgpié¢. Kluczowe
sa takze wlasciwosci fizykochemiczne, takie jak odpowiednia porowato$¢, topografia
i zwilzalno$¢ powierzchni oraz zdolnos¢ do kontrolowanej degradacji. Zrozumienie zaleznosci
migdzy strukturg rusztowania a reakcja komorek jest konieczne dla osiggniecia optymalnych
efektow regeneracyjnych. Niemniej istotna jest bioaktywno$¢ rusztowania, ktora moze byc
uzyskana poprzez obecnos¢ na powierzchni materiatu wspomnianych wyzej sekwencji RGD
wystepujacych na przyktad w zelatynie lub fibronektynie i odpowiedzialnych za interakcje
komorek z macierzg zewnatrzkomérkowa. W przypadku rusztowan przeznaczonych do
regeneracji tkanki kostnej, efekt bioaktywnosci moze by¢ takze osiagniety poprzez
zastosowanie hydroksyapatytu, ktory stymuluje réznicowanie si¢ komoérek oraz ich adhezjg.
Spelienie jednocze$nie szeregu wymagan wymusza interdyscyplinarne podejscie przy
projektowaniu rusztowan, dobor odpowiedniej technologii produkcji 1 precyzyjnej
optymalizacji parametrow procesu Otrzymywania.

Jedng z technik formowania rusztowan dla inzynierii tkankowej o strukturze zblizonej
do naturalnej macierzy zewnatrzkomodrkowej jest elektroprzedzenie. Metoda ta, pozwalajaca
na otrzymywane nano- i mikrowtokien, cho¢ znana od XIX wieku, ma nadal wiele do
zaoferowania (bardziej szczegdtowo o elektroprzedzeniu w podrozdziale 6.1). WiasciwosSci
wten sposob formowanych widknin, takie jak S$rednica i orientacja wiokien, mozna
kontrolowa¢ poprzez doboér parametrow procesu elektroprzedzenia, co umozliwia
dostosowanie struktury rusztowania do specyficznych potrzeb inzynierii tkankowej. Materiaty
otrzymywane tg metodg mogg by¢ nast¢pnie poddawane dalszym modyfikacjom takim jak

funkcjonalizacja powierzchni czy sieciowanie.
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Ze wzgledu na szerokie mozliwosci procesu elektroprzedzenia oraz biomimetyzm
rusztowan otrzymywanych tg metoda, technika ta zostala wybrana jako sposob formowania
materiatow analizowanych w badaniach przedstawionych w niniejszej rozprawie doktorskiej.

Wsrod wielu polimerdw wykorzystywanych w elektroprzgdzeniu na potrzeby inzynierii
tkankowej, uktad oparty na polikaprolaktonie 1 zelatynie cieszy si¢ szczegolnym
zainteresowaniem w literaturze naukowej ze wzgledu na potencjat aplikacyjny, co znajduje
odzwierciedlenie w czterech z pigciu prac wchodzacych w sktad niniejszego cyklu.

Polikaprolakton jest syntetycznym, biozgodnym i biodegradowalnym poliestrem
alifatycznym o dobrych wlasciwosciach mechanicznych oraz stosunkowo wolnym tempie
degradacji. Jego wadami sg jednak hydrofobowo$¢ i brak bioaktywno$ci. Rozwigzaniem obu
tych probleméw jednoczesnie jest zastosowanie w procesie elektroprzedzenia roztworu
polimerowego zawierajacego poza polikaprolaktonem dodatek zelatyny, czego rezultatem sa
wiokniny dwusktadnikowe. Zawarto$¢ hydrofilowej Zelatyny pozwala uzyskaé¢ materialy
0 dobrej zwilzalno$ci, a znajdujace si¢ w niej sekwencje RGD poprawiaja wilasciwosci
adhezyjne rusztowan, co przektada si¢ na lepsza odpowiedz komoérkows. Potaczenie tych
dwoéch polimerow w rusztowaniach elektroprzgedzonych pozwala na uzyskanie materialow
atrakcyjnych z punktu widzenia inzynierii tkankowej (wigcej o tych polimerach w podrozdziale
5.1).

Rozpuszczalnik, konieczny do przygotowania roztworéw wykorzystywanych
w procesie elektroprzedzenia takich dwusktadnikowych materialdéw, musi by¢ odpowiednio
dobrany, pod katem zaréwno rozpuszczalno$ci obu polimerow, jak i szeregu wilasciwosci
fizykochemicznych m.in. przewodno$ci elektrycznej, napiecia powierzchniowego czy
temperatury wrzenia. Standardowo wykorzystywane rozpuszczalniki dla mieszanki
polikaprolaktonu z biatkami takimi jak zelatyna czy kolagen, alkohole fluorowane —
heksafluoroizopropanol czy trifluoroetanol, sa silnie toksyczne i bardzo kosztowne. Cho¢ ich
niska temperatura wrzenia jest korzystna z punktu widzenia procesu elektroprzedzenia, to
powoduje wysoka lotno$¢ i zagrozenie dla zdrowia oraz bezpieczenstwa operatora procesu.
Ponadto, istnieje ryzyko, ze fluorowane alkohole mogg denaturowaé natywng strukture
dodatku biatkowego w przypadku wykorzystania kolagenu, niweczac cel tworzenia
biomimetycznych rusztowan z tym kosztownym skladnikiem.

W zwigzku z tym, prowadzone sg intensywne badania nad zastgpieniem tych silnie
toksycznych rozpuszczalnikéw alternatywnymi, mniej szkodliwymi ukladami opartymi na
kwasach octowym i mrowkowym. Wsrod nich prace ujete w niniejszej rozprawie, naleza do

jednych z pierwszych systematycznych opracowan w tym obszarze. Oprocz potwierdzenia
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mozliwosci efektywnego zastosowania uktadow kwasowych w procesie elektroprzedzenia,
wykazano w nich rowniez nowe zjawiska dotyczace struktury roztworu, m.in. tworzenie
stabilnych emulsji polimerowych oraz ich wptyw na morfologi¢ 1 wtasciwosci powstajacych
wioknin. Wykorzystanie mieszaniny kwasow pozwala znaczaco obnizy¢ Koszty i toksycznosé
procesu elektroprzedzenia, stanowigc istotny krok w kierunku tworzenia bezpieczniejszych
I bardziej przyjaznych dla srodowiska materiatow dla inzynierii tkankowej (wigcej na temat
rozpuszczalnikéw w podrozdziale 5.2).
¢

Cykl artykulow, na ktorych opiera si¢ niniejsza rozprawa, prezentuje wyniki badan
przeprowadzonych w ramach trzech projektow naukowych. Projekty te nastgpowaty po sobie
w czasie 1 stanowily logiczng kontynuacje wczesniejszych prac w poszukiwaniu odpowiedzi
na pytania oraz rozwigzania problemow zidentyfikowanych na poprzednich etapach badan.

Prace 1-3 prezentuja wyniki projektu badawczego skoncentrowanego na optymalizacji
parametréw elektroprzgdzenia dwuskladnikowych widkien z polikaprolaktonu i zelatyny
Z zastosowaniem alternatywnych uktadow rozpuszczalnikowych. Badania te podejmowaly
wowczas nowatorski temat, jakim byto zastgpienie powszechnie stosowanych, toksycznych
rozpuszczalnikow ukladami mniej szkodliwymi, przy jednoczesnym zachowaniu jakoS$ci
materialow porownywalnej do wildkien wytwarzanych z wykorzystaniem klasycznych
rozpuszczalnikow.

W toku badan ujawniono jednak istotny problem zwigzany ze separowaniem obu
sktadnikow polimerowych w zastosowanym ukladzie rozpuszczalnikowym, skutkujacy
szybkim wymywaniem Zelatyny z wiokien, co stato si¢ punktem wyjscia do kontynuacji prac,
skoncentrowanej na ograniczeniu wymywania zelatyny w tego typu uktadach poprzez jej
sieciowanie. Wyniki tych badan przedstawiono w pracy 4.

Ostatnia z ujetych w cyklu publikacji (praca 5) prezentuje rezultaty kolejnego etapu
badan, ktérego przedmiotem byly metody funkcjonalizacji powierzchni biodegradowalnych
wiokien polimerowych z wykorzystaniem zelatyny. Stanowi to alternatywne podejscie do
otrzymywania wioknin dwusktadnikowych, nie poprzez elektroprzedzenie mieszaniny dwoch
polimerow, lecz poprzez immobilizacj¢ bioaktywnego dodatku na powierzchni wiokien, co

pozwala na uzyskanie zblizonych korzysci wynikajacych z jego obecnos$ci w rusztowaniu.
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3. Cele pracy

e Optymalizacja procesu formowania dwusktadnikowych  wildknin  metoda
elektroprzgedzenia z wykorzystaniem innowacyjnego systemu mniej toksycznych
I tanszych  rozpuszczalnikow  stanowigcych  alternatywe¢ dla  tradycyjnie

wykorzystywanych silnie toksycznych alkoholi fluorowanych

e Zbadanie wptywu opracowanego, alternatywnego systemu rozpuszczalnikow, na
morfologig, strukture, proces wymywania biododatku oraz na odpowiedz komérkows
dwusktadnikowych witoéknin z polikaprolaktonu z dodatkiem biopolimeru

w odniesieniu do uktadu z heksafluoroizopropanolem.

e Ocena skutecznosci wybranych metod sieciowania biopolimeru we witdknach
dwusktadnikowych, celem okre§lenia optymalnych warunkow umozliwiajacych

zachowanie sktadnika bioaktywnego w materiale i niezmienionej morfologii wtdkniny.

e Badania porownawcze trzech metod aktywacji powierzchni elektroprzedzonych
wtokien pod katem efektywno$ci funkcjonalizacji z uzyciem biopolimeru. Ocena
wptywu tych metod na wlasciwos$ci materialu — morfologi¢, mas¢ czasteczkowa oraz

odpowiedz komoérkowa.
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4. Hipoteza badawcza

Zastosowanie alternatywnych, mniej toksycznych 1 tanszych rozpuszczalnikow
opartych na kwasie octowym i mréwkowym pozwala na uzyskanie biodegradowalnych
dwusktadnikowych elektroprzedzonych materiatdbw polimerowych o strukturze
I wlasciwo$ciach porownywalnych lub lepszych niz w przypadku uzycia tradycyjnego

heksafluoroizopropanolu.

Mozliwa jest optymalizacja metody sieciowania biopolimeru we witdknach
dwusktadnikowych, ktéra przy minimalnym wplywie tego procesu na strukture

materialu pozwala zachowa¢ jego obecno$¢ we wtoknach.

Aktywacja powierzchni elektroprzedzonych materiatow poprzez zwigkszenie ilosci

grup funkcyjnych umozliwia ich efektywng funkcjonalizacj¢ z uzyciem biopolimeru.
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5. Materialy
5.1. Polimery
5.1.1. Poliestry alifatyczne

Wsrod polimerow syntetycznych wykorzystywanych do otrzymywania materialow
metoda elektroprzedzenia dla zastosowan inzynierii tkankowej powszechnie stosowane sg
poliestry alifatyczne. Ich cechg charakterystyczng jest liniowa budowa tancucha oraz obecnos¢
grup estrowych [3-5]. Dzi¢ki temu sg podatne na hydroliz¢, co warunkuje ich degradacje
w srodowisku wodnym, a tym samym réwniez w fizjologicznych warunkach ludzkiego
organizmu [6]. Do najczgsciej stosowanych poliestrow alifatycznych naleza: polilaktyd (PLA),
poliglikolid (PGA) oraz polikaprolakton (PCL) (Rys. 2) oraz ich kopolimery, np. poli(laktyd-
co-kaprolakton) (PLCL). W =zaleznosci od wykorzystywanych w syntezie monomerow,
polimery z tej grupy rdznig si¢ wlasciwosciami termicznymi i mechanicznymi, jak rowniez
tempem degradacji. R6znorodno$¢ cech poliestrow alifatycznych pozwala na ich dobor jako

surowca dla konkretnego zastosowania.

CHy O CHy O  CHy O
AnQ— CH—C~+0—CH— C—0—CH—Cnn

(@)

I I
AnO —CH,—C— O—CH,—C—0—CHy— Cun

I I I
mo4CH27‘?CJ[0+CH2%—CJFOJ¢CH23;CN

(©)

Rys. 2. Poliestry alifatyczne: a) polilaktydu, b) poliglikolid, ¢) polikaprolakton [7].

Poliestrem alifatycznym wykorzystywanym w pracach 1-4 tworzacych te rozprawe byt
polikaprolakton. Chociaz na stopien krystalicznosci polikaprolaktonu wptywa szereg
parametrow, takich jak masa czgsteczkowa lub metoda formowania, to zasadniczo jest to
polimer o umiarkowanej krystaliczno$ci, co razem z niskg temperaturg zeszklenia (-60°C) [8],
wplywa korzystnie na jego wlasciwosci mechaniczne w kontekscie zastosowania w inzynierii
materialowej — niskg sztywno$¢ i1 kruchos$¢ elektroprzedzonych widkien. Istotng zaleta
polikaprolaktonu jest jego dlugi czas degradacji w porownaniu do innych polimerow

biodegradowalnych [9]. Dzi¢ki temu moze by¢ stosowany jako material na rusztowania dla
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tkanek wolniej regenerujacych si¢, oraz w sytuacjach, gdzie konieczne jest dlugotrwate
wsparcie mechaniczne. Powolna degradacja zmniejsza réwniez ryzyko obnizenia pH
W miejscu implantacji, ktore wystepuje przy szybszej degradacji polimerow, takich jak PLA
I PGA, co moze nasila¢ stan zapalny [10].

Zarowno PCL, jak 1 PLCL wykorzystywany w pracy 5, s3 materialami
hydrofobowymi, co wymusza ich modyfikacje — poprzez udziat dodatku lub funkcjonalizacje
w celu uzyskania zwilzalnego i bioaktywnego materiatu, odpowiedniego do zastosowania jako

rusztowania w inzynierii tkankowej [11].
5.1.2. Bialka

Jak wspomniano powyzej, zastosowanie samodzielne poliestrow alifatycznych jako
surowca do otrzymywania biodegradowalnych materiatow widknistych jest problematyczne ze
wzgledu na ich hydrofobowos$¢ oraz brak bioaktywnosci. Jesli celem projektowania rusztowan
w inzynierii tkankowej jest jak najwierniejsze odwzorowanie naturalnej macierzy
zewnatrzkomorkowej, material musi nie tylko zapewnia¢ odpowiednie warunki strukturalne,
ale takze aktywnie wspiera¢ komodrki — sprzyja¢ ich adhezji, a nastgpnie stymulowa¢ do
wzrostu i proliferacji. Kluczowe w tym kontekscie sg tzw. chemiczne sygnaty (ang. chemical
cues), czyli specyficzne struktury molekularne obecne w materiale, ktoére sg rozpoznawane
przez receptory komorkowe. To wiasnie te sygnaly czynig rusztowanie atrakcyjnym

srodowiskiem dla komorek.

\‘\:)ollagen Gelatin

=]

Rys. 3. Struktura potrdjnej helisy kolagenu (po lewej) i zelatyny (po prawej) [12].

W tym celu w materialach bedacych przedmiotem badan w tym doktoracie,
wykorzystane zostaly kolagen oraz zelatyna. Razem z poliestrem alifatycznym tworza
dwuskladnikowy material, ktory w postaci elektroprzedzonych wtokien spetnia powyzsze
zalozenia. Kolagen jest biatkiem, ktore wystepuje w najwiekszej ilosci w ludzkim organizmie,

bedac istotnym, strukturalnym sktadnikiem macierzy zewnatrzkomorkowej wielu tkanek
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i organow, takich jak skora, chrzastki, kosci czy naczynia krwionosne. Sktada si¢ z trzech
tancuchoéw polipeptydowych utozonych w potrdjng helis¢, zbudowanych gtownie z glicyny,
proliny i hydroksyproliny [13].

Z uwagi na to, iz kolagen jest kosztowny i ulega przynajmniej cze¢Sciowej denaturacji
pod wptywem rozpuszczalnikéw stosowanych do otrzymywania roztworow do
elektroprzedzenia [14], dobrym zamiennikiem jest Zelatyna — jego latwiej rozpuszczalna
I znacznie tansza pochodna otrzymywana w wyniku czesciowej hydrolizy/denaturacji. Proces
ten prowadzi do zaniku struktury nadmolekularnej — potrojnej helisy, przy jednoczesnym
zachowaniu sekwencji RGD oraz wtasciwos$ci hydrofilowych (Rys. 3), cho¢ literatura podaje,
ze w pewnych warunkach moze doj$¢ do jej czgsciowej renaturacji [15]. W zwigzku
Z powyzszym zelatyna zostata wykorzystana jako biododatek we wszystkich pracach w cyklu,
jednakze wtokniny z udziatlem zaréwno zelatyny, jak i kolagenu byty badane w pracach 2 i 3
W celu poréwnania ich podatno$ci na wyptukiwanie w warunkach modelujacych fizjologiczne

oraz pod katem odpowiedzi komdrkowej na material w zaleznos$ci od wykorzystanego biatka.

5.2. Rozpuszczalniki
5.2.1. Alkohole fluorowane

Najczegsciej spotykanymi w literaturze rozpuszczalnikami wykorzystywanymi do
sporzadzania roztworé6w polimerowych do elektroprzedzenia sg alkohole fluorowane —
2,2,2-trifluoroetanol (TFE) i 1,1,1,3,3,3-heksafluoroizopropanol (HFIP). Sa powszechnie
uzywane do otrzymywania wtoknin z mieszanek poliestrow alifatycznych 1 bialek, gdyz ze
wzgledu na swojg budowg¢ chemiczng sg silnie polarne [16] i rozpuszczajg oba typy polimerow

jednoczesnie [17, 18] (Rys. 4).

TFE HFIP

OH OH

wE  ByrgP
¥ Fg pfF

Rys. 4. Wzory strukturalne TFE i HFIP [19].

Rozpuszczalniki fluorowane cechujg si¢ niskg temperaturg wrzenia [20], dzigki czemu
tatwo odparowuja podczas procesu elektroprzgdzenia. Niskie napigcie powierzchniowe Sprzyja
formowaniu wldkien pozbawionych defektow w postaci koralikow, a ich odpowiednia

przewodnos¢ czyni je szczegodlnie atrakcyjnymi rozpuszczalnikami do tej metody [18, 21].

18



Niestety, alkohole fluorowane sg szkodliwe dla zdrowia — Zrace 1 toksyczne przy
kontakcie ze skorg oraz w formie opardw, powodujg silne podraznienia bton sluzowych, co
stanowi zagrozenie dla operatora zar6wno podczas przygotowywania roztworu, jak i w trakcie
elektroprzedzenia [22]. Zarowno HFIP, jak i TFE sg dodatkowo podejrzewane o dziatanie
reprotoksyczne [23, 24]. Mimo ze alkohole fluorowane sg lotne, ich silne oddzialywanie
Z czasteczkami biatek utrudnia catkowite usuni¢cie pozostatosci z wlokien zawierajacych
zelatyne lub kolagen [25]. Z tego samego powodu mogg powodowac denaturacj¢ struktury
drugorzedowej kolagenu, co obniza jego aktywno$¢ biologiczna.

Pomimo swojej funkcjonalnosci, wady stosowania alkoholi fluorowanych
W elektroprzedzeniu sklonity nas do poszukiwania alternatywnych rozpuszczalnikow.
W niniejszej rozprawie, w celach poréwnawczych z badanymi ukladami alternatywnymi

wykorzystano HFIP.

5.2.2. Rozpuszczalniki alternatywne

Podobnie jak klasycznie stosowane w elektroprzedzeniu alkohole fluorowane,
rozpuszczalniki, ktére mialyby je zastapi¢, musza jednocze$nie rozpuszcza¢ polimery
alifatyczne oraz biatka. W czasie, kiedy powstawata koncepcja tych badan, w 2013 roku,
W literaturze mozna byto znalez¢ prace, w ktérych jednosktadnikowe witokniny z PCL albo
zelatyny byly otrzymywane z wykorzystaniem kwasu octowego [26] lub mieszanki kwasu
octowego i mrowkowego [27] jako proby odejscia od HFIP i TFE. Wedle naszej wiedzy,
ukazata si¢ tylko jedna praca [28], w ktorej podjeto si¢ elektroprzedzenia dwusktadnikowych
wiokien PCL + kolagen z wykorzystaniem kwasu octowego jako rozpuszczalnika, gdzie
W rezultacie otrzymano jedynie bardzo cienkie (<200 nm) widkna z defektami w postaci

koralikow (Rys. 5).

Rys. 5. Obraz SEM widkien sktadajacych z PCL i kolagenu w proporcji 75:25 w pracy
opublikowanej przez Chakrapani et al. [28]
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Umieszczone w niniejszej rozprawie prace 1-4 zawieraja wyniki porownawcze roznego
rodzaju badan dotyczacych dwusktadnikowych materiatow z PCL 1 Zzelatyny/kolagenu,
w ktorych jako alternatywa dla alkoholi fluorowanych w roli rozpuszczalnika zastosowane
zostaty kwas octowy i kwas mrowkowy.

Kwas mrowkowy (FA) i octowy (AA) sg najprostszymi i zarazem najkrotszymi (pod
wzgledem dlugosci tancucha weglowego) przedstawicielami szeregu alifatycznych kwasow
karboksylowych. Kwas octowy uznawany jest za nietoksyczny, natomiast kwas mrowkowy
zaliczany jest do substancji o niskiej toksycznosci [29, 30]. W kontakcie bezposrednim ze
skora, btonami §luzowymi lub droga wziewna wykazuja dziatanie draznigce. Ich stosowanie
nie wigze si¢ z ryzykiem emisji silnie toksycznych oparow do atmosfery przez wyciag
laboratoryjny, jak ma to miejsce w przypadku uzycia HFIP lub TFE. Sg zdecydowanie tansze
i tatwiej dostepne niz alkohole fluorowane.

Do istotnych cech kwasu octowego i mrowkowego, z punktu widzenia ich zastosowania
w elektroprzedzeniu, nalezy to, ze oba kwasy rozpuszczajg jednoczesnie polikaprolakton oraz
zelatyne/kolagen, jednak w roztworze dwusktadnikowym tworza emulsje, co wpltywa na
wlasciwosci otrzymywanych z nich widknin (zostalo to pokazane w pracy 1). Sg polarne —
kwas mrowkowy silnie, natomiast kwas octowy dziata tagodniej na czasteczki polimerdw,
W przeciwienstwie do FA, ktory w wyzszych stezeniach moze prowadzi¢ do ich degradacji
W roztworze, co pokazaly badania lepkosci roztworow obu polimerdw rozpuszczonych
w mieszankach AA/FA w roznych proporcjach (wyniki niepublikowane). Mimo nizszego
napigcia powierzchniowego kwasu octowego problemy z jego samodzielnym zastosowaniem

wynikajg z niskiej przewodnosci oraz statej dielektrycznej (Tab. 1).

Tab. 1. Zestawienie wybranych wiasciwosci kwasow mrowkowego i octowego dla procesu elektroprzgdzenia [31].

Wilasciwosé Kwas mréwkowy (FA) Kwas octowy (AA)
Stata dielektryczna (g, 25°C) 58 6.2
Przewodnictwo elektryczne (S/m) 6.4 %1073 6.0 x 1077
Napigcie powierzchniowe (mN/m) 37.7 27.4

Potaczenie kwasu octowego 1 mrowkowego w proporcji 9:1, zastosowane w niniejszej
rozprawie, pozwala uzyskaé rozpuszczalnik, ktory dzieki zrownowazeniu wiasciwosci obu
kwasoéw umozliwia otrzymanie dwusktadnikowych widkien o poprawnej morfologii, bez
defektow w postaci tzw. koralikow, czyli zgrubien na widknach, najczesciej przybierajacych

forme kulista.
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5.3. Lista materialow

Polimery

Polikaprolakton (PCL), My = 80 kDa — Sigma-Aldrich, USA
Poli(laktyd-co-kaprolakton) (PLCL 70:30), Resomer® LC703S, — Evonik, Niemcy
Zelatyna ze skory §winskiej, Typ A, Bloom ~300 g — Sigma-Aldrich, USA

Kolagen liofilizowany ze skory cielgeej, Typ I — Elastin Products Company Inc., USA

Rozpuszczalniki

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) — Iris Biotech GmbH, Niemcy/Sigma-Aldrich, USA
Kwas octowy lodowaty cz.d.a. 99,5% (AA) — Chempur/POCH, Polska

Kwas mréwkowy cz.d.a. 99-100% (FA) — Avantor PM, Polska

Sieciowanie biododatku/funkcjonalizacja

Chlorowodorek 1-etylo-3-(3-dimetyloaminopropylo)karbodiimidu (EDC) — Thermo Fisher
Scientific Inc., USA

N-hydroksysukcynimid (NHS) — Thermo Fisher Scientific Inc., USA
Eter diglicydylowy 1,4-butanodiolu (BDDGE) — Sigma-Aldrich, USA
Genipina 98% — Challenge Bioproducts Co., Ltd, Taiwan
Transglutaminaza (1490 U/g) — P.M.T. Trading, Polska
Ethylenediamina 99,5% (EDA) — Sigma-Aldrich, USA

Izopropanol 99,8% — Sigma-Aldrich, USA

Aldehyd glutarowy 25% — Sigma-Aldrich, USA

Wodorotlenek sodu (NaOH) — Sigma-Aldrich, USA

Kwas solny 1M — POCH, Polska

Bfekit toluidyny — Thermo Fisher Scientific Inc., USA

Kwas bicynchoninowy (BCA), QuantiPro™ — Sigma-Aldrich, USA

Badanie wymywania biododatku

Bufor fosforanowy w tabletkach, pH 7,4 (PBS) — Sigma-Aldrich, USA
Azydek sodu 99,5%, ReagentPlus® — Sigma-Aldrich, USA
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Hodowle komérkowe/badania in vitro

Dulbecco’s Modified Eagle Medium, Gibco™ (DMEM) — Thermo Fisher Scientific Inc., USA
Penicylina i streptomycyna (10,000 U/mL) — Thermo Fisher Scientific Inc., USA

Bydlgca surowica ptodowa, Gibco™ — Thermo Fisher Scientific Inc., USA

Bufor fosforanowy, pH 7,4, Gibco™ (PBS, sterylny, bez jondw wapnia i magnezu) — Thermo
Fisher Scientific Inc., USA

Trypsyna 0,25%, Gibco™ — Thermo Fisher Scientific Inc., USA

Bfekit trypanu — Sigma-Aldrich, USA

CyQuant, Invitrogen™ — Thermo Fisher Scientific Inc., USA

PrestoBlue, Invitrogen™ — Thermo Fisher Scientific Inc., USA

CellTiter-Glo® — Promega GmbH, Niemcy

Blekit tiazolilowy bromek tetrazoliowy (odczynnik MTT) — Sigma-Aldrich, USA

NucBlue, Invitrogen™ (Hoechst 33342) — Thermo Fisher Scientific Inc., USA

ActinGreen, Invitrogen™ (Alexa Fluor 488) — Thermo Fisher Scientific Inc., USA
Paraformaldehyd — Sigma-Aldrich, USA

Hexamethyldisilazane (HMDS) — Sigma-Aldrich, USA

Triton X-100 — Sigma-Aldrich, USA

Alkohol etylowy cz.d.a. 99,8% — Chempur, Polska

Chromatografia zelowa

Tetrahydrofuran (THF) — Sigma-Aldrich, USA
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6. Metodologia

6.1. Formowanie materiatlow wloknistych — proces elektroprzedzenia

Elektroprzgdzenie to metoda, ktorej poczatki siggaja XIX wieku, a pierwszy patent
opisujacy ten proces zostal zarejestrowany przez A. Formhalsa w 1934 roku w Stanach
Zjednoczonych [32]. Pomimo wczesnych odkry¢, dopiero w latach 90. XX wieku technika ta
zyskala znaczace zainteresowanie srodowiska akademickiego, w duzej mierze za sprawg badan
prowadzonych przez grup¢ Renekera, a jej pierwsze zastosowania komercyjne dotyczyly
materiatow filtracyjnych w przemysle wiokninowym [33]. Obecnie, ze wzgledu na wyjatkowe
podobienstwo strukturalne elektroprzedzonych widknin do naturalnej, widknistej macierzy
zewnatrzkomorkowej, materialty otrzymywane ta metoda s3 intensywnie badane jako
potencjalne rusztowania w inzynierii tkankowej, systemy kontrolowanego uwalniania lekéw

oraz materiaty opatrunkowe.

Rys. 6. Schematyczne przedstawienie procesu elektroprzedzenia oraz typowa morfologia elektroprzedzonych

wilokien (rysunek wykonano z pomoca programu Biorender).

Elektroprzgdzenie pozwala na otrzymywanie bardzo cienkich wldkien — zar6wno
mikro-, jak i nanometrycznych. W procesie tym roztwor polimerowy, podawany z uzyciem
pompy strzykawkowej, wyplywa przez cienkg dysze (kapilare lub tepo zakonczong igle), do
ktérej przytozone jest wysokie napigcie, naprzeciwko ktorej znajduje si¢ uziemiony kolektor.
Wraz ze wzrostem nate¢zenia pola elektrycznego pomigdzy dysza a kolektorem, potkulista
powierzchnia kropli na koncu igly wydluza sig, tworzac stozek zwany stozkiem Taylora. Po
dalszym zwigkszaniu natezenia pola osiggana jest wartos¢ krytyczna, przy ktorej sita
elektrostatyczna przewyzsza napigcie powierzchniowe roztworu polimerowego i z konca
stozka Taylora wyrzucany jest naladowany strumien cieczy. Strumien ten poczatkowo porusza

si¢ liniowo, a nastepnie ulega dynamicznym niestabilno$ciom, prowadzacym do dalszego
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rozciggania i zmniejszania $rednicy powstajacego wiokna. W drodze do kolektora
rozpuszczalnik odparowuje, a na kolektorze osadzajg si¢ state wiokna (Rys. 6) [33, 34].

Cho¢ proces ten moze wydawaé si¢ nieskomplikowany, a jego przeprowadzenie
wymaga jedynie kilku elementéw aparatury, to efekt elektroprzedzenia jest uzalezniony od
wielu czynnikéw 1 wymaga starannej kontroli parametrow nastawy urzadzen, wlasciwosci
roztworu oraz warunkow otoczenia.

W pracach zawartych w niniejszej rozprawie wszystkie badane materialy otrzymywane
byly z wykorzystaniem samodzielnie wykonanej komory do elektroprzgdzenia (Rys. 7 A, B)
lub komercyjnie dostgpnego urzadzenia LE-50 Fluidnatek firmy Bioinicia (Hiszpania), ktore

umozliwia kontrole temperatury i wilgotnosci wewnatrz komory (Rys. 7 C, D).

N

Rys. 7. Komory do elektroprzedzenia wykorzystywane w pracach w niniejszej rozprawie: A i B — samodzielnie

wykonana, C i D — komora LE-50 Fluidnatek z regulacja temperatury i wilgotno$ci firmy Bioinicia.

Wszystkie roztwory polimerowe przygotowywano wagowo, pod dygestorium,
a nastgpnie mieszano przez 24 godziny przy uzyciu mieszadta magnetycznego. Roztwory
oparte na HFIP przygotowywano jednoetapowo, podczas gdy dwusktadnikowe, zawierajace
PCL i biopolimer, oparte na rozpuszczalniku kwasowym — dwuetapowo. W tym przypadku
kazdy z polimeréw rozpuszczano osobno w mieszance AA/FA przez 24 godziny, a nastgpnie

taczono je w odpowiednich proporcjach i ponownie mieszano przez kilka godzin. Gotowy
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roztwor podawano z igly ze stali nierdzewnej o rozmiarze 23G (Srednica wewngetrzna
0,34 mm), a widkna odbierano na uziemionym kolektorze w postaci obrotowego walca lub
nieruchomej ptyty. Gotowe widkniny byly umieszczane pod dygestorium lub w suszarce
prozniowej w celu odparowania pozostatosci rozpuszczalnika. Doktadne parametry, takie jak
stezenia roztworow, predko$¢ podawania roztworu, odlegtos¢ igly od kolektora, napiecie,
wymiary oraz predko$¢ obrotowa kolektora, mozna znalezé w rozdziale 7 (7.1-7.5)

w dotaczonych publikacjach.

6.2. Analiza wymywania biododatku

Termin ,biodegradation”, po polsku biodegradacja, zostal uzyty w pracach
2 (Biodegradation of bicomponent PCL+gelatin and PCL+collagen nanofibres electrospun
from alternative solvent system) i 4 (Crosslinking of Gelatin in Bicomponent Electrospun
Fibers) w odniesieniu do wyplukiwania biododatku z dwusktadnikowych materiatow
elektroprzedzonych, prowadzonego w warunkach in vitro modelujagcych $rodowisko
fizjologiczne.

Cho¢ w $wietle obowigzujacej terminologii badania te nie spelnialy kryteriow
biodegradacji sensu stricto, czyli rozktadu materiatu pod wptywem mikroorganizméw [35], to
uzycie terminu ,,biodegradacja” miato na celu podkreslenie, iz badana jest zmiana zawartosci
dodatku ,,bio”, a co za tym idzie tez utraty przez material wtasciwosci, jakie ten dodatek mu
nadawal. Z perspektywy czasu nalezy uzna¢ to okreslenie za niefortunne i mogace prowadzi¢
do nieporozumien. Niniejsza praca konsekwentnie rozréznia pomigdzy biodegradacja,
degradacja fizykochemiczng i wymywaniem dodatku polimeru biatkowego.

Nalezy przy tym podkresli¢, ze w konteks$cie tej rozprawy termin degradacja stosowany
jest rbwniez w szerszym ujeciu — jako proces obejmujacy zmiany fizyczne i strukturalne
w materiale kompozytowym, wynikajace z selektywnego usuwania jednego z jego sktadnikow.
Takie zjawisko, mimo ze nie jest biodegradacja w sensie biologicznym, prowadzi do
rozdzielenia sktadnikow, utraty integralnosci strukturalnej i modyfikacji wlasciwosci
materialu, co w praktyce moze zosta¢ uznane za forme¢ degradacji strukturalne;.

Konieczno$¢ przeprowadzenia badan nad wymywaniem dodatku biatkowego wynikata
bezposrednio z zakladanej funkcjonalno$ci opracowywanych przeze mnie materiatow
dwusktadnikowych oraz ich potencjalnych zastosowan. W kontek$cie inzynierii tkankowe;,
gdzie materiaty te moga petni¢ funkcj¢ rusztowania tkankowego, oczywiste jest, ze beda one

eksponowane na warunki panujace w srodowisku fizjologicznym, w ktérym moze dochodzi¢
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do zmian ich struktury, m.in. w wyniku wyptukiwania biododatku. Zaréwno zelatyna, jak
I W mniejszym stopniu kolagen, rozpuszczajg si¢ w S$rodowisku wodnym, co oznacza
mozliwos$¢ ich stopniowej utraty z rusztowania i zwigzanej z tym zmiany jego wlasciwosci.
Aby oceni¢ podatnos¢ materiatdbw na ten proces, przeprowadzone zostaty badania modelowe
w warunkach zblizonych do fizjologicznych. Celem bylo takze okreslenie wplywu
alternatywnego systemu rozpuszczalnikow, zastosowanego w procesie elektroprzgdzenia, na
tempo 1 zakres wymywania biatkowego sktadnika, a tym samym warto$¢ aplikacyjna
materiatu.

We wszystkich eksperymentach dotyczacych wymywania biododatku jako medium
zastosowano bufor fosforanowy o pH 7,4 z dodatkiem 0,1% (wag.) azydku sodu, petnigcego
funkcje $rodka bakteriobodjczego 1 grzybobojczego. Uprzednio zwazone probki materiatow
wioknistych umieszczano w medium w taki sposob, aby byty catkowicie zanurzone, przy
zachowaniu nadmiaru obj¢to$ci cieczy, co najmniej stukrotnego, w stosunku do masy probki.
Nastepnie probki inkubowano w wytrzasarce orbitalnej, w temperaturze 37°C, przez czas
okreslony w protokole danego eksperymentu. Po zakonczeniu inkubacji materiaty byty
doktadnie ptukane woda demineralizowana i suszone W suszarce proézniowej przed ponownym
wazeniem oraz dalszg analizg.

Ze wzgledu na to, ze polikaprolakton charakteryzuje si¢ bardzo powolnym tempem
degradacji, zatozono, ze ubytek masy probki wynika wylgcznie z ubytku sktadnika
biatkowego. Dla potwierdzenia tego zalozenia rownolegle prowadzono réwniez badania

kontrolne na prébkach zawierajacych wylacznie PCL.

6.3. Sieciowanie biododatku

Wyniki badan nad wymywaniem biododatku biatkowego, opisane W pracy 2, staly si¢
punktem wyjscia do realizacji projektu pt. ,,Wplhyw warunkow sieciowania na strukture
I wlasciwosci dwusktadnikowych nanowtokien PCL/Zelatyna formowanych z wykorzystaniem
rozpuszczalnikow alternatywnych”. W ramach tego projektu przeprowadzono porownawcze
badania czterech r6znego typu zwigzkéw chemicznych, majace na celu usieciowanie zelatyny
w strukturze wtokien dwusktadnikowych. Wyniki tych analiz zostaly przedstawione w pracy
4 (szczegbdtowy opis znajduje si¢ w podrozdziale 7.4).

Sposrdod réznych metod sieciowania zelatyny, ze wzgledu na to, ze znajduje si¢ ona
w uktadzie dwusktadnikowym z polikaprolaktonem — termoplastycznym poliestrem o niskiej

temperaturze topnienia, istotne bylo wykluczenie metod, ktore moglyby prowadzi¢ do jego
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stopienia lub degradacji molekularnej, takich jak naswietlanie promieniowaniem UV czy
dziatanie wysoka temperaturg (dehydrothermal treatment — DHT) [36-38]. Z tego wzgledu
zdecydowano si¢ na zastosowanie metod sieciowania chemicznego, kierujac si¢ dodatkowymi
kryteriami niskiej toksycznos$ci reagentoOw oraz potencjatem innowacyjnosci.

Zastosowanie aldehydu glutarowego nie bylo rozwazane z uwagi na jego szerokie
zastosowanie w dotychczasowych pracach i dobrze udokumentowang cytotoksycznos¢ [39-
41], co nie odpowiadato celowi niniejszej pracy, jakim bylo poszukiwanie alternatywnych,
mniej eksploatowanych metod sieciowania. Do badan porownawczych wybrano cztery zwigzki
chemiczne:

e genipina,
e chlorowodorek 1-etylo-3-(3-dimetyloaminopropylo)karbodiimidu (EDC) z dodatkiem

N-hydroksysukcynimidu (NHS),

o eter diglicydylowy 1,4-butanodiolu (BDDGE),
e transglutaminaza.
¢

Genipina to naturalnie wystepujacy irydoid, pozyskiwany z owocdéw gardenii,
charakteryzujacy si¢ niska toksycznoscig. Cho¢ sama jest bezbarwna, w wyniku reakcji
Z pierwszorzedowymi aminami tworzy stabilne pofaczenia o intensywnie niebieskiej barwie
[42, 43]. Zwiazek ten znajduje szerokie zastosowanie w sieciowaniu biopolimerow, takich jak
chitozan, kolagen czy Zelatyna, gdzie reaguje z grupami aminowymi obecnymi w resztach
bocznych lizyny i argininy [44, 45].
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tworzaca stabilny zwigzek posredni i (B) drugi etap reakcji — nukleofilowa substytucja z grupg aminowa drugiej

lizyny [46].
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Mechanizm sieciowania (Rys. 8) opiera si¢ na tworzeniu kowalencyjnych wigzan
miedzy czgsteczkami polimeru, co prowadzi do powstania trwalej sieci przestrzennej
0 zwigkszonej stabilno$ci chemicznej i mechanicznej.

¢

EDC to zwigzek sieciujacy, chetnie sStosowany w materiatach dla inzynierii tkankowe;,
ze wzgledu na niskg toksyczno$¢ [47, 48]. Podczas reakcji sieciowania z jego udziatem
powstaja wigzania amidowe pomigdzy grupami karboksylowymi i aminowymi. Poniewaz
EDC nie zostaje wbudowany w miejsce tworzacego si¢ wigzania, zaliczany jest do grupy
tzw. ,,zero-length crosslinker” [49]. W celu zwigkszenia stabilno$ci i wydajnosci reakcji,
czesto stosuje sie go w polaczeniu z NHS [50, 51]. Doktadny mechanizm sieciowania

z uzyciem EDC/NHS przedstawia Rysunek 9.
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Rys. 9. Mechanizm sieciowania z uzyciem EDC/NHS. Wigzanie amidowe tworzy si¢ bezposrednio pomiedzy

dwiema resztami aminokwasowymi zelatyny, bez udzialu dodatkowego tacznika [49].

Sa publikacje sugerujace, ze sieciowanie zelatyny lub kolagenu z wykorzystaniem
uktadu EDC/NHS moze ogranicza¢ dostgpnos$¢ sekwencji sygnatowych istotnych dla adhez;ji
komorek, takich jak motyw RGD. Wynika to z faktu, ze w reakcji sieciowania wykorzystywane
sg grupy funkcyjne —COOH i —NH>, ktére moga wchodzi¢ w sktad miejsc rozpoznawanych
przez integryny. Jednoczesnie prace te podkreslajg znaczenie stgzenia EDC — negatywny
wplyw obserwowano przy standardowo wykorzystywanym stezeniu 11,5 mg/ml, natomiast
przy nizszych stezeniach efekt ten byl wyraznie stabszy [52, 53]. W pracach ujetych

W niniejszej rozprawie stosowane stezenia EDC byly w granicach 0,2-2 mg/ml.
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W literaturze mozna znalez¢ rézne proporcje wykorzystywanych st¢zen molowych
EDC do NHS, najczesciej 2,5:1 [52-54] lub 2:1 [55-59]. W niniejszej pracy EDC/NHS zostaty
zastosowane w proporcji 2:1.
¢
BDDGE nalezy do zwigzkow organicznych o dwéch grupach epoksydowych, ktore
podczas reakcji z grupami —NH2 tworzg wigzanie kowalencyjne (Rys. 10), poprzez co
nastepuje sieciowanie zelatyny [60, 61]. Z uwagi na swoja biodegradowalno$¢ i niska

toksycznos$¢ jest z powodzeniem od lat wykorzystywany w kosmetologii [62, 63].

BDDGE cross-linking:
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Rys. 10. Dwuetapowy mechanizm reakcji BDDGE z grupami aminowymi [64].

¢

Transglutaminaza to enzym umozliwiajacy tworzenie wigzan kowalencyjnych
pomiedzy grupami aminowymi, podobnie jak EDC, nalezy do zwiazkéw sieciujacych typu
,zero-length crosslinker” (Rys. 11) [65]. Nietoksycznos¢ transglutaminazy wynika z faktu, ze
naturalnie wystepuje ona w organizmie cztowieka — jest wydzielana przez fibroblasty
w odpowiedzi na uszkodzenie tkanek, wspomagajac procesy gojenia [66]. Moze by¢
pozyskiwana zarowno z tkanek zwierzgcych, jak i produkowana przez bakterie. Potwierdzono
jej korzystny wplyw na adhezje i rozprzestrzenianie si¢ komorek w warunkach in vitro [67],
[68]. Enzym ten jest rowniez szeroko stosowany w przemysle spozywczym, miedzy innymi

w produkcji pieczywa oraz wedlin [69, 70].
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Rys. 11. Mechanizm sieciowania lizyny i glutaminy przez transglutaminaze [65].
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6.4. Funkcjonalizacja powierzchni wlokien

Alternatywnym  podejsSciem do uzyskania dwuskladnikowych materiatow
mikrowtoknistych, w stosunku do elektroprzgdzenia mieszanek polimerowych, jest
funkcjonalizacja powierzchni wiokien jednosktadnikowych — w omawianym przypadku
wykonanych z alifatycznego poliestru — z uzyciem zelatyny. W ramach realizacji tej czesci
badan wybrane zostaly metody funkcjonalizacji oparte na réznych sposobach aktywacji
powierzchni, stanowigcej pierwszy kluczowy etap procesu immobilizacji zelatyny.
Praca 5, wlaczona do niniejszej rozprawy, miata na celu poréwnanie wpltywu wybranych metod
aktywacji na wlasciwosci koncowe materiatow oraz efektywnos¢ kolejnego etapu, jakim byta

immobilizacja zelatyny. Podrozdziaty 6.4.1-6.4.4 przyblizaja metodyke kluczowa dla tej pracy.
6.4.1. Aktywacja powierzchni wlokien

Aktywacja powierzchni materiatu wtdknistego rozumiana jest jako dziatanie majace na
celu zwigkszenie liczby dostepnych grup funkcyjnych, niezbednych do przeprowadzenia
immobilizacji zelatyny. Do badan poréwnawczych wybrano trzy metody aktywacji
powierzchni wiokien: hydrolize zasadowa, zimng plazme tlenowg oraz aminoliz¢. Polimerem
zastosowanym w tej czg$ci badan byt PLCL — kopolimer kwasu mlekowego i e-kaprolaktonu.

¢

Hydroliza zasadowa to dobrze opisana w literaturze metoda umozliwiajaca zwigkszenie
liczby grup —COOH na powierzchni materiatow poliestrowych podatnych na ten proces [71,
72]. Cho¢ hydroliza poliestrow moze zachodzi¢ rowniez w $rodowisku kwasnym, to ze
wzgledu na konieczno$¢ zastosowania silnych kwasow, reakcja ma charakter objetosciowy
I prowadzi do degradacji calego materialu. Z kolei w warunkach zasadowych hydroliza
przebiega na drodze nukleofilowego ataku jonow OH™ na atom wegla grupy estrowej (Rys. 12),

co sprzyja modyfikacjom ograniczonym do powierzchni materiatu [73].
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Rys. 12. Mechanizm zasadowej hydrolizy poliestrow [74].
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W niniejszej pracy do aktywacji powierzchni metodg hydrolizy zasadowej zastosowano
roztwory NaOH o r6znych stezeniach (0,05-1 M) oraz zmiennym czasie reakcji (10-180 min).
Dodatkowo w celu oceny efektow skrajnych warunkow jedng probke poddano dziataniu 1 M
NaOH przez 360 min. Po zakonczeniu reakcji probki zanurzano w 0,01 M roztworze kwasu
solnego (HCI) w celu protonacji powstatych grup —COO-, a nastepnie ptukano wodg
demineralizowang i suszono w temperaturze pokojowej w suszarce prozniowej. Ze wzgledu na
obserwowany ubytek grubosci materiatu po aktywacji wybrane probki poddano pomiarom
masy i grubosci przed i po modyfikacji.

¢

Plazma tlenowa powstaje w wyniku wytadowania elektrycznego w obecnosci gazu,
W komorze o obnizonym ci$nieniu. Zastosowane napigcie powoduje przyspieszenie
elektronow, ktére zderzaja si¢ z czastkami gazu, prowadzac do powstania mieszaniny
obojetnych czasteczek, jonow, czastek wzbudzonych i elektronow [75], ktore oddziatujg na
umieszczony w komorze material. W wyniku tych oddzialywan moze dochodzi¢ do
fragmentacji tancuchow polimerowych oraz wprowadzania nowych grup funkcyjnych, takich
jak —COOH czy —OH, co przektada si¢ na zwigkszenie zwilzalnos$ci powierzchni poliestrow
[76]. Wykazano, ze modyfikacja powierzchni folii PLGA przy uzyciu plazmy tlenowej sprzyja
adhezji, rozprzestrzenianiu si¢ i proliferacji fibroblastow [77].

Na potrzeby pracy 5 aktywacj¢ powierzchni zimng plazmg tlenowa przeprowadzono
przy uzyciu urzadzenia Plasma Cleaner (Diener, ZEPTO PCCE). Wszystkie probki poddano
dziataniu plazmy przy niskiej mocy (1% mocy urzadzenia) i ci$nieniu tlenu 0,1 mbar,
w szerokim zakresie czaséw ekspozycji, od 5 do 60 s.

¢

Aminoliza jest jedng z metod wykorzystywanych w inzZynierii biomaterialow
poliestrowych w celu wprowadzenia na ich powierzchni¢ grup aminowych (—NH>), ktore moga
nastepnie postuzy¢ do immobilizacji czasteczek nadajacych materiatowi bioaktywnosc [78].
Reakcja zachodzi w wyniku nukleofilowego ataku jednej z grup —NH: czasteczki diaminy na
karbonylowy atom wegla w grupie estrowej, co prowadzi do przerwania wigzania estrowego
I utworzenia wigzania amidowego (Rys.13) [79]. We weczesniejszych badaniach
przeprowadzonych w ramach projektu OPUS wykazano, ze aminoliza moze powodowac
degradacj¢ molekularng w catej objetosci wtokien, jednak zastosowanie tagodnych warunkoéw
reakcji umozliwia skuteczne wprowadzenie grup —NH: przy jednoczesnym zachowaniu

korzystnych wlasciwosci mechanicznych materiatu [80].
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Rys. 13. Mechanizm reakcji aminolizy [80].

Cze$¢ eksperymentalna dotyczaca aminolizy zostala oparta na wynikach
opublikowanych w pracy Jeznach et al. [80], w ktorej opisano wzrost stezenia grup —NH-
w zalezno$ci od st¢zenia diaminy i czasu reakcji. Do dalszych analiz wybrano trzy warianty
warunkow reakcji, pozwalajace uzyska¢ zrdznicowang zawarto$¢ grup aminowych na
powierzchni materiatu. Aminoliz¢ przeprowadzono poprzez zanurzenie probek w roztworze
etylenodiaminy w izopropanolu w temperaturze 30°C, w inkubatorze z wytrzgsaniem
orbitalnym. Po zakonczeniu reakcji probki trzykrotnie ptukano woda dejonizowang i suszono

prozniowo przez noc.

6.4.2. Oznaczenie ilosci grup —COOH na powierzchni materiatu

W celu oceny skuteczno$ci modyfikacji powierzchni metoda hydrolizy zasadowej oraz
za pomocg zimnej plazmy tlenowej przeprowadzono test z uzyciem biekitu toluidyny,
pozwalajacy na oznaczenie ilosci grup —COOH. Metoda opiera si¢ na barwieniu
zjonizowanych grup karboksylowych na powierzchni wtdkien poprzez oddzialywania jonowe.
Zastosowano zmodyfikowany protokét wedtug Gupta et al. [80]. Probki inkubowano przez
5 godzin w roztworze biekitu toluidyny o stezeniu 0,5 mM i pH 10 w temperaturze 37°C,
nastepnie plukano roztworem NaOH (pH 9) w celu usuni¢cia nadmiaru nieprzytaczonego
chromoforu. Zabarwione probki poddano nastgpnie ekstrakcji z uzyciem 50% roztworu kwasu
octowego. Stezenie uwolnionego barwnika oznaczano spektrofotometrycznie przy dlugosci

fali 630 nm (The Multiskan™ GO, Thermo Fisher Scientific, USA).

6.4.3. Przylaczenie bialka na powierzchni wiékien

Immobilizacja Zelatyny zostata przeprowadzona w trzech etapach. W pierwszym z nich

materiaty z wtokniny PLCL poddano jednej z trzech metod aktywacji powierzchni: hydrolizie
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zasadowej, plazmie tlenowej lub aminolizie, przy czym parametry reakcji dobrano na
podstawie wczesniejszych badan optymalizacyjnych: dla hydrolizy — od 0,1 M do 1 M NaOH
przez 3 godziny; dla plazmy — 10 s i 40 s; dla aminolizy — trzy zestawy st¢zen etylenodiaminy
i czasOw reakcji: 2% przez 5 minut, 2% przez 10 minut oraz 6% przez 5 minut, zgodnie
Z wezesniejszymi badaniami [81].

Nastepnie przeprowadzono reakcje z czynnikiem sieciujagcym. W tym celu prébki po
hydrolizie i plazmie, ze zwigkszong iloscia dostgpnych na powierzchni grup —COOH,
umieszczono przez 1 godzing w roztworze EDC/NHS o stezeniach 0,23%/0,12% wag.
rozpuszczonych w mieszance alkoholu etylowego i wody w proporcji 7:3 wag., a probki
poddane wczesniej aminolizie, z grupami —NHz, na 2,5 godziny w 1% roztworze aldehydu
glutarowego (GTA).

Finalnym etapem bylo zanurzenie wszystkich probek w 0,2% roztworze zelatyny na
20 godzin w temperaturze 37°C w celu jej immobilizacji na powierzchni materiatow. Aby
upewnic si¢, ze w materiale nie pozostata nieprzytaczona zelatyna, probki ptukano w wodzie
demineralizowanej przez 24 godziny w temperaturze 30°C w wytrzasarce orbitalne;.

Przygotowano réwniez dwie probki kontrolne z PLCL bez aktywacji powierzchni:
jedna umieszczong w roztworze EDC/NHS, a nastepnie w kapieli zelatynowej; druga poddang

jedynie kohcowemu etapowi zanurzenia w zZelatynie.

6.4.4. Oznaczenie ilosci przylaczonego biatka

W celu poréwnania efektywnosci roznych metod funkcjonalizacji powierzchni wtokien
z PLCL z wykorzystaniem zelatyny przeprowadzono oznaczenie ilosci biatka za pomocg testu
BCA (Bicinchoninic Acid, zestaw QuantiPro™), umozliwiajacego ilosciowe oznaczenie
biatek w probce. Pomiar ilo$ci Zelatyny obecnej na powierzchni wtokien wykonano zaréwno
bezposrednio po funkcjonalizacji, jak 1 po 1 oraz 7 dniach inkubacji w warunkach
analogicznych do opisanego w podrozdziale 6.2 badania wymywania biododatku. W tym
przypadku oceniano jednak nie zmian¢ masy probki, lecz ilo$¢ biatka pozostajacego
w materiale na podstawie testu BCA.

Dla kazdego z analizowanych materialdw wykonano trzy powtorzenia, wykorzystujac
probki o masie 1 mg. Kazdg probke umieszczano w probowce typu Eppendorf, dodajac 0,5 ml
wody dejonizowanej oraz 0,5 ml roztworu BCA. W celu przygotowania krzywej kalibracyjnej

sporzadzono roztwory zelatyny o st¢zeniach z zakresu 5-30 pg/ml. Zaréwno probki badawcze,
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jak 1 kalibracyjne inkubowano przez 2 godziny w temperaturze 37°C. Absorbancj¢ mierzono
przy dtugosci fali 560 nm, wykorzystujgc spektrofotometr UV-Vis. Wyniki przedstawiono jako

ilo$¢ zelatyny na powierzchni materiatu, wyrazong w pg na mg probki wtokniste;.

6.5. Charakterystyka roztworow polimerowych

Badania struktury 1 wtasciwosci roztwordéw polimerowych byty wykonywane w ramach
prac 1 (Electrospinning and Structure of Bicomponent Polycaprolactone/Gelatin Nanofibers
Obtained Using Alternative Solvent System) i 3 (The effect of a solvent on cellular response to
PCL/gelatin and PCL/collagen electrospun nanofibers), nalezacych do cyklu stanowigcego
niniejsza rozprawe.

¢

Przeprowadzenie optymalizacji nowego systemu rozpuszczalnikowego dla mieszaniny
polikaprolaktonu i zelatyny wymagato systematycznego okreslenia wptywu proporcji kwasu
octowego 1 mrowkowego, a takze stezenia obu polimeréw, na przewodnos¢ roztworu. Badano
mieszanki rozpuszczalnikéw w zakresie od 100% kwasu octowego do mieszaniny w proporcji
1:1, a takze roztwory polimerowe zawierajace PCL i Zelatyng w proporcjach od 100% PCL do
mieszaniny 75:25 (PCL:zelatyna) w rozpuszczalniku AA/FA o stosunku 9:1. Wszystkie
pomiary przewodnosci elektrycznej rozpuszczalnikow 1 roztworow zostaly wykonane za
pomoca konduktometru polskiej firmy Elmetron CC-401.

¢

Kolejnym istotnym parametrem roztworu polimerowego z punktu widzenia
elektroprzedzenia jest jego lepkos¢. Okresla ona opdr roztworu wobec przeptywu, stabilizujac
tym samym strumien podczas procesu. Lepkos¢ zalezy zarowno od stezenia roztworu, jak
I masy czasteczkowej polimeru. Kluczowe znaczenie ma rowniez rodzaj zastosowanego
rozpuszczalnika — analiza lepko$ci moze dostarczy¢ informacji na temat interakcji pomigdzy
czgsteczkami polimeru a czgsteczkami rozpuszczalnika.

W pracy 1 przeprowadzono badania poréwnawcze lepkosci roztworow w dwoch
uktadach rozpuszczalnikowych: HFIP oraz mieszaninie kwasu octowego i mrowkowego
(AA/FA 9:1). Pomiaré6w dokonano dla réznych predkosci $cinania w przypadku roztworu
PCL:Zelatyna w stosunku 75:25, a takze dla réznych proporcji PCL 1 zelatyny przy stalej
predkosci $cinania 40 s™', odpowiadajacej oszacowanej wartosci szybkosci Scinania wewnatrz

igly.
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W pracy 3 kontynuowano badania porownawcze roztwordéw w dwoch wezesniej
wspomnianych uktadach rozpuszczalnikowych, dla roznych proporcji PCL 1 zelatyny, przy
statej predkosci Scinania. W celu oceny wptywu rodzaju rozpuszczalnika na lepko$¢ roztworu
porownano probki o jednakowym catkowitym stezeniu polimeru wynoszacym 5%.
Dodatkowo, w celu oceny r6znic w konformacji czgsteczkowej obu badanych polipeptydow
W zaleznosci od zastosowanego uktadu rozpuszczalnikowego, zbadano lepkos¢ zestawu
roztworow zelatyny i kolagenu w obu typach rozpuszczalnikéw w Kilku st¢zeniach od 1,6% do
6,8%. Ze wzgledu na niskie st¢zenia polimerow, we wszystkich przypadkach zastosowano
predkos¢ cinania wynoszacg 300 s~'. Wszystkie pomiary lepkos$ci przeprowadzono za pomoca
wiskozymetru rotacyjnego Brookfield HADV-III Ultra w konfiguracji stozek/ptytka.

¢

W zwigzku z zaobserwowanym zmgtnieniem roztworéow PCL/zelatyna w mieszaninie
kwasow AA/FA, co moze by¢ zwigzane z bardzo ograniczong mieszalno$cig PCL i Zelatyny
wykazang przez Kolbuk et al. [82] przeprowadzono oceng struktury roztworu za pomocg
mikroskopu interferencyjno-polaryzacyjnego Pluty (Biolar PI), wyprodukowanego przez
Polskie Zaktady Optyczne (PZO).

6.6. Charakterystyka materialow wléknistych
6.6.1. Mikroskopia optyczna i elektronowa

Wspomniany mikroskop interferencyjno-polaryzacyjny Pluty byt wykorzystany
réwniez w badaniach wewng¢trznej struktury elektroprzedzonych wtokien dwusktadnikowych
PCL/zelatyna. Badaniu poddano probki zbierane na kolektor bedacy nieruchoma plyta. Ze
wzgledu na stabe uporzadkowanie molekularne otrzymywanych w ten sposob wiokien [83],
oczekiwano, ze zmiany jasno$ci przy skrzyzowanych polaryzatorach beda odzwierciedlac
mozliwg segregacje¢ krystalizujacych obszarow PCL 1 niekrystalizujacych obszaréw zelatyny.

Do oceny morfologii widkien oraz analizy ich $rednicy wykorzystano skaningowg
mikroskopi¢ elektronowa (SEM), z uzyciem mikroskopow JEOL JSM-6010PLUS/LV
InTouchScope™ oraz JEOL JSM-6390LV. Obserwacja réznic w morfologii widkien
uzyskanych z réznych uktadéw rozpuszczalnikowych, poddanych wymywaniu biododatku
biatkowego, sieciowaniu lub funkcjonalizacji, stanowi podstawowe i istotne badanie w ramach

oceny wlasciwosci materiatu.
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6.6.2. Kalorymetria réznicowa

W celu analizy wplywu rodzaju rozpuszczalnika na krystaliczno$¢ oraz temperature
topnienia PCL, zarowno po procesie elektroprzedzenia jak i po 90 dniach badania wymywania
biododatku, zastosowano roéznicowg kalorymetri¢ skaningowa (DSC) z wykorzystaniem
aparatu Perkin-Elmer Pyris-1. Probki o masie okoto 2 mg byly ogrzewane z szybkoscig
10°C/min. Podczas pomiardw jako gaz ochronny stosowano azot. Krystaliczno§¢ PCL zostala

oszacowana wedlug rownania (Eq. 1):

AHf
*e = 0 1)

gdzie x. to krystaliczno$¢ PCL, AHy — entalpia topnienia probki znormalizowana do masy
PCL, natomiast AHj? to entalpia topnienia w 100% krystalicznego PCL. Kalibracj¢ urzadzenia

wykonywano przy uzyciu wzorca z indu.
6.6.3. Rozpraszanie promieni rentgenowskich w zakresie szerokokatowym

Komplementarnym badaniem dla DSC, wykorzystanym do analizy krystalicznosci
wioknin dwusktadnikowych, bylo rozpraszanie promieni rentgenowskich w zakresie
szerokokatowym (WAXS, ang. Wide Angle X-ray Scattering). Zostato ono przeprowadzone
W celu oceny zmian krystalicznosci PCL oraz struktury zelatyny/kolagenu we wioknach,
W zaleznos$ci od rodzaju zastosowanego rozpuszczalnika oraz w funkcji czasu dla probek
poddanych badaniu wymywania biododatku. Detekcja piku charakterystycznego dla
zelatyny/kolagenu w konformacji potrojnej helisy moze wskazywac¢ na renaturacje zelatyny.
Analizowane byly potozenia pikow krystalicznych i1 halo amorficznego, ich przesunigcia
wzgledem siebie oraz wielko$¢ krysztatow PCL i ich doskonato§¢ wyrazana przez szeroko$é
potowkows pikéw (FWHM, ang. Full Width at Half Maximum).

Pomiary WAXS wykonano za pomoca dyfraktometru Bruker D8 Discover
(promieniowanie CuKa, A = 1,5418 A). Wszystkie badania zostaly wykonane w trybie
odbiciowym, przy uzyciu szczeliny o szerokosci 0,6 lub 1 mm oraz dwoch kolimatorow —
jednego po stronie pierwotnej i jednego po stronie wtornej. Zastosowano skanowanie typu
,coupled theta-2-theta”, co oznacza, ze zrddlo promieniowania i detektor jednowymiarowy

poruszaly si¢ symetrycznie, podczas gdy probka pozostawata nieruchoma, umieszczona
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W centrum kota goniometrycznego. Profile WAXS zostaty nastepnie poddane dekonwoluciji

numerycznej przy uzyciu funkcji Pearson VII.

6.6.4. Spektroskopia w podczerwieni

Badania z uzyciem spektroskopii w podczerwieni wykonane metodg catkowitego
odbicia wewnetrznego ATR-FTIR (ang. Attenuated Total Reflection, Fourier Transform
Infrared) byty wykorzystane w dwdch celach — do oceny struktury molekularnej polipeptydow,
zelatyny 1 kolagenu we wiokninach dwusktadnikowych, zarowno wyjsciowych, jak
i poddanych badaniom wymywania biododatku oraz do analizy zmian zachodzacych
w materialach poddanych aktywacji powierzchni za pomoca hydrolizy i plazmy, a nastgpnie
oceny skuteczno$ci immobilizacji zelatyny. W pierwszym przypadku dodatkowo wykonano
pomiary rowniez na wyjsciowych probkach kolagenu i zelatyny w formie proszku oraz na
foliach z obu biatek odlewanych z roztworu 0,1 M kwasu octowego, ktore miaty postuzy¢ jako
materiaty odniesienia.

Pomiary wykonano w zakresie 400-4000 cm !, a analiza koncentrowata si¢ na pasmach
amidowych 1 i I, ktore sg gtbwnymi pasmami charakterystycznymi w widmie w podczerwieni
dla biatek, a takZe na pasmie, ktére odpowiada wibracjom grup karbonylowych w czasteczkach
PLCL. Przesunigcia maksimoéw pasm amidowych mogg $wiadczy¢ o zmianach
konformacyjnych: przesunigcie ku nizszym liczbom falowym sugeruje denaturacje, a ku
wyzszym renaturacj¢ biatka. Analogicznie, przesunigcie maksimum piku dla wigzania C=0
pochodzacego z grupy estrowej ku nizszym liczbom falowym $wiadczy o jej rozpadzie do

grupy karboksylowej [84].

6.6.5. Badania wlasciwo$ci mechanicznych

Celem przeprowadzonych badan mechanicznych bylo okreslenie wpltywu
zastosowanych rozpuszczalnikow, wymywania biododatku w warunkach symulujacych
srodowisko fizjologiczne, jak roéwniez modyfikacji powierzchni na wlasciwosci
wytrzymato$ciowe uzyskanych wioknin, cO moze rzutowa¢ na ich przydatnos¢ jako
materiatlow przeznaczonych na rusztowania komdrkowe.

W przypadku materiatéw porowatych, takich jak wtokniny, obliczanie modutu Younga
obarczone jest pewng niejednoznaczno$cig — otrzymana warto$¢ odnosi si¢ do catej struktury,

a nie do litego materiatu polimerowego ani pojedynczego wtokna. W niniejszej pracy modut
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traktowany jest jako parametr pordwnawczy, opisujacy funkcjonalne wlasciwosci
mechaniczne catej wtokniny. Takie podejscie pozwala na oceng poréwnawczg spodziewanego
zachowania materialu w warunkach aplikacyjnych, mimo ze uzyskiwane wartoSci nie
odpowiadaja klasycznej definicji modutu Younga.

Wiasciwosci mechaniczne elektroprzedzonych materiatow badano przy pomocy testu
rozciggania jednoosiowego, korzystajagc z maszyny wytrzymato$ciowej Lloyd EZ-50 (USA),
wyposazonej w gumowe uchwyty przystosowane do cienkich i delikatnych prébek oraz
glowicg pomiarowa o zakresie 50 N. Pomiary prowadzono na suchych probkach, przy
predkosci rozciggania wynoszacej 5 lub 10 mm/min, w zalezno$ci od etapu badan. Dla kazdego
rodzaju materialu przygotowano po trzy probki o ksztalcie prostokatnym, o wymiarach
50mmx5mm lub 50 mm x 10 mm, z czego odpowiednio 20-25 mm dlugoséci bylo
rzeczywiscie rozcigganych pomigdzy uchwytami. Grubo$¢ probek, mieszczaca si¢ w zakresie
50-80 um, byta mierzona dla kazdej na obu koncach z uzyciem mikrometru analogowego, a
warto$¢ usredniona uwzgledniana byta w dalszej analizie. Na podstawie uzyskanych krzywych
naprezenie-odksztatlcenie wyznaczano modul Younga, wytrzymato$¢ na rozcigganie oraz

wydtuzenie przy zerwaniu.

6.6.6. Zwilzalnos$¢

Zwilzalnosc¢ jest jedng z kluczowych cech materiatow przeznaczonych do zastosowan
jako rusztowania komorkowe. Wprowadzenie alternatywnego systemu rozpuszczalnikow do
elektroprzgdzenia wtdknin z PCL i biopolimeru biatkowego wymaga oceny wplywu tego
systemu na witasciwosci powierzchniowe materiatu, w tym na jego zwilzalno$¢ — zar6wno
bezposrednio po otrzymaniu, jak i w funkcji czasu dla eksperymentu wyptukiwania biododatku
odpowiedzialnego za nadanie materiatowi charakteru hydrofilowego. Poniewaz kat zwilzania
jest wlasciwoscia $cisle zalezna od charakterystyki powierzchni, istotne bylo réwniez jego
oznaczenie po zastosowanych modyfikacjach powierzchniowych witokien.

Pomiar kata zwilzania przeprowadzono metodg kropli siedzacej, z wykorzystaniem
goniometru OCA 15EC (Data Physics, Niemcy), stosujac wod¢ demineralizowang jako ciecz
kontaktowg. W zaleznosci od etapu badan, pomiary wykonywano w jednym (praca 2) lub
w kilku punktach czasowych (prace 3 i 4), rejestrujac kat zwilzania od 0,2 s do 30s po
naniesieniu kropli na powierzchni¢ probki. Modyfikacja metodyki w pdzniejszych etapach
badan byla wynikiem obserwacji, ze czg¢$¢ analizowanych materiatow, cho¢ wykazywata

podobne wartos$ci kata zwilzania w jednym ustalonym punkcie czasowym, charakteryzowata
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si¢ odmiennym przebiegiem zmian tego parametru w czasie. Wprowadzenie pomiaréw w kilku
punktach czasowych umozliwito doktadniejszg charakterystyke zwilzalno$ci materialéw oraz
identyfikacj¢ subtelnych réznic pomi¢dzy badanymi wariantami, co ma szczegodlne znaczenie
w przypadku materiatow widknistych. W takich strukturach na zwilzalno$¢ wptywaja nie tylko
wlasciwosci chemiczne powierzchni witokien, ale rowniez ich morfologia oraz porowatos¢,

W tym zjawiska kapilarne zachodzgce wewnatrz matrycy wtokniste;.

6.6.7. Chromatografia zZelowa

Analiza zmian masy czasteczkowej zostala przeprowadzona dla probek poddanych
aktywacji powierzchni, stanowigcej pierwszy etap procesu funkcjonalizacji. Zastosowane
metody — aminoliza, hydroliza zasadowa oraz zimna plazma tlenowa w roézny sposob
oddzialuja na witdkna poliestrowe, a w zaleznos$ci od czasu dziatania i/lub stezenia reagentow
moga prowadzi¢ do zmian masy czasteczkowej o zroznicowanym nasileniu — od nieznacznych
po istotne. Charakter oraz zakres tych zmian wplywaja mierzalnie na wtasciwos$ci mechaniczne
wldknin, a tym samym mogg decydowac o ich funkcjonalnosci aplikacyjne;.

Do oznaczenia masy czasteczkowej probek polimerowych zastosowano chromatografie
zelowg (GPC, ang. gel permeation chromatography) z uzyciem urzadzenia Nexera (Shimadzu,
Japonia), wyposazonego w kolumne Phenogel™ (5 um, 10° A, Phenomenex) oraz detektor
zatamania $wiatla RID-20A. Probki o stezeniu 2 mg/mL przygotowywano poprzez
rozpuszczenie w tetrahydrofuranie (THF), mieszanie przez 24 godziny, a nastepnie filtracje
probki z uzyciem hydrofobowego filtru PTFE o porach 0,22 um. Pomiar prowadzono
w temperaturze 40°C, przy przepltywie fazy ruchomej (THF) wynoszacym 1 ml/min. Krzywa
kalibracyjng oparto na standardzie polistyrenowym, a do obliczenia mas czgsteczkowych
zastosowano réwnanie Marka-Houwinka, wedhug parametréw dla PLCL ustalonych przez
Nuuttilla [85].

6.6.8. Badania odpowiedzi komoérkowej in vitro

Badania odpowiedzi komoérkowej stanowig nieodzowny etap w procesie oceny nowych
materiatlow przeznaczonych do zastosowan w inzynierii tkankowej. Cho¢ peing oceng
bezpieczenstwa 1 funkcjonalno$ci rusztowania umozliwiajag dopiero badania in vivo, ze
wzgledu na zlozong odpowiedZz catego organizmu, w tym istotny udzial ukladu

immunologicznego, to modelowe badania in vitro maja kluczowe znaczenie na wczesnym
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etapie rozwoju materialu. Ocena cytotoksyczno$ci oraz analiza morfologii komorek
hodowanych na powierzchni materialu umozliwiajg szybka identyfikacj¢ niekorzystnych
formulacji, ograniczenie kosztéw dalszych badan oraz redukcje liczby niezbednych
eksperymentoéw na zwierzgtach.

Badania odpowiedzi komoérkowej przedstawione w niniejszej rozprawie obejmujg
zaroOwno analizy ilosciowe, jak i jakosciowe. Wszystkie testy ilosciowe przeprowadzono
Z uzyciem standardowej dla tego typu badan linii mysich fibroblastow 1.929. W badaniach
jakosciowych, w zalezno$ci od etapu badan, zastosowano rowniez lini¢ L929 lub poza nia,
dodatkowo ludzkie fibroblasty (HF, ang. human fibroblasts).

Do grupy analiz iloSciowych zaliczaja si¢ badania cytotoksyczno$ci oparte na
ekstraktach oraz testy zywotnosci komoérek prowadzone w bezposrednim kontakcie
z materiatem. Wykorzystano w nich testy aktywnosci metabolicznej: MTT (redukcja soli
tetrazolowej do formazanu przez mitochondrialng dehydrogenaze), PrestoBlue (redukcja
resazuryny do resorufiny) oraz CellTiter-Glo® (pomiar emisji $wiatta powstatego w reakcji
utlenienia lucyferyny), a takze test proliferacji CyQuant (ilosciowy pomiar DNA
komorkowego).

Badanie cytotoksyczno$ci zostato przeprowadzone w sposob zblizony do protokotu
zamieszczonego w normie ISO 10993-5, totez do oceny toksyczno$ci zastosowano
proponowany w normie prog, ponizej ktorego stwierdza si¢ dziatanie cytotoksyczne,
a mianowicie 70% wyniku testu kontrolnego.

Badania jako$ciowe polegaly na ocenie zaggszczenia, morfologii i rozwinigciu
cytoszkieletu komorek hodowanych na powierzchni materiatéw wioknistych po 3-7 dniach
inkubacji. Analizie poddano obrazy uzyskane za pomocg skaningowej mikroskopii
elektronowej (SEM) oraz mikroskopii fluorescencyjnej. W przypadku tej drugiej zastosowano
barwienie jader komoérkowych oraz widkien aktynowych budujacych cytoszkielet.

Szczegodtowe informacje dotyczace warunkéw hodowli, gestosci wysiewu, czasu
trwania eksperymentow, protokoldw testow oraz przygotowania probek znajduja si¢ w pracach
3 (The effect of a solvent on cellular response to PCL/gelatin and PCL/collagen electrospun
nanofibres) oraz 5 (A4 Comparative Study of Three Approaches to Fibre’s Surface

Functionalization).
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Tab. 2. Dane bibliograficzne publikacji wtaczonych do rozprawy na dzien 16 pazdziernika 2025.

Numer Rok IF (2025) Punkty MNiSW Liczba cytowani | Liczba cytowan
publikacji wydania (2025) (Scopus) (Web of Science)
1 2015 2,5 70 65 60
2 2016 7,4 100 114 107
3 2018 6,3 100 64 63
4 2021 3,2 140 14 14
5 2022 5,2 100 5 5
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7.1. Praca 1. Electrospinning and Structure of Bicomponent

Polycaprolactone/Gelatin Nanofibers Obtained Using Alternative Solvent System

Motywacja do podjecia badan, ktorych wyniki przedstawiono w artykule otwierajacym
cykl publikacji zawartych w niniejszej rozprawie doktorskiej, byla potrzeba znalezienia
alternatywy dla silnie toksycznych alkoholi fluorowanych wykorzystywanych powszechnie
W procesie elektroprzedzenia biodegradowalnych dwusktadnikowych witokien z udziatem
polimeru syntetycznego oraz biopolimeru biatkowego.

W dostepnej literaturze do otrzymywania roztwordéw polimerowych zawierajacych
polikaprolakton z dodatkiem zelatyny lub kolagenu, przeznaczonych do elektroprzedzenia,
wykorzystywano jedynie alkohole fluorowane. Nieliczne proby zastosowania innych uktadow
rozpuszczalnikowych ograniczaly si¢ do przgdzenia witdkien zawierajacych tylko jeden z tych
polimerow, prowadzac do otrzymania wioknin o defektach strukturalnych, niespetniajacych
wymagan stawianych materiatom przeznaczonym na rusztowania komorkowe.

Glownym celem badan byto opracowanie alternatywnego uktadu rozpuszczalnikow do
elektroprzedzenia witokien z polikaprolaktonu 1 zelatyny, ktéry bylby bezpieczniejszy dla
operatora, mniej toksyczny oraz tanszy w porownaniu do stosowanych powszechnie alkoholi
fluorowanych. Istotnym zatozeniem bylo, ze wldkniny otrzymywane z uzyciem
alternatywnych rozpuszczalnikow nie moga odbiega¢ znaczaco zaréwno pod katem
morfologii, jak i funkcjonalnosci od tych uzyskanych z roztworéw opartych o alkohole
fluorowane.

Ze wzgledu na to, ze analizowany system rozpuszczalnikowy (mieszanina kwasu
octowego 1 mrowkowego) byt nowatorskim podejéciem, konieczne byto rozpoczecie prac od
przeprowadzenia charakterystyki otrzymywanych roztworéw polimerowych pod katem ich
struktury, lepkosci oraz przewodnictwa elektrycznego. Drugim waznym zadaniem byta ocena
morfologii 1 krystaliczno$ci wldknin PCL/Zelatyna wuzyskanych przy uzyciu nowo
opracowanego uktadu rozpuszczalnikbw w poréwnaniu z materialami otrzymywanymi
z wykorzystaniem wybranego przedstawiciela alkoholi fluorowanych — HFIP.

W tym celu przeprowadzono testy optymalizacyjne z wykorzystaniem rdznych
proporcji obu kwasow oraz stezen polimerow, dazac do uzyskania jak najbardziej stabilnych
warunkow elektroprzedzenia. Na podstawie wynikéw tej czgsci badan ustalono, ze
optymalnym ukladem rozpuszczalnikowym jest mieszanina sktadajaca si¢ w 90% z kwasu
octowego 1 w 10% z kwasu mrowkowego (AA/FA 9:1). Dzieje si¢ tak ze wzgledu na dobra

rozpuszczalno$¢ obu polimerow w tych kwasach oraz odpowiednie przewodnictwo elektryczne
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i niskie napiecie powierzchniowe uzyskane poprzez niewielki dodatek kwasu mréwkowego do
kwasu octowego, ktory w takiej ilosci nie wywotuje szybkiej degradacji molekularnej
polimerow, co obserwowane byto przy jego wyzszych stgzeniach. Zastosowanie mieszaniny
AA/FA 9:1 umozliwia prowadzenie powtarzalnego i stabilnego procesu elektroprzedzenia,
w wyniku ktérego otrzymuje si¢ wolne od defektow (tzw. koralikow) widkna.

Kolejnym etapem badan byta charakterystyka otrzymanych roztworéw polimerowych.
Pierwszg zauwazalng r6znicg pomigdzy roztworami przygotowanymi w HFIP a tymi opartymi
na mieszaninie kwasu octowego i mrowkowego bylto ich zmgtnienie. Obserwacje prowadzone
za pomocg mikroskopu optycznego potwierdzity emulsyjng strukturg roztworéw PCL/Zelatyna
otrzymanych z uzyciem kwasow, przy czym struktura ta okazala si¢ stabilna w czasie.

W dalszej cze$ci przeprowadzono pomiary przewodnictwa elektrycznego oraz lepkosci
roztworéw. Wykazano, ze wzrost zawarto$ci zelatyny wzgledem PCL powoduje wzrost
przewodnosci elektrycznej w uktadzie opartym na kwasach oraz przyczynia si¢ do obnizenia
lepkosci roztworu niezaleznie od rodzaju rozpuszczalnika — kwasowego czy alkoholu
fluorowanego. Porownanie lepkosci roztworow przygotowanych w uktadzie AA/FA 9:1 oraz
w HFIP w funkcji szybkos$ci $cinania, wykazato nieznaczny spadek lepkosci w przypadku
uktadu kwasowego, przy praktycznie statej wartosci tego parametru dla roztwor6w na bazie
HFIP.

Na potrzeby otrzymania materialdow wtoknistych przygotowano zestaw roztworow
zawierajacych oba polimery, polikaprolakton i zelatyng, w proporcjach wagowych: 90:10,
85:15, 80:20 oraz 75:25. Roztwory w uktadzie AA/FA miaty stezenie catkowite 15%, a w HFIP
5%. Jako kontrolg przygotowano takze roztwory zawierajace wytacznie PCL.

Proces elektroprzedzenia wszystkich roztworow prowadzono w ustalonych warunkach
pod wzgledem predkosci przeptywu, odleglosci igly od kolektora, temperatury oraz
wilgotnosci powietrza. Jedynym parametrem r6znigcym procesy byta wartos$¢ napiecia, 10 kV
dla roztworéw z AA/FA oraz 12,5 kV dla roztworow z HFIP.

Nastepny etap badan obejmowat charakterystyke pordwnawcza uzyskanych wtoknin.
Obserwacje przeprowadzone za pomoca skaningowej mikroskopii elektronowej (SEM)
potwierdzity, ze elektroprzgdzenie roztworow obu typéw pozwala na uzyskanie widknin
0 zblizonej morfologii, z izotropowo ulozonymi widknami 0 gladkiej powierzchni,
pozbawionymi defektow. Taki wynik sugeruje stabilno$¢ procesu elektroprzedzenia oraz brak
widocznych $§ladow struktury emulsyjnej. Analiza rozktadéw $rednic wiokien wykazata, ze
w przypadku widknin z czystego PCL obserwuje si¢ bimodalny rozktad srednic, natomiast

dodatek zZelatyny prowadzi do przej$cia w rozktad jednomodalny.
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Réznice wynikajace z zastosowanego rozpuszczalnika ujawnily si¢ podczas obserwacji
mikroskopowej widkien przy skrzyzowanych polaryzatorach, pozwalajacej na ujawnienie
struktur optycznie dwojtomnych, jakimi sg krystality. Badanie to wykazalo mniej jednorodne
utozenie krystalitow PCL we widknach otrzymanych z mieszaniny kwaséw w poréwnaniu do
wlokien elektroprzedzonych z HFIP, co wskazuje na wplyw emulsyjnego charakteru
roztworOw kwasowych — separacje Krystalicznego PCL i amorficznej zelatyny. Podobnie
badanie krystaliczno$ci widknin za pomoca DSC pokazato réznice dla obu grup wtoknin —
wicksza krystaliczno$¢ materiatdow formowanych z kwasow, co jest wynikiem znaczaco nizszej
temperatury wrzenia HFIP w poréwnaniu do obu kwasoéw. Decyduje to o szybszym
odparowaniu HFIP z widkien podczas procesu elektroprzgdzenia, a tym samym krysztalty PCL
maj3 mniej czasu na wzrost.

Ostatnim przeprowadzonym badaniem byta analiza struktury Zelatyny w otrzymanych
materiatach wioknistych. Wyniki uzyskane metoda rozpraszania rentgenowskiego (WAXS)
nie wykazaty obecnos$ci pikow dyfrakcyjnych charakterystycznych dla zelatyny w konformacji
helikalnej, niezaleznie od zastosowanego rozpuszczalnika. Zaobserwowano jedynie szerokie

halo odpowiadajace strukturze amorficznej.

Osiagniecia:

e Opracowano mniej toksyczny, przyjazny dla srodowiska i tanszy system rozpuszczalnikow
jako alternatywe dla HFIP do formowania elektroprzedzonych wtoknin PCL/Zelatyna.

e Po raz pierwszy przeprowadzono z powodzeniem, innowacyjne na tle 6wczesnej literatury,
elektroprzgdzenie dwusktadnikowych wtokien PCL 1 zelatyny z zastosowaniem mieszaniny
AA/FA jako rozpuszczalnika.

e Potwierdzono, ze nowo opracowany uktad rozpuszczalnikowy pozwala formowa¢ wtdkniny
0 korzystnej, zblizonej morfologii do tych otrzymywanych z uzyciem tradycyjnych

rozpuszczalnikow.

Wykazano:

e Roztwory PCL i zelatyny otrzymane z uzyciem mieszanki kwasow jako rozpuszczalnika,
charakteryzowatly si¢ stabilng, emulsyjng strukturg (W przeciwienstwie do klarownych

roztworéw HFIP).
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e Przewodnictwo elektryczne roztworow wzrastalo przy zwigkszeniu zawarto$ci zelatyny
W roztworze.

e Elektroprzedzenie dwusktadnikowych roztworow sporzadzonych z uzyciem obu typow
rozpuszczalnikow przy zblizonych parametrach procesu, pozwolito na otrzymanie
materialow o porownywalnej morfologii widkien. Witokniny dwuskladnikowe
charakteryzowaly si¢ jednomodalnym rozktad grubosci widkien, zas formowane z czystego
PCL — bimodalnym.

e Ulozenie krysztatoéw PCL we witdknach z AA/FA byto mniej jednorodne niz w tych z HFIP.

e Stopien krystalicznosci materialtbw formowanych z mieszanki kwaséw octowego
i mrowkowego byl wickszy ze wzgledu na wolniejsze odparowywanie tych
rozpuszczalnikow ze strugi roztworu w trakcie procesu elektroprzedzenia.

e Niezaleznie od zastosowanego typu rozpuszczalnika, nie wykryto obecnosci krysztatow

zelatyny, ktore $wiadczytyby o jej helikalnej strukturze we widknach.

7.2. Praca 2. Biodegradation of bicomponent PCL/gelatin and PCL/collagen

nanofibers electrospun from alternative solvent system

Druga praca ujeta w cyklu stanowi kontynuacje badan nad dwusktadnikowymi
materiatami  wldknistymi otrzymywanymi z wykorzystaniem alternatywnego uktadu
rozpuszczalnikow. Wezesniejsze badania wioknin otrzymanych z uzyciem mieszanki kwasow
jako rozpuszczalnika, mimo uzyskania zblizonej morfologii elektroprzedzonych materiatow do
tych otrzymanych z HFIP, ujawnily réznice w strukturze wewnetrznej wiokien wynikajace
Z emulsyjnosci roztworu. Z uwagi na perspektywe aplikacji badanych materiatéw w inzynierii
tkankowej, konieczne bylo przeprowadzenie dalszych badan, w celu oceny jak rdéznice
pomig¢dzy materiatami otrzymywanymi z uzyciem réznych rozpuszczalnikow moga rzutowaé
na wlasciwosci wioknin w warunkach zywego organizmu.

Glownym celem badan ujgtych w pracy bylo zbadanie wpltywu rozpuszczalnika
wykorzystanego w procesie elektroprzgdzenia na szybkos¢ wymywania dodatku biopolimeru
oraz na zmiany szeregu wlasciwosci materiatow wioknistych z polikaprolaktonu z dodatkiem
zelatyny i kolagenu, W zaleznosci od czasu, w srodowisku symulujgcym warunki fizjologiczne.
Dodatkowym celem bylo poréwnanie wynikow uzyskanych dla roéznych wyjsciowych
zawartosci biododatku we wtoknach oraz dla dwoch typow dodatku biatkowego: kolagenu

i jego zdenaturowanej formy — zelatyny.
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Na potrzeby zaplanowanych badan otrzymano seri¢ widknin z zastosowaniem
analogicznych warunkow procesu elektroprzedzenia, jak w poprzedniej pracy. Z roztworéw
opartych na obu typach rozpuszczalnikdOw — mieszaninie kwasow AA/FA 9:1 oraz HFIP
elektroprzedzono wiokniny PCL/zelatyna w proporcjach wagowych 9:1, 8:21 7:3, a dla uktadu
PCL/kolagen w proporcji 9:1. Wiokniny zawierajace 100% PCL zastosowano jako materiat
odniesienia.

Badanie wymywania biododatku biatkowego (szczegotowy opis procedury znajduje
si¢ W podrozdziale 6.2) polegato na umieszczeniu probek kazdego z materiatow wioknistych
w szklanych pojemnikach zawierajacych bufor fosforanowy z dodatkiem azydku sodu
(pelnigcego funkcj¢ s$rodka bakteriobdjczego i grzybobodjczego), a nastepnie inkubacji
w temperaturze 37°C przez 1, 3, 7, 14, 30 i 90 dni.

W zwigzku z brakiem zmian masy probek czystego PCL nawet po 90 dniach
inkubacji, ubytki masy zarejestrowane dla materialow PCL/Zelatyna oraz PCL/kolagen
przypisano wymywaniu biopolimeru. Zaobserwowano istotnie wigksze ubytki masy w tych
samych punktach czasowych dla materiatow otrzymanych z roztworéw kwasowych
W porownaniu do analogicznych wtdknin uzyskanych z HFIP. Dodatkowo, stwierdzono, ze
szybko$¢ wymywania biopolimeru wzrastata wraz z jego poczatkowa zawarto$ciag w materiale,
a najwigkszy spadek masy zachodzil w ciggu pierwszej doby eksperymentu.

Réznice w szybkosci wymywania biopolimeru w zaleznosci od rodzaju
zastosowanego rozpuszczalnika przypisano emulsyjnemu charakterowi roztworu opartego na
kwasach, ktory wptywal na nierdwnomierne rozmieszczenie obu polimeréw wewnatrz
wiokien, a im wigkszy procentowy udziat biododatku tym bardziej nieréwnomierne byto jego
rozmieszczenie. Najwiekszy ubytek masy w ciagu pierwszych 24 godzin wynikat z wyplukania
tatwo dostgpnych czasteczek biatka zlokalizowanych blizej powierzchni widkien, a pozniejsze
zaobserwowane spowolnienie tego procesu W czasie mozna thumaczy¢ mniejszg dostgpnoscia
biatka znajdujacego si¢ w glebszych warstwach wiokien.

Badania DSC wykazaly wzrost krystalicznosci PCL w miarg postepujacej degradacji
materialow, siegajacy nawet 10%, a tendencja ta byta bardziej wyrazna dla wtdknin o nizszej
zawartosci biododatku. Rownoczes$nie, niezaleznie od sktadu materiatu, odnotowano wyrazny
wzrost temperatury topnienia krysztatow PCL — $rednio o okolo 6%. Zmiany te $wiadcza
0 reorganizacji strukturalnej polimeru zachodzacej w temperaturze 37°C — istotnie powyzej
temperatury zeszklenia, co sprzyja ruchliwosci molekularnej polegajacej na wzroscie oraz

doskonaleniu si¢ struktury istniejacych krystalitow. Zjawisko to zostato potwierdzone roéwniez
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za pomoca analizy rozpraszania rentgenowskiego, gdzie obserwowano zmniejszenie
szerokos$ci polowkowej refleksow dyfrakcyjnych PCL.

Analiza wynikéw spektroskopii uzyskanych metoda FTIR koncentrowala si¢ na
polozeniu pasm amidowych I i II — charakterystycznych dla zelatyny i kolagenu.
Zaobserwowano, ze wraz ze zmniejszeniem udziatu biopolimeru w materiale dochodzito do
przesunigcia obu pasm w kierunku wyzszych liczb falowych. Zjawisko to mozna ttumaczy¢
rosngcym udzialem sygnalu pochodzacego od czasteczek biatka silniej zwigzanych z PCL.
Ograniczona mieszalno$¢ PCL i biopolimeru biatkowego sprawia, ze przy wyzszej zawartosci
biatka ros$nie réwniez udziatl czasteczek stabo zwigzanych z PCL, ktore ulegaja tatwiejszemu
wymywaniu, co wplywa na pozycj¢ rejestrowanych pasm. Podobne przesuni¢cia moga
réwniez wynika¢ z cze$ciowej renaturacji struktury biatka, ktérej udzialu nie mozna

wykluczy¢, jednak efekt ten — jesli wystgpowal — byl na tyle subtelny, ze nie zostat

potwierdzony za pomocg WAXS.
PGA 7:3

0 days

1 day

Rys. 14. Porownanie morfologii wiokien PCL/Zelatyna z kwasow (PGA 7:3) oraz z HFIP (PGH 7:3)
zawierajacych wyjsciowo 30% zelatyny przed i po 1 dniu badania wymywania biododatku. Strzatki wskazuja

rowki na powierzchni, wzdtuz wiokien. Fragment Rys. 11. z pracy 2. Pasek skali wynosi 1 pm.

Obrazowanie SEM ujawnito istotne roznice w morfologii dwusktadnikowych widknin
otrzymanych z uzyciem obu typdw rozpuszczalnikéw. Szczeg6élnie w przypadku materialow
z AA/FA o najwyzszej wyjsciowej zawartoSci zelatyny (30%) juz po jednej dobie
eksperymentu obserwowano bruzdy biegnace wzdluz widkien, bedace pozostatoscig po
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wyptukanym biododatku (Rys. 14). Pomimo mniejszych, lecz wcigz istotnych ubytkow
zelatyny w przypadku wioknin opartych na HFIP, nie stwierdzono widocznych zmian
powierzchni wiokien.

Potwierdza to hipotez¢ o wplywie emulsyjno$ci roztworu na rozmieszczenie
biododatku we witoknach — w przypadku zastosowania rozpuszczalnikow kwasowych
dochodzi do jego pasmowego rozkiladu. Z kolei brak wyraznych §ladéw wyptukania
biododatku i jego wolniejsze wymywanie w materiatach uzyskanych z HFIP wskazuja na
bardziej jednorodne rozmieszczenie obu polimeréw w strukturze widkna.

Zgodnie z oczekiwaniami, ubytek zelatyny 1 kolagenu z widkien prowadzit do wzrostu
hydrofobowos$ci materialdw w czasie, co zostatlo potwierdzone pomiarami kata zwilzania.
Poczatkowo, im wyzsza byta zawartos¢ biododatku we wtdkninie, tym nizsze wartosci kata
zwilzania wykazywatl material. Dla tych samych proporcji PCL do biopolimeru, wtokniny
otrzymane z HFIP charakteryzowaty si¢ wyzsza zwilzalnos$cig niz te z mieszaniny AA/FA 9:1.
Po 90 dniach eksperymentu jedynie wiokniny PCL/zelatyna 70:30 uzyskane z HFIP utrzymaty
nizszy kat zwilzania w poréwnaniu do materialu z czystego PCL. Réznice te mozna thumaczy¢
lepsza homogennoscig rozproszenia biododatku w strukturze wtokien otrzymanych z HFIP, co
z jednej strony zwigksza poczatkowa hydrofilowos¢ materiatu, a z drugiej — spowalnia proces
jego wymywania w czasie.

Przeprowadzone badania wtasciwosci mechanicznych potwierdzity brak degradacji
molekularnej PCL w czasie 90 dni trwania eksperymentu, niezaleznie od zastosowanego
rozpuszczalnika. Swiadczy o tym brak istotnych zmian w wartosci wydhuzenia przy zerwaniu
dla probek z czystego PCL, co pozostaje zgodne z danymi literaturowymi [86], [87].

Podczas gdy obliczony modut Younga dla materiatow z czystego PCL réwniez nie
ulegat zmianie w czasie, dla wtoknin zawierajacych zelatyne lub kolagen zaobserwowano
tendencje spadkowa w pozniejszych punktach czasowych eksperymentu. Mimo Ze napre¢zenie
przy zerwaniu nie zmienialo si¢ istotnie w zaleznosci od czasu degradacji, widoczne byty
wyrazne rdznice pomi¢dzy materiatami otrzymanymi z uzyciem réznych rozpuszczalnikow —
wiokniny z HFIP wykazywaly dwukrotnie wyzsze warto$ci tego parametru w poréwnaniu do
witoknin z AA/FA.

Spadek modutu Younga nalezy thumaczy¢ jako efekt wymywania biopolimeru, ktérego
modut jest znacznie wyzszy niz w przypadku PCL. Z kolei réznice w warto$ciach napr¢zenia
przy zerwaniu pomie¢dzy obiema grupami materiatbw mozna wigza¢ z odmienng struktura

wildkien.
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Osiagniecia:

Przeprowadzone badania pokazaty istotne réznice miedzy dwusktadnikowymi wtokninami

PCL/zelatyna i PCL/kolagen elektroprzedzonymi z roztworow opartych na AA/FA 9:1 oraz

z HFIP pod katem wymywania biododatku na przestrzeni 90 dni eksperymentu symulacji

warunkow fizjologicznych.

Rezultaty badan ujawnily znaczgcy wptyw emulsyjno$ci roztworéw z kwasow nie tylko na
szybkos¢ wymywania biopolimeru, ale i na szereg innych wtasciwosci wynikajacych

zZ roznic strukturalnych bedacych jej nastepstwem.

Wykazano:

Biododatek wyplukiwat si¢ szybciej z wioknin otrzymanych z roztworéw opartych na

mieszaninie AA/FA oraz z materiatow o wyzszej jego wyjsciowej zawartosci.

Najwicksza szybko$¢ wymywania wystgpowata w pierwszej dobie eksperymentu,

a nastepnie zwalniata.

Zaobserwowano wzrost krystaliczno$ci 1 temperatury topnienia krysztatéw PCL, co

wskazuje na reorganizacje struktury polimeru w trakcie trwania eksperymentu.

Na powierzchni wtokien zaobserwowano bruzdy biegnace wzdhuz ich dtugosci, bedace
pozostatosciami po wyptukanym biododatku w materiatach otrzymanych z uzyciem
alternatywnych rozpuszczalnikow, co $wiadczy o pasmowym rozmieszczeniu biododatku

W strukturze widkna.

Podczas trwania badania stwierdzono wzrost hydrofobowosci materiatdbw, co jest
konsekwencja wyplukiwania zelatyny. Wyjsciowe wartosci kata zwilzania byly nizsze

W przypadku materiatow uzyskanych z HFIP.

Niezmienione naprgzenie przy zerwaniu materialow z czystego PCL po inkubacji
w srodowisku symulujgcym warunki fizjologiczne, potwierdzito brak degradacji

molekularnej PCL.

Dla wszystkich materiatow dwuskladnikowych zaobserwowano spadek modutu Younga
w miar¢ uptywu czasu trwania badania oraz nizsze warto$ci naprezenia przy zerwaniu

w przypadku materialow otrzymanych z wykorzystaniem uktadu AA/FA.
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7.3. Praca 3. The effect of a solvent on cellular response to PCL/gelatin and

PCL/collagen electrospun nanofibers

Kolejna praca w cyklu prezentuje wyniki dalszych badan nad dwusktadnikowymi,
elektroprzedzonymi materiatami witoknistymi otrzymanymi z uzyciem alternatywnego
systemu rozpuszczalnikow. Gléwnym celem tej pracy bylo okreslenie wplywu rodzaju
rozpuszczalnika zastosowanego w procesie elektroprzgdzenia wioknin PCL/Zelatyna oraz
PCL/kolagen, jak réowniez typu wykorzystanego biopolimeru, na odpowiedz komorkowa
in vitro, w szczegolnosci na cytotoksycznos¢ materiatow — zywotnos¢, proliferacje, morfologie
oraz rozwinigcie cytoszkieletu komorek hodowanych na ich powierzchni. Pomimo wcze$niej
wykazanej efektywnos$ci otrzymywania morfologicznie jednorodnych i wolnych od defektow
wloknin, nieznany pozostawal wplyw zastosowanego rozpuszczalnika na bioaktywnosé
uzyskanych materiatow. Z perspektywy zastosowan w inzynierii tkankowej kluczowe jest, aby
powierzchnia rusztowania wspierata adhezje i rozw6j komorek, co zalezy nie tylko od sktadu
wiokniny, ale rowniez od struktury molekularnej polimeréw. Dlatego w ramach prowadzonych
badan przeanalizowano rowniez doktadniej roztwory polimerowe, koncentrujac si¢ na
oddziatywaniach pomigdzy czasteczkami biopolimeréw biatkowych a rozpuszczalnikami oraz
na ich konformacji zaleznej od sktadu uktadu rozpuszczalnikowego, co bezposrednio wptywa
na dostepnos¢ sekwencji RGD odgrywajacych istotnych dla odpowiedzi komodrkowe;.

Badania  struktury roztworo6w polimerowych skupily si¢ na pomiarach
wiskozymetrycznych. W pracy 1 analizowano roztwory o catkowitym stezeniu polimeru
rownym 5% w HFIP i 15% w AA/FA 9:1 — odpowiadajace stgzeniom wykorzystywanym
w procesie elektroprzedzenia. W tej pracy, w celu oceny rzeczywistego wpltywu
zastosowanego rozpuszczalnika na lepko$¢, porownano roztwory PCL 1 zelatyny
0 identycznym stezeniu 5% (w/w), sporzadzone w obu uktadach rozpuszczalnikowych.
Wykazano istotne réznice — lepkos$¢ roztworu czystej zelatyny w uktadzie kwasowym byta
12-krotnie nizsza niz w HFIP, a dla roztworu czystego PCL rdznica ta byta az 16-krotna.

Kolejne pomiary wykonano dla roztworéw zelatyny i kolagenu w zakresie st¢zen od
1,6% do 6,8% (w/w), w obu uktadach rozpuszczalnikowych. Niezaleznie od st¢zenia, lepkos¢
obu biopolimerow byla istotnie wyzsza w HFIP nizZ w mieszaninie kwasow. W obrebie kazdego
z rozpuszczalnikow roztwory kolagenu wykazywaly nieco wyzsza lepko$¢ niz roztwory
zelatyny. Wieksza lepkos$¢ roztworow sporzadzonych w HFIP wskazuje na silniejsze
oddziatywania migdzy czasteczkami rozpuszczalnika a tancuchami polimerow, co sprzyja

przyjeciu przez nie bardziej rozprostowanej konformacji (,,rozplataniu tancucha”). Odwrotnie,
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stabsze oddziatywania z rozpuszczalnikiem kwasowym skutkuja przyjmowaniem przez
czasteczki bardziej zwinigtej konformacji przypominajacej kigbek, jak przedstawiono
przyktadowo dla kolagenu na Rys. 15.

Potwierdzono t¢ zalezno$¢, posrednio oceniajac site¢ oddzialywan miedzy polimerem
a rozpuszczalnikiem za pomocg analizy lepkosci wlasciwej i wyznaczenia rdéznic wyktadnika

,,a” z rownania Mark-Houwinka (Eq. 2):

[n] = KM* )

gdzie M to masa czasteczkowa polimeru, K i a sg statymi zaleznymi od oddziatywan polimer-
rozpuszczalnik oraz temperatury, a [n] to lepko$¢ wlasciwa.

Analiza roznicy wartosci parametru a w réwnaniu Mark-Houwinka wykazala, ze
warto$ci a sg wyzsze przy uzyciu HFIP, co wskazuje na silniejsze oddziatywania molekularne
z kolagenem 1 zelatyna, skutkujace bardziej rozprostowana konformacja czasteczek
w poroéwnaniu do uktadu AA/FA. Taki efekt dziatania rozpuszczalnika jest bardziej wyrazny

(wigksza roznica wartosci a) w przypadku kolagenu niz zelatyny.

Rys. 15. Konformacje kolagenu w zaleznosci od rozpuszczalnika:

a) w roztworze AA/FA — stabe oddzialywanie = konformacja klebka = nizsza lepko$¢;

b) w roztworze HFIP — silnie oddzialywanie = ,,rozplatane” czasteczki = wyzsza lepkos¢.

Rysunek wykonano z pomoca programu Biorender.

Cho¢ oba rozpuszczalniki wykazujg dziatanie denaturujace, przeprowadzone badania
FTIR ujawnily subtelne réznice w potozeniu maksimum pasma amidowego Il — wyzsze
wartosci zaobserwowano dla kolagenu, niezaleznie od uzytego rozpuszczalnika. Moze to
swiadczy¢ o obecnosci niewielkich pozostatosci struktur helikalnych w roztworze, co
tlumaczyloby drobne roznice w lepkosci obu polimeréw w obrebie tego samego uktadu

rozpuszczalnikowego.
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Na potrzeby badan komorkowych oraz oznaczen kata zwilzania wytworzono wiokniny
PCL/zelatyna oraz PCL/kolagen w proporcji wagowej 9:1 z uzyciem obu typow
rozpuszczalnikow, wykorzystujac metode elektroprzedzenia prowadzong w warunkach
analogicznych do tych zastosowanych we wcze$niejszych pracach. Jako materiaty kontrolne
zastosowano wtokniny z czystego PCL.

W tej pracy badanie zwilzalno$ci przeprowadzono w sposob rozszerzony — kazdy
pomiar byt rejestrowany w formie filmu, a kat zwilzania okre§lano w trzech punktach
czasowych, poczawszy od naniesienia kropli na powierzchni¢ materiatu. Analiza wynikoéw
wykazata, ze jedynie widkniny otrzymane z HFIP charakteryzowaly si¢ istotnym spadkiem
kata zwilzania wzgledem probki kontrolnej juz w ciggu pierwszych trzech sekund.
W przypadku wtoknin elektroprzedzonych z wykorzystaniem uktadu AA/FA zawierajacych
biododatek, spadek kata zwilzania obserwowano dopiero po uptywie 10 sekund, co sugeruje
niejednorodng dystrybucj¢ obu polimerow na powierzchni widkna, a w konsekwencji nizsza
poczatkowa hydrofilowos¢, ktora moze mie¢ wptyw na odpowiedz komorkows. Jest to zgodne
z potwierdzong w pracy 2 pasmowoscig utozenia biododatku w tego typu widknach.

Rozpoczynajac badania komodrkowe postawiono trzy gldwne pytania badawcze
dotyczace wplywu, jaki na odpowiedz komorkowa maja: rodzaj rozpuszczalnika
wykorzystanego do przygotowania roztworu do elektroprzedzenia, obecno$¢ biopolimeru
W poréwnaniu do materiatu z czystego PCL oraz typ wykorzystanego biopolimeru.

Test cytotoksyczno$ci przeprowadzony na pozyskiwanych przez 24 godziny
ekstraktach z wtoknin wykazal, ze zadne z materialow nie byly cytotoksyczne. Badania
aktywnosci metabolicznej Presto Blue, MTT oraz CellTiter-Glo, prowadzone byty przez 3 dni
w kontakcie bezposrednim z materiatem. W ich przebiegu nie zaobserwowano istotnych réznic
w odpowiedzi komérkowej pomiedzy badanymi wariantami materiatow. Odmienne wyniki
uzyskano natomiast w tescie proliferacji CyQuant, ktory wykazat wyraznie wicksza liczbe
komorek porastajacych probki wioknin zawierajacych dodatek biatkowy w drugim i trzecim
dniu hodowli. Najwyzsze ilosci DNA odnotowano dla materiatow PCL/Zelatyna otrzymanych
z HFIP oraz PCL/kolagen — niezaleznie od rodzaju zastosowanego rozpuszczalnika.

Bardzo zblizone wyniki uzyskano analizujac obrazy SEM oraz wybarwien
fluorescencyjnych hodowli komoérek 1.929 oraz HF. Komorki hodowane na widkninach
zawierajacych biododatek wykazywaty znacznie lepsza morfologie w porownaniu do probek
z czystego PCL. W przypadku materialdow kontrolnych obserwowano stabe rozptaszczenie
i niewielki rozwdj cytoszkieletu. Zachowanie komorek sprawiato wrazenie proby ograniczenia

kontaktu z materialem. Z kolei komorki porastajace probki z kolagenem oraz probki
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PCL/zelatyna z HFIP prezentowaty najlepsza morfologi¢ — wyrazne rozptaszczenie, liczne
wypustki cytoplazmatyczne lamellipodia i filopodia, co jest wyznacznikiem dobrze
rozwinigtego cytoszkieletu.

Na podstawie analizy zardwno wynikow testu proliferacji, jak 1 obserwacji
mikroskopowych mozna stwierdzi¢, ze dodatek biatka we wtoknie (kolagenu lub zZelatyny)
istotnie zwigkszat proliferacj¢ oraz poprawial morfologie komoérek wzgledem widknin
z czystego PCL, przy czym korzystniejszy efekt obserwowano dla kolagenu — szczegolnie
wyrazny w przypadku materiatow otrzymanych z rozpuszczalnika kwasowego. Jednoczesnie,
niezaleznie od rodzaju biododatku, lepsze wyniki obserwowano dla wioknin wytworzonych
z HFIP, co wskazuje na znaczacy wplyw rozpuszczalnika na dostepnos$¢ bioaktywnych
sekwencji w materiale. Najprawdopodobniej wynika to z szeregu nastgpstw wyboru
rozpuszczalnika: roznej konformacji polipeptydow oraz odmiennego rozmieszczenia
biododatku we widknie, gdzie pasmowe ulozenie oznacza jego dostepnos$¢ na mniejszej
powierzchni niz w przypadku dobrej dyspersji, co pocigga za sobg réwniez rdznice
W hydrofilowosci wldknin. Szybkie wymywanie biododatku z wlokien otrzymanych
Z roztworow kwasowych, zwlaszcza w ciggu pierwszych 24 godzin, co zostato pokazane
w poprzedniej pracy, rowniez moglo si¢ przyczyni¢ do stabszych wynikow dtuzej trwajacych

testow 1 hodowli.

Osiagniecia:

e Przeprowadzone badania pokazaly istotne réznice we wilasciwosciach roztworow
polimerowych — wyzsza lepko$¢ w HFIP $wiadczy o silniejszym oddziatywaniu
rozpuszczalnika z polimerami, co skutkuje lepszym rozplataniem czasteczek, podczas gdy

w kwasach czasteczki przybieraja konformacje ,.klebka”.

e Potwierdzono, ze typ rozpuszczalnika wpltywa na zwilzalno$¢ widkniny, co jest
konsekwencja niejednorodnej dystrybucji biododatku we widknach z AA/FA w odréznieniu

od dobrej dyspersji, jakg daje zastosowanie HFIP.
e Pokazano, ze na odpowiedz komorkowa korzystny wptyw ma:

> Obecnos¢ biopolimeru we witdknie w poréwnaniu do jego braku.
> Zastosowanie kolagenu jako biododatku w porownaniu do Zelatyny.
> Wybor alkoholu fluorowanego jako rozpuszczalnika w poréwnaniu do

mieszaniny kwasowej AA/FA.
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Wykazano:

e Znaczace roznice w lepkosci roztworow PCL/zelatyna (5% w/w) oraz samych

biododatkéw biatkowych w zaleznosci od uzytego rozpuszczalnika.

e Brak cytotoksycznosci wszystkich materialdw 1 statystycznie nieistotne rdznice

w aktywnos$ci metabolicznej komorek w hodowli 1 kontakcie bezposrednim.

e Wigkszg proliferacj¢ komorek na materiatach: PCL/zelatyna z HFIP oraz PCL/kolagen
Z obu rozpuszczalnikow. Obserwacje SEM potwierdzity lepsze rozptaszczenie komorek

I rozwinigcie cytoszkieletu dla tych materiatow.

7.4. Praca 4. Crosslinking of gelatin in bicomponent electrospun fibers

Zidentyfikowany w poprzednich pracach problem szybkiego wymywania biododatku
z dwusktadnikowych witoékien otrzymywanych metoda elektroprzedzenia z roztworow
polimerowych opartych na alternatywnych rozpuszczalnikach stat si¢ punktem wyjscia do
realizacji kolejnego etapu badan tych materiatow. Wykazano, ze w wyniku emulsyjnosci
roztworow Z AA/FA biododatek biatkowy rozmieszczony jest we widknach pasmowo,
a prowadzone w warunkach symulujacych srodowisko fizjologiczne badania potwierdzity jego
szybkie wyptukiwanie. Prowadzi to do spadku zwilzalno$ci oraz utraty bioaktywnosci,
wynikajacej z obecno$ci biatka, szczego6lnie na powierzchni widkien. Ubytek biopolimeru
przyczynia si¢ rowniez do strukturalnego ostabienia materialu 1 spadku jego wytrzymatosci
mechanicznej. Pomimo zalet, takich jak nizsza toksycznos¢ 1 koszt procesu elektroprzedzenia
z wykorzystaniem alternatywnych rozpuszczalnikow, konsekwencje szybkiego wymywania
biopolimeru mogg znaczaco obniza¢ funkcjonalng warto$¢ takich materialdéw w konteks$cie
zastosowan w inzynierii tkankowe;.

Celem tej czeSci badan bylo okreslenie optymalnych warunkoéw sieciowania
biododatku biatkowego w dwusktadnikowych materiatach wtoknistych otrzymywanych
z uzyciem rozpuszczalnikow kwasowych jako sposdb ograniczenia wymywania biododatku.
Drogg do realizacji tego celu byto zbadanie, jakie stezenia wybranych czynnikéw sieciujacych
oraz czasy reakcji prowadza do najbardziej efektywnego utrwalenia biatka, a takze poréwnanie
szybkosci dziatania tych czynnikéow sieciujacych, pozwalajacych na uzyskanie

satysfakcjonujacego poziomu trwalosci bioaktywnego sktadnika we widknie. Dodatkowym
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wymogiem byt mozliwie najmniejszy niekorzystny wplyw procesu sieciowania na morfologie
wioknin.

Zdecydowano si¢ na chemiczne metody sieciowania, poniewaz zastosowanie
termicznych i radiacyjnych sposobow sieciowania moze powodowac stopienie i degradacje
molekularng polikaprolaktonu. Dodatkowymi kryteriami doboru zwigzkoéw sieciujacych byty
ich niska toksycznos$¢ oraz brak szerokiego udokumentowania zastosowania w odniesieniu do
tego typu materiatow, co pozwalalo na wniesienie nowej perspektywy badawcze;.

Na potrzeby badan sieciowania wybrano jeden typ materiatu — wtdkning PCL/Zelatyna
W proporcji wagowej 7:3 otrzymang z uzyciem rozpuszczalnika AA/FA 9:1. Jest to ten sam
material, dla ktérego w pracy 2 odnotowano najwigkszy i najszybszy ubytek zelatyny
W badaniu wymywania biododatku. Wtoknine otrzymano metoda elektroprzedzenia, stosujac
warunki procesu analogiczne do zastosowanych poprzednio.

Pierwszym etapem badan byt dobor rozpuszczalnikow odpowiednich dla wybranych
zwiagzkow sieciujacych: genipiny, EDC/NHS, BDDGE (szczegotowe informacje na temat tych
zwigzkow znajduja si¢ w podrozdziale 6.3). Z wyjatkiem transglutaminazy, ktora rozpuszcza
si¢ wylacznie w wodzie, pozostale trzy czynniki sieciujgce zazwyczaj rozpuszcza Si¢
w alkoholu etylowym lub jego mieszaninach z woda. Seria wstepnych eksperymentow
wykazata, Ze optymalnym uktadem rozpuszczalnikowym dla genipiny, EDC/NHS oraz
BDDGE jest mieszanina alkoholu etylowego i wody w proporcji wagowej 7:3. Wigksza
zawarto$¢ alkoholu etylowego powodowata zahamowanie reakcji sieciowania, natomiast dla
wickszego udzialu wody zjawisko wyplukiwania zelatyny dominowalo nad reakcja
sieciowania.

Zardéwno na etapie doboru rozpuszczalnika, jak 1 w dalszych badaniach, skuteczno$¢
sieciowania oceniano na podstawie testu analogicznego z procedura opisang w pracy 2 dla
badania wymywania biododatku. W tym przypadku trwat on jedynie 24 godziny — jako ze
wiasnie w tym okresie obserwowano najwickszy ubytek polimeru biatkowego.

Aby moc porownywac¢ wyniki skuteczno$Ci sieciowania zelatyny we wioknach
Z uzyciem wspomnianych czterech metod, okreslona zostata arbitralnie warto$¢ procentowa
pozostato$ci Zelatyny w materiale po 24-godzinnym tescie wymywania, uznawana za
satysfakcjonujaca. Kazdy material, dla ktorego warto$¢ ta wyniosta nie mniej niz 85% byt
traktowany jako efektywnie usieciowany.

Jedynym czynnikiem sieciujgcym, przy uzyciu ktorego nie bylo mozliwe osiggnigcie
tego poziomu efektywnosci, byta transglutaminaza. Nawet przy maksymalnym mozliwym

stezeniu (40 U/ml — granica rozpuszczalnosci) nie uzyskano retencji zelatyny nawet na
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poziomie 75%, a proby wydluzenia czasu reakcji przyniosly nawet stabsze rezultaty.
W przypadku transglutaminazy konieczno$¢ stosowania wody jako rozpuszczalnika powoduje,
ze wymywanie zelatyny zachodzi szybciej niz proces sieciowania.

W zwigzku z tym transglutaminaza zostata wykluczona z dalszych, szerzej zakrojonych
badan. Pozostate czynniki sieciujgce wykorzystano w serii eksperymentoéw z zastosowaniem
roznych stgzen oraz czasow reakcji, tak aby dla kazdego z nich wyznaczy¢ optymalne
parametry sieciowania i umozliwi¢ ich poréwnanie, w celu wskazania najefektywniejszej
metody. Na podstawie wynikéw wstepnych testow sieciowania okreslono zakresy parametrow

reakcji dla kazdego zwigzku. Zestawienie to przedstawiono w Tabeli 3.

Tab. 3. Stezenia oraz czasy reakcji sieciowania.

Czynnik sieciujacy Stezenie (% wagowe) Czas reakcji (h)
Genipina 0,5-6 6-168
BDDGE 2,5-15 12-168

EDC/NHS 0,02-0,23/0,01-0,08 0,17 (10 min) - 9

W oparciu 0 wyniki testu wymywania zelatyny, dla kazdej z metod wyznaczono
dodatkowo punkty odpowiadajace zaleznosci czasu reakcji od stgzenia czynnika sieciujacego,
przy ktorych uzyskano co najmniej 85% retencji zelatyny — f(C) = t, g5. Na podstawie tych
danych dokonano interpolacji z uzyciem funkcji wykladniczych, co umozliwia okreslenie
minimalnego czasu reakcji zapewniajacego skuteczne utrwalenie biododatku, dla dowolnego
stezenia danego reagenta.

Analiza wszystkich wynikow sieciowania wykazata, ze w badanym zestawie metod,
EDC/NHS cechuje si¢ najwyzsza efektywnoscia. Niezaleznie od stezenia, rezultaty osiggane
dla tego czynnika juz po 1 godzinie reakcji byly poréwnywalne z wynikami uzyskiwanymi
dopiero po ponad 10 godzinach w przypadku genipiny 1 BDDGE. Zblizony poziom
usieciowania uzyskano dla 100-godzinnej reakcji z uzyciem 10% roztworu genipiny
i 1% BDDGE oraz juz po 20 minutach dla 0,1/0,04% EDC/NHS.

Wysoka skutecznos¢ EDC/NHS moze wynikaé¢ z faktu, ze nie zostaje on trwale
wbudowany w tworzone wigzanie amidowe, dzigki czemu nie wyczerpuje si¢ w toku reakcji
w przeciwienstwie do genipiny i BDDGE. Dodatkowo, taczy grupy —COOH i —NH., ktore sa
liczniejsze w zelatynie niz same grupy aminowe, wykorzystywane w reakcji sieciowania przez

pozostate dwa reagenty. Co wigcej jako jedyny sposréd analizowanych czynnikow, EDC/NHS
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moze tworzy¢ wigzania miedzy grupami —NH: zZelatyny a -COOH obecnymi w PCL, co
dodatkowo moze ogranicza¢ wymywanie biatka ze struktury widkniny.

Z punktu widzenia funkcjonalno$ci materiatow istotna byta rowniez ocena ich
morfologii po zakonczeniu sieciowania oraz po 24-godzinnym te$cie wymywania biododatku.
Porownanie obrazéw SEM probek, ktore zachowaty co najmniej 85% masy zelatyny oraz
najlepszego wyniku uzyskanego dla transglutaminazy, potwierdzitlo przewage metody
EDC/NHS. Wtokniny usieciowane za pomoca genipiny i BDDGE wykazywaty, w réznym
stopniu, zlewanie si¢ i pofalowanie widkien, co prowadzilo do redukcji porowatosci
i trojwymiarowosci Struktury. Natomiast materiaty sieciowane z uzyciem EDC/NHS
zachowaly morfologi¢ zblizong do wiokniny kontrolnej. Wyniki analizy FTIR-ATR tych
samych probek potwierdzily jedynie wigkszg zawarto$¢ zelatyny w probkach po sieciowaniu

w odniesieniu do kontroli.

Osiagniecia:

e Po raz pierwszy przeprowadzono systematyczng analiz¢ chemicznego sieciowania zelatyny
w dwusktadnikowych wldknach PCL/Zelatyna otrzymywanych z wykorzystaniem

alternatywnego systemu rozpuszczalnikow.

e Potwierdzono, ze zastosowana metodologia umozliwia wyznaczenie optymalnych
warunkow sieciowania zelatyny we witoknach PCL/zelatyna, pozwalajacych na uzyskanie
materiatdw o wysokiej trwalosci biododatku oraz zachowanej morfologii w warunkach

symulujacych srodowisko fizjologiczne.

e Pokazano, ze metoda sieciowania EDC/NHS wyrdznia si¢ duza szybkoscia, wydajnoscia

oraz korzystnym wptywem na strukture materiatu.

Wykazano:

e Mieszanina alkoholu etylowego i wody w stosunku wagowym 7:3 stanowi optymalny
rozpuszczalnik dla EDC/NHS, BDDGE i genipiny w procesie sieciowania

dwuskladnikowych wiokien PCL/Zelatyna.

e EDC/NHS jest najefektywniejszym czynnikiem sieciujacym — umozliwia osiggniecie
wysokiego poziomu usieciowania biododatku przy znacznie nizszych stezeniach i czasach

reakcji w porownaniu z geniping i BDDGE.
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e Zastosowanie EDC/NHS powoduje najmniejsze deformacje struktury widkniny, podczas
gdy genipina, BDDGE oraz transglutaminaza prowadzily w roznym stopniu do pofalowania

si¢ wiokien i ich taczenia.

7.5. Praca5. A Comparative Study of Three Approaches to Fibre’s Surface

Functionalization

W poprzednich pracach dwuskladnikowe widkniny zawierajace polimer syntetyczny
I biododatek otrzymywano poprzez elektroprzedzenie roztworu zawierajagcego oba te
sktadniki — miato to na celu zapewnienie materiatom hydrofilowosci i bioaktywnosci, ktorych
brakuje czystemu poliestrowi alifatycznemu. Alternatywnym podejsciem do uzyskania
wloknin dwusktadnikowych jest immobilizacja dodatku biatkowego na powierzchni wiokien.
Taki typ funkcjonalizacji materiatu, dzigki umiejscowieniu biododatku na powierzchni,
sprawia, ze nawet niewielka jego ilos¢ moze nadawac materiatowi pozadane z punktu widzenia
inzynierii tkankowej wlasciwosci. Pozwala to réwniez unikng¢ konieczno$ci stosowania
ztozonych ukladéw polimerowych podczas procesu elektroprzedzenia.

Tematem ostatniej pracy ujetej w niniejszej rozprawie byto poréwnanie réznych metod
aktywacji powierzchni wtokien z biodegradowalnego poliestru alifatycznego, poprzedzajace;j
immobilizacje biododatku. Celem aktywacji powierzchni jest wprowadzenie grup funkcyjnych
lub zwigkszenie ich ilo$ci na powierzchni widkien, co umozliwia skuteczng immobilizacj¢
sktadnika bioaktywnego, co jednak jednoczesnie moze wpltywa¢ na wilasciwosci materiatu.
Glownym celem pracy byta zatem analiza wptywu wybranych metod aktywacji na
efektywnos¢ immobilizacji, stabilno$¢ przyczepionego biododatku, jak réwniez ocena
odpowiedzi komorkowej oraz zmian wtasciwosci fizykochemicznych wioknin w zaleznosci od
zastosowanej metody. Do poréwnania wybrano trzy podejscia: hydrolize alkaliczng, zimng
plazme tlenowg oraz aminolizg.

Do badan w niniejszej pracy wybrano kopolimer PLCL, a do przygotowania roztworu
polimerowego zastosowano HFIP. Ze wzgledu na temperatur¢ zeszklenia PLCL mieszczaca
si¢ w zakresie 32-42°C, proces elektroprzedzenia prowadzono w temperaturze 38°C, co
pozwalalo unikng¢ po6zniejszej morfologicznej relaksacji wtokniny obserwowanej dla
materiatow elektroprzedzonych w temperaturze pokojowej (20-25°C). Catos¢ badan
podzielono na nastgpujace etapy: aktywacje powierzchni wioknin, reakcje sieciowania,

immobilizacje zelatyny oraz analiz¢ wtasciwosci materiatow po funkcjonalizacji.
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Etap pierwszy obejmowat aktywacje powierzchni wtokniny z uzyciem jednej z trzech
wybranych metod. Hydroliz¢ alkaliczng oraz zimng plazme tlenowg zastosowano w celu
zwigkszenia st¢zenia grup —COOH na powierzchni wtdkien, natomiast aminoliza miala na celu
wprowadzenie grup —NH: (szczegdtowe informacje na temat metod aktywacji znajdujg si¢
w podrozdziale 6.4.1). W przypadku aminolizy stezenie etylenodiaminy i czas reakcji dobrano
na podstawie wczesniejszych badan [80]. W przypadku hydrolizy i plazmy przeprowadzono
wstepng optymalizacj¢ czasu i warunkow procesu aktywacji, opierajac si¢ na oznaczeniu
zawartosci grup karboksylowych przy uzyciu biekitu toluidyny, analizie widm FTIR-ATR,
pomiarze kata zwilZania oraz obserwacjach SEM zmian morfologii wiokien.

Przeprowadzone badania wykazaty, ze w przypadku hydrolizy wzrost ilo$ci grup
—COOH na powierzchni wiokien PLCL jest proporcjonalny do czasu trwania reakcji i stgzenia
NaOH, podczas gdy w przypadku obrobki plazma plateau osiggane jest juz po 10 sekundach
trwania procesu. Potwierdzita to réwniez analiza metodg FTIR — w widmach probek
poddanych hydrolizie o r6znym nasileniu zaobserwowano sukcesywne zanikanie pasma przy
1765 cm™ (wigzanie C=0 grupy estrowej) oraz pojawianie si¢ pasma przy 1721 cm™,
charakterystycznego dla grup karboksylowych powstatych po rozpadzie wigzania estrowego.
Dla probek poddanych dziataniu plazmy nie zaobserwowano podobnego przesunigcia z uwagi
na mniejszg skalg efektu, ponizej progu wykrywalnosci FTIR.

Pomiary goniometryczne pokazaty, ze juz 10 sekund dziatania plazmy znaczaco
poprawiato hydrofilowo$¢ materiatow z PLCL, podobnie jak 3-godzinna hydroliza z uzyciem
0,25 M roztworu NaOH. Obserwacje SEM potwierdzily, ze zastosowanie plazmy nie powoduje
zmian morfologii wtokien, podczas gdy hydroliza prowadzita do widocznych uszkodzen
powierzchni — od delikatnego strzgpienia, az po pofalowanie i tuszczenie si¢ wiokien. Moze to
wskazywac, ze hydroliza dziata gtownie powierzchniowo, w przeciwienstwie do plazmy oraz
aminolizy, dla ktorej rowniez nie obserwuje si¢ istotnych zmian morfologii. Przy zastosowaniu
skrajnych warunkow reakcji aminolizy widoczne sg liczne ztamania wtokien o nadal gladkie;j
powierzchni, co wskazuje na spadek masy czgsteczkowej w catej objetosci widkna.

Kolejny etap funkcjonalizacji polegat na zastosowaniu odpowiedniego czynnika
sieciujacego umozliwiajacego pdzniejsza immobilizacje zelatyny. W przypadku materiatow
aktywowanych hydroliza i plazma, ze wzgledu na zwigkszonag ilo$¢ grup —COOH, zastosowano
uktad EDC/NHS. Natomiast wiokniny po aminolizie poddano reakcji z aldehydem
glutarowym. Nastepnym etapem byta immobilizacja biododatku, przeprowadzona z uzyciem
0,2% roztworu zelatyny (szczegdtowe informacje na temat sieciowania i immobilizacji

znajdujg si¢ w podrozdziale 6.4.3). Jako trzy materiaty odniesienia zastosowano: 1) probke
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niczym nie traktowana, 2) probke niepoddawang aktywacji, lecz traktowanag EDC/NHS
I nast¢pnie inkubowang w roztworze zelatyny oraz 3) probke, w ktorej zelatyng osadzano
wylacznie fizycznie, bez wezedniejszej aktywacji i sieciowania.

Ocena wpltywu metody aktywacji powierzchni na wlasciwosci widknin, oprécz
wczesniej opisanych obserwacji SEM, obejmowata rowniez oceng zmian masy czasteczkowe;j
polimeru metodg chromatografii zelowej oraz badania wtasciwosci mechanicznych.

Analiza wynikow GPC wykazata, ze najwigcksza degradacj¢ tancuchow polimerowych
powodowata aminoliza, mniejszy wptyw miata plazma. W przypadku hydrolizy obserwowano
gtowny pik, pochodzacy od polimeru o niemal niezmienionej masie czasteczkowej oraz
dodatkowe piki odpowiadajace bardzo niskim masom (rz¢du kilku kDa). Moze to $wiadczy¢
0 tym, ze degradacji ulegata jedynie powierzchniowa warstwa wildokien, prowadzac do
pojawienia si¢ pikow od frakcji niskoczgsteczkowej, zas rdzen pozostawal w duzej mierze
niezmieniony. Wniosek ten potwierdza réwniez pocienienie wiokien, zaobserwowane
z uzyciem SEM jedynie dla materiatdéw po hydrolizie.

Badania witasciwosci mechanicznych wykazaty, ze materiaty po aktywacji powierzchni
za pomocg hydrolizy cechowaly si¢ obnizonym naprezeniem przy zerwaniu oraz
zmniejszonym wydluZzeniem przy zerwaniu, przy czym spadki te byly proporcjonalne do
stezenia roztworu NaOH zastosowanego w procesie. Nieco mniejsze, cho¢ nadal zauwazalne,
obnizenie parametrow mechanicznych zaobserwowano w przypadku aminolizy. Dla
materiatow poddanych dziataniu zimnej plazmy tlenowej zanotowano jedynie niewielki spadek
naprezenia przy zerwaniu. Zmiany te ilustruje Rys. 16, ktory pokazano tutaj, gdyz w publikacji

omytkowo nie zostat zamieszczony wykres obrazujacy naprezenie przy zerwaniu.
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Rys. 16. Wykresy przedstawiajace wyniki rozciggania jednoosiowego: z lewej — naprezenie przy zerwaniu, z

prawej — wydtuzenie przy zerwaniu.
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W przypadku prébek po hydrolizie taki wynik moze by¢ zwigzany z narastajaca liczbg
defektow na powierzchni witokien, ktorych ilo§¢ ro$nie wraz z intensywnoscig reakcji.
W przypadku aminolizy decydujacy wptyw ma degradacja molekularna w objetosci materiatu,
podobnie jak w przypadku plazmy, gdzie jednak spadek masy czasteczkowej byl mniejszy,
a obnizenie naprezenia przy zerwaniu mniej wyrazne.

Podobnie jak w poprzednich pracach, stabilno$¢ osadzonej warstwy zelatyny oceniano
na podstawie testu wyptukiwania biododatku, przeprowadzonego w buforze fosforanowym
w temperaturze 37°C. W niniejszym badaniu czas trwania eksperymentu wynosit 1 oraz 7 dni.
Obecnos¢ przytaczonej na powierzchni zelatyny potwierdzono metoda FTIR, a doktadna
analiza ilo$ciowa zostala przeprowadzona z uzyciem testu BCA.

Zarejestrowane widma FTIR, szczegolnie w zakresie 1500-1700 cm™ odpowiadajacym
pasmu amidowemu I, wykazaly wyraznie zwigkszong absorpcje dla probek
funkcjonalizowanych zelatyna, w poréwnaniu do probki kontrolnej z czystego PLCL,
Z najwyzszg wartos$cig dla widkniny po hydrolizie 1 M NaOH. Podobne wnioski ptyna
z analizy wynikow testu BCA, przy czym w tym przypadku réznice byty bardziej wyrazne.
Najwieksza 1lo$¢ zelatyny na powierzchni odnotowano réwniez dla probki po hydrolizie 1 M
NaOH, jednak juz po jednym dniu zaobserwowano jej znaczny ubytek, podobnie jak
w przypadku prébek kontrolnych.

Dla wszystkich pozostalych probek po aktywacji powierzchni odnotowano dobra
stabilnos¢ osadzonej warstwy zelatyny, z niewielkimi spadkami w pierwszej dobie. Najlepsza
stabilno$¢ wykazata probka poddana 40-sekundowej obrobce plazma, nieco stabsze wyniki
uzyskano po aminolizie, a najnizsze po hydrolizie, cho¢ réznice pomi¢dzy tymi metodami nie
byty znaczace. Wyniki te sugeruja, ze kazda z badanych metod aktywacji powierzchni jest
skuteczna jako pierwszy etap immobilizacji zelatyny 1 zapewnia jej wystarczajacg stabilnos¢
nawet po 7 dniach inkubacji w warunkach modelujacych srodowisko fizjologiczne.

W celu oceny odpowiedzi komorkowej przeprowadzono zar6wno badania iloSciowe —
test cytotoksycznosci na ekstraktach oraz 72-godzinne badanie aktywnos$ci metabolicznej
w kontakcie bezposrednim — jak i badania jakosciowe w postaci 5-dniowej hodowli
fibroblastow L929 na powierzchni materiatow. Testy ilosciowe nie wykazaly cytotoksycznosci
zadnego z materiatbw ani nie ujawnily znaczacych roéznic w odpowiedzi metabolicznej
w badaniu  3-dniowym. Jedynie w przypadku probek aktywowanych plazmag oraz
hydrolizowanych z uzyciem 1M NaOH zaobserwowano nieznacznie Wwyzszy poziom

aktywnos$ci metabolicznej w ostatnim dniu badania, co jest zgodne z wynikami testu BCA.
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Z kolei obserwacje wykonane za pomocg mikroskopii fluorescencyjnej i SEM ujawnity
wyrazne roznice w morfologii komorek zasiedlajacych badane materiaty.

Najbardziej okragte lub stabo rozptaszczone oraz o nierozwinigtym cytoszkielecie byty
komorki hodowane na materiatach kontrolnych — czystym PLCL oraz prébce z Zelatyng
osadzong jedynie fizycznie. Z kolei w przypadku materialdow po peinej funkcjonalizacji
zaobserwowano poprawng morfologie komorek, zblizong do tej na kontrolnej, hydrofilowej
powierzchni TCP (ang. Tissue Culture Plastic/Polystyrene). Najlepszym stopniem
rozptaszczenia 1 Silnie rozwinigtym cytoszkieletem charakteryzowaty si¢ fibroblasty
porastajagce materiaty po hydrolizie w 1 M roztworze NaOH oraz po 40-sekundowej obrobce
zimng plazmg tlenowa. Komorki te wyrdznialy si¢ duzg liczba wyraznych filopodiow

i lamellipodiow.

Osiagniecia:

e Potwierdzono, ze wszystkie wybrane do badan metody aktywacji powierzchni wtokien
PLCL, zastosowane jako pierwszy etap funkcjonalizacji z uzyciem zelatyny, skutecznie

poprawiaja jej stabilno$§¢ w porownaniu do probek nieaktywowanych.

e Pokazano, ze wybor metody aktywacji powierzchni wplywa istotnie na wilasciwosci
fizykochemiczne materiatu, takie jak masa czasteczkowa czy wytrzymato$¢ mechaniczna.
Pozwala to na $wiadomy dobor najbardziej odpowiedniej procedury funkcjonalizacji
w zalezno$ci od wymagan stawianych rusztowaniom dla okreslonego typu tkanek 1 miejsca

implantacji.

e Udowodniono, ze skuteczna funkcjonalizacja biopolimerem bialkkowym umozliwia
otrzymanie dwusktadnikowych bioaktywnych wldkien zawierajacych biodegradowalny
poliester alifatyczny 1 biododatek, co stanowi alternatywe dla elektroprzedzenia

dwusktadnikowych roztworéw polimerowych.

Wykazano:

e Aktywacja powierzchni widkien metodg hydrolizy zasadowej prowadzi do postrzepienia
I zmniejszenia grubosci wtokien, natomiast zastosowanie aminolizy oraz zimnej plazmy

tlenowej w warunkach optymalnych nie powoduje zmian morfologii.

e Zaréwno plazma, jak 1 aminoliza prowadzg do obnizenia masy czasteczkowej w catej

objetosci materiatu, podczas gdy hydroliza prowadzi do wyraznej degradacji
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powierzchniowej, co potwierdzajg zarejestrowane metoda GPC piki odpowiadajace niskim

masom czgsteczkowym.

Wszystkie typy materiatéw poddanych funkcjonalizacji sa niecytotoksyczne. Ponadto,
fibroblasty hodowane przez 5 dni na ich powierzchni charakteryzowaly si¢ prawidtowa
morfologig oraz lepszym rozptaszczeniem i rozwini¢ciem cytoszkieletu w poréwnaniu do

komorek hodowanych na materiale, w ktorym zelatyne osadzono wyltacznie fizycznie.
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8. Podsumowanie i wnioski

Niniejsza rozprawa doktorska pozwolila na wykazanie, ze:

Mozliwe jest opracowanie mniej toksycznego systemu rozpuszczalnikowego bedacego
mieszaning kwasu octowego i mrowkowego jako alternatywe dla silnie toksycznych
alkoholi fluorowanych, pozwalajacego na formowanie metoda -elektroprzedzenia
dwusktadnikowych wtoknin zawierajagcych PCL i1 biododatek biatkowy — zelatyng lub
kolagen.

Nowo opracowany uktad rozpuszczalnikowy, mimo emulsyjnosci roztworow na nich
opartych, pozwala uzyska¢ wildkniny o poprawnej, zblizonej morfologii do tych

otrzymywanych z uzyciem alkoholi fluorowanych.

Elektroprzedzone dwusktadnikowe wiokniny zawierajace PCL i biododatek biatkowy
formowane z uzyciem roztworéw polimerowych opartych na HFIP i kwasach AA/FA,

ro6znig si¢ szybkoscig wymywania dodatku w warunkach nasladujacych fizjologiczne.

Emulsyjno$¢ roztwordw polimerowych opartych na kwasach AA/FA wptywa znaczaco na
szybko$¢ wymywania biopolimeru z elektroprzedzonych widkien dwusktadnikowych oraz

na szereg wlasciwos$ci materialu bedacych nastgpstwem utraty tego sktadnika.

Emulsyjnos$¢ w uktadach opartych na kwasach AA/FA wynika ze stabszych oddziatywan
pomiedzy czasteczkami rozpuszczalnika i czasteczkami polimerow. W konsekwencji tego
czasteczki polimeru przybierajg w kwasach konformacje ,,klebka”, co skutkuje stabszymi
odziatywaniami polimer-polimer. Manifestuje si¢ to mniejsza lepkoscia tych roztworow

niz w przypadku roztwordéw opartych na HFIP.

Typ rozpuszczalnika wykorzystanego w procesie elektroprzedzenia wpltywa na
zwilzalno$¢ wiokniny, co jest konsekwencja niejednorodnej dystrybucji biododatku we

widknach z AA/FA w odroznieniu od dobrej dyspersji jaka daje zastosowanie HFIP.

Na odpowiedz komoérkowa na elektroprzedzone widkniny korzystny wptyw ma obecnosé
biododatku biatkowego, szczegolnie kolagenu oraz materialow otrzymywanych z HFIP
W porOwnaniu z kwasami, z uwagi na lepszg zwilzalno$¢ oraz dyspersje biododatku na

powierzchni wtokien.

Przeprowadzona optymalizacja sieciowania zelatyny w dwusktadnikowych wtoknach

PCL/Zelatyna  otrzymywanych z  wykorzystaniem  alternatywnego  systemu
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rozpuszczalnikéw umozliwita uzyskanie materialow o wysokiej trwato$ci biododatku oraz

zachowanej morfologii w warunkach symulujacych srodowisko fizjologiczne.

Sposrod przebadanych chemicznych czynnikéw sieciujacych, zastosowanie EDC/NHS
jest metoda najwydajniejsza, o najwigkszej szybkosci reakcji, ktora jednocze$nie nie

wptywa niekorzystnie na morfologie wiokien.

Aktywacja powierzchni elektroprzedzonych materiatow poprzez zwigkszenie ilosci grup
funkcyjnych uzyskana metoda hydrolizy zasadowej, aminolizy i obrobki plazma
umozliwia ich efektywna funkcjonalizacj¢ z uzyciem biopolimeru biatkowego.
Niezaleznie od zastosowanej metody aktywacji powierzchni wtokien, warstwa

przytaczonej zelatyny jest stabilniejsza niz w przypadku osadzania fizycznego.

Kazda z metod aktywacji powierzchni wtokien ma inny wplyw na wlasciwosci materiatu,
totez decyzja o wyborze metody powinna opiera¢ si¢ na dopasowaniu wiasciwosci

funkcjonalizowanego materiatu pod katem jego zastosowania.

Skuteczna funkcjonalizacja z uzyciem biopolimeru biatkowego jest alternatywnym
sposobem na uzyskanie dwusktadnikowych elektroprzedzonych materialow witoknistych

w stosunku do elektroprzedzenia dwusktadnikowych roztwordéw polimerowych.
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9. Elementy wkladu oryginalnego

Po raz pierwszy przeprowadzono systematyczne badania rozpuszczalnikow
alternatywnych w  stosunku do alkoholi fluorowanych jako rozpuszczalnikow
wykorzystywanych w procesie elektroprzedzenia widkien z poliestru alifatycznego
z dodatkiem biatkowym. Stosujgc po raz pierwszy rozpuszczalniki inne niz HFIP lub TFE
otrzymano wiokniny o morfologii bardzo zblizonej do uzyskiwanej w procesie formowania
z alkoholi fluorowanych. Wczesniejsze, zakonczone sukcesem badania rozpuszczalnikow
alternatywnych opisywane w literaturze byly prowadzone jedynie na materiatach
jednosktadnikowych. Prace dotyczace materiatow dwuskladnikowych prowadzity do
uzyskiwania wiokien znacznie cienszych i zdefektowanych [26-28].

Z uwagi na to, iz po raz pierwszy Otrzymano elektroprzgdzone dwusktadnikowe
materialy zawierajace PCL i zelatyne oraz PCL i kolagen z uzyciem rozpuszczalnika bedacego
mieszanka kwasu octowego i mrowkowego, wszystkie dalsze badania majace na celu
charakterystyke ich wlasciwosci fizykochemicznych, odpowiedzi komorkowej czy badania
wymywania dodatku, w tym charakterystyke poréwnawcza do materiatow otrzymanych
z wykorzystaniem HFIP, sg istotnym oryginalnym wktadem w literatur¢ przedmiotu.

Badania majace na celu znalezienie optymalnej metody sieciowania dodatku
biatkowego w dwusktadnikowych materiatach wtoknistych zostaty zaplanowane w oparciu
o opisane w literaturze metody sieciowania, ale gtownie jednosktadnikowych materiatow
biatkowych, rzadko w formie widknistej. W literaturze brak bylo systematycznych wynikéw
zarowno optymalizacyjnych jak i porownawczych réznych metod sieciowania dla widkien
PCL/Zelatyna, tym bardziej dla materialéw otrzymywanych z uzyciem rozpuszczalnikow
innych niz alkohole fluorowane, co jak potwierdzono wcze$niej Sprawia, ze materialy te majg
inne wlasciwosci wyjsciowe.

Uzyskano takze wyniki stanowigce uzupetnienie istniejacych danych literaturowych
0 analize porownawcza réznych metod aktywacji powierzchni jako pierwszego etapu
funkcjonalizacji wtokien z poliestru alifatycznego PLCL. Rezultaty tych badan
przeprowadzonych na tym samym materiale elektroprzedzonym pozwalaja wyciagnaé
wartosciowe oryginalne wnioski na temat zar6wno optymalnych parametrow przeprowadzania
procesu aktywacji powierzchni tego typu materiatu, jak rowniez zestawiajg te metody ze sobg
w konteks$cie ich wptywu na morfologie materiatu, ilos¢ przytagczonych grup funkcyjnych i ich

wlasciwosci fizykochemiczne.
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Bicomponent polycaprolactone/gelatin (PCL/Gt) nanofibers were successfully formed for the first time by electrospinning using a
novel polymer—solvent system with solvents being alternative to the commonly used toxic solvents like fluorinated alcohols. The
mixture of acetic acid (AA) with formic acid (FA; 90:10) was applied. Stable electrospinning was possible despite the fact the
mixture of PCL and gelatin in AA/FA solvent showed emulsive structure. From the practical perspective, there is no doubt that
it is possible to obtain PCL/Gt fibers using AA/FA mixture with morphology similar to that for fibers spun from hexafluoroiso-

propanol (HFIP) solutions.
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1. Introduction

Tissue engineering emerged in the early 1990s to overcome
limitations and barriers of tissue grafting and alloplastic
techniques of tissue repair. In tissue engineering, scaffolds
mimicking natural extracellular matrix (ECM) are used as
a temporary support for cells that should adhere, proliferate,
and finally form new tissues. The synthetic ECMs or scaf-
folds must fulfill specific set of requirements, from which
the most important is optimal chemical composition provid-
ing lack of cytotoxicity, high biocompatibility, high wettabil-
ity of scaffolds, presence of specific sites for effective
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interactions with cells like RGD (Arginine-Glycine-
Aspartic) sequences. One of the most promising and flexible
techniques of formation of synthetic ECM is electrospin-
ning, allowing formation of structures resembling mor-
phology of native ECMs. Electrospinning is a process that
was conceived in the 19th century by Lord Rayleigh fol-
lowed by the U.S. patent being issued in 1934 to Formbhals
[1]. Electrospinning essentially consists of the creation of
an electric field between a target being usually grounded
and a positively charged capillary filled with a polymer sol-
ution. When the electrostatic force related to charges over-
comes the surface tension of the polymer solution at the
capillary tip, a polymer jet is created. After traveling to the
grounded target, submicron to nanoscale fibers are collected.
It is known that many various factors, starting from chemical
composition, topography, porosity, fiber diameter, fiber
alignment, and mechanical properties affect the bioactivity
of scaffolds as cellular supports. Great parts of them are
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governed by electrospinning parameters. The most important
are related to properties of solutions like viscosity, electrical
conductivity, and surface tension, which are in turn depen-
dent on polymer concentration, molecular weight of polymer,
solvent properties. One of the very promising synthetic poly-
mer for tissue engineering is polycaprolactone (PCL), which is
relatively inexpensive, elastic aliphatic polyester, demonstrat-
ing a lack of toxicity and a relatively slow degradation. On the
other hand, PCL has limited cell affinity due to its hydropho-
bicity and lack of specific cell recognition sites. One of the
possible, natural way to overcome the problem of low cell
affinity, is blending of synthetic polymers with biopolymers,
particularly those having RGD amino acid sequence, which
is recognition sequence for integrin-mediated cell adhesion.
The most ideal biopolymer should be the native biomaterial
such as collagen or its hydrolyzed form: gelatin. Both of them
are supposed to improve significantly adhesion, spreading
and proliferation of cells on resulting scaffolds [2]. Addition-
ally, better elasticity and deformation properties is expected
to facilitate creating new spaces for cell penetration or enlarg-
ing those which already exist. The first successful attempt of
electrospinning of PCL/gelatin mixture was done few years
ago by the group of Zhang et al. [3]. The undertaken investi-
gation [4] proved that cells proliferation and infiltration
improves significantly with additive of gelatin compared to
pure synthetic PCL scaffolds.

However in addition to advantages, there are also serious
problems related to applications of nanofibers containing
natural biopolymers. The most important is related to
processability because of difficulties in finding appropriate
solvents for most of biopolymers and thus blends with syn-
thetic polymers. It is evident from literature that most of
electrospinning processes of synthetic/biopolymers nanofi-
bers, including very promising pairs PCL/gelatin and
PCL/collagen, were performed using fluorinated alcohols,
in particular 1,1,1,3,3,3-hexafluoro-iso-propnaol (HFIP)
and trifluoroethanol (TFE). Such solvents provide strong
dissolving capability to various polymers, including biopoly-
mers such as collagen and gelatin [3,5]. However, there is
literature information about serious problems generated by
fluorinated alcohols (e.g., HFIP and TFE). First of all, they
are generally classified as toxic and corrosive, being volatile
with vapors causing serious respiratory system problems and
eyes damage. TFE is also said to be toxic for blood and
reproductive system. It penetrates skin and even at concen-
tration of 0,12mg/L, can cause chronic poisoning [6].
According to the literature [7-9], it is highly probable that
fluorinated alcohols cause denaturation of the native struc-
ture of collagen, resulting in defeating its original purpose
of creation biomimetic scaffolds emulating the native col-
lagen structure and function of ECM. The change in second-
ary structure of collagen after electrospinning using HFIP
was reported [7,10-12]. In addition, it is expected that the
retention of the fluoroalcohols is harmful (toxic) for cells
seeded onto scaffolds [13]. Nam et al. [13] showed that even
relatively low HFIP content of order of 500 ppm is toxic for
in vitro cell culture. In vacuum untreated scaffolds such a
content remains even one week after electrospinning in
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PCL /gelatin scaffolds containing 25% of gelatin and is much
higher for greater content of gelatin because of higher affin-
ity of HFIP to gelatin. Vacuum treatment of scaffold leads
to reduction of HFIP content, however it is anticipated that
in porous scaffolds there is possibility for gradients of
concentration and thus local elevation of concentration
resulting in local cytotoxic effects. The last but not least
important problem relates to harmful effects on operators
during solution preparation and electrospinning.

Existing attempts to replace such toxic solvents by
alternative substances are observed primarily in relation to
one-component systems containing gelatin, collagen, or
PCL. In the case of PCL various solvents such as toluene,
dimethylformamide, and methyl chloride are used [14], but
they are also not free of toxic characteristics. The first work,
which attempted to electrospin of PCL using lower toxicity
solvents, acetic acid, comes from the year 2010 [15]. The
authors emphasized that in case of need, acetic acid used
by them for electrospinning can be easily neutralized and
washed away from the fibers without leaving any residues.
Van der Schueren et al. [16] used in turn successfully solvent
mixture of formic acid/acetic acid for electrospinning of
PCL, obtaining bead-free fibers with diameters in the nanos-
cale range. In the case of collagen, which is usually spun
using HFIP and TFE as a solvent [17,18], Liu et al. [12]
successfully used a diluted acetic acid getting biologically
effective scaffold. On the other hand, in the case of electro-
spinning of pure gelatin, attempts to replace toxic fluori-
nated alcohols by low-toxic alternative solvents are taken
for several years [19-21]. Examples of alternative solvents
for electrospinning of gelatin were acetic acid, either concen-
trated or diluted with water [19,21], mixture of ethyl
acetate-acetic acid in water [20]. In the case of blend systems
(i.e., PCL/gelatin and PCL/collagen), there is practically
only few papers describing attempts of electrospinning from
other solvents instead of fluoroalcohols. It seems that very
promising alternative solvent is acetic acid. In comparison
to fluorinated alcohols, acetic acid do not generate any ser-
ious problems to operators. For bicomponent PCL/collagen
fibers, known to the authors is currently only one attempt
of electrospinning using alternative solvents made by
Chakrapani et al. [22]. They carried out electrospinning of
PCL and collagen blends in acetic acid with various ratios
of PCL and collagen. As a result they obtained nanofibers,
with average diameters below 200 nm, irrespective of blend
composition. However, the fibers obtained in Chakrapani
et al. [22] were not beads-free and the morphology of scaf-
folds was far from uniformity. The authors did not report
concentration of solutions. The most recent publication
which concerns bicomponent, PCL/gelatin nanofibers elec-
trospun from alternative solvents was published by Gautam
et al. [23], who used chloroform/methanol mixture for PCL,
and acetic acid for gelatin. Mixing of both solutions result-
ing in formation of emulsion, which was further electrospun.
Authors paid attention to the important function of gelatin
addition in electrospinning process. It is known that gelatin
brings properties that are favorable for electrospinning, such
as amino and carboxyl groups susceptible to ionization,
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resulting in more homogeneous fibers compared to the pure
PCL fibers. On the other hand, an excess of gelatin can result
in some instability of electrospinning caused by too high
concentration of electrical charges [23]. Hence it is expected
that there is optimum content of gelatin in blended systems,
providing stable electrospinning process. Additionally it
is known from our previous results that there is also an
optimal gelatin content from the perspective of tissue
engineering [24].

The aim of the work is to investigate the possibility of
electrospinning of PCL/gelatin fibers using alternative
non- or low-toxic solvents, being the same for both poly-
mers. Analysis of morphology and supermolecular structure
as a function of gelatin content for nanofibers spun from
alternative solvents as compared to commonly used HFIP
will be presented.

2. Experimental

2.1 Materials

PCL (M,, = 80,000 g/mol), gelatin from porcine skin Type A
(Gel Strength ~300g Bloom) and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) were purchased from Sigma-Aldrich Co.
The alternative solvents, acetic acid (AA, glacial pure
99.5%) and formic acid (FA, pure 98-100%) were purchased
from Chempur and Avantor PM Poland, respectively.

2.2 Solutions

The mixture of AA/FA with a ratio 90/10 w/w was used as
a solvent. This content of FA is high enough to obtain
reasonable electrical conductivity for electrospinning
without causing essential reduction of solution viscosity over
time which was observed by us for higher FA content (20%
and higher). According to Mindru et al. [25], FA causes
degradation of gelatin (Gt) while addition of AA slows
down this process. The total polymer concentration in
AA/FA system was fixed at 15% w/w. It is worth to mention
that FA’s dielectric constant is significantly higher than for
AA (58 and 6.2, respectively) [26]. Dielectric effect of solvent
used for electrospinning process should not be neglected
since higher permittivity usually facilitates electrospinning,
reducing beads formation and fiber diameters [26].

Taking into account that PCL and Gt are practically
immiscible or their miscibility is very limited [27], prep-
aration was initiated by making separate solutions of either
PCL or gelatin in a mixture of AA/FA as a solvent. PCL as
well as Gt solutions with concentration of 15% w/w were
prepared. Separate solutions were prepared due to problems
with dissolving polymers together—swelled gelatin was
accumulating around PCL pieces preventing the dissolution
process.

After ~4h of stirring, which was sufficient for completely
dissolution of each polymer, PCL and Gt solutions were
mixed in such proportions to obtain a set of different PCL/
Gt w/w ratios, namely 100:0, 90:10, 85:15, 80:20, and 75:25.
Considering our previous results using HFIP as a solvent,
showing optimal gelatin content of 20% w/w from the
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perspective of tissue engineering [24], we decided to not
exceed 25% w/w of gelatin. Time of subsequent mixing of
PCL and Gt solutions before electrospinning was 20h
(24 h in total).

In order to prepare reference solutions of exact PCL/Gt
ratios with HFIP as a solvent, both polymers were mixed
together with HFIP to obtain the total concentration of
5% w/w, and then stirred for the following 24 h.

2.2.1 Solution Structure and Properties

Structure of solutions was investigated using Pluta polarizing-
interference microscope (Biolar PI) produced by Polish
Optical Works (PZO).

Viscosity and electrical conductivity, two crucial for
electrospinning process solution parameters were measured.
Solution viscosity was measured by rotational viscometer
Brookfield HADV-III Ultra with cone/plate configuration.
Comparison of viscosity was done at a constant shear rate
~ 40%, corresponding to the value estimated for the shear
rate, 9, inside our needle (Eq. 1):

40
Y = —F 1
=3 (1)
where Q is volumetric flow rate (600 uL/h) and r is inner
needle radius (0.17 mm).
Electrical conductivity of solvents and solutions was
measured using Elmetron CC-401 conductometer.

2.3 Electrospinning Process

The electrospinning equipment was operated in horizontal
mode. It consisted of a single syringe pump (New Era Pump
Systems, NE-1000 model), collector and high voltage
generator, connected with positive terminal to a stainless
steel needle and grounded to the collector (steel plate). Dis-
tance between needle and collector was 15cm, flow rate
of solution was 600 uL/h, and needle with 0.34 mm inner
diameter was used.

When using AA:FA as a solvent, electrospinning process
was held at the same parameters irrespective of gelatin con-
tent. Although the voltage for which fibers could be attained
was in a range between 8 and 12kV for the majority of solu-
tions, the voltage of 10kV was chosen, providing the most
uniform fibers. For HFIP-based solutions, the only differ-
ence made was the voltage, which in that case was set at
12.5kV. Temperature during electrospinning processes var-
ied between 22 and 24°C, and humidity was around
55-60%. This range of ambient conditions seems be optimal
for investigated material system.

Electrospinning was started around 15 min after finishing
of solution preparation and held until nonwoven of required
thickness was obtained. AA/FA solvent based emulsions
were electrospun for around 1 hr and HFIP based solutions
for around 3 h. Differences in time of electrospinning process
came from different polymer concentration for each solvent
system.
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2.4 Characterization of Electrospun Nanofibers

2.4.1 Morphology

Quantitative analysis of morphology of electrospun fibers
was performed using the scanning electron microscope
(SEM JEOL JSM-6390LV instrument at accelerating volt-
age of 7kV. Before observations, samples were coated with
gold. The mean fiber diameter for particular sample was esti-
mated from 220 measurements done along the line drawn on
particular SEM image. Diameter distributions were analyzed
using Gaussian function approximation (Origin software).

2.4.2 Structure

Pluta polarizing-interference microscope (Biolar PI) pro-
duced by Polish Optical Works (PZO) was used for investi-
gations of internal structure of electrospun fibers. Taking
into account relatively weak molecular orientation of fibers
collected on a plate [28], it was expected that changes of
brightness at crossed polarizers would reflect possible segre-
gation of crystallizing PCL regions and noncrystallizing
gelatin areas.

Crystallinity of PCL was analyzed using differential scan-
ning calorimetry (DSC) - Perkin-Elmer Pyris-1 apparatus.
Samples (ca. 2mg) were heated from 20°C at a rate of
10°C/min. Crystallinity of PCL was estimated using
equation:

AH,

p— 2
Xe A (2)

where x. is crystallinity of PCL, AHy-fusion heat of a sample
normalized to the mass of PCL while AH}) is the specific heat
of fusion of 100% crystalline PCL taken as 135J/g [29,30].
Temperature and heat calibration was performed using
indium as a reference material.

Taking into account overlapping of diffraction peaks
from both components, wide angle X-ray scattering (WAXS)
technique was applied only for detection of structure of gela-
tin. WAXS measurements were performed using Bruker D8
Discover diffractometer operated at the voltage 40kV, and
current 40 mA. Cuk, radiation (wavelength of 0.1542 nm)
was used. All measurements were performed in reflection
mode, using Bragg-Brentano geometry, with a 0.6 mm slit
and two Soller collimators applied on both sides. Highly
sensitive Lynx Eye 1-D silicon strip detector was used. The
angular range of measurements, 20, was between 5° and
30°, with a step of 0.01° and a time of data accumulation
at particular angular point of 0.2s. WAXS radial profiles
were deconvoluted using Pearson VII function.

3. Results and Discussion

3.1 Structure of Solutions

Optical investigations of PCL/Gt blends clearly show the
emulsion nature when using AA or mixture of AA/FA as sol-
vent. This fact may be related to the lack or very limited mis-
cibility of PCL and Gt [27] together with relatively weak
interactions with both acids, resulting in separation of both
polymers. Figure 1 illustrates microstructure of PCL:Gt blend
using AA/FA mixture. Regardless of applied Gt content,
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Fig. 1. Typical optical microscope image of PCL/Gt emulsion
in AA/FA solvent system (85:15 PCL:Gt ratio).

typical image shows two-phase structure, with one phase
being dispersed, and the second one being continuous matrix.
Additional observation of crystallization during solvent evap-
oration indicates that it is most probable that dispersed phase
is PCL reach component, while matrix is Gt reach phase.

In the case of PCL/Gt solutions in HFIP there is homo-
geneous structure without any traces of phase separation.
This behavior can be explained by much stronger interac-
tions with HFIP molecules (stronger solvent).

3.2 Solutions Conductivity

Figures 2 and 3 show the dependence of electrical conduc-
tivity measured for the blend of AA and FA on composition
of solvents and polymers, respectively.

It is evident from Figure 2 that there is strong, nonlinear
increase of conductivity with FA content in the AA/FA
blend. In the case of pure AA, the electrical conductivity is
very low, hindering the process of electrospinning.

Addition of a polymer to a solvent, either AA/FA or
HFIP, leads to changes of electrical conductivity. In the
case of PCL only, there is slight reduction of electrical con-
ductivity because of nonpolar nature of PCL molecules
(Figures 2 and 3). Such a trend was observed by us also

Electrical conductivity [uS/cm]

Formic acid wiw [%]

Fig. 2. Electrical conductivity of AA/FA solvent system versus
FA content.
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Fig. 3. Electrical conductivity of AA/FA solvent system
(AA:FA 90:10) with PCL/Gt additives.

for HFIP solutions [24]. On the contrary, it is seen in Figure 3
that gelatin increases considerably electrical conductivity of
AA/FA solvent system. This is due to the fact that gelatin
is highly polar, containing amino and carboxyl groups,
which are susceptible to ionization.

3.3 Solutions Viscosity

The second material parameter that is important for electro-
spinning is viscosity. It defines the resistance of the fluid to
flow, thus stabilizing the jet. Viscosity is directly pro-
portional to the concentration of the solution and to the
molecular weight of the polymer. In the case of constant
total concentration of polymers, it is expected that the only
parameter affecting viscosity will be ratio of PCL to Gt.
Figure 4 illustrates viscosity as a function of shear rate,
measured for PCL:Gt 75:25 in AA:FA 90:10 solvent.
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Fig. 4. Viscosity as a function of shear rate for PCL:Gt 75:25
composition in AA:FA 90:10 and in HFIP.

P. Denis et al.

Changes in viscosity as a function of shear rate in inves-
tigated range of rates are more evident for composition in
AA:FA solvent. The most significant difference in Figure 4
is related to the applied solvent being a result of three times
lower total polymer concentration in the case of HFIP (5%
w/w) as compared to AA/FA system (15% w/w). For
further systematic analysis of the effect of gelatin content
on solution viscosity, measurements were performed at the
rate 40/s. (Figure 5), which approximately corresponds to
shear rate inside the needle during electrospinning process.
Even if deformation rate of solution during electrospinning
slightly differs from this value, the practical insensitivity of
viscosity on the shear rate allows to treat the results shown
in Figure 5 as representative.

It is evident from Figure 5 that irrespective of the solvent
used, viscosity decreases with increasing content of gelatin.
Nevertheless, for AA/FA solutions at the applied 15%
w/w of total polymer concentration addition of Gt brings
more considerable and consistent decrease in viscosity com-
pared to HFIP 5% w/w solutions.

3.4 Electrospinning and Morphology of Fibers

In the case of emulsions appearing when using AA/FA
mixture, their structure during the time of electrospinning
(1-3h) is stable with one phase being dispersed within
continuous matrix of the second phase. Nonwoven distri-
bution on the collector was always similar — diameter of area
covered with fibers was around 7-8 cm. Electrospinning on a
plate - static collector results in formation of nonwovens
with random orientation of fibers (Figure 6).

SEM images of fibers spun using both solvents do not
indicate any inhomogeneity along fibers which could be
treated as traces of emulsion structure or instability of the
electrospinning process. Analysis of fiber diameter distribu-
tions (Figures 7 and 8) indicates that for pure PCL solutions
at the applied conditions of electrospinning, they can be
treated as bimodal. Addition of gelatin at any content leads
to reduction of mean value of fiber diameter compared to
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Fig. 5. Viscosity of PCL/Gt solutions using AA:FA 90:10 or
HFIP as a solvent at shear rate 40/s versus Gt content.
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Fig. 6. SEM images of electrospun nonwovens.

pure PCL nonwovens (for HFIP only; Table 1) and fiber
diameter distributions can be treated as unimodal (both
for AA/FA and HFIP). It is seen from Figures 5 and 3 that
addition of gelatin does introduce noticeable decrease of vis-
cosity and increase of electrical conductivity. Both effects
lead to reduction of fiber diameter. Analysis of fiber diam-
eter as a function of gelatin content indicates that the aver-
age diameter increases with Gt content for AA/FA system
while being relatively constant for HFIP (Table 1). This
quite unexpected increase of fiber diameter of PCL /Gt fibers
with increasing Gt content can be most probably explained
by the presence of emulsion, which can be stronger at higher
Gt content.

From the very practical perspective, it can be concluded
that for both solvent systems, electrospun fibers diameters
are on average similar level. There is no doubt that it is poss-
ible to obtain PCL/Gt fibers using alternative solvents with
morphology being similar to that for fibers spun from HFIP
solutions.
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3.5 Structure

Figure 9 illustrates images of electrospun fibers, both from
AA/FA system and HFIP, registered by optical microscope
at crossed polarizers. Taking into account relatively weak
molecular orientation of fibers collected on a plate [28], it
is expected that changes of brightness along fibers observed
at crossed polarizers for fibers spun from AA/FA solvents
reflect segregation of crystallizing PCL regions and noncrys-
tallizing gelatin areas. This structure reflects to two-phase
(emulsion) structure observed before electrospinning when
using AA/FA (Figure 9a).

On the contrary, in the case of fibers spun from HFIP
their internal structure is much more homogeneous
as observed by polarizing microscope (Figure 9b).

Investigations of supermolecular structure of fibers spun
from AA/FA was concentrated on crystallinity using DSC
method. Figure 10 illustrates thermograms of pure PCL as
well as PCL/Gt fibers with relatively high content of gelatin
during heating in a broad temperature range. It is seen that
for pure PCL there is only one endothermic peak with
a maximum at ~57°C being related to the melting of crystal
phase. In the case of PCL/Gt fibers there is additional broad
endotherm with a maximum at around 90°C related to evap-
oration of water from gelatin as it was shown previously
using thermogravimetry for PCL/Gt fibers spun from HFIP
[24]. It is seen in Figure 10 that there is no evidence of tran-
sition of helix to coil conformation of gelatin in the high
temperature range, indicating coil conformation of gelatin
molecules irrespective of used solvents. Additionally, there
is no traces of endothermic peak at lower temperatures
which can be attributed to melting of gelatin crystals (s.c.
denaturation) in the case of existence of triple-helix struc-
ture. It is known from literature that depending on external
condition, for instance pH of solution, molecules of gelatin
can exist either in coil or helix conformation [31]. For helix
conformation, formation of crystalline aggregates (triple-
helix structure) is possible which is not the case of coil con-
formation. It is known from previous experiments [32], that
the existence of helix conformation of gelatin molecules can
be manifested by helix to coil transition at ~225°C as
observed by DSC, which is not our case.

Figure 11 shows DSC scans registered during heating in
the temperature range of melting of PCL crystals. In the case
of PCL/Gt fibers, thermograms seen in Figure 11 were
obtained by subtraction of the peak related to water evapor-
ation from gelatin. It is seen in Figure 11 that melting of
PCL crystals starts at low temperatures, ca. 35°C, and
approaches maximum of transition rate at around 57°C.
Comparison of melting temperatures of PCL crystals for
various fibers indicates that temperatures of the start of
melting as well as maximum rate of melting (peak tempera-
ture) are slightly higher for pure PCL fibers than for fibers
containing gelatin. This fact indicates that PCL crystals
are smaller and/or more defective when gelatin coexists.
It is highly probable that this is due to partly incorpor-
ation of gelatin molecules into PCL crystals, disturbing
thus crystal structure of PCL. The limited miscibility
of PCL and gelatin was evidenced in Kotbuk et al. [27].
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Fig. 7. Fiber diameter distribution approximated with Gauss functions for PCL/Gt fibers spun from AA/FA 90:10, for various
PCL/Gt ratios: (a) 100/0, (b) 90/10, (c) 85/15, (d) 80/20, (e) 75/25.

On the other hand, comparison of thermograms of fibers
spun from various solvents do not indicate any differences
in temperatures of melting of PCL crystals related to type
of used solvent.

It is evident from Figure 12 that the PCL crystallinity of
fibers spun using AA/FA solvent system is in general higher
than for fibers spun using HFIP. This is most probably
related to much higher boiling temperature of AA and FA
(118 and 100.8°C, respectively) than for HFIP (58.2°C),
resulting in longer time of evaporation allowing hence higher
crystallinity progress. Additionally, maximum crystallinity is
observed for the lowest applied content of gelatin for both
solvents.

Depending on the external conditions, the molecules of
gelatin can take either random coil or helix conformation.
In the case of helices, they are associated by hydrogen bonds
in junction zones, resulting in partial renaturation of

triple-helix structure of native collagen with peptide residues
still in the random coil conformation. This kind of transition
leads to formation of crystal aggregates, which can be evi-
denced as two narrow peaks on wide-angle X-ray scattering
patterns. According to literature data, they are related to the
distance ca. 1.1 nm (strong reflection at 20 = 8.0° using CuK,,
radiation) which is attributed to the diameter of the triple
helix and to the distance ca. 0.29 nm (26 = 30.8° using CuK,

radiation) which in turn is attributed to the distance
between amino acids residues along the helix [33,34]. It is
evident from Figure 13 that in the registered range of diffrac-
tion angles 20 between 5° and 30°, there is no gelatin crystal
peak at 8°. The only scattering from gelatin is amorphous
halo with maximum at ca. 19.5° in addition to PCL scatter-
ing from amorphous (20=20.81°) and crystal structures
(two strongest reflections at 21.19° and 23.54°, and three
weaker reflections at 15.51°, 21.82°, and 24.12°). The lack
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Table 1. Mode (diameter at the peak) and mean values of fiber
diameters

Mean

Mode 1 Mode 2 diameter
Solvent Sample (um) (um) (um)
AA:FA 100% PCL 0.421 0.654 0.614
90:10 90% PCL + Gt 0.361 — 0.400
85% PCL + Gt 0.372 — 0.442
80% PCL + Gt 0.487 — 0.505
75% PCL + Gt 0.842 — 0.877
HFIP 100% PCL 0.403 0.796 0.707
90% PCL + Gt 0.340 — 0.341
85% PCL + Gt 0.332 — 0.335
80% PCL + Gt 0.328 — 0.399
75% PCL + Gt 0.392 — 0.396

of Gt crystallites is related to the acidic conditions of Gt
preparation, resulting in random coil conformation. It is evi-
dent from literature that crystalline Gt structures formed on
the basis of helix conformations may occur in water-based
solutions or neutralized to some degree acidic solutions.
For instance, Song et al. [32], observed DSC peak at
225°C which can be attributed to helix-coil transition in
gelatin prepared using ethyl acetate to neutralize acidic
conditions. On contrary, such peaks do not appear for Gt
prepared in acidic conditions or solvent-systems, which
contain fluorinated alcohols (e.g., HFIP), indicating coil
conformation of Gt molecules. The effect of pH on Gt struc-
ture is clearly evident from additional WAXS patterns regis-
tered for Gt casted films prepared using distilled water (pH
~7) and AA:FA solvent system (pH ~1; Figure 14). In the
case of Gt casted from water in addition to broad amorph-
ous peak with maximum at 20=20°, there is relatively
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(b)

Fig. 9. Optical micrographs of fibers with PCL:Gt ratio 75:25
electrospun from (a) AA/FA and (b) HFIP registered at crossed
polarizers.

narrow peak at around 8°, indicating the existence of
crystals formed on the basis of helix conformation. For Gt
from AA:FA solvent system there is only amorphous part
of scattering, indicating random coil conformation. The
asymmetric shape of amorphous scattering together with
the shift toward lower angles observed for gelatin casted
from water is most probably attributed to strong
molecular interactions between water and polar part of Gt
molecules.
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Fig. 10. Illustration of DSC scans during heating of PCL and
PCL/Gt fibers spun from HFIP and AA/FA solvents. Broad
temperature range.

P. Denis et al.

04
AA_FA solvent
< :
= PCL:Gt ratio:
A —100:0
= - - - 90:10
- . 7 85:15
g -t Ay == 80:20
T ! e 75:25
-15 T T T T T T : T T T T T T 1
30 40 50 60 70 80 90
Temperature [°C]
(@)
% 5 2 i HFIP solvent
S, L PCL:Gt ratio:
= ' —100:0
2 - - - 90:10
® . 1 e 85:15
-10 4
T --—--80:20
-- 75225
1 iEndo
-15 T T T T T T T T T 4 T T 1
30 40 50 60 70 80 90
Temperature [°C]
(b)

Fig. 11. DSC scans during heating of PCL/Gt fibers spun from
(a) AA/FA solvent system and (b) HFIP, for various PCL:Gt
ratios.
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Fig. 12. Crystallinity of PCL determined from melting heat
(Eq. 2) for electrospun nonwovens.
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3000 -
—_— Gt from water
| =—— Gt from AA:FA
2500 solvent system
2000
S
5,
. 1500
B
cC
[0]
£ 1000
500
0

2 Theta [

Fig. 14. WAXS patterns (without background correction) of
Gt casted films prepared from water and AA:FA 90:10 solvent
system.

4. Conclusions

Bicomponent polycaprolactone/gelatin nanofibers were
successfully formed by electrospinning using a novel
polymer—solvent system with solvents being alternative to
the commonly used toxic solvents like fluorinated alcohols.
The mixture of acetic acid (AA) with formic acid (FA;
90:10) was applied with the total polymer concentration
of 15% w/w. To the best of our knowledge, these solvents
were applied for the first time to dissolve both polymers
in order to electrospin bicomponent fibers. Stable electro-
spinning was possible at the voltage ranging between 8§
and 12kV, providing most uniform fibers at 10kV. From
the very practical perspective, there is no doubt that it is
possible to obtain PCL/Gt fibers using AA/FA mixture
with morphology similar to that for fibers spun from hex-
afluoroisopropanol (HFIP) solutions. The mixture of PCL
and gelatin either in AA or AA/FA solvents shows emul-
sive structure, being relatively stable during the time of
electrospinning. This kind of structure does not affect
external uniformity (morphology) of fibers, however the

internal inhomogeneity along the fibers can be deduced
after spinning using optical microscope with crossed polar-
izers. According to DSC and WAXS results, gelatin mole-
cules adopt random coil conformation resulting in
amorphous superstructure while polycaprolactone crystal-
lizes, reaching even higher crystallinity than for commonly
used hexafluoroisopropanol. This higher crystallinity of
PCL is due to higher boiling temperature of AA and
FA than for HFIP, providing longer time for crystallite
formation.

The investigated material system with alternative solvents
seems to be very promising for further applications as scaf-
folds. Investigations of biological properties in vitro of the
electrospun scaffolds are in progress and will be published
in a future article.
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Bicomponent polycaprolactone/gelatin and polycaprolactone/collagen nanofibers formed by electro-
spinning using various solvents were subjected to biodegradation and compared. Hexafluoroisopropanol
(HFIP) was used as a reference solvent, while the second, alternative solvent system was the mixture of
acetic acid (AA) with formic acid (FA). Biodegradation of investigated materials was manifested mainly by
the gelatin leaching, including collagen which is indeed denaturated to gelatin during electrospinning,
leading to nanofibers erosion. There was no molecular degradation of PCL during 90 days of biodegra-
dation procedure as deduced from no change in the elongation stress at break. The rate of biopolymer
leaching was very fast from all materials during the first 24 h of biodegradation, being related to surface
leaching, followed by a slower rate leaching from deeper material layers. Mass measurements showed
much faster biopolymer leaching from nanofibers electrospun from AA/FA than from HFIP because of
strongly emulsive nature of the solution in the former case. Irrespective of the solvent used, the leaching
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indicated complex mechanism of changes, including biopolymer mass loss, increase of PCL crystallinity
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1. Introduction

It is a fact that tissue engineering is dynamically evolving
research area, whether we think of cellular stimulation methods,
novel multifunctional materials or cutting edge technologies. The
trend toward biomimetism has been observed for years, making
electrospinning, though not a new idea itself, a technique that has
still a lot of to offer, considering a remarkable structural similarity
of electrospun materials to extracellular matrix.

Materials made of polycaprolactone have been present in sci-
entific literature focusing on scaffolds for tissue engineering for a
couple of years now [1—4]. Polycaprolactone belongs to a group of
biodegradable aliphatic polyesters, has good mechanical properties
and is not cytotoxic. In comparison to other materials from this
group it has lower mechanical stiffness and its degradation prod-
ucts do not cause a decrease in pH in an area surrounding a graft,
what has been reported for polylactide or polyglicolide and may

* Corresponding author.
E-mail addresses: jdulnik@ippt.pan.pl (J. Dulnik), pdenis@ippt.pan.pl (P. Denis),
psajk@ippt.pan.pl (P. Sajkiewicz).
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increase inflammation [5,6].

As any other aliphatic polyester, polycaprolactone is hydrophobic,
what is the disadvantage for materials used in scaffolds. This problem
can be solved by an addition of highly hydrophilic substance. Gelatin
is a biopolymer derived from collagen, the major extracellular matrix
building protein. Incorporating gelatin or collagen into poly-
caprolactone scaffold, not only allows to decrease significantly hy-
drophobicity, but also has a favourable influence on cellular response
of a material. Electrospun nonwovens from PCL/gelatin and PCL/
collagen structurally mimic native extracellular matrix and also
provide cells with chemical cues affecting them. Collagen and gelatin
contains Arg-Gly-Asp (RGD) amino acid sequences that can be found
in many naturally occurring proteins. Integrins (cell binding proteins)
recognize those sequences and promote cell adhesion [7]. This way
biopolymer addition increases cell attachment and spreading to the
surface of a material. Furthermore, nanofiber materials from PCL/
biopolymer exhibit better mechanical properties than the ones made
of any of them individually.

Electrospinning of bicomponent nanofibers requires the use of a
solvent which dissolves both of the polymers. To date, the most
common compounds used in such systems were perfluorinated
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Table 1
Abbreviated names of all investigated materials.

PCL content | Biopolymer content Abbreviation
[% w/w] [ w/w] A—AA/FA | H-HFIP
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Fig. 1. Sample mass loss after biodegradation normalized to the total sample mass a) AA/FA and b) HFIP.

alcohols such as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and 2,2,2-
trifluoroethanol (TFE). These solvents are expensive and classified
as highly toxic. We have optimized the process of electrospinning of
PCL/gelatin and PCL/collagen nanofibers based on the use of alter-
native, relatively non-toxic solvents system composed of 90% of
acetic acid and 10% of formic acid [8].

The application of the mixture of these acids reduces costs and
toxicity of electrospinning. The disadvantage of this solvent system
is the fact that polymer solution becomes emulsive, which is not
observed in solutions from perfluorinated alcohols.

The aim of this work was to investigate whether the solvent
used in electrospinning influences the kinetics of biopolymer
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leaching from bicomponent nanofibers and how the properties of
electrospun material are affected by this process.

2. Materials and methods

2.1. Materials

PCL (Mn = 80,000 g/mol) and gelatin from porcine skin Type A
(gel strength ~ 300 g Bloom) were purchased from Sigma-Aldrich
Co., as well as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and phos-
phate buffered saline tablets (pH 7,4). Collagen Type I lyophilized
from calf skin was purchased from Elastin Products Company, Inc.
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Fig. 2. Sample mass loss after biodegradation normalized to the biopolymer mass (biopolymer mass loss) a) AA/FA and b) HFIP.
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Fig. 3. Biopolymer mass content in materials from a) AA/FA and b) HFIP.

Acids (glacial acetic acid pure 99,5-99,5%, formic acid pure
98—100%) and sodium azide were purchased from Avantor PM
Poland and Chempur respectively.

2.2. Solutions preparation

Two sets of polymer solutions which differed in used solvent
were prepared. One with HFIP and the other with acetic acid and
formic acid mixed in 9:1 ratio (AA/FA) being an alternative for
fluorinated alcohols. Total polymer concentration were set on 5% w/
w for solutions based on HFIP and 15% w/w for AA/FA mixture as
optimized previously [8]. Each set consisted of solutions with PCL
to gelatin weight content ratios 9:1, 8:2, 7:3, PCL to collagen 9:1, as
well as pure PCL. All solutions were prepared by dissolution at room
temperature by stirring for approximately 24 h on magnetic stirrer
before electrospinning process.

2.3. Electrospinning process

The electrospinning equipment was operated in horizontal mode.
It consisted of two syringe pumps (New Era Pump Systems, NE-1000
model and KD Scientific KDS-100-CE model) placed on the opposite
sides of a grounded rotating drum collector (4 cm radius and 12 cm
length). Two high voltage generators were connected with positive
terminal to stainless steel needles. Distance between needles and
collector was 15 cm, flow rate of solution on both sides was 600 pl/h
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Fig. 4. The elongation stress at break for PCL samples vs. time of biodegradation
experiment.

and inner diameter of needle was 0.34 mm. Regardless of a type of
polymer solution being electrospun, voltage in a range 12—14 kV was
used to obtain uniform fibers and to maintain stable electrospinning
process. All materials were electrospun at similar temperature
(22—24 °C) and humidity (50—55%). After electrospinning, all mate-
rials were placed under fume hood for 7 days to ensure no residual
solvent remains in fibers before next experimental steps.

Table 1 clarifies abbreviated names of different types of inves-
tigated materials.

2.4. Biodegradation procedure

All materials were cut into large (3 x 5 cm) and small (1 x 2 cm)
pieces. For each of time points: 0, 1, 3, 7, 30 and 90 days, sets
consisted of 3 large and 1 small pieces of all material types were
prepared. For 14 days biodegradation test 4 small samples were
taken. Each piece of nonwoven was then inserted in separate glass
bottle filled with PBS solution with 0,1% sodium azide concentra-
tion (to prevent bacterial and fungal activity), capped, secured with
parafilm and placed in incubator in 37 °C.

After each time interval, samples were removed from incubator,
rinsed briefly in demineralized water, then for thorough rinsing, they
were put in glasses with demineralized water on shaker for 1 h. Next,
samples were placed in vacuum dryer for at least 72 h to dry and those
samples which were intended for mass loss analysis (three from each
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Fig. 5. Typical DSC thermograms of bicomponent fibers after various time of
biodegradation.
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Fig. 6. DSC crystallinity of PCL throughout biodegradation of materials a) from AA/FA, b) from HFIP.

time point) were weighted immediately afterwards. All dried samples
were stored in refrigerator until used for further tests.

A biodegradation process was determined by the degree of
erosion estimated from measurements of polymer weight loss in
PBS solution at 37 °C. The percentage of weight loss, W%, was
computed (eq. (1)):

100(W, — Wy)

W% = We 1)

where Wy and W; are the initial and the residual weight of the
64 -

62

/////%.—

60

PGA 9:1

RN  mPGAS:2

* § B PGA7:3

54 | § § N PCA9:1
\ N\

Temp [°C]
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specimen, respectively.

A molecular degradation was estimated only roughly from the
elongation stress at break, considering the empirical formula
derived by I. Ward [9] from which it is evident that the fracture
strength of polymers can be related to the number-average mo-
lecular weight of the polymer, My (eq. (2)):

0w — B

i7" 2)

g =

where ¢ is the fracture strength, ¢, is the fracture strength at

64
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Fig. 7. DSC melting temperature at the peak throughout biodegradation of materials a) from AA/FA, b) from HFIP.



14

J. Dulnik et al. / Polymer Degradation and Stability 130 (2016) 10—21

(110) Experimental
Experimental — Cumulative
—— Cumulative . —— Gt amorphous halo
- —— PCL amorphous halo 2 —— PCL amorphous halo
£ 5
=} [
) 2
= &
© [
© =
- oy
2 2
] g
£ k=
SEATA 1Y . f : v ! f ? T - ¥ !
5 10 15 30 35 5 10 15 30 35
2Theta [degree] 2Theta [degree]
a) b)

Experimental

Cumulative
— —— Gt amorphous halo
2 —— PCL amorphous halo
=
[
2
=]
9
[
z
Q2
[=
[}
3
£

f L f

5 10 15 30 35

2Theta [degree]

Fig. 8. WAXS profiles of PA (a), PGA 9:1 (b), and PCA 9:1 (c) nanofibers before biodegradation together with numerical deconvolution using Pearson VII function.

infinite molecular weight, and B is a constant. It has been evidenced
experimentally that the measured fracture strength follows the
same trend as the molecular weight [e.g. [10]].

2.5. DSC and WAXS analysis

Differential scanning calorimetry (DSC, Perkin-Elmer Pyris-1
apparatus), was used to determine PCL crystallinity. Samples
weighted ca. 2 mg were heated at the rate 10 °C/min. Gas nitrogen
was used as protective medium during measurements. Crystallinity
of PCL was estimated (eq. (3)):

AH;

~ AHO
AHf

(3)

Xc

where x. is crystallinity of PCL, 4H; — heat of a sample normalized
to the mass of PCL while AH? is the specific heat of fusion of 100%
crystalline PCL taken as 151.7 J/g [e.g. [11]].

Wide angle X-Ray scattering (WAXS) analysis was performed in
order to provide supplementary information on a trend of changes of
size of PCL crystals as a function of biodegradation time. WAXS
measurements were done using Bruker D8 Discover diffractometer
(CuK,, radiation, A = 1.5418 A), “coupled theta — 2 theta” scans were
done (source and detector were moving symmetrically while sample
was fixed in the center of goniometric circle). In this type of scan,

divergent beam optics was used, with 1 mm primary linear slit and
axial divergence Soller 2.5° on primary beam side. On the secondary
beam side axial divergence Soller 2,5° was used as well, and Ni filter to
exclude Cugg component. The results were initially analyzed using
Bruker Evaluation software. The “empty” scan (scan of measuring
table without sample) was subtracted and the default function of
subtracting background was applied. Then the WAXS profiles were
deconvoluted numerically with Pearson VII functions using Origin
software. The half width of particular peaks was determined as full
width at half maximum without subtraction of instrumental (beam)
width.

2.6. FTIR analysis

Molecular conformation of gelatin and collagen in the fibers was
analyzed by ATR-FTIR method using Thermo Scientific Nicolet 8700
spectrophotometer. Scans were performed in the range
400—4000 cm ™. The analysis was focused on amide I and amide II
bands, which are two major bands of the protein infrared spectrum,
as well as band appearing at 1725 cm~! for which carbonyl
stretching of PCL molecules is responsible.

2.7. Surface characterization

Two major surface characteristics important to the scope of this
research were hydrophilicity and morphology of materials. Water
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Fig. 9. FTIR spectra of PCL/gelatin samples, before (a, b) and during biodegradation (c, d).

contact angle was measured with goniometer (Contact Angle System
OCA). Morphology of fibers was observed using scanning electron
microscope imaging (JSM-6010PLUS/LV InTouchScope™ Jeol).

2.8. Mechanical tests

The mechanical properties of the materials were measured by a
uniaxial testing machine (Lloyd EZ-50 equipped with handles for thin
and delicate samples) with a 50 N load cell under a cross-head speed
of 10 mm/min. Three 10 mm x 50 mm samples (10 mm x 25 mm
outspread between handles being actually subjected for testing) were
prepared for each material type. They thickness ranged from 50 to
80 um, which was measured for each sample and included in further
analysis. From the stress strain curves, Young's modulus, tensile
strength, and elongation at break were determined. All measure-
ments were performed on dry samples.

3. Results and discussion
3.1. Mass loss measurements

Considering no mass loss for pure PCL (Fig.1 a, b) it is clear that the
mass decrease observed for PCL/biopolymer samples comes from
gelatin or collagen leaching only. Having that in mind a several ob-
servations were made. First it is evident that regardless of the ma-
terial, the rate of biopolymer leaching is the highest at the very

beginning and then decreases slowly under logarithmic law. It is
naturally anticipated that the very fast biopolymer leaching is due to
surface erosion following by much slower bulk erosion form the inner
part of material. In general, the mass loss is faster for fibers spun from
AA/FA than from HFIP which is most probably related to much
stronger tendency to phase separation when using AA/FA solvent
systems, as it was described in our previous paper [8], providing
better exposition of gelatin to the PBS solution. Another interesting
fact, which is evident when making normalization in eq. (1) to the
biopolymer mass, is that for both solvent types, the higher the initial
biopolymer content is, the faster is its leaching (Fig. 2 a, b). After 90
days of biodegradation, for PGH 9:1 there is 81% of gelatin mass left,
while for PGH 7:3 it is only 32%. For PGA 9:1 and PGA 7:3 it is 43% and
15% respectively. While for PGH 9:1 and PCH 9:1 the rate of
biopolymer degradation is similar, PCA 9:1 loses collagen much faster
than PGA 9:1 does gelatin (13%—43% after 90 days) as Fig. 2 a shows
clearly. From the point of view of a prospective application, where the
presence of biopolymer is crucial for material’s bioactivity and func-
tionality, it is important to take notice of its overall content in a
scaffold after prolonged biodegradation periods. Confrontation be-
tween materials electrospun from these two solvents shows higher
content of retaining biopolymer of those from HFIP (Fig. 3 a, b). Both
PGH 9:1 and PCH 9:1 end up after 90 days of experiment with not less
than 8% of biocomponent overall mass in a sample, PGH 8:2 and PGH
7:3 with 12% and 14% respectively, while none materials from AA/FA
are left with more than 6%.
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Taking into account the leaching of biopolymer, estimation of
molecular degradation from the stress at break was limited to the
PCL. It is known that in general, polyesters molecular degradation
occurs easily by hydrolysis of ester bounds [e.g. [12]]. However, in
our time-scale of biodegradation experiment we did not observe
any essential reduction of the stress at break of PCL (Fig. 4) indi-
cating no molecular degradation of PCL. This result is consistent
with previous observation done by Ref. [13] demonstrating no
noticeable changes in molecular mass during 12 weeks of PCL im-
mersion in PBS at similar conditions.

3.2. DSC and WAXS analysis

Fig. 5 illustrates typical DSC thermograms for some of the
investigated compositions.

DSC thermograms of investigated materials show an endo-
thermic peak in the temperature range between 30 and 65 °C,
depending on a specific polymer content and type of solvent with
no noticeable traces from phase transitions in gelatin as well as
water evaporation. Figs. 6 and 7 show PCL crystallinity and melting
temperature at the peak, respectively. It is evident from Fig. 6 that
PCL crystallinity both for pure PCL samples and blended with
gelatin increases in general with time of biodegradation
approaching even 10% increase after 90 days of biodegradation. We
explain this trend with the effect of time at elevated temperature
(37 °C), providing conditions for higher molecular mobility allow-
ing rearrangement of structure toward more equilibrium state. The
question whether this crystallinity increase is realized by formation
of new crystallites, usually small as a consequence of spatial re-
strictions, or by growth and perfecting of existing crystallites, can
be answered using the results of melting temperature analysis
(Fig. 6). It is seen in Fig. 6 that the temperature of melting increases
consequently with time of biodegradation, which indicates ac-
cording to the Hoffman-Weeks equation [Chan, C. H., Chia, C. H., &
Thomas, S. (Eds.). (2014). Physical Chemistry of Macromolecules:
Macro to Nanoscales. CRC Press. | an increase of size and/or
perfection of crystallites. Similarly as for crystallinity, the change of
melting temperature at the peak was consistent, all values gaining
about 6° for all types of materials (AA/FA from around 56 °C—62 °C
and for HFIP from 57 °C to about 63 °C). It should be aware that the
conclusion about crystal size drawn from registered melting tem-
perature can be loaded with an error related to thickening of
crystals during heating.

In the case of PCL blended with collagen there is practically no
tendency for increase of DSC crystallinity with biodegradation time
(Fig. 2). We associate this fact with higher crystallinity of PCL before
biodegradation when blended with collagen, providing thus smaller
margin for possible increase of crystallinity during biodegradation. In
our opinion, relatively high PCL crystallinity in the presence of
collagen can be explained by higher hydrophobic interactions in this
system as compared to PCL/gelatin system. Hydrophobic interactions
are in general responsible for formation of more compact molecular

forms or aggregation of hydrophobs, in our case PCL, in order to
minimize their exposition to hydrophilic molecules, in our case
gelatin or collagen, naturally bounded with water. Such possible ef-
fect of strong hydrophobic interactions on PCL crystallinity in
bicomponent fibers was discussed in our earlier paper [4]. Itis seenin
Fig. 5 that there is general tendency to approach the maximum PCL
crystallinity at particular gelatin content, around 10%. Similar ten-
dency to approach the local maximum of PCL crystallinity was
observed in Ref. [4]. This particular content of gelatin corresponds
with previously observed by us the limit of miscibility with PCL [14].

Fig. 8 illustrates typical WAXS profiles of pure PCL, PCL/gelatin as
well as PCL/collagen nanofibers electrospun from AA/FA before
biodegradation together with numerical deconvolution.

It is evident from Fig. 8 that diffraction from crystals comes only
from PCL component, while both gelatin and collagen remain
amorphous providing broad scattering with a maximum, respec-
tively at 20 = 21 deg for PCL and 17 deg for gelatin and collagen. The
lack of diffraction from crystal structure of collagen indicates the
denaturation in the solvents used. An increase of size/perfection of
PCL crystals with biodegradation time as observed by DSC is sup-
ported by the analysis of the full width at half maximum (FWHM)
of PCL (110) and (200) peaks for pure PCL nanofibers. Numerical
deconvolution into particular components allows to estimate the
full width at half maximum (FWHM) for PCL (110) and (200) peaks.
For instance the reduction of FWHM, which is inversely propor-
tional to the size/perfection of crystals in directions perpendicular
to particular planes extends from 0.38 deg at 0 days to 0.33 deg at 3
months for (200) plane of PGH 7:3 samples. In the case of blended
fibers this trend as observed from WAXS is not so evident, most
probably because of additional effect of molecular interactions of
PCL with biopolymer molecules.

3.3. FTIR results

There are three main bands in the range 1500—1800 cm™!
related to the amide 1 (1600—1700 cm™!), amide II
(1510-1580 cm~!) and carbonyl vibrations of PCL molecules
(1700—1750 cm 1) (Fig. 9). The effect of the solvent on a structure of
gelatin and collagen as deduced from FTIR spectra was within the
scope of our recent investigations.

If we compare samples with various biopolymer content, both
for AA/FA and HFIP, we can notice that with the increase of gelatin
content, positions of both amides (I and II) shift towards lower
values of wavenumber. Differences are small but consistent for both
solvent systems (Table 2). We anticipate that this shift in amide I
and II positions is related to the molecular interactions between
polypeptides and polycaprolactone. Our previous results indicate
very limited miscibility of gelatin and PCL [14]. Therefore, at the
lowest gelatin content all molecules interact with PCL molecules
resulting in a shift of amide peaks to higher values. An increase
content of non-interacting gelatin molecules is expected with
increasing gelatin content leading to lower amide positions.

Table 2

Positions and areas of amides I and II for bicomponent fibers at the starting point.
Sample at starting point (0D) Amide 1 Amide 11

Position [cm™!] Area Position [cm™!] Area

PGA 9:1 0d 1649,1 14,37 1536,6 11,87
PGA 8:2 0d 1647,5 22,09 1535,7 18,31
PGA 7:3 0d 1645,4 29,9 1534,2 25,7
PGH 9:1 0d 1649,4 13,05 1534,5 10,92
PGH 8:2 0d 1648,0 21,3 1534,4 17,36
PGH 7:3 0d 1646,1 29,2 1533,3 24,75
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Table 3
Changes of the positions and areas of amides I and II for PGA 7:3 and PGH 7:3 in time
function.

Sample in function of time Amide I Amide II

Position [cm~!] Area  Position [cm~'] Area

PGA 7:3 0d 1645,4 299 15342 25,7
PGA 7:3 1d 1651,0 18,33 15395 14,35
PGA 7:3 90d 1650,1 894  1540,1 7,96

PGH 7:3 0d 1646,1 292 15333 24,75
PGH 7:3 1d 1649,1 256 15363 20,84
PGH 7:3 90d 1649,6 15,52 1537.8 12,05

Fig. 9 ¢, d that characterize only PCL/gelatin 7:3 nonwovens
proves faster gelatin leaching from AA/FA samples what is evident
from more rapidly diminishing areas of amide I and II with time of
biodegradation. This result correlates with results of mass loss tests
(Fig. 1). Additionally, we can deduce slight renaturation of gelatin
during biodegradation. This conclusion is drawn from the slight
shift of amide II position to higher wavenumbers with time of
biodegradation (Table 3). The decrease of wavenumber of amide II
band was observed first by Bradbury et al. during denaturation of
collagen [15].

3.4. SEM imaging

SEM imaging shows that all of nonwovens electrospun from
both solvents have similar morphology. For pure PCL samples it
does not change even after 90 days of biodegradation experiment
(Fig. 10) which is consistent with no mass reduction. The compar-
ison between images of bicomponent nanofibers spun from alter-
native solvents and from HFIP during biodegradation for which
biopolymer leaching is observed, shows distinctive differences on
their surface (Fig. 11).

The images shown in Fig. 11 reveal linear groove-like sites
visible on the surface of PGA fibers after just 1 day of biodegrada-
tion being most probably vestiges left by leached gelatin. Such

0 days

90 days

outcome can be explained by non-uniform distribution of
biopolymer, that is present in a form of strings within fibers, due to
emulsive character of solution from alternative solvent mixture as
it was evidenced previously [8]. Contrary to this, the surface of PGH
fibers stay smooth and unaffected even after 90 days and sub-
stantial gelatin loss (only 32% of biopolymer mass remaining),
which can be attributed to molecular dispersion of both compo-
nents. While Fig. 11 compares samples with the highest amount of
gelatin, materials with lesser biopolymer content exhibit smaller
surface erosion caused by biopolymer leaching, which reflects the
extent gelatin/collagen loss.

3.5. Contact angle

Gelatin and collagen loss from the fiber surface results in
increasing hydrophobicity in time, what was measured by water
contact angle tests (Fig. 12). Although the data scattering is high,
the tendency of increasing hydrophobicity is clear. The nonwovens
with higher gelatin content in the beginning of biodegradation
experiment exhibit lower contact angles, that increase over time.
This trend is more pronounced for PCL/gelatin and PCL/collagen
from HFIP, because of lower contact angles before biodegradation.
After 90 days of experiment all materials, except for PGH 7:3 have
contact angle around 130°.

3.6. Mechanical tests

Fig. 13 illustrates stress/strain curves for some of the investi-
gated samples under uniaxial drawing.

Irrespective of the nonwoven, the general shape of stress/strain
curves of investigated materials contains two stages - the first one
is a linear elastic Hookean response followed by a non-linear plastic
behavior finished with a sample rupture. Further analysis was
focused on the Young modulus determined from the initial portion
of the plot, approximated with linear function. This is because of
the expected effect of the mechanical stiffness on the behavior of
cells during further cultivation on scaffolds as deduced from liter-
ature [e.g. 16, 17].

Fig. 10. SEM images of pure PCL nonwovens from AA/FA (PA) and HFIP (PH), before (0d) and after 90 days of biodegradation. 1 um marker.
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PGA 7:3

0 days

PGH 7:3

Fig. 11. SEM images of PGA 7:3 and PGH 7:3 before (0 days) and after 1 day, 14 and 30 days of biodegradation. 1 pm marker.

The analysis of Young’s modulus values (Fig. 14) shows that the
general trend for bicomponent fibers is the local maximum at a
very short time of biodegradation followed by a slight decrease at
longer time. Such trends were observed for both PCL/gelatin and
PCL/collagen samples. We suppose that collagen is most probably
hydrolyzed to gelatin, at least partially, during electrospinning.
Such collagen denaturation during electrospinning in various sol-
vents was reported previously in the literature [e.g. 18, 19]. Our FTIR
results show clearly a reduction of wavenumber of amide II band
from 1542 cm™~! for collagen as received (lyophilized) or in 0.1 M AA
to 1522 cm™! for collagen electrospun from HFIP and AA/FA. Ac-
cording to Bradbury et al. [15] this shift is an evidence of collagen
denaturation. Additionally as it was mentioned earlier we do not
registered for electrospun samples any X-ray diffraction from
crystal structure typical for triple-helix collagen arrangement

(Fig. 8c).

We see several processes being responsible for the observed
changes of Young’s modulus. Two of them are expected to reduce
modulus during biodegradation experiment while the two others
act in the opposite direction. The factors responsible for modulus
reduction is the loss of the biopolymer which has higher modulus
than PCL as well as the molecular degradation of PCL. Since there is
practically no molecular degradation of PCL in the time-scale of our
experiment, the biopolymer leaching factor is the only one
responsible for the modulus reduction during biodegradation. On
the other hand, two factors acting toward increase of modulus is a
renaturation of gelatin in aqueous environment, as deduced pre-
liminary from our FTIR experiments, as well as increase of PCL
crystallinity as registered by DSC. The significance of crystallinity
for increase of modulus is evident for pure PCL for which general
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Fig. 12. Water contact angle of samples from a) AA/FA, b) HFIP vs. time of biodegradation.
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Fig. 13. Exemplary stress/strain curves of pure PCL and PCL/gelatin blends from AA/FA
samples before (0d) and after biodegradation (90d).

tendency to increase modulus with time of biodegradation (crys-
tallinity) is observed (Fig. 14).
The contribution of the gelatin renaturation was estimated from
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the comparison of experimental modulus of bicomponent fibers
with the modulus calculated excluding renaturation process during
biodegradation, Epyp. The value of Epyp was determined using the
modulus of PCL measured experimentally directly for pure PCL fi-
bers at particular time of biodegradation, Epc;, the modulus of
biopolymer determined from the modulus of bicomponent fibers
before biodegradation, Epjo, and the actual content of both com-
ponents, Xpcp and Xpjo, determined from the mass loss experiment.
The calculation of hypothetical modulus, Epyp, without renaturation
of biopolymer was performed assuming the Voigt model (rule of
mixture):

Enyp = EpciXpcL + EbioXbio (4)
which is usually used for estimation of modulus of composite
materials made up of continuous fibers. Our nonwovens are
composed of nanofibers arranged randomly at the start of elonga-
tion, however it is clear from Fig. 11 that single nanofibers can be
treated as a composite consisting of strands of two components —
crystalline PCL and amorphous biopolymer. This is particularly
evident for bicomponent nanofibers spun from AA/FA for which
clear component separation leading to macro-emulsion is
observed. So, the Voigt model seems to be some simplification
which is sufficient for the sake of analysis of modulus with the time
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Fig. 14. Young's modulus of samples from a) AA/FA, b) HFIP vs. time of biodegradation.
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Fig. 16. Young’s modulus of gelatin calculated using Voigt model from the experi-
mental modulus of bicomponent fibers taking the actual PCL modulus and polymer
content.

of biodegradation.

The value of Epj, (eq. (4)) was determined using Voigt model for
the material before biodegradation and taking the experimental
values of the modulus of bicomponent fibers on the left side of eq.
(4) at the appropriate Xpcr and Xpjo. Fig. 15 shows the experimental
Young’s modulus of bicomponent fibers and that calculated
without the renaturation process. We include the data for collagen
considering its former denaturation during contact with solvents
used for electrospinning.

It is seen from Fig. 15, that the experimental modulus is much
higher than the modulus calculated using the modulus of gelatin
before the start of biodegradation. We claim that this difference is
caused by renaturation of gelatin in water environment. Fig. 16
shows the changes of the modulus of gelatin determined using
the Voigt model from the experimental modulus of bicomponent

fibers with the actual PCL modulus and polymer content. We added
data for collagen as in Figs. 14 and 15.

It is evident from Fig. 16 that the modulus of gelatin increases
about three times during biodegradation experiment most prob-
ably because of renaturation. At the moment, we leave without
additional comments the larger increase of biopolymer modulus in
nanofibers with relative low biopolymer content spun from AA/FA,
particularly at very long biodegradation time of PCA fibers (Fig. 16).
It is seen in Fig. 16 that the average value of gelatin modulus was
higher for fibers spun from AA/FA solvent than from HFIP. Based on
our previous investigations, it can be explained by differences in a
structure of polypeptides formed from various solvents.

Additional examination of values of the stress at break (not
shown) from both solvents shows no significant changes over
biodegradation time. The only large difference in stress at break
was observed as a function of the solvent systems, being even two
times higher for bicomponent fibers spun using HFIP as compared
to those formed from AA/FA. This difference is most probably
related to different fibers structure, being more irregular for ma-
terials treated with AA/FA and rather homogeneous when using
HFIP as a solvent.

4. Conclusions

Despite the fact that bicomponent PCL/gelatin and PCL/collagen
nanofibers electrospun from alternative solvents (AA/FA) have
similar morphology to those electrospun from commonly
employed perfluorinated alcohols, they differ in the internal
structure which seriously affects biodegradation process. Compar-
ative analysis of long-term biodegradation brought understanding
of how properties of bicomponent materials’ formed from different
solvents change in time under in-vitro conditions. Used environ-
ment is supposed to mimic living organism, so our investigations
can be easily related to specific fibers application (eg. as wound
healing, scaffolds, drugs delivery.)

Biodegradation of investigated materials is manifested mainly
by the gelatin leaching (also in the case of original collagen which is
denaturated to gelatin during electrospinning) leading to nano-
fibers erosion, particularly large for nanofibers spun from AA/FA.
There is no molecular degradation of PCL during 90 days of
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biodegradation procedure as deduced from the elongation stress at
break. The rate of biopolymer leaching is very fast from all materials
during the first 24 h of biodegradation, being related to surface
leaching, followed by a slower rate stage from deeper material
layers. The observation that the collagen mass loss is comparable
with gelatin loss supports conclusion on collagen denaturation
during electrospinning. Mass measurements show much faster
biopolymer leaching from nanofibers electrospun from AA/FA than
from HFIP leading to the higher water contact angles and lower
Young’s modulus values than for nanofibers spun from HFIP. As it
appears from SEM analysis, in the case of nanofibers spun from AA/
FA biopolymer is present in a form of strings being more exposed
for leaching than in the case of molecular dispersion for nanofibers
electrospun from perfluorinated alcohols. Such structure of fibers is
a result of emulsive character of solutions from alternative solvent
mixture (AA/FA). As a result of fast biopolymer leaching, the fibers
from alternative solvents have more developed surface due to the
local erosion of the original surface. It cannot be excluded that such
extra-development of surface will be beneficial for cell adhesion
during in vitro experiments. However, from the other side higher
loss rate of biopolymer from AA/FA materials leads to lower content
of biopolymer. The results of mechanical analysis indicate the
complex mechanism of changes of Young modulus during
biodegradation experiment. The general trend of reduction of
modulus with time of the experiment is dominated by the loss of
biopolymer which has modulus tens of times larger than PCL
modulus. However this modulus reduction is lower than expected
from the biopolymer loss because of partial renaturation of gelatin.
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ARTICLE INFO ABSTRACT

Keywords: Bicomponent polycaprolactone/gelatin and polycaprolactone/collagen fibres were formed by electrospinning
Cellular tests using two kinds of solvents: a representative of commonly used solvents with this polymer composition, highly
EECUOSPiHHiDg toxic hexafluoroisopropanol (HFIP) and alternative, less harmful one, the mixture of acetic (AA) and formic (FA)
Biopolymers acids. Both material types were subjected to investigations of structure and in-vitro cellular activity. Viscosity
Z;isz:g and Fourier transform infrared spectroscopy (FTIR) measurements shown that the type of solvent used influences

the structure of solution and conformation of polymer molecules. In-vitro quantitative tests as well as cell culture
morphology observations proved that materials electrospun with the use of ‘green’ solvents can yield similar
results to those obtained by made with toxic ones. Slightly better cellular response to materials electrospun from
HFIP can be explained by relatively well dispersed components within the fibre and more expanded con-
formation of molecules, resulting in better exposition of RGD (Arg-Gly-Asp) binding sites to cells’ integrin re-

ceptors.

1. Introduction

Electrospinning is an effective method for the formation of nano-
and submicron fibres from many polymers, which offers much diversity
of results depending on a number of variables. Electrospun materials
are used for a variety of applications, among which creation of scaffolds
for tissue engineering is one of the most important.

It might seem that the main advantage of nanofibrous materials is
their morphological similarity to the extracellular matrix, but without
mimicking mechanical and chemical characteristics of the tissue they
are employed to replace or support we only waste our resources.
Choosing a material pair consisting of a synthetic biodegradable
polymer and a polypeptide is a good starting point, from where only a
systematic and careful optimization can lead to a desired goal.

In the most common case of electrospinning from polymer solutions,
a solvent is a component which is as much important in the whole
material system as polymer composition is. The choice of a solvent is
significant for a few reasons.

The first one is related to the effect of a solvent used in electro-
spinning on solution spinnability. It is well recognized that the prop-
erties of solvents, such as dielectric constant or boiling temperature, can
strongly affect both the electrospinning process, as well as material
final morphology, fibre roughness and diameter. There is relatively a
large number of papers devoted to such effects [1-6].

The second implication, which is much less described in the litera-
ture, is related to the effect of a solvent on the viability of cells cultured
on scaffolds. Most of the papers indicating such relationship focus di-
rectly on the effect of possible solvent residues on cells’ behaviour,
suggesting supposed cytotoxicity of materials with even ppm traces of
some solvents like HFIP [e.g. 7,8]. In the case of bicomponent mate-
rials, the understanding of solvent interaction with both polymers’
molecules, which may affect cells’ response to the resulting scaffold
material, is yet to be covered.

The last aspect worth taking into consideration, is that the right
choice of a solvent may substantially reduce the cost or/and operators’
exposure to harmful, toxic fumes.

The aim of this paper is to both investigate what influence a solvent
used for electrospinning of bicomponent fibres has on their biological
activity as well as explain the mechanisms that stand behind it. To do
so, we compare the results of two material types, blends of poly-
caprolactone with either gelatin or collagen, one obtained with the use
of a conventional perfluorinated alcohol solvent, the other with an al-
ternative, less toxic one. A set of quantitative in-vitro cellular studies,
scanning electron microscopy (SEM) morphology observations and
fluorescence imaging will provide us with enough information to
achieve the first goal. Analysis of viscosity measurements of polymer
solutions and with FTIR results will let us understand the origin of the
outcome of cellular experiments.
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Our investigation is motivated by the fact that every solvent inter-
acts on a molecular level with polymer molecules determining not only
solubility of polymers but also their molecular conformations. This fact
can be crucial for biological activity of molecules which contain specific
sequences for cell attachment like collagen or gelatin with their Arg-
Gly-Asp (RGD) sequences. We suppose that the availability of RGD se-
quences for integrin ligands from cell membranes will depend strongly
on molecular conformation of polypeptides. Additionally, in the case of
polypeptides, there is a problem of denaturation with the extent which
could depend also on a solvent used.

When dealing with bicomponent fibres situation becomes even
more complex because of mutual molecular interactions not only be-
tween polymer and a solvent but also between both polymers. It was
shown in one of our previous papers [9] that the internal structure of a
system depends greatly on a strength of a solvent leading to relatively
homogeneous blend in the case of strong solvent (HFIP) and to com-
ponents separation (emulsion) when relatively weak solvent is used
(mixture of acetic and formic acid). This fact has additionally sig-
nificant implications for the kinetics of polypeptides leaching from fi-
bres what was shown previously [10].

We hope to answer the question of how the replacement of con-
ventionally used solvents with the alternative one in electrospinning of
fibres of such material composition affects their possible use in tissue
engineering. To resolve this issue, it is necessary to balance not only the
raw numerical results, but also convenience, utility and environmental
aspect of employment of a particular solvent.

2. Materials and methods
2.1. Materials

Acids (glacial acetic acid pure 99.5-99.9% (AA), formic acid pure
98-100% (FA)) were purchased from Avantor PM Poland and Chempur,
respectively. Collagen Type I lyophilized from calf skin was purchased
from Elastin Products Company, Inc. PCL (Mn = 80,000 g/mol), gelatin
from porcine skin Type A (gel strength ~ 300 g Bloom), 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), Triton X-100, trypan blue solution,
paraformaldehyde, glutaraldehyde, hexamethyldisilazane (HDMS) and
Thiazolyl Blue Tetrazolium Bromide (MTT reagent) were purchased
from Sigma-Aldrich Co. Dulbecco’s Modified Eagle Medium (DMEM),
phosphate buffer saline pH 7.4 (PBS, no calcium, no magnesium), pe-
nicillin-streptomycin antibiotic (10,000 U/mL), fetal bovine serum,
trypsin, NucBlue and ActinGreen (Molecular Probes, fluorescent dyes),
CyQuant and PrestoBlue (DNA and cell viability tests) were purchased
from Thermo Fisher Scientific. CellTiter-Glo® Luminescent Assay was
purchased from Promega.

2.2. Samples names

Samples were named as follows:

P stands for polycaprolactone, G for gelatin, C for collagen, H for
hexafluoroisopropanol, and A for a mixture of acetic and formic acid
(AA/FA) that were used. As an example, PGA indicates a sample con-
sisting of polycaprolactone and gelatin prepared using acids. If neces-
sary, additional information is provided in text or in descriptions of
figures.

2.3. Solutions preparation

Polymer solutions for electrospinning materials for cell studies were
prepared by dissolution at room temperature by stirring for approxi-
mately 24 h on magnetic stirrer before electrospinning process. Total
polymer concentrations were set on 5% w/w for solutions based on
HFIP and 15% w/w for AA/FA mixture as optimized previously [9].
Each set consisted of solutions with PCL to gelatin content ratios 9:1,
PCL to collagen 9:1 and pure PCL as a reference material. For FTIR
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measurements, solutions of pure gelatin and collagen for electrospin-
ning were made with polymer concentrations alike stated above.

2.4. Electrospinning

The electrospinning equipment was operated in horizontal mode. It
consisted of two syringe pumps (New Era Pump Systems, NE-1000
model and KD Scientific KDS-100-CE model) placed on the opposite
sides of a grounded rotating drum collector (4 cm radius and 12cm
length). Two high voltage generators were connected with positive
terminal to stainless steel needles to provide doubled efficiency of
electrospinning process. Distances between needles and collector were
15 cm, flow rate of solution on both sides was 600 pl/h and inner dia-
meter of needles was 0.34 mm. Except for pure gelatin and collagen,
which required higher voltage during electrospinning, around 17 kV,
solutions were electrospun with voltage in a range 11-14 kV, which was
optimal to obtain uniform fibres and to maintain stable electrospinning
process. All materials for cell studies were electrospun at similar tem-
perature (22-24 °C) and humidity (45-55%). Pure gelatin and collagen,
being more sensitive to changes in ambient conditions than PCL or its
blends with biopolymers, required temperature stabilized at 24 °C and
humidity not lower than 55%. Right after electrospinning all materials
were placed under a fume hood to ensure no residual solvent remains in
fibres before next experimental steps.

2.5. Solution viscosity measurements

For viscosity measurements, performed using rotational viscometer
Brookfield HADV-III Ultra with cone/plate configuration, a series of
solutions were prepared with polymer concentrations 5% and 15% w/w
for AA/FA and 5% w/w for HFIP. Polymer ratios ranged from 100%
PCL to PCL to gelatin 3:1 with an increment of 5% with an addition of
100% gelatin solution. A detailed information concerning polymer
concentrations and PCL to gelatin ratios can be found in Table 1.

Additionally a set of biopolymer solutions with both types of sol-
vents were prepared in four concentrations: 1.6%, 3.3%, 5% and 6.8%.
Relatively low concentrations of gelatin and collagen in both acids and
HFIP had very low viscosities. To measure it, much higher rotation
speeds were required which meant higher shear rates in cone-plate
configuration, compared to normally used 40s™!, chosen previously
and explained in details in authors earlier publication [9]. That was the
reason to use 300s” ' shear rate, which applied to all gelatin and col-
lagen solutions.

In the case of pure collagen and gelatin which are biologically active
polymers, we tried to deduce the differences in molecular conformation
of both polypeptides in both solvent systems. Such comparison is pos-
sible using Mark-Houwink (M-H) equation:

[n] = KM (€))

in which M is the polymer molecular mass, K and a are constants
dependent on polymer-solvent interactions and temperature, [7] is the
intrinsic viscosity defined as the limit of the reduced viscosity, #,.q at

Table 1
Viscosity of PCL/Gt solutions using AA/FA (5% and 15% w/w) and HFIP (5%
w/w) at the shear rate 40/s.

Viscosity, Pa s

PCL content, % AA/FA 15% HFIP 5% AA/FA 5%
100 4.305 1.056 0.0642
95 4.187 1.081 0.0606
920 3.492 1.073 0.0557
85 3.424 0.977 0.0509
80 3.212 0.812 0.0472
75 3.131 0.91 0.0412
0 1.056 0.192 0.0157
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zero polymer concentration, c:
="
Mo C 2

[1 ]= lim(7,,,) = lim
c—=0

where 7 is viscosity at various polymer concentrations, while g is
solvent viscosity, taken as 1.65 cP for HFIP [11] and calculated from
additivity rule as 1.25 cP for applied AA/FA blend, assuming o = 1.19
cP for AA [12] and 1.79 cP for FA [13]. This value was confirmed by
direct viscosity measurements of acids, resulting in 1.26 cP for this
particular AA/FA mixture. Intrinsic viscosity was determined by nu-
merical extrapolation of experimental points to zero polymer con-
centration using linear function. Deduction of molecular conformation
differences of polypeptides in both solvent systems was based on the
value of exponent a in M-H equation, which is strongly dependent on
polymer-solvent interactions. Considering that the parameter a has
better correlation with molecular conformation than K parameter in M-
H equation, K was assumed as constant. In such case, Eq. (1) for both
solvent systems, can be subtracted one from the other, resulting in Eq.
(3) allowing determination of a difference of the exponents a for both
solvents, 1 and 2:

In([ni/[n]2)

\—a) =
(a—a) In M

3)

The exponent a in M-H equation has well defined physical meaning.
Its value varies from O to 2, depending on the molecular conformation
of polymers which in turn is affected by polymer-solvent interactions
[14]. In a good solvent the molecule is exposed to the solvent resulting
in fairly loosely extended conformation with the M-H a constant be-
tween 0.5 and 0.8 and high intrinsic viscosity. In a poor solvent, seg-
ments of a polymer molecule attract each other more strongly than the
surrounding solvent molecules. As a consequence, the polymer mole-
cule assumes more compact conformation, resulting in lower intrinsic
viscosity and lower values of a in M-H equation, approaching 0 for
spherical conformation. For a rigid rod like polymer molecule that is
greatly extended in solution, the M-H a constant is high tending to
approach a value of 2.0.

We suppose that the conformation of polypeptides deduced from the
above procedure should be independent of whether the polypeptides
molecules are alone or they are mixed with PCL molecules. According
to our previous results [16] the molecular interactions between PCL and
polypeptides are rather weak, resulting in a very limited miscibility.

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed in order to deduce molecular structure
of polypeptides, including possible denaturation of collagen. ATR-FTIR
Thermo Scientific Nicolet 8700 spectrophotometer was used. For each
sample 32 scans in the range 400-4000cm ™' were performed and
averaged. FTIR investigations were performed on collagen and gelatin
samples in a form of fibres electrospun at conditions described above.
Additional FTIR measurements were done on collagen and gelatin
samples in powder form as received, as well as on collagen and gelatin
films cast from 0.1 M acetic acid solution.

2.7. Wettability

Water contact angle of all nonwoven materials was measured with
Data Physics OCA 15EC. Measurements were done at three time points
after placing the drop of distilled water (2 ul volume) on the material.
In addition to the time point of 0.2 s (immediately after putting drop on
the material) which can be considered as typical for such measure-
ments, contact angle was measured after 3s and after 10s. Such ap-
proach has shown that wettability kinetics vary and some samples
should be considered as hydrophilic even though the measurement after
0.2 s indicates hydrophobicity.
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2.8. Cellular studies

In order to determine cellular response to the prepared set of non-
woven materials, a series of different studies were performed including
cytotoxicity on material extracts as well as tests with cells in direct
contact with materials. MTT, PrestoBlue and CellTiter-Glo® are assays
evaluating viability and proliferation of cells by measuring their mi-
tochondrial metabolic activity. In MTT assay, yellow water-soluble
tetrazolium salts are reduced to purple insoluble formazan crystals and
in PrestoBlue test weakly-fluorescent blue resazurin is reduced to red,
highly fluorescent resorufin. Bioluminescence assay CellTiter-Glo® is a
sensitive method of determining the number of viable cells in culture
based on quantitation of the adenosine triphosphate (ATP) present. ATP
is an energy storage molecule, therefore can be used as an indicator of
metabolically active cells. This assay measure the light that is emitted
during luciferin-luciferase reaction. Cellular ATP provides energy for
this reaction and the light intensity is linearly related to ATP con-
centration and subsequently to the cell number. During CyQuant test
fluorescent dye is bound to DNA, what enables direct measurement of
proliferation of cells.

Additionally, scanning electron microscopy and fluorescent nuclei
and cytoskeleton staining were performed to assess cells adhesion and
spreading on the surface of materials. All fluorescent and luminescent
readings were done with Fluoroscan Ascent™ FL Microplate
Fluorometer and Luminometer (ThermoScientific).

2.8.1. Cell cultures

Biological studies were performed using two cell lines, mouse fi-
broblasts 1929 and human primary fibroblasts (HF). Mouse fibroblast
L1929 were purchased from Sigma-Aldrich (ATTC). In case of human
fibroblasts, skin biopsy specimens were obtained by punch biopsies
(6 mm?®) from healthy donors undergoing corrective abdominal reduc-
tion (plastic) surgery. The study was approved by the ethics committee
(ethical approval no. 13/NE/0089) and written informed consent was
obtained from all patients. All methods were carried out in accordance
with the approved guidelines. Dermal fibroblasts were cultured as de-
scribed before [16,17] in RPMI (Invitrogen) medium supplemented
with penicillin (100 units/ml), streptomycin (100 pg/ml), r-glutamine
(2 mM) and 10% FBC in 37 °C and 5% CO..

Both types of cells, prior to tests, were cultured on 75 cm? flasks in
culture medium consisting of 89% DMEM (phenol red, i-glutamine,
high glucose, no sodium pyruvate), 10% FBS and 1% antibiotic and
held in an incubator in 37 °C, 5% CO,. Culture medium was changed
every three days. For seeding, cells were harvested by washing them
with PBS, adding 5ml of 0.05% (0.25%, diluted 5-fold with PBS)
trypsin solution to the flask and placed for 5 min in incubator. After that
time, gentle tapping on the side of the flask ensured cells being lifted
from the bottom of the flask. Harvested cells with an addition of 5 ml of
culture medium were then centrifuged for 5min at 100g. Collected
pellet was resuspended with culture medium and diluted to required
cell density.

2.8.2. Sample preparation

All materials were cut into circles of 5mm and 10 mm in diameter
suitable for 96 and 48 well plates respectively. Cut samples were ster-
ilized in 85% ethanol solution and in UV light for 30 min on each side.

2.8.3. Cytotoxicity on extracts

In order to obtain extracts for cytotoxicity test, 5 samples of each
material type (5 mm in diameter) were placed in 96-well plate. They
were immersed in 200 pl of culture medium per well, kept in 37 °C and
gently stirred for 24 h. For reference, along wells with samples, 5 wells
without material were filled with medium as well.

At the same time L929 cell suspension of was seeded into another
96-well plate in the same amount of wells as sample extracts plus
control with density 1 x 10 cells/well and put in an incubator for 24 h.
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After that time culture medium from cell seeded wells was replaced
with material extracts and the plate was placed in the incubator for
another 24 h.

In the next step extracts were removed and 200 ul MTT solution (1
mg/ml in PBS) was added to each well and incubated for 4 h. Then MTT
solution was replaced with 100 pul of acidic isopropanol (0.04 M HCI)
and gently stirred for a couple of minutes to dissolve formazan crystals.

Absorbance was read at 570nm on Multiskan GO Microplate
Spectrophotometer Thermo Fisher Scientific.

2.8.4. Viability and proliferation quantitative tests

In order to compare the results of different quantitative viability
with proliferation tests, unified setting was implemented including cell
seeding density (with an exception for CyQuant test), the number of
samples of each material per day and time frame of all the experiment.

For each of the 3days of experiment 3 samples of all 6 types of
materials that underwent tests were prepared as previously described.
Discs of 10 mm in diameter were placed in 48-well plates. A separate
plate was used for each day as well as for the reference “0 day” plate
with no samples. Culture medium containing 1 x 10* cells in the vo-
lume (5 x 10%in case of CyQuant test) of 0.6 ml was added to each well
with material and 3 empty wells per plate for the control. Each plate
was then placed in an incubator in 37 °C, 5% CO,. After 5h (“0 day”
where cells just managed to adhere but not to divide), 1, 2 and 3 days
the respective plates were taken out of the incubator and were sub-
jected to further procedure according to the type of test being con-
ducted.

MTT: The procedure was similar to that applied in cytotoxicity on
extracts. Here, culture medium was replaced with 250 ul of MTT solu-
tion. After 4 h in incubator and removing MTT solution, 200 pl of acidic
isopropanol was added to each well. Dissolved formazan solution was
then transferred, 150 pl from each well, to 96-well plate for absorbance
reading.

PB: To make sure no residues of culture medium are present after its
removal, before further steps, all wells were washed with PBS.
Afterwards, each well was filled with 180 pul of PBS and 20 pl of Presto
Blue reagent and then the plate was returned to the incubator for
40 min. This step completed, 100 ul from each well was transferred to
96-well plate. Fluorescence was read with excitation/emission 530/
620 nm filters.

CyQuant: Presto Blue procedure likewise, wells were washed with
PBS to begin with. PBS solution was then blotted with tissue paper and
thus prepared plates were stored in a freezer in —76 °C for at least 24 h.
An hour prior to next steps all plates were taken out of the freezer at the
same time to thaw in room temperature. 200 pl of reagent solution
consisting of cell lysis buffer and CyQuant GR reagent in 1:400 ratio
was added to each well. After 5 min 150 pl was pipetted from each well
to 96-well plate, followed by fluorescence reading with excitation/
emission 460/538 nm filters.

CellTiter-Glo 3D: Without removing any medium 100 ul of the
CellTiter-Glo3D assay was added to each well (1:1 assay:DMEM). The
plate was placed on a plate shaker for 10 min, followed by incubation
for 30 min at room temperature. After this time 150 pl of the solution
was transferred to 96-well plate and luminescence was measured.

2.8.5. Cell morphology and spreading

To assess how different types of our materials affect the morphology
of cells cultured on their surface, two experiments in direct contact
were performed resulting in SEM and fluorescence images taken.

For each kind of experiment as well as time point, 2 samples (10 mm
in diameter) prepared as described before (one for SEM and one for
fluorescence) from each type of material were placed in separate 48-
well plate. L929 mouse fibroblasts seeded with cell density 2.5 x 103/
cm? were subjected to 3, 5 and 7 days long culture. Human fibroblasts
proliferate slower than L929 and were seeded in cell density 1 x 10*/
cm? and only for 3 and 7 days.
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SEM imaging was performed on dried samples with fixed cells. After
taking out a plate from incubator, samples with cells were washed with
PBS and fixed with 2.5% GTA for 3 h. Then they were washed 3 times
with PBS to get rid of any GTA residues and subjected to dehydration
with a series of ethanol solutions with increasing concentration (50%,
60%, 70%, 80%, 90%, 100% x 2) followed by ethanol:HDMS solutions
(1:2, 2:1) and as a final step 100% HDMS in which they were left to dry
under fume hood. In each solution samples were kept for 20 min. Thus
prepared samples were sputter coated with 7 nm of gold. SEM imaging
was done with JEOL JSM-6390LV.

For fluorescent microscope imaging, samples were fixed and their
nuclei and cytoskeleton were stained. Before fixing and after each fol-
lowing step samples were washed with PBS. Firstly, samples were im-
mersed in 3% formaldehyde for 20 min for fixing and then in 0.1%
Triton X 100 for 5 min to permeabilize cell membranes. After that they
were placed for 30 min in mixed staining solution of ActinGreen and
NucBlue which molecules bind to cytoskeleton and nuclei DNA re-
spectively. Samples were placed wet on the standard glass plates and
they were covered with another very thin glass to prevent drying.
Images were taken with Leica AM TIRF MC.

3. Results

The results of viscosity measurements indicated large difference
between viscosity of polymer solutions using both solvent systems. This
difference forced three time higher polymer concentration in AA/FA
solutions than in HFIP in order to achieve similar solution viscosity and
morphology of electrospun nanofibres as it was shown in our previous
paper [9]. Fig. 1 illustrates viscosity measured at polymer concentra-
tions of 5% w/w in HFIP and 15% w/w in AA/FA, which were applied
in electrospinning compared with non-spinnable viscosity at polymer
concentration of 5% w/w in AA/FA. Looking at Fig. 1 and Table 1, it is
apparent that the viscosity of solutions with the same polymer con-
centration (5%) differed greatly depending on solvent used. 12 times
lower viscosity was measured for AA/FA solution of pure gelatin (0%
PCL content) compared to HFIP, and 16 times for pure PCL (100% PCL
content).

Similar trends in viscosity were observed when using collagen. For
instance, viscosity of 10% w/v collagen solution in HFIP after 1 h of
stirring was 0.719 Pa*s while at the same concentration in AA/FA,
viscosity was only 0.186 Pa*s.

For deduction of conformational differences of gelatin and collagen
in AA/FA and HFIP solutions, viscosity measurements performed for
polymer concentrations in the range 1.6-6.8% w/v are presented in
Fig. 2.

We tried to estimate the compactness of molecular conformations of
pure polypeptides using M-H equation and the procedure described in
the methodology (Egs. (1)-(3)).

Gt content [%)]

0 10 20 30 40 50 60 70 80 90 100
451 o - = AAFA 15%
4.0 ® HFIP 5%
35] ® AAFA5%

Viscosity [Pa*s]

100 90 80 70 60 50 40

PCL content [%]

Fig. 1. Viscosity of PCL/Gt solutions using AA/FA (5% and 15% w/w) and HFIP
(5% w/w) at the shear rate 40/s.
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Fig. 3 shows the reduced viscosity, 7,,; = %
concentration, c, for investigated polypeptides in both solvent systems.
Considering relatively low polymer concentrations, linear approxima-
tion of experimental data in a form of Huggins equation [18] was ap-

plied:

, as a function of

T = ) + kalnPe

Ny ()]

Nred =

where kj; is the Huggins constant. In the plot of 7,4 Vs. concentra-
tion, intrinsic viscosity was determined as the intercept of linear ap-
proximation while the slope divided by second power of intrinsic
viscosity provides the value of Huggins constant (not used for the ap-
parent interpretation). Table 2 shows the intrinsic viscosity and the
difference of a parameters in M-H equation determined for polypeptides
in both solvent systems.

The analysis of the difference of a parameters of M-H equation
showed (Table 2) that the a values are higher when using HFIP, which
indicates stronger molecular interactions with collagen and gelatin re-
sulting in more expanded molecular conformation compared to AA/FA

Table 2
Intrinsic viscosity, [n], and the difference of a parameters for collagen and
gelatin using both solvent systems.

Sample [11, (intercept) ml/g AHFIP-GAA/FA
CH 236.3 0.23

CA 9.7

GH 114.0 0.05

GA 62.7
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Fig. 4. FTIR absorbance bands in the range of amide I and amide II for in-
vestigated samples.

system. Such effect of a solvent is more pronounced (larger difference of
a parameters) for collagen than for gelatin.

3.1. Fourier transform infrared spectroscopy

The major conclusion is related to the possible collagen denatura-
tion - it was drawn from the comparison of the position of the max-
imum of amide II (Table 2). Fig. 4 illustrates FTIR absorbance bands for
collagen and gelatin in the amide I and amide II wavelength range.
According to Doyle [19], collagen denaturation is manifested by de-
crease of the wavelength of amide II band. An attempt to deduce the
extent of collagen denaturation using numerical deconvolution of the
amide I and II bands, being two major infrared bands of the protein was
neglected. The important reason is that there is still a lot of controversy
over the physical meaning of particular FTIR components of amide I
and amide II bands. For instance, the amide I component at 1690 cm ™"
which seems to be crucial for determination of denaturation from FTIR
has been attributed by Muyonga [20] to helices of aggregated collagen-
like peptides while the authors of [21] show that this band is related to
B-sheet structure.

It is evident from Table 3 that the wavelength of the maximum of
amide II band for collagen in cast and lyophilized form from very weak
water solution of AA (0.1 M AA) is ca. 20cm ™! higher than for gelatin
as received and gelatin treated with HFIP or AA/FA. This is an evidence
that this shift is a very good indicator of collagen denaturation. Ad-
ditionally, it is apparent from Table 3 that for gelatin treated with weak
water solution of AA (0.1 M AA) the position of maximum of amide II
band shifts toward collagen position, most probably because of partial
renaturation. This renaturation is caused by stabilization of helices via
intramolecular hydrogen bonds from water molecules. The amide II
position for collagen treated either with HFIP or AA/FA shifts to lower
wavenumber being typical for gelatin as received. This shift in position
of amide II bands indicates denaturation of collagen in HFIP and AA/
FA. The data from Table 3 indicate that the level of collagen

Table 3
Positions of maximum of amide II band.

Position of maximum of amide II
1

Sample (solution) Sample (form)

band, cm ™
Collagen as received Powder (lyophilized) 1542.0
Collagen from 0.1 M Film 1544.3
AA
Collagen from AA/FA Fibres 1525.3
Collagen from HFIP Fibres 1526.1
Gelatin as received Powder 1526.3
Gelatin from 0.1 MAA  Film 1532.6
Gelatin from AA/FA Fibres 1523.8
Gelatin from HFIP Fibres 1525.2
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Fig. 5. Water contact angle measurements for all electrospun nonwoven materials. P stands for PCL, G for gelatin, C for collagen, A for acids (solvent) and H for HFIP

(solvent).

denaturation is similar for both solvent systems. The denaturation by
both solvent systems is evidently seen for gelatin. The analysis of po-
sition of amide II peaks for gelatin indicates that the wavelength of the
maximum of amide II band is slightly lower for gelatin treated with
HFIP or AA/FA compared to gelatin as received (Table 3). It suggests
that the part of triple-helix structure remaining in gelatin powder is
denaturated under the influence of HFIP or concentrated acids (AA/
FA). As a result, the level of denaturation of collagen samples by ap-
plied solvents is a little bit lower than for gelatin samples.

3.2. Wettability

PCL samples, electrospun using both HFIP (PH) and acids (PA), were
highly hydrophobic and the shape of a drop and contact angles did not
change over the time of observation. Bicomponent nonwovens con-
taining polypeptides were much more hydrophilic, however an increase
of wettability over pure PCL samples was mostly evident at longer time
of observation (10 s). Taking a look on the effect of a solvent on wett-
ability of bicomponent fibres (Fig. 5), it is evident that it was con-
siderably higher for samples spun from HFIP than from AA/FA solvent.
This trend was seen irrespective of the time of observation. On the other
hand, there was practically no effect of the type of polypeptide on
nonwoven wettability; the essential difference was seen only at the
longest time of observation (10s) with higher wettability of samples
with collagen spun from AA/FA than with gelatin.

3.3. Cellular studies

The results of cellular investigations were analysed from three
perspectives. The most important one was related to the effect of a
solvent on cellular activity while the two additional deal with the in-
fluence of polypeptide as well as its type (collagen vs. gelatin) on cel-
lular activity of bicomponent scaffolds.

3.3.1. Cytotoxicity on extracts

Cytotoxicity 24-h test on extracts (Fig. 6) shown that none of the
samples were cytotoxic, with slightly higher viability observed for
samples containing polypeptides. Although for pure PCL materials the
result values were below control (TCP - tissue culture polystyrene),

140 -
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E. 80
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X 60-
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3 40
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0
TCP PA PH PGA PGH PCA PCH

Fig. 6. Cytotoxicity test conducted on extract of materials. TCP stands for
control test, P for PCL, G for gelatin, C for collagen, A for acids (solvent) and H
for HFIP (solvent).

they did not drop lower than 75% of control and we do not consider
them as cytotoxic. It is worth noting that for PGH, PCA and PCH
samples obtained values were slightly higher than for control.

In each pair of the same composition materials, higher values could
be observed for materials electrospun from HFIP solutions in compar-
ison to those made using AA/FA.

The response of cells cultured in direct contact with materials was
measured using metabolic activity Presto Blue, MTT and CellTiter-Glo
assays as well as by quantification of DNA content using CyQuant
fluorophores. Considering the results of metabolic tests (Fig. 7a—c), it is
noticeable that there was no essential difference in cellular activity for
various samples. This observation contrasts with the results of quanti-
fication of DNA content using CyQuant assay (Fig. 7d) indicating es-
sentially higher values for PGH, PCA and PCH samples. Discrepancies
between metabolic activity and DNA content are known and described
in literature [22]. It was demonstrated in [22] that quantification of
DNA and therefore cell proliferation using CyQuant is much more re-
liable and accurate than using metabolic assays which are subject to
numerous variables.

Taking CyQuant assay results as representative for cell proliferation
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activity, several observations can be drawn from our results (Fig. 7d).
The most evident one is the fact that proliferation increased with an
addition of polypeptide and that it was sensitive to its type, in favour
for collagen. The effect of the type of polypeptide on proliferation was
mostly visible in the case of AA/FA solvent system, with much higher
proliferation for collagen containing samples for all time of observa-
tions (Fig. 7d). The effect of the solvent type on proliferation was more
clear in the case of samples with polypeptides. Irrespective of the
polypeptide used, cellular proliferation was higher for samples formed
from HFIP with a distinct contrast between materials with gelatin.

3.3.2. Scanning electron microscopy and fluorescence microscopy

SEM and fluorescence imaging, despite those two methods differing
completely in how and what is acquired to create an image, comple-
ment each other when used to assess cells behaviour on material sur-
face.

In our experiments SEM and fluorescence images (Fig. 8) shown a
stark difference in appearance between 1929 cells cultured on pure PCL
and on samples with biopolymer. The cells on both PA and PH were
rounder, smaller, trying to minimize their contact with the material,
while the ones cultured on the rest of the materials were flattened, in
greater number and willingly extending their lamelli - and filopodia,
especially on PGH, PCA and PCH surfaces. Fibroblasts inhabiting PGH,
PCA and PGH nonwovens, compared to those cultured on control TCP
surface were similarly well spread, displaying spindle-like healthy
morphology. The same trend could be observed for HF cells (Fig. 9).
Cells on PA were thin and elongated with limited surface area and
number of lamellipodia. On PH and PGA they seemed to be more
flattened and comfortable, their behaviour nearing cells on TCP. Alike
1929, HF cells presented the best morphology on PGA, PCA and PGH
materials.

In case of the influence of solvent used for electrospinning there
could be observed a tendency for cells cultured on materials made with
HFIP to have superior morphology. It was apparent when comparing
cells on each pair of materials that were made of the same components
but different solvents. The difference was more pronounced for non-
wovens containing gelatin.

PA

PH PGA PGH PCA PCH

4. Discussion

Our discussion focuses on the interpretation of biological results
primarily in relation to the molecular background. The role of mor-
phology and nonwoven's architecture was reduced by their similarity in
all nonwoven types as it was shown in our previous work [9].

Beneficial effect of polypeptides addition on cells’ activity is well
known and described in the literature. The first reason is related to the
presence of RGD sequence in polypeptide molecules — an Arg-Gly-Asp
tripeptide that plays an important role in mediating cell adhesion in-
teractions. This sequence, found in many extracellular matrix proteins
is recognized by integrins and acts as cell binding site.

Irrespective of the presence of RGD sequence, it is evident from our
results that addition of polypeptides increases considerably the sample
wettability which is crucial for adhesion of cells to the scaffolds. It is
obvious that higher wettability of materials containing polypeptides is
due to the presence of polar regions in a-chains of collagen and gelatin.

Our results indicate that there is a difference in cellular behaviour
between nonwovens with collagen and gelatin. The results of both cell
proliferation and viability were higher for samples containing collagen,
particularly in the case of nanofibres formed from AA/FA solution
system. This difference cannot be attributed to the wettability which
was similar for samples containing both types of polypeptides. This is
easily understood, because wettability is governed mostly by the pri-
mary structure of single chain, which is the same for both polypeptides
and not by higher order of molecular arrangement, which is different
for collagen and gelatin. The higher order of chains arrangement, being
very different in native collagen compared to its denatured form — ge-
latin, can be important for interactions with cells on further stages of
cellular activity. Our FTIR results imply that collagen denaturation
occurs in both solvents, the shift of the maximum of amide II band
being a proof of that. However, the extent of collagen denaturation is
slightly lower compared to gelatin treated with both solvents. We an-
ticipate that even some traces of the native triple helix superstructure of
collagen can lead to higher cellular activity compared to gelatin.
Denaturation of investigated polypeptides in HFIP and AA/FA solvents
was confirmed by our wide angle X-ray scattering and differential
scanning calorimetry analysis. In the first case, no discrete diffraction
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Fig. 8. L929 cells cultured for 5 days on the surface of our materials, (a) SEM images, (b) fluorescence microscopy images (blue nuclei, green cytoskeleton), (c) cells
cultured on TCP as a control; on the right: fluorescence microscopy image, on the left: SEM image. For all SEM images marker is 10 um, for fluorescence microscopy
images marker is 25 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

from crystal structure was registered while in the case of DSC practi-
cally no endothermic effect related to the melting of triple-helix ag-
gregates during heating was observed.

The most complex and not trivial seems to be an interpretation of
the effect of solvent on cellular behaviour, where in case of material
compositions, the results are in favour of materials made with HFIP as a
solvent. The scheme of our interpretation is stretched over the mutual
molecular interactions between both polymers as well as between
polymers and a solvent.

The observed viscosity differences (Fig. 2) in both solvent systems
reflect mostly various molecular interactions between polymers and
solvents, leading to different molecular conformations of investigated
polymers in both solvents. In the case of poor solvent like AA/FA
mixture, polymer molecules try to minimize their exposition to solvent
molecules by adoption more compact conformation with lower hydro-
dynamic radius, resulting in lower viscosity. The opposite situation is
expected for good solvents like HFIP, in which molecular conformation
should be more extended in order to increase molecular contact be-
tween polymer and a solvent. In the case of polypeptides, there is an

additional mechanism which can lead to more compact conformation in
acids and hence to lower viscosity. It is related to the sensitivity of
molecular conformation of peptides to the ionic strength of solvents
surrounding them. In the case of acids, the polypeptide molecules are
dominated by positive charges which can lead to more coiled con-
formation than in HFIP. This is consistent with observation done in the
past [23], when using various acids for collagen dissolution.

It is known from one of our papers [15] that the molecular inter-
actions between PCL and both polypeptides are rather weak resulting in
very limited miscibility. In such a case, the crucial role for the structure
formation lies on the side of the solvent. With a good solvent like HFIP,
where a tendency for component separation is relatively weak, the final
structure is quite homogenous with uniform distribution of compo-
nents. In the case of AA/FA system, weak interactions between poly-
mers and solvent lead to formation of emulsion that result in the se-
paration of PCL and polypeptide in final nanofibres structure.

The direct consequence of such contrast in the structure of nano-
fibres from both solvent systems are different kinetics of polypeptide
leaching in aqueous medium at the temperature 37 °C as it was shown
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Fig. 9. SEM images of HF cells cultured for 3 days on the surface of our materials and TCP as control, marker is 10 pm.

in our previous paper [11]. For nanofibres spun from HFIP, where
distribution of components is uniform, the process of polypeptide
leaching was much slower compared to materials spun from AA/FA
system. It lead to a noticeable discrepancy in polypeptide content be-
tween these two types of materials that increased as the experiment
proceeded. For instance, starting from initial 10% of biopolymer mass,
after 1 day of biodegradation experiment there was 8.83% left in ma-
terials from HFIP and only 7.49% in those from AA/FA (after 30 days
8.36% and 5.57% respectively).

Non-uniform distribution of biopolymer on the surface of materials
spun from AA/FA, results in lower wettability from the start, as well as
its quicker decrease in an environment mimicking in-vivo conditions,
due to faster biopolymer leaching in comparison to materials made of
HFIP. This predicament directly translates to a different availability of
RGD sequences on material surface for cells to recognize. In case of AA/
FA fibres it constitutes for a major factor that is responsible for poorer
adhesion of cells [11] and delayed proliferation in the later days of our
cellular experiments.

The effect of a solvent on cellular activity on investigated materials
can be, in our opinion, related to the direct effect of a solvent on mo-
lecular conformation of polypeptides molecules, which can be essential
for accessibility of RGD sequence. For a weak solvent (AA/FA), the
conformation of polypeptides is expected to be more compact because
of prevailing polymer-polymer internal interactions. As a consequence
we expect lower exposition of RGD binding sites to integrin receptors
leading to lower cellular viability and spreading. Contrary to this, for
good solvent (HFIP) conformation of polypeptide molecules should be
more extended with easier access of RGD sequences for integrin re-
ceptors. Our viscometric results support this explanation - the exponent
a in Mark-Houwink equation is lower for both polypeptides in AA/FA
solutions than in HFIP indicating lower hydrodynamic radius of mole-
cules in former case, i.e. more compact conformation. Different rheo-
logical behaviour of collagen and gelatin solutions can be attributed to
slightly lower denaturation of collagen compared to gelatin.

5. Conclusions

Cellular studies are an important tool in determining the application
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value of optimized bicomponent PCL/polypeptide materials made with
alternative, ‘green’ solvents. Our findings lead us to conviction that, in
case of cellular response, these materials present fully satisfactory re-
sults in comparison to the ones made with perfluorinated alcohol. They
fall behind in regard of cell proliferation and metabolic activity, most
probably because of faster polypeptides leaching as well as more
compact molecular conformation of polypeptides, but in each case the
difference is minimal. What is relevant here, is that even though
polymer-solvent interactions are proven by us to be weaker with the use
of AA/FA, they still are sufficient to enable the biopolymer to stimulate
cell behaviour.

HFIP seems to be slightly better solvent for obtaining functional
nonwovens for cellular scaffolds application, but we need to take into
consideration its obvious disadvantages of higher costs and toxicity as
well as more harmful influence of its fumes on operators and environ-
ment, compared to AA/FA.

Weighing all our results, we are convinced that the use of AA/FA
mixture as a solvent for electrospinning of bicomponent PCL/poly-
peptide materials is an option worth consideration and promising in the
field of scaffolds for tissue engineering.
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Abstract: Four chemical crosslinking methods were used in order to prevent gelatin leaching in an
aqueous environment, from bicomponent polycaprolactone/gelatin (PCL/Gt) nanofibers electrospun
from an alternative solvent system. A range of different concentrations and reaction times were
employed to compare genipin, 1-(3-dimethylaminopropyl)-N’-ethylcarbodimide hydrochloride/N-
hydroxysuccinimide (EDC/NHS), 1,4-butanediol diglycidyl ether (BDDGE), and transglutaminase.
The objective was to optimize and find the most effective method in terms of reaction time and
solution concentration, that at the same time provides satisfactory gelatin crosslinking degree and
ensures good morphology of the fibers, even after 24 h in aqueous medium in 37 °C. The series of
experiments demonstrated that, out of the four compared crosslinking methods, EDC/NHS was able
to yield satisfactory results with the lowest concentrations and the shortest reaction times.

Keywords: crosslinking; gelatin; nanofibers; biodegradable polymers; electrospinning

1. Introduction

One of the trends that has been observed for years in tissue engineering is an attempt
to mimic mother nature. Many of the approaches can seem revelatory, but until the human
body accepts our invention as something familiar and cells recognize the environment we
prepared for them as suitable, we are going to miss our goal.

Extracellular matrix (ECM), apart from cells, is a key ingredient that constitutes
almost every tissue. In many cases, ECM is a highly fibrillar structure and matching this
characteristic can be crucial to the success of our approach. This makes electrospinning,
though not a new idea itself, a technique that has still a lot to offer, considering a remarkable
structural similarity of electrospun materials to ECM. Electrospinning is a simple and
flexible method that enables obtaining nanofibers from an array of polymers with high
porosity and tunable properties [1-3].

Previously, we optimized the method of obtaining bicomponent nanofibers made
of polycaprolactone (PCL) with an addition of gelatin, through electrospinning is green,
cheap, and safe for the operator solvent system—a mixture of acetic and formic acid [4].
Polycaprolactone is a biodegradable aliphatic polyester with good mechanical properties,
present in numerous biomedical studies, but it lacks bioactivity that only natural polymers
can provide [5,6]. Gelatin, being a derivative of collagen, a protein that is present in
abundance in ECM, is a great source of Arg-Gly-Asp (RGD) amino acid sequences that
stimulate cell attachment [7-9].

Unfortunately, as our previous studies have shown, gelatin, being soluble in aqueous
conditions is prone to be leached from the fibers, which decreases materials’ bioactive po-
tential [10]. The solution to this predicament is gelatin crosslinking within the fiber. While
various physical methods such as ultraviolet irradiation, dehydrothermal treatment [11-13],
as well as chemical ones are used to stabilize scaffold materials made of gelatin, only some
of them are suitable in case of PCL/Gt nanofibers.

In this work, we decided to focus on chemical methods and investigate a set of differ-
ent crosslinking agents. The main concerns were that the methods were of low toxicity and
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had innovative potential. While the most widespread and best studied chemical agent is
glutaraldehyde, there are works that indicate its detrimental effect on the cellular response
and because of that it was not taken into consideration [14-16]. Based on the criteria stated
above, four crosslinking agents were chosen: genipin, 1-ethyl-3- (3-dimethylaminopropyl)
carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS), 1,4-butanediol digly-
cidylether (BDDGE), and transglutaminase.

Genipin is a crosslinking agent of plant origin, considered to be of low toxicity, widely
used with natural polymers like chitosan and collagen, reacting with primary amine
groups such as lysine and arginine [17,18]. EDC/NHS is a highly efficient method, popular
with biomaterials aimed at tissue engineering applications. It is a zero length crosslinker,
which forms amide bonds between carboxyl and amine groups, but does not take part
in newly formed linkage [19-21]. BDDGE is a widely used crosslinker in cosmetology
with hyaluronic acid based dermal fillers. It is biodegradable and of low toxicity [22,23].
Transglutaminase is an enzyme that has become popular in recent years as a crosslinking
agent in scaffolds for tissue engineering. It can be of tissue or bacterial origin and it is
confirmed to improve adhesion and spreading of cells in-vitro [24,25]. Transglutaminase
has a beneficial effect on wound healing, as it is an enzyme that is naturally secreted by
fibroblasts in response to tissue injury [26]. Both BDDGE and transglutaminase form a
bond between two amine groups.

The intention of this work was to establish optimal conditions of gelatin crosslinking
within PCL/Gt fibers that ensure a relatively high gelatin amount would still remain in
the material even after being subjected to an aqueous environment and that nanofibers’
morphology would not be compromised in the process. Such perspective is innovative
considering previous results related entirely to crosslinking of pure gelatin fibers.

2. Materials and Methods
2.1. Materials

PCL (Mn = 80 kDa), gelatin from porcine skin, type A (gel strength 300), phosphate
buffer saline tablets and formic acid (98%) were purchased from Sigma-Aldrich, St. Louis,
MO, United States. Glacial acetic acid (99.5-99.9%) was purchased from POCH, Gliwice,
Poland. Ethanol (99.8%) was purchased from Chempur, Piekary Slaskie, Poland. EDC and
NHS were purchased from Thermo Scientific, Waltham, MA, United States. Genipin was
purchased from Challenge Bioproducts Co., Ltd., Touliu, Taiwan. Transglutaminase (1490
U/g) was purchased from PM.T. Trading, £6dZ, Poland.

2.2. Electrospinning

Polymer solution for electrospinning was prepared by dissolving PCL and gelatin
separately in a mixture of acetic and formic acid (9:1 w/w ratio) with w/w 15% concentration
by stirring for 24 h. Both solutions were then mixed together in a 7:3 ratio (70% PCL, 30%
gelatin) and stirred for an additional 2 h. The prepared solution was electrospun on a
grounded rotating drum collector with surface linear velocity 0.4 m/s, which ensures no
fiber parallelization. The distance from the needle to collector surface was set to 15 cm,
flow rate was 1 mL/h, and the voltage used varied from 12 to 14 kV. Humidity was kept at
45-50%.

2.3. Crosslinking Methods

Electrospun material sheets were cut into 1.5 cm x 4.5 cm samples. Before crosslinking,
they were placed in a vacuum oven for not less than 24 h to remove any moisture that gelatin
within the fibers is prone to attract. Inmediately after taking samples out of the vacuum
oven, the weight of each sample was measured. Since one of the ways of determining
crosslinking degree is calculating gelatin mass change after fiber biodegradation test, this
step is important because of the varying ambient humidity in the laboratory.

A series of preliminary studies was performed for all crosslinking methods. It con-
sisted of a “trial and error” approach that led, for each of the compounds, to establishing a
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set of conditions to be compared in the main part of the work, as well as an optimal solvent
composition. The ranges of the crosslinking reaction conditions that were chosen for the
final comparison can be found in Table 1. For EDC/NHS, a molar ratio of 2:1 was kept
constant for all tested concentrations.

Table 1. Crosslinking conditions.

o1 Concentration . Solvent
Crosslinking Agent % wlw) Process Duration (wlw Ratio)
Genipin 0.5-6% 6-168 h EtOH:H,O (7:3)
Transglutaminase 1040 U/mL 24-72h H,O
EDC/ 0.02-0.23% . . .
NHS 0.01-0.08% 10 min-9h EtOH:H,O (7:3)
BDDGE 2.5-15% 12-168 h EtOH:H,O (7:3)

Every crosslinking experiment was performed on three samples. After each experi-
ment was concluded, samples were thoroughly rinsed for 1 h, while vigorously stirred. In
the preliminary step, demineralized water was used as a rinsing medium, but for the final
comparison experiments we decided to use the same type of solvent that crosslinking agent
was dissolved in instead. The explanation for this change can be found in the Section 3.1.
The rinsed samples were placed in a vacuum oven for not less than 24 h and then their
weight was measured again.

2.4. Fibre Biodegradation Test

All crosslinked samples, as well as non-crosslinked control, were placed for 24 h in
phosphate buffer saline (PBS) solution, with an addition of 0.1% sodium azide to prevent
bacterial or fungal growth, at 37 °C and gently stirred. Afterwards they were rinsed for
1 h in demineralized water, while vigorously stirred, to remove any PBS salts residues.
Rinsed samples were placed in a vacuum oven for not less than 24 h and their weight was
measured once again.

A large part of this discussion will be based on gelatin content, or mass, within the
material expressed in “%’. These values were concluded from sample weight change that
occurs during both crosslinking reaction and subsequent 24 h of biodegradation test. To
be able to calculate gelatin mass after any of those steps, an assumption was made that
of the two polymers present in the material, any weight decrease will be assigned solely
to gelatin. A time range for any weight loss to occur for polycaprolactone, whether it
is molecular or absolute, varies from 6 to 24 months [10]. It can be safely said that any
material weight change that occurs within the 24 h of immersion in PBS solution has to
be related to gelatin leaching. So, the term biodegradation used throughout the text for
immersion in PBS solution test has a context of degradation of the fiber structure as a result
of gelatin leaching.

The material used in this work consisted of 30% gelatin and 70% polycaprolactone.
The recorded change in a sample mass (Am) was, as reasoned above, attributed to gelatin
loss. Gelatin content after biodegradation test (Gtc1) reported in this work was calculated
for each sample separately, in relation to a 100% of the sample’s gelatin initial mass (1g;)
following the equations:

mg + Am = mgp 1)
MG 100% = Gty @)
el

where m gy was gelatin mass after biodegradation test.

2.5. Scanning Electron Microscope (SEM) Imaging

SEM imaging was performed with JEOL JSM6010LV, Japan, Tokio. The samples
were examined after crosslinking as well as after biodegradation test. To ensure good
conductivity, samples were sputter coated with 10 nm of gold, using JEOL smart coater.
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2.6. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR measurements of the crosslinked samples after biodegradation test as well
as non-crosslinked control was performed with FT-IR spectroscopy with attenuated total
reflection (ATR) technique using VERTEX 70, Bruker, Billerica, MA, United States.

3. Results and Discussion
3.1. Solvent Optimisation

Apart from transglutaminase that only dissolves in water, the three other crosslinking
agents chosen for this research are commonly found in the literature dissolved in ethanol
or ethanol/water mixtures [17,19,21,22]. A series of preliminary crosslinking experiments
were performed to establish (if possible) one type of solvent for these three compounds.

The first crosslinking agent that underwent solvent optimization was genipin. The
experiments were started with 5% concentration over 24 and 48 h with solvent mixtures
of ethanol/demineralized water with the latter content of 10, 20, and 30%. Genipin
crosslinking is known for the color change that occurs during the course of the reaction [18].
A gradual color transition of the mat, from white to the shades of blue can be observed in
Figure 1. Color blue intensity strongly correlated with increasing water content of used
solvent and mildly with the reaction time.

8 '*\\

10% 20% 30%

Figure 1. Samples crosslinked with 5% genipin solution for 24 (up) and 48 h (down) with solvents
with increasing water content.

The change in gelatin content showed that with the increased water concentration in
the solvent, the more gelatin content was left in the samples. It was true both for the samples
weighted after only crosslinking, as well as after the biodegradation test, that followed
crosslinking (Figure 2). While the gelatin content of the samples after crosslinking for 24 h
and 48 h differed for only 3-6%, a significant difference was observed in the comparison
done after biodegradation test. These results showed the need for experiments with
different concentrations and reaction times in order to find optimal ethanol to water ratio.



Materials 2021, 14, 3391

50f13

—=— 5% 24h
100 ~ --m--5% 24h BIO
—e— 5% 48h
“ W --®--5% 48h BIO
] - —— 3% 48h
o --»--3% 48h BIO
é: 80_
2
©
=
£ 70-
ko]
[
(G
60 |
50

T T T T T Y T T T

10 20 30 40 50
Solvent H,O Content (%)

Figure 2. Gelatin content of the samples after crosslinking with genipin solutions and after biodegra-
dation (BIO) test vs. water content in the solvent.

A lower genipin concentration of 3% was used next with reaction time set to 48 h
and solutions with water content ranging from 20 to 50%. The results showed that the
samples crosslinked with 3% genipin over 48 h reached slightly higher gelatin content,
after biodegradation test, than those crosslinked with 5% for 24 h (Figure 2), as well
as a significant decrease of gelatin content for samples with more than 30% water in
crosslinking solution.

The reduction of gelatin mass for samples crosslinked with solutions containing
more than 30% of water can be explained by domination of gelatin dissolution over the
crosslinking process. On the other hand, too little water content in solution was insufficient
for effective crosslinking, resulting in maximum crosslinking efficiency at around 30% of
water in solution. We suppose, that for those samples, the drop in gelatin content after only
being subjected to crosslinking can be explained by gelatin dissolving during rinsing for 1 h
in demineralized water. For that reason, it was decided that the rinsing medium for all tests
from that moment forward would be the same as the solvent used during crosslinking.

A series of EDC/NHS crosslinking tests with increasing water content in the solvent
was performed next, in order to compare the results with the observations for crosslinking
with genipin.

In the case of EDC/NHS crosslinking (Figure 3), the same trend was confirmed,
where gelatin mass measured for samples after biodegradation test was the highest for
crosslinking solution with 30% water and 70% ethanol. It was proved that the revision of
the rinsing medium resulted in a prevention of gelatin loss during rinsing after crosslinking,
that was observed for genipin tests with water content in crosslinking solutions less than
30%. Similarly to the results of tests with genipin, there is an evident decrease in gelatin
content after biodegradation for the samples with less than 30% of water in crosslinking
solution. The lowest value was recorded for 100% ethanol solvent solution, being almost
the same as for the control non-crosslinked samples. It suggests that no, or extremely
limited, crosslinking occurred in that solution and that water presence is crucial for the
reaction to occur. Preliminary tests done with BDDGE also confirmed the same trend (data
not shown) for solutions with water content below 30%. The question regarding the nature
of this observation is valid and should be studied further.
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Figure 3. Gelatin content of the samples right after crosslinking with EDC/NHS and after biodegra-
dation test vs. water content in the solvent.

Although gelatin is soluble in water at and above 37 °C, our experience showed that
with nanofibrous materials it readily dissolves at lower temperatures. Because of the very
large surface area that such materials have, makes it much easier for gelatin to dissolve [27].
Taking this into consideration, we wanted to find a solvent that will make it possible for
crosslinking to happen, while not sabotaging the experiment by dissolving gelatin before
the reaction can take place. After conducting these series of experiments, we decided to
use ethanol/water mixture with a 7:3 w/w ratio for all tests planned in the final step (apart
from transglutaminase).

3.2. Gelatin Mass Change

To be able to compare crosslinking efficiency in preserving gelatin within the fiber by those
four methods, it was decided to arbitrarily define a value of gelatin content, after biodegra-
dation test, that we consider a positive result. We deemed every set of gelatin crosslinking
conditions that resulted in at least 85% gelatin retention to be satisfactory and successful.

The only crosslinking agent that failed to reach this value was transglutaminase. Although
the samples crosslinked for 24 h with the highest transglutaminase concentration preserved
87% of gelatin, this result did not remain as high after biodegradation (Figure 4). Since
transglutaminase is not soluble in organic solvents, there was no other option than to use water
as a solvent. As was previously showed, gelatin within the fibers is prone to quick dissolution
in aqueous environment, even at room temperature, so it was little to no surprise that the
samples after crosslinking for a longer period of time, 72 h, achieved even worse results.

100 -+

10 U/ml
90 1 =20 U/ml
80 - =40 U/ml
g 70 4
E 60 -
S 50 4
3
£ 40
©
& 30
20 -
10 -
0 .
24 h 72h 24 h 72h
Post Crosslinking Post Biodegradation

Figure 4. Gelatin content for samples crosslinked with transglutaminase, both after reaction and
biodegradation test.
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Due to this, transglutaminase was left out of the most comprehensive part of the exper-
iment. The other three crosslinking agents were tested with a vast array of concentrations
and reaction times. Gelatin content values for crosslinked samples after biodegradation
test are presented in Figure 5a,c,e. To represent zero crosslinking time, there was used a
value obtained for control, non-crosslinked samples—for which the gelatin content after
biodegradation test was only 27.1%.
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Figure 5. Graphs showing gelatin content after biodegradation test of samples crosslinked with different compounds and
with varying conditions (left) and f(C) = (g5 (right) for: (a,b) genipin, (c,d) BDDGE, (e,f) EDC/NHS. In graph (f), C refers
to EDC concentration. All presented data were fitted with an exponential function.
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From the results of each crosslinking method, a set of points representing crosslinking
agent concentration in dependence of time needed to achieve the exact 85% of gelatin
content within the fibers, f(C) = to g5 (Figure 5b,d,f) was calculated. This way it is possible
to determine a distinct reaction time for any given concentration of crosslinking agent,
that will grant 85% gelatin preserved in the material after 24 h of biodegradation. It is
also a cut-off line, above which a satisfactory crosslinking efficiency should be expected
every time.

Looking at the genipin crosslinking results (Figure 5a), it can be seen that the values
of gelatin content above 85% could be achieved for 6% solution in 24 h, for 4% in 48 h, and
for 2% in 72 h. Solutions with 0.5% never reached this level, and 1% needed 168 h.

As for BDDGE (Figure 5c), there were needed higher solution concentrations to
achieve similar results as for genipin. Solution with the concentration of 15% reached the
set threshold of gelatin content in 24 h, 10% needed 48 h, and 5% achieved it in 72 h. Again,
the lowest 2.5% concentration was not able to successfully crosslink gelatin during 168 h of
experiment. In comparison to genipin, for the examined concentrations, there was needed
almost thrice as much time to reach an equal level of crosslinking efficiency, or thrice higher
concentration, to achieve this result in the same time.

In the case of EDC/NHS crosslinking method (Figure 5e), even solution with an EDC
concentration as low as 0.02% reached 85% gelatin content in 5 h, while 0.23% concentration,
which was the highest that was tested, obtained the same result in only 20 min.

The difference in the rate of reaction of EDC/NHS method in comparison to genipin
and BDDGE, as well as the gap between the useful concentrations of EDC/NHS and the
other two compounds are great. To be able to compare all of these results in one graph a
logarithmic scale needed to be used (Figure 6).

100 4
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Figure 6. Graphs combining crosslinking results from all experiments: (a) gelatin content after biodegradation test,
(b) f(C) = tgg5 using logarithmic scales. For EDC/NHS, only EDC concentrations are mentioned, in order not to reduce
the transparency of the graphs.

Gathering data from every single crosslinking experiment performed with the use of
genipin, EDC/NHS and BDDGE in one graph (Figure 6), can help comprehend how much
EDC/NHS method is faster than the other two. It is easy to see that what results can be
achieved by EDC/NHS in 1 h corresponds to what is expected from genipin in 10 h, and
even more time from BDDGE (Figure 6a). Roughly the same crosslinking efficiency can be
obtained for 100 h, lasting experiment by 10% and 1% solutions of BDDGE and genipin,
respectively, while we would only need to spend 20 min using 0.1% EDC to get the same
result (Figure 6b).

The experimental data of ty g5 vs. C were approximated numerically with exponential
function, allowing quantitative comparison of the sensitivity of ¢y g5 to the crosslinking
agent concentration from the slopes of the double logarithmic plots (Figure 7). It is clear
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that the rate of ¢ g5 reduction with increasing crosslinking agent concentration is the fastest
for EDC/NHS. Between the other two, BDDGE has a higher slope value than genipin. It
may suggest that theoretically, with much higher reagent concentrations, there is a certain
concentration for which both would reach the same values of f( gs.

4 0.9 1.16
34
24
S
3 1.22
£
04
.14 ° = BDDGE
o e EDC
A GENIPIN
'2 T T T T T T
-4 3 2 1) %)° 1 2

Figure 7. Graph combining t( g5 vs. C for all experiments with slope values.

We suppose that two characteristics of EDC crosslinking reaction mechanism may
possibly contribute to such a great difference in the rate of gelatin crosslinking reaction
with EDC/NHS and the other two compounds.

The first is EDC, being the only zero length crosslinker in the tested group. It means
that its concentration in the solution does not decrease during the course of the reaction.
EDC molecule after facilitating the formation of a bond, does not become a part of this
newly formed linkage, but it is released back into the solution and can be used again in
crosslinking reaction for an infinite amount of times. Both genipin and BDDGE embed
themselves between the two functional groups that they eventually link, and so their
concentration does decrease in time.

The second reason is the fact that, again, EDC is the only crosslinking agent here,
that helps create a bond between a COOH and a NH; group, when genipin and BDDGE
insert themselves between two NH; groups. While each gelatin molecule has numer-
ous NH; groups from lysine and arginine, it also has an even bigger amount of COOH
groups from aspartic and glutamic acid [28]. It alone multiplies the number of possible
bonds to be formed within for the same amount of gelatin by two. Simultaneously to
a reaction occurring between two gelatin molecules, EDC is also linking COOH groups
from polycaprolactone and NH; groups from gelatin, creating a strong interface between
polycaprolactone and gelatin within the fiber. This may be a factor in prevention of gelatin
leaching from the fiber in aqueous environment.

3.3. Morphology of the Fibres

One of the criteria of a good crosslinking agent for the bicomponent PCL /Gt nanofibers
is that, apart from the ability to prevent gelatin from leaching in aqueous medium, it at the
same time does not damage fiber morphology.

The 24 h biodegradation experiments showed that a control PCL/Gt, non-crosslinked
sample is left with only 27.1% of its initial gelatin content. The smooth and uniform fibers
(Figure 8a) after most of the gelatin addition is left, become eroded, with clearly visible
grooves and elongated holes (Figure 8b).
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Figure 8. SEM images of control non-crosslinked samples: (a) before, (b) after biodegradation test. The marker equals 10 pm.

For the purpose of comparing the morphology of fibers after crosslinking, there were
selected images presenting only materials of which gelatin content after biodegradation
test was not less than 85% (Figure 9). This prerequisite was defined in order to establish
crosslinking conditions that meet both morphology and gelatin retention simultaneously.
The only exception in this comparison is a picture (Figure 9a,b) of a sample crosslinked
with transglutaminase that had a gelatin content after biodegradation test of 74% (which
was the best result for this method).

Figure 9. Cont.
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(8) (h)

Figure 9. SEM images of samples crosslinked with different methods: before (left) and after (right) 24 h of biodegradation test: (a,b)
transglutaminase 40 U/mL, 24 h, (c,d) genipin 4%, 48 h, (e,f) EDC/NHS 0.12%/0.04%, 40 min, (g,h) BDDGE 10%, 48 h. The marker

equals 10 um.

Figure 9 presents SEM images of samples” morphology after crosslinking with all four
compounds and after biodegradation test. The differences between these pairs of images
for each crosslinking method are minimal, which shows that the majority of the damage to
the fibers’ shape and nonwoven architecture happened during crosslinking process.

While none of the crosslinking methods preserved every aspect of the fibers” morphol-
ogy, the results differ in the damage extent. The samples that underwent crosslinking with
both EDC/NHS and genipin (Figure 9c—f) maintained, for the most part, the thickness of
the fibers. In both cases, fibers were slightly wavy and wrinkled with minimal fusing but
overall fiber arrangement was preserved. On the opposite side are the fibers crosslinked
with transglutaminase and BDDGE (Figure 9a,b,g,h). In both materials fibers were heavily
fused together, the pores irregular in size and in a small number. For transglutaminase, it
might be an effect of both insufficiently crosslinked fibers as well as crosslinking reaction
taking place in fully water based solution.

3.4. Gelatin FI-IR Analysis

FT-IR analysis of gelatin within the crosslinked materials has been focused on amide I
and amide II bands being two major bands of the protein infrared spectrum. The amide I
band located between 1600 and 1700 cm ™! is mainly associated with the C=0 stretching
vibration, while amide II band in the range 1510-1580 cm ™! results from the N-H bending
vibration and from the C-N stretching vibration [29]. Both bands are sensitive to the
molecular conformation.

Because of a multicomponent nature of both bands and their relatively large width,
particularly for amide I, gelatin content determination in investigated samples from the
bands intensity was not reliable, particularly in comparison with the weight change mea-
surement. What is evident from FT-IR spectra in Figure 10 is the shift of the maximum
absorbance of amide II band toward higher wave numbers in crosslinked samples com-
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pared to non-crosslinked material. This shift is an evidence of the crosslinking process,
which affects clearly bending vibrations of N-H and/or stretching vibrations of C-N bonds.

non-crosslinked sample
0204 —— GENIPIN 4% 48h

—— TG 40 U/ml 24h

—— BDDGE 10% 48h

—— EDC 0.12% 40min

0.15 4

0.10 4

Absorbance (A.U.)

0.05 4

14Y50 ; 1 5‘00 ‘ 1 5‘50 : 1 GYOO l 1 6‘50 : 1 7‘00
Wavenumber (cm™)
Figure 10. Characteristic FT-IR spectra of PCL/Gt nonwoven samples crosslinked with different
methods after biodegradation test (samples in correspondence to SEM analysis). As a control a
non-crosslinked sample before biodegradation test was used.

4. Conclusions

The systematic analysis of gelatin crosslinking within PCL /Gt fibers electrospun from
acetic and formic acid solution resulted in optimization for the first time of parameters
of the crosslinking process for this type of material. The established process conditions
with low reagent concentrations and short reaction times lead to PCL/Gt fibers with high
gelatin content and stable morphology after 24 h of biodegradation test.

Taking into account low concentrations of the reagents and short reaction times needed
for EDC/NHS to perform a successful reaction, the results presented in this work proved
that this method meets all criteria mentioned above best. EDC/NHS was also shown to
have a small effect on fibers” morphology. It is worth noting that as EDC is a zero-length
crosslinker and no reagent is present in the material after it rinsing.

Further optimization studies of EDC/NHS crosslinking conditions will be performed
on a group of nonwovens with a varying PCL to gelatin ratios, as well as a different solvent
used in electrospinning. Crosslinked samples will undergo biodegradation for up to 30
days, uniaxial tensile testing as well as cytotoxicity and cellular response studies.

Maintaining gelatin presence within the materials as well as preserving fibers” mor-
phology is crucial from the point of view of possible applications of PCL/Gt nonwovens.
We believe using EDC/NHS as a crosslinking agent for these bicomponent electrospun
nanofibers, elevates greatly their potential in the field of tissue engineering and regenerative
medicine therapies.
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Abstract: Polyester-based scaffolds are of research interest for the regeneration of a wide spec-
trum of tissues. However, there is a need to improve scaffold wettability and introduce bioactivity.
Surface modification is a widely studied approach for improving scaffold performance and main-
taining appropriate bulk properties. In this study, three methods to functionalize the surface of the
poly(lactide-co-e-caprolactone) PLCL fibres using gelatin immobilisation were compared. Hydrolysis,
oxygen plasma treatment, and aminolysis were chosen as activation methods to introduce carboxyl
(-COOH) and amino (-NH;) functional groups on the surface before gelatin immobilisation. To
covalently attach the gelatin, carbodiimide coupling was chosen for hydrolysed and plasma-treated
materials, and glutaraldehyde crosslinking was used in the case of the aminolysed samples. Materials
after physical entrapment of gelatin and immobilisation using carbodiimide coupling without previ-
ous activation were prepared as controls. The difference in gelatin amount on the surface, impact
on the fibres morphology, molecular weight, and mechanical properties were observed depending
on the type of modification and applied parameters of activation. It was shown that hydrolysis
influences the surface of the material the most, whereas plasma treatment and aminolysis have an
effect on the whole volume of the material. Despite this difference, bulk mechanical properties were
affected for all the approaches. All materials were completely hydrophilic after functionalization.
Cytotoxicity was not recognized for any of the samples. Gelatin immobilisation resulted in improved
L929 cell morphology with the best effect for samples activated with hydrolysis and plasma treatment.
Our study indicates that the use of any surface activation method should be limited to the lowest
concentration/reaction time that enables subsequent satisfactory functionalization and the decision
should be based on a specific function that the final scaffold material has to perform.

Keywords: surface activation; functionalization; electrospun fibres; hydrolysis; plasma; aminolysis

1. Introduction

Polymers are frequently used in tissue engineering applications due to the ease of
adjusting their mechanical properties, fabrication to the desired shape, and the possibility
of chemical modification [1]. Among them, aliphatic polyesters play an important role as
they degrade chemically by hydrolysis, or less often, enzymatic processes without toxic
products [2,3]. Lactide, caprolactone, and glycolide are the commonly used monomers to
synthesise aliphatic polyesters and copolymers that are applied in tissue engineering [4].
Polymers can be manufactured using various techniques, e.g., electrospinning [5], 3D print-
ing [6], and freeze-extraction [7]. Their bulk properties can be tailored via various methods,
e.g., copolymerization [8], controlled crystallization [9], or the use of additives [10]. Thanks
to the possibility of properties modification, polyester-based scaffolds are of research inter-
est in the regeneration of a wide spectrum of tissues including skin [11], blood vessels [12],
neural tissue [13], bladder tissue [14], bone [15], tendon [16], etc.

However, the functionality of polyester scaffolds in tissue engineering applications is
limited by their surface properties—hydrophobicity and lack of bioactivity [3].
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A few approaches are implemented to introduce missing bioactivity: using a decel-
lularized natural extracellular matrix (ECM) as a scaffold [17-19], fabrication of scaffold
from natural polymers containing adequate peptide sequences [20-22], or manufacturing
synthetic-natural polymer composites [23-25]. Nowadays, a lot of attention is devoted
in particular to the studies on biomolecule immobilisation on the surface of synthetic
polymers to impart bioactivity and take advantage of their suitable mechanical properties
and manufacturability [3].

It is well-known that cells are connected with the ECM via their receptors—integrins
that recognize special peptide sequences. Up to now, a lot of sequences were found in
the so-called cell adhesion molecules [26]. The accessibility of peptide sequence for given
cell receptors is determined by the conformation of individual proteins and modulated by
immediately adjacent amino acids [27]. One of the most examined is the Arginyl-glycyl-
aspartic acid (RGD) motif, which is present mainly in fibronectin and the denatured form
of collagen. RGD sequence present in gelatin is recognized by various types of cells, and in
the case of L929 fibroblast cells via 531 and av[33 integrins [28]. Gelatin attachment to
fibrous materials made of aliphatic polyesters has been shown to improve cell attachment
and spreading [29].

The simplest method of surface modification by attaching a bioactive molecule like
gelatin is physisorption, which is conducted by immersing the material in a biomolecule
solution. In this case, electrostatic interactions, hydrogen bonds, van der Waals forces, and
hydrophobic interactions are responsible for binding biomolecules with the surface [30].
Another physical approach is a layer-by-layer technique, which consists of depositing
alternating layers of oppositely charged materials [31]. Mild conditions, simplicity, and
applicability to a lot of materials are advantages of physical methods [23]. However, weak
interactions could result in the instability of the coating. A second concern is the loss of
functionality due to the conformational changes of a biomolecule, especially caused by
hydrophobic interactions [32]. Chemical immobilisation is an alternative way to introduce
bioactive molecules on the scaffold surface. The first step is the addition of functional
groups on the surface to provide the binding site with a biomolecule. It is achieved by
various methods, e.g., wet chemical methods, such as hydrolysis and aminolysis [33],
photographing of poly(acrylic acid) or poly(methacrylic acid) [34], thiol bonding [35], and
azide-alkyne click chemistry [36], etc. The main benefit of this kind of functionalization is a
stable coating provided by covalent bonding between polymer and biomolecule. However,
it should be taken into consideration that some of these methods could be destructive to ma-
terials [37,38] and by-products could exhibit cytotoxicity [39], so the method optimization
toward specific materials is required.

Among the variety of biodegradable polymers commonly used in tissue engineering,
poly(lactide-co-e-caprolactone) PLCL has been reported to be the most promising candidate
for tissue engineering. PLCL surpasses aliphatic polyester-like poly(L-lactic acid) (PLLA)
and poly(e-caprolactone) (PCL) in some of their properties. The most important disadvan-
tages of PLLA and PCL are related to mechanical properties—PLLA and PLGA exhibit high
strength and poor toughness, whereas PCL has good toughness but low strength [40-42].

By the association of PLLA with PCL into PLCL copolymer the advantages of both
PLLA and PCL are obtained together with compensation; both the brittle behaviour of
PLLA and the low stiffness of PCL [43,44] as well as the local acidification reduction due
to the degradation of PLLA [45]. PLCL also offers an adjustable degradation rate adapted
to its use in tissue engineering, tailorable by changing the PCL/PLLA ratio [46]. A strong
shape-memory effect has also been observed for PLCL, depending on PCL/PLLA ratio [47].

In general, it may be concluded that PLCL is the most suitable polymer for various
tissue engineering applications, particularly when adjustable elasticity and degradability
are required. For instance, a braided PLCL scaffold (PLLA /PCL ratio = 85/15) has been
recently designed for ligament tissue engineering [48].

Therefore, the main objectives of this work were to examine surface activation methods
such as hydrolysis, oxygen plasma, and aminolysis acting as a first step in functionalising a
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PLCL nonwoven material with gelatin and to compare the resulting material’s properties.
Our goal was to provide comprehensive data that could be useful to many people while
deciding what method to use for their specific needs. Since gelatin has both -NH; and
-COOH groups in abundance [49], in order to form a covalent bond between gelatin and
fibres’ surface, grafting methods such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride/N-hydroxysuccinimide (EDC/NHS) coupling and glutaraldehyde crosslink-
ing were used. Additionally, materials after physical entrapment of gelatin and immobilisa-
tion using EDC/NHS coupling without previous activation were prepared as controls. All
the approaches were compared for their immobilisation effectiveness and stability, impact
on fibres morphology, wettability, chemical structure, molecular weight, functionalization
stability as well as mechanical properties and L1929 cells response.

2. Materials and Methods
2.1. Materials

PLCL 70:30 (Resomer® LC703S, inherent viscosity = 1.3-1.8 dL/g, Ty =32-42 °C) was
purchased from Evonik (Essen, Germany). Hexafluoroisopropanol (HFIP) (purity degree
98.5%) was procured from Iris Biotech GmbH (Marktredwitz, Germany). Ethylenediamine
(EDA) (purity degree 99.5%), sodium hydroxide (NaOH), isopropanol (purity degree
99.8%), glutaraldehyde (GTA, conc. 25%), and tetrahydrofuran (THF) were purchased from
Chempur (Piekary Slaskie, Poland). Gelatin (G1890, type A, gel strength ~300 g Bloom)
and bicinchoninic acid (BCA) assay kit (QuantiPro™, for 0.5-30 pg/mL protein conc.) was
supplied by Sigma-Aldrich (St Louis, MO, USA). N-hydroxysuccinimide (NHS), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), Dulbecco’s Modified Eagle
Medium (DMEM), Phosphate-Buffered Saline (PBS) pH 7.4, Foetal Bovine Serum (FBS),
Trypsin EDTA, antibiotic (Penicillin-Streptomycin 10,000 U/mL), Presto Blue, NucBlue, and
ActinGreen were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Mouse
fibroblast 1.929 were purchased from Sigma-Aldrich (ATTC).

2.2. Electrospinning

All materials were electrospun using a Fluidnatek LE-50 electrospinning machine by
Bioinicia (Valencia, Spain). The polymer solution was prepared by dissolving PLCL in
HFIP with 7% w/w polymer concentration and stirred for 24 h at room temperature. Two
needles were fed with polymer solution at a rate of 3 mL/h each and the voltage was kept
in a 11-13 kV range. A drum collector (¢ 5 cm) was rotating at 300 RPM speed and the
distance from a needle tip to a collector’s surface was set to 15 cm. Electrospinning took
place in monitored air conditions set for 38 °C temperature and 40% humidity. Temperature
elevated to the polymer’s glass transition temperature (as provided by the manufacturer
Tgprcr 32-42 °C) was used in order to avoid shrinking that happens after electrospinning
of PLCL nonwoven at room temperature (20-23 °C).

After electrospinning was completed, to make sure no residual solvent was present
in the fibres, nonwoven mats were kept under a fume hood overnight and then trans-
ferred to a vacuum oven set to 50 mBar for 24 h at room temperature. All surface activa-
tion/crosslinking / functionalization steps were carried out on 4.5 cm x 4.5 cm squares that
electrospun materials were cut into.

2.3. Optimization of Surface Activation Methods

In order to determine the optimal parameters for the chosen surface activation meth-
ods, each of them was performed with a set of varying conditions (Table 1). All samples
were then subjected to a series of tests to assess their morphology, physicochemical proper-
ties, and activation efficiency. This approach enabled the selection of a final set of samples
with an already activated surface to undergo the next steps of functionalization.
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Table 1. Initial set of surface activation conditions applied in the optimisation step.

Optimisation Conditions

Activation Method . -
Treatment Time Reagent Concentration
Cold oxygen plasma 5, 10, 15, 40, 60 (s) -
Alkaline hydrolysis 10, 30, 60, 180 (min) 0.05,0.1,0.25,0.5, 1 (M NaOH)
Aminolysis 5,10, 15, 30 (min) 2,6,10 (% w/0 EDA in
isopropanol)

2.3.1. Hydrolysis

Alkaline hydrolysis experiments were performed at room temperature (25 °C). Sam-
ples were submerged in NaOH solutions with concentrations 0.05 M, 0.1 M, 0.25M, 0.5 M,
and 1 M for 10 min, 30 min, 60 min, and 180 min as mentioned in Table 1. An additional
sample underwent a reaction in 1 M NaOH solution for 360 min to determine changes that
occur in material subjected to extreme conditions. After appointed reaction times, samples
were transferred to 0.01 M HCI solution for protonation of newly created COO- groups
and subsequently to demineralised water for rinsing. Thus prepared samples were dried
in a vacuum oven at room temperature. Because of the observed decrease in thickness
of samples treated with higher NaOH concentrations, the samples that were chosen for
functionalization were also subjected to weight and thickness measurements before and
after the surface activation step.

2.3.2. Plasma

Cold oxygen plasma surface activation process was performed using a Plasma Cleaner
(Diener, ZEPTO PCCE, Ebhausen, Germany) machine. All samples underwent plasma
treatment with the same, low—1%, of instrument’s power, with 0.1 mBar oxygen pressure,
for a broad range of times: 5s,10s, 155,255, 40 s, and 60 s as mentioned in Table 1.

2.3.3. Aminolysis

This part of the experiments was based on the data collected in our previous study
on aminolysis, where an increase in the amount of NH, groups with the diamine concen-
tration and reaction time was observed and described [50]. Three concentrations—2%,
6%, and 10% w/v, and four different times—5 min, 10 min, 15 min, and 30 min were
examined, as mentioned in Table 1. For this work, to provide various amounts of NH,
groups on the materials” surface for the functionalization study, three different reaction
conditions were chosen that result in an amount of free NH; groups on the surface equal to
1.42 4 0.08 x 1078 mol/mg, 5.43 & 0.90 x 10~8 mol/mg, and 8.63 & 1.16 x 10~8 mol/mg
for A1, A2, and A3 samples, respectively. Aminolysis was conducted by immersing samples
in ethylenediamine /isopropanol solution, the temperature of the reaction was set at 30 °C.
The process was conducted in an orbital shaker incubator. After aminolysis samples were
washed three times in deionized water and dried under a vacuum overnight.

2.4. Functionalization

Gelatin immobilisation was executed via a three-step approach. First, PLCL nonwoven
materials cut into 4.5 cm X 4.5 cm squares were subjected to one of the three surface
activation processes: hydrolysis, cold oxygen plasma, or aminolysis. The final set of
process parameters was chosen for each method based on the results of the optimization
step: hydrolysis—0.1 M, 0.25 M, 0.5 M, and 1 M. for 3 h, for plasma—10 s and 40 s of
treatment, for aminolysis—three sets of EDA concentration and reaction time: 2%—5 min,
2%—10 min, and 6%—>5 min on the basis of the results from a previous study [50].

The next step consisted of gelatin crosslinking. Samples after surface activation with
hydrolysis and plasma were placed for 1 h in w/w 0.23%/0.12% EDC/NHS solution in
ethanol:water mixture with at 7:3 ratio. Simultaneously, a set of samples after aminolysis
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were placed in 1% w/v GTA in a water solution for 2.5 h at 24 °C to compare cross-linking
methods. All of the samples were thoroughly rinsed in demineralized water and right
afterwards submerged in 0.2% gelatin solution for 20 h at 37 °C. Gelatin immobilisation
was completed to make sure no unattached gelatin was present within the material, and
samples were once again placed in demineralized water and stirred, this time for 24 h at
37 °C. Two control samples of PLCL without surface activation were prepared. One placed
in an EDC/NHS solution followed by a gelatin bath, the other one only going through the
last step. All functionalized sample names are specified in Table 2.

Table 2. Names of all samples that underwent functionalization.

Surface Activation Method Time Reagent Concentration Crosslinking Method Name
1M H1
. 05M HO0.5
Hydrolysis 3h 025 M EDC/NHS H0.25
01M HO.1
10s P10
Plasma 40s EDC/NHS P40
5 min 2% w/v GTA Al
Aminolysis 10 min 2% w/v GTA A2
5 min 6% w/v GTA A3
Control (no activation) - - EDC{NHS C](E:N

2.5. Functionalization
2.5.1. Water Contact Angle

Water contact angle was measured with a goniometer (Data Physics OCA 15EC,
Filderstadt, Germany) using the sessile drop method. For each sample, the water contact
angle was measured not less than 10 times. For each measurement, the angle was recorded
at 0.5s, 3 s, 10 s, and 30 s after placing the demineralized water drop on the surface of
a sample.

2.5.2. Nonwovens Morphology

Scanning electron microscopy images (JSM-6010PLUS/LV InTouchScope™, JEOL,
Tokyo, Japan) were taken of each sample in order to assess changes in their morphology
after the surface activation process and then again after the functionalization step. Samples
were sputter-coated with approx. 10 nm of gold.

2.5.3. Quantification of -COOH Groups

Both plasma and hydrolysis treatments were expected to increase the -COOH group
density on the material’s surface. Toluidine blue-O test was performed to assess how
effective those processes were in various conditions. This colourimetric method works by
dye-staining deprotonated carboxyl groups on fibres” surfaces through ionic interaction.
Here, an adapted routine proposed by Gupta et al. [51] was used. Briefly, a 0.5 mM
solution of toluidine dye with pH10 was prepared. Samples were soaked in it for 5 h at
37 °C. Afterwards, nonwovens were thoroughly rinsed with NaOH of pH 9 to remove any
unattached dye. Next, the samples were transferred to acetic acid 50% w/w solution to
detach the dye in order to measure its concentration with a UV-vis spectrophotometer at
630 nm (The Multiskan™ GO, Thermo Fisher Scientific, USA).

2.5.4. Fourier Transform Infrared Spectroscopy (FTIR)

A series of infrared attenuated total reflectance (ATR) spectroscopy tests were per-
formed for two main purposes. First, during the optimization part of the work, to determine
the changes that occur in the materials subjected to hydrolysis and plasma treatment, and
later to assess the efficiency of gelatin attachment to the materials functionalized after
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surface activation with all three types of treatment. The infrared ATR spectroscopy tests
were conducted with a spectrometer Bruker Vertex 70 (Mannheim, Germany).

2.5.5. Molecular Weight

Molecular weight measurements were performed using a Nexera (Shimadzu, Japan)
device with THF as eluent. Gel permeation chromatography (GPC) equipment consisted of
a pump, column (Phenogel™ 5 um 10° A, Phenomenex), refractive index detector (RID-
20A, Shimadzu), and LabSolutions GPC software. All samples were dissolved in THF in
2 mg/mL concentration by vortex stirring for 24 h at room temperature and then filtered
with hydrophobic polytetrafluoroethylene (PTFE) syringe filters with 0.22 um pore size.
THF was used as a mobile phase with a flow rate equal to 1 mL/min. The temperature was
set at 40 °C. The molecular weight results were calculated using a polystyrene standard
(number averaged molecular weight from 3470 Da to 2,520,000 Da) calibration curve
coupled with the Mark-Houwink equation where « = 0.7, K = 14.1 x 10~ dL/ g for
polystyrene standard polymer, and o is 0.68, K is 4.84 x 10~* dL/g for PLCL according to
Nuuttilla M. et al. [52] were used.

2.5.6. Mechanical Tests

Mechanical tests were conducted using a Lloyd EZ-50 (United States of America)
device. Uniaxial tensile testing was performed with a 5 mm/min extension speed. From
each type of material three 50 mm x 5 mm rectangular samples were cut, their thickness
was measured at the ends and the results were averaged. For testing a sample was placed
in between two rubber-lined clamps, leaving the 20 mm x 5 mm part of the sample to
be extended.

2.5.7. Functionalization Stability

In order to determine the stability of gelatin coating on fibres’ surfaces, all the samples
underwent testing in conditions mimicking the environment of a living organism. Each
sample (4.5 cm x 4.5 cm) was immersed in 100 mL of PBS with a pH of 7.4 and placed in
an orbital shaker at 37 °C, 100 RPM (revolutions per minute). To prevent bacterial or fungi
growth, sodium azide in a concentration of 0.1% was added. After 24 h and 7 days, samples
were taken out and washed with demineralized water and dried with a vacuum oven.

2.5.8. Quantification of Gelatin Amount on Fibres” Surfaces

The amount of protein on fibres” surfaces was measured both right away after func-
tionalization as well as after biodegradation using a BCA assay kit (QuantiPro™, for
0.5-30 pug/mL protein conc.). For each of the modified materials, three samples of weight
1 £ mg were investigated. Each sample was put into an Eppendorf vial and 0.5 mL of
deionized water with 0.5 mL of BCA solution was added to the vial. To obtain a calibration
curve, gelatin solutions of concentrations in the range of 5-30 ng/mL were prepared. The
samples, as well as calibration solutions, were incubated for 2 h at 37 °C. Absorbance was
measured with a UV-vis spectrophotometer at 560 nm. Results were shown as the amount
of gelatin on the surface in pg per mg of fibrous sample.

2.6. Functionalization

The mouse fibroblast L929 cell line that was used to perform all cellular tests was
purchased from Sigma-Aldrich (ATTC). The culture medium used consisted of 89% Dul-
becco’s Modified Eagle’s Medium, 10% foetal bovine serum, and 1% antibiotic (penicillin-
streptomycin). For cytotoxicity on extracts and direct contact tests, nonwovens were cut
into 5 mm and 10 mm discs, respectively, sterilised with 80% ethanol and UV light for
30 min for each side.
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2.6.1. Quantitative Tests: Cytotoxicity on Extracts and Viability Test in Direct Contact

For the cytotoxicity test, material extracts were obtained by placing 5 samples (5 mm
in diameter) of each nonwoven type in a 96-well plate, then 200 uL of culture medium was
added to each well, and afterwards the plate was kept at 37 °C and gently stirred for 24 h.
At the same time, another 96-well plate was seeded with 10* cells/well and placed for 24 h
in an incubator (37 °C, 5% CO,). After 24 h the culture medium in the cell-seeded wells
was replaced with material extracts and put in the incubator for another 24 h.

To assess cell viability in direct contact with the materials, for each time point
(1, 2, 3 days), 3 samples (10 mm in diameter) were placed in separate 48-well plates
and seeded with a density of 10* cells/well and the plates were then put into the incubator.
For the 0-day control time point, the same number of cells was seeded into 3 empty wells
and the viability test was performed after 5 h so that cells had time to attach to the surface
of the well bottom.

For both cytotoxicity on extracts and 0-3-day tests in direct contact, the Presto Blue
method was used to assess cell metabolic activity. First, the culture medium was removed,
then each well was washed with PBS, Presto Blue reagent was added with PBS in the
1:9 ratio and next the plate was put in the incubator for 40 min. After this time, 100 uL
was transferred from each well to a 96-well plate and the fluorescence was read with the
excitation/emission 530/620 nm filters.

2.6.2. Qualitative Morphology Tests

For the purpose of assessing the morphology of cells cultured in direct contact with
functionalized nonwoven surfaces, two types of qualitative observation methods were
employed. The first was scanning electron microscopy (SEM) imaging and the second was
observing cells” actin skeleton and nuclei with fluorescence microscopy. For these, a 5-day
cell culture was performed where the materials were seeded with 2 x 103 cells/well. Sam-
ples for SEM imaging were fixed by immersing 2.5% glutaraldehyde for 2 h and then dehy-
drated in a series of ethanol solutions (30-100%) followed by ethanol/hexamethyldisilazane
(2:1, 1:2) mixtures. For fluorescence microscopy cells were fixed with 3% formaldehyde for
20 min, permeabilized with 0.01% triton x 100, and then stained with fluorescent dyes that
attach to the cell actin skeleton (ActinGreen) and nucleus (NucBlue).

3. Results and Discussion
3.1. Optimisation of Surface Activation Methods
3.1.1. Water Contact Angle

A nonwoven PLCL material, without any additional treatment, has a water contact
angle of 131.43° £ 1.94°, which means it is hydrophobic which is typical for aliphatic
polyesters [53]. The aminolysis reaction had no effect on this property as the samples
Al, A2, and A3 had water contact angles equal to 131.31° £ 1.37, 130.74° £ 1.63°, and
131.28° £ 0.84°, respectively. Lack of wettability improvement or only a small change after
aminolysis was reported earlier by others [54-56]. Both hydrolysis and plasma treatment
lowered the water contact angle of PLCL samples.

Cold oxygen plasma proved to be an extremely time-efficient method of making PLCL
fibres’ surface hydrophilic. All samples treated for at least 15 s had a 0° water contact angle
only 10 s after the water drop was placed on its surface (Figure 1a). Because of the nature
of fibrous materials, 0° means that the drop was effectively soaked into the material.

For hydrolysed PLCL samples, the decrease in water contact angle was dependent
on both reaction time and NaOH concentration. Figure 1b,c shows a comparison of
water contact angle measurement results for 180 min reaction time with varying NaOH
concentrations (Figure 1b) and for 1 M NaOH solution used for reaction times from 10 up
to 180 min (Figure 1c).
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Figure 1. Water contact angle of PLCL nonwoven samples after surface activation with (a) oxygen
plasma, (b) NaOH solutions with increasing concentrations for 3 h, (¢) 1 M NaOH solution for a set
of time periods up to 180 min.

From the group of samples hydrolysed for 3 h, 0.25 M, or higher NaOH concentration
was needed to make materials hydrophilic, with 0.5 M and 1 M NaOH enabling a water
drop to be soaked into the material within only 3 s (Figure 1b). Looking from the other side,
1 M NaOH had to be used for at least 30 min for the water contact angle to drop below
100° (Figure 1c).

3.1.2. Morphology

Fibres” morphology of all samples after surface activation was compared to untreated
PLCL (Figure 2a). All samples treated with oxygen plasma retained the material’s initial
morphology whereas both hydrolysis and aminolysis did have an effect depending on
activation conditions.

For hydrolysis, reaction times shorter than 3 h and concentrations lower than 0.5 M
NaOH did not result in any fibres’ morphology alteration. A sample placed in 0.5 M NaOH
for 3 h had its fibres’ surface slightly affected with small surface cracks (Figure 2b) and
for the same time in 1 M concentration these changes were more pronounced as the top
layer of the fibre surface seemed to be frayed, chipping off the fibres while the overall
architecture is still intact (Figure 2c). The sample treated with 1 M NaOH for 6 h showed
severe damage with both the surface of the fibres and the nonwoven structure being
compromised (Figure 2d).
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(d)

Figure 2. Scanning electron microscope images of PLCL nonwoven sample (a) untreated, after surface
activation with (b) 0.5 M NaOH for 3 h, (c) 1 M NaOH for 3 h, (d) 1 M NaOH for 6 h. The marker is
equal to 5 um.

In addition, measurements of both weight and thickness before and after surface
activation with NaOH (Figure 3) clearly show that the hydrolysis leads to surface degra-
dation of the polymer severe enough that the thickness and weight of the nonwovens are
significantly reduced. This reduction correlates linearly with NaOH solution concentration.
However, for the low 0.1-0.25 M NaOH concentrations, the drop in both values did not
reach 15%, and the samples that retained 72% and 46% of their initial weight, for 0.5 M and
1M, respectively, were visibly thinner even for the naked eye.
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Figure 3. Mass and thickness change after 3 h NaOH surface activation of PLCL nonwoven.
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A comparison of the fibre diameter distribution for the control PLCL sample and
material treated with 1 M NaOH for 3 h (Figure 2a,c) shows how surface erosion caused
by hydrolysis affected fibre thickness (Figure 4a,b). Whereas a bimodal character of the
distribution for untreated PLCL is preserved in the hydrolysed sample, both of the local
maxima present a lower value: 0.53 pm and 0.95 um for control and 0.49 um and 0.78 pm
for NaOH treated material. A small percentage of fibres with a diameter below 0.3 um are
not present in the material after hydrolysis.
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Figure 4. Fibre diameter distribution with local maxima and regression values of (a) an untreated
PLCL sample, (b) a sample treated with 1 M NaOH for 3 h. Data were fitted with Gaussian function.

In the case of aminolysis surface activation, within the range of diamine concentration
and reaction time that was chosen for this work based on our previous studies [50], no
changes in fibres” morphology were observed. It is valid even for treatment with 6%
diamine solution for 5 min, which was the highest chosen reaction conditions (Figure 5a).
Using higher diamine concentrations and longer reaction times led to fibres being prone
to brittle cracking without changing fibre diameter (Figure 5b). This effect is known and
utilized to fabricate fibrous fillers, e.g., for application in composite materials [57].

Figure 5. Scanning electron microscope images of PLCL nonwoven samples after surface activation
at 30 °C with (a) 6% diamine for 5 min, (b) 10% diamine for 30 min. The marker is equal to 5 um.
3.1.3. The Efficacy of the -COOH Group Introduction to the Material’s Surface

Both alkaline hydrolysis and oxygen plasma treatment were meant to increase -COOH
group content on the surface of PLCL material to enable functionalization with gelatin
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through crosslinking with EDC. Two tests were performed to assess this—Toluidine Blue O
(TBO) staining and ATR-FTIR spectroscopy.

In the TBO experiment, a control untreated sample of PLCL nonwoven obtained an
absorbance of 0.3 A.U. (absorbance unit). For the samples with surface activated with
oxygen plasma (Figure 6a) this value increased with treatment time, reaching a plateau at
10 s time point with about 0.97 A.U. This result did not change in a significant way with
longer exposure to plasma. With this method, the amount of -COOH groups on PLCL
fibres” surface can be, at maximum, increased to roughly 300% of its initial content.
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Figure 6. Toluidine Blue O test results for PLCL samples treated with (a) cold oxygen plasma,
(b) NaOH with varying concentrations and reaction times.

The increase in -COOH groups detected on the surface of samples that underwent
hydrolysis (Figure 6b) was, as predicted, relative to both NaOH concentration and reaction
time. For 0.05 M and 0.1 M NaOH solutions the absorbance value increased to 0.4 A.U.
after 10 min, it only reached about 0.6 A.U. even for the 3 h experiment. Much better results
were achieved with solutions of higher NaOH concentrations for which the increase was
more steady and steeper. For 0.5 M and 1 M NaOH solutions the absorbance measured
were 7 and 10 fold, respectively, the untreated PLCL value.

For the same purpose of assessing -COOH group content on a material’s surface, FTIR
spectroscopy analysis was focused on C=0 bond stretching vibrations. A very apparent
shift can be seen for the PLCL sample subjected to extreme (1 M NaOH, 6 h) hydrolysis
conditions (Figure 7). Although such conditions were not included in the final scope of
experiments planned for this work, they were useful in indicating a direction of changes
that could be observed with FTIR spectroscopy. A peak at 1756 cm ™! that comes from the
C=0 bond that belongs to an ester group, typical for aliphatic polyesters such as PLCL, is
replaced by a peak at 1721 cm™~! that comes from the C=O bond in the -COOH group [58].
The more hydrolysed the PLCL sample is, the clearer this shift. For a sample treated with 1
M NaOH for 1 h and 3 h, an elevation indicating a 1721 cm ! peak is still apparent, whereas
for a 0.5 M/3 h reaction the result is barely visible. Comparing these results to the TBO test
it could be concluded that for a sample to show any shift in the FTIR spectrum it needs to
reach at least 1.5 A.U in TBO staining. For the same reason, none of the FTIR spectra of the
samples treated with oxygen plasma showed any differences in comparison to untreated
PLCL material, which means this method is not as sensitive as the TBO test.

3.1.4. Molecular Mass Change

Each of the three surface activation methods has a different effect on the polymer’s
molecular weight as measured with gel permeation chromatography.

In the case of samples that underwent aminolysis and plasma treatment, a recognizable
drop in molecular mass was observed. For the chosen set of reaction conditions, the plasma
activation method proved to have a smaller impact on PLCL’s molecular weight than
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aminolysis. Oxygen plasma treatment also caused a more uniform decrease among both
smaller and bigger polymer chains, whereas aminolysis induced more damage to molecules
of smaller mass (Table 3, Figure 8a,b). A decrease in molecular weight after aminolysis and
plasma treatment was observed by other authors [59,60].
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Figure 7. A comparison of IR spectra for PLCL samples after hydrolysis, (a) full spectrum,
(b) 1680-1800 cm ! range that shows absorption of C=0 bond stretching frequency.
Table 3. The changes in weight (My,) and number (M) average molecular weight of PLCL af-
ter surface activation with different methods. Data for samples A1-A3 come from previously
published work [50].
Sample M, (kDa) M,, (kDa) % MppLcL % MwpLCL PDI
PLCL 58.7 88.3 100% 100% 1.50
Al 49.8 81.3 85% 92% 1.63
A2 47.8 75.9 81% 86% 1.59
A3 30.6 58.4 52% 66% 191
P10 545 82.1 93% 93% 1.51
P40 52.5 77.5 89% 88% 1.48
P60 46.0 71.3 78% 81% 1.55
H1 57.7 85.3 98% 97% 1.48
HO0.5 57.3 85.9 97% 97% 1.50
HO0.25 59.6 87.7 100% 99% 1.47
HO.1 56.4 85.2 96% 97% 1.51
HO0.05 57.3 86.2 97% 98% 1.51
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Figure 8. Molecular weight of PLCL treated with (a) aminolysis, (b) oxygen plasma.
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In comparison to both of those methods, the surface activation with NaOH was much
milder in its detrimental effect on the polymer’s molecular weight when looking at the
main chromatography peak (Figure 9a). However, it is important to note that hydrolysed
samples lost a fraction of their mass during the activation process (Figure 3) and thus the
GPC result shows the molecular mass only of the sample remaining after the hydrolysis.
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Figure 9. Molecular weight of PLCL treated with NaOH, (a) main peak, (b) small molecular
weight peak.

Although for the highest NaOH concentration of 1 M some shortening of longer
polymer chains can be seen in Figure 9a, the overall changes for both My, and M,, are
minimal for the material fraction left after hydrolysis (Table 3). Interestingly, a new second
peak for very small polymer molecules can be observed for samples treated with NaOH
concentrations varying from 0.25 to 1 M (Figure 9b). The higher the NaOH concentration,
the smaller the molecular weight of this new peak was. It is believed that this peak shows
the residues of heavily severed polymer chains that constituted the outer layers of the fibres
that were degraded during hydrolysis.

Combining SEM observation of rough and frayed fibres’ surface texture (Figure 2c), the
mass and thickness loss of the samples (Figure 3) and a relatively small shift in molecular
weight for the main chromatography peak, it was concluded that NaOH mainly affects
the material’s surface, leaving the core part of the fibre unscathed. In comparison, both

aminolysis and oxygen plasma inflict polymer chain severing in the whole mass of the
sample. For a material with a substantial molecular mass reduction (M,, = 11.6 kDa,
My, = 6.5 kDa) [50], fibres are prone to break, rather than fray, as can be seen in the SEM
image (Figure 5d) of a sample treated with a high diamine concentrated solution for a

prolonged period of time.

3.2. Comparison of Functionalized Materials
3.2.1. Gelatin Attachment and Stability

All samples after completed functionalization underwent FTIR spectroscopy as well
as BCA staining to confirm a successful attachment and measure the amount of gelatin of
their surface. BCA was used then again after 1 and 7 days of stability test.

A comparison of FTIR spectra in the 1500-1700 cm ! range shows a clear difference
between the pure PLCL sample and functionalized materials in the Amide I band region
1600-1700 cm~! (Figure 10). Apart from the H1 sample that has a distinct peak with a
maximum of around 1650 cm ™!, all other samples show a significant elevation in that
region above the result for a pure PLCL, however, the difference between each sample
is negligible. For the H1 sample, a peak in the Amide II band region is also pronounced
which further proves the presence of gelatin that is attached to the surface.
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Figure 10. Comparison of FTIR spectra of functionalized samples.

The results of BCA staining present gelatin amounts on the fibres’ surfaces at 0, 1,
and 7 days of incubation in PBS and confirm what was observed in FTIR spectra analysis,
that the highest gelatin amount was attached for the H1 sample (Figure 11). Much lower
values were observed for other hydrolysis-activated samples with the tendency to decrease
with a decline in the concentration of the solution. However, such a high value for the
H1 sample could be the effect of not only the -COOH group concentration but also the
high surface area of the fibre resulting from the surface fraying. There was also a positive
correlation between the time of plasma treatment and the amount of gelatin. In the case
of aminolysis, results are very similar for all samples without any relation between the
amount of -NH; groups and the amount of gelatin. The initial amount of the gelatin on the
surface of reference samples, C and CEN, was relatively high, being as high as for the P10
and P40 samples, respectively.

25 N 0 days

Sample name
Figure 11. Gelatin amount on the material’s surface after 0, 1 day, and 7 days of incubation in PBS.

For reference samples as well as for the H1 sample, a burst release of gelatin was
observed after one day of incubation in PBS. That indicates a relatively high percentage of
weakly bound absorbed gelatin, most probably due to physical interactions of polymer with
gelatin molecules. In the case of the H1 sample, the likely cause of this result is its increased
surface area associated with a strongly frayed surface of the fibres. For plasma-activated
samples, this effect was much slighter, and even less visible for the other hydrolysed and
aminolysed samples.

Results for the 7-day incubation were only slightly lower than for the 1-day incubation
for all samples, which indicates the stability of gelatin coating. Except for H0.1, for all
chemically modified samples, we observed higher values of gelatin amount than for both
reference samples, with the highest amount equal to 9.61 £ 0.22 pg/mg for the P40 sample.
It is worth noting that reference samples C and CEN with physically adsorbed gelatin
provide 58% and 53% of the initial gelatin amount, respectively, after 7 days of incubation.
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3.2.2. Water Contact Angle

All samples demonstrated complete (0°) wettability after functionalization with gelatin.
However, there were some differences observed in the time of water drop absorption into
the scaffold depending on the type of modification. The changes in wettability were also
observed for some samples after the incubation in PBS.

In the case of the reference samples (Figure 12a), the initial values of contact angle
were equal to 92 & 21.7° for the C sample, and 13 £ 29.3° for the CEN sample, and after
7 days of incubation, the initial contact angle was close to the angle before degradation for
the C sample being equal to 80 £ 14.13° and increased to 58.65 + 8.76° for the CEN sample.
An increase was then observed in the absorption time after 7 days of incubation for the C
sample, which can be related to the degradation of the coating.
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Figure 12. Water contact angle of PLCL nonwoven samples after surface functionalization:
(a) reference samples after 0, 1, and 7 days of incubation in PBS, (b) hydrolysed samples after
7 days of incubation in PBS, and (c) aminolysed samples after surface functionalization before
incubation in PBS.

Water drop on all hydrolysed samples before the degradation test was immediately
absorbed, hence there is no dedicated graph. However, after incubation in PBS, the time of
absorption slightly increased for hydrolysed samples (Figure 12b). There was no correlation
between the amount of gelatin in these samples and the absorption time. At the 10 s time
point, all hydrolysed samples have already absorbed the water drop.

In the case of aminolysed samples before the stability test, it was observed that the
stronger the aminolysis parameters applied, the lower the initial contact angle value
recorded. Interestingly, 7 day-incubation of PBS samples demonstrated higher wettability
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with immediate absorption of the water drop, which is in contrast to the reference and
hydrolysed samples (Figure 12c).

3.2.3. Mechanical Tests

The initial values of tensile strength and elongation at break for PLCL were equal
to 7.0 £ 0.3 MPa and 427.6 £ 28.0%, respectively (Figure 13e,f). For both control sam-
ples, a significant decrease in tensile strength was observed after gelatin immobilisation
(Figure 13a,e). This could be the effect of the applied temperature during gelatin immo-
bilisation and the resulting change in the polymer structure. The plasma-treated samples
demonstrated a slightly lower value of tensile strength in comparison to the reference sam-
ples (Figure 13b,e). In the case of the hydrolysed and aminolysed samples (Figure 13c—e), a
gradual decrease in maximum load with the intensity of applied reaction conditions was
observed. For the H1 sample, a dramatic decrease up to 3.2 &= 0.3 MPa was noticed. In the
case of the samples after aminolysis, this is the effect of the change in the molecular weight.
It was discussed in our previous study with reference to the theoretical explanation [61].
For hydrolysed samples, this could result from the surface defects generating stress in
the material.
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Figure 13. Uniaxial tensile stress test results. Stress—strain curves for: (a) control samples,
(b) materials treated with plasma, (c) hydrolysis, and (d) aminolysis. Graphs comparing: (e) tensile
strength, (f) elongation at break of investigated samples.
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For the control sample with physically adsorbed gelatin, an increase in elongation
at a break of 499.8 &+ 9.1% was observed (Figure 13f). However, that was an unexpected
result and not the case for the control sample activated with EDC/NHS. In the case of
plasma-treated samples, there was no change in elongation at break. The hydrolysed
samples showed a slight increase in the elongation at break for lower concentrations of
NaOH, and a decrease for higher concentrations, especially for the H1 sample, which is
a result of surface defects as in the case of tensile strength. For Al and A2 aminolysed
samples, only a slight decrease was detected. A more significant decrease was observed
for the A3 sample; however, the maximum extension value was still high being equal to
372.8 £ 23.5%. Generally, a decrease in strain at break after aminolysis treatment is reported
by other authors [62]. This is consistent with the results of the molecular weight change as
a decrease in the M.W. results in a decrease in polymer chain entanglements and thus in
the lower elongation at break.

3.2.4. Cellular Studies

The results of in vitro cytotoxicity test performed on materials’ extracts showed some
differences between the materials but did not indicate that any of the investigated samples
were toxic to the cells (Figure 14a). All values were above 70% of the control. Plasma
and NaOH treated materials (with the exception of the H1 sample) showed values above
control which might mean some of the gelatin from the surface migrated to the medium
and had a positive effect on the cells, but BCA test results do not prove this hypothesis.
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Figure 14. Quantitative in vitro test results, (a) 24-h cytotoxicity on material extracts, (b) 0-3 day

viability, and proliferation test in direct contact with the material.

The 0-3 day experiment where cells were cultured directly on the materials” surfaces
showed very similar and satisfactory results for all samples (Figure 14b). A slightly lower
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value was recorded for a control material with gelatin attached only via physisorption
which is difficult to explain while a pure PLCL material without any attached gelatin
obtained a result on par with the rest of the functionalized nonwovens.

The observations conducted via both scanning electron and fluorescence microscopy
of fibroblast cells cultured on the materials’ surface showed some small differences in their
morphology (Figures 15 and 16). L929 fibroblasts are a type of adherent, connective cell
line that in a living tissue are responsible for the production of an extracellular matrix and a
fibrous environment is their natural habitat. The less favourable the surface of the material
is, the rounder a fibroblast becomes in order to minimize its contact with it. In contrast,
the more native-like the surface they are seeded on is, the more likely they are to spread,
extending their filopodia and lamellipodia to attach themselves to the surface [63,64].

Figure 15. SEM microscopy images of L929 cells cultured the functionalized nonwoven materials
and TCP. The marker is equal to 5 pm.

Tissue culture polystyrene/plastic (TCP) that multiwell plates are made of is hy-
drophilic, and fibroblasts demonstrate flattened, spear-like or triangular, elongated shapes
when cultured on its surface. The cells cultured on the PLCL and C control samples, from
which one was not functionalized at all, the second had gelatin-only physisorbed and
showed inferior cell morphology compared to the CEN sample or TCP. There could be seen
cells in round form, or if spread, showing a visibly small number of filopodia. In the case
of the rest of functionalized materials, fibroblasts showed an improved morphology and
spreading with large numerous filopodia and lamellipodia in comparison to the control ma-
terials without gelatin. Among all tested samples, the fibroblast cells cultured on samples
H1 and P40 showed the greatest amount of filopodia indicating these materials possessed
the most attractive surface properties to the L929 cells. In the case of the H1 sample, it is
believed that such a result is a consequence of increased surface area. The surface roughness
of the fibres caused by hydrolysis, as was first stated in the last paragraph, is favourable by
fibroblasts as it mimics native ECM and provides more sites for attachment.
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Figure 16. Fluorescence microscopy images of L929 cells cultured the functionalized nonwoven
materials and TCP. The marker is equal to 25 pm.

It is experimentally proven that surface chemistry modulates the conformation of
adsorbed proteins [65,66]. Vallieres et al. [67] also reported differences in immobilised
fibronectin conformation depending on the crosslinking method. In this study, as the
-COOH groups of the polymer were activated during immersion in EDC/NHS solution
after plasma and hydrolysis treatment, they were cross-linked with the -NH; groups of
gelatin. Similarly, in the case of aminolysis and GTA activation, -NH; groups of gelatin
were also involved in the cross-linking. Another thing to consider is if the -NH, group,
which is involved in the crosslinking, originates from the RGD sequence, it could affect
its further biological activity. Currently, suitable peptide exposure after immobilisation
is the topic of many studies [68-70]. The proposed aminolysis-based modification differs
from the hydrolysis and plasma-based methods, as in that case there is a spacer between
the material surface and protein, consisting of diamine and glutaraldehyde chains. Other
authors reported that this could improve the biological efficiency of the biomolecule [71,72].
However, such a positive effect of the spacer presence was not observed in this study.

4. Conclusions

The main goal of this work was to compare three surface activation methods—hydrolysis,
aminolysis, and cold oxygen plasma in terms of both their effect on PLCL material, as well
as on enabling successful gelatin immobilization. The first part of the work consisted of the
optimisation of the conditions of those processes. Discarding all samples with significantly
altered morphology of the fibres and choosing the group with hydrophilic ones enabled the
main part of the work to be conducted on a set of materials with more uniform properties,
which facilitated the comparison of the final results of functionalized materials.

The results of all of the experiments indicated that all investigated surface activation
methods were successful in being the first step of the gelatin immobilisation process. A
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highly hydrophilic material with attached gelatin, which is more stable compared to the
control samples, was achieved for all three tested methods.

Cellular studies showed improved morphology and spreading of cells cultured on
functionalized materials compared to the untreated PLCL or the sample with physisorbed
gelatin only.

A comprehensive examination of functionalized materials revealed differences in their
properties that have to be taken into consideration when selecting which one of them
is the most suitable for a specific medical application. A decision should be based on a
specific function that the final scaffold material has to perform and the properties it needs
to possess.

The most noticeable differences between the three surface activation methods were in
how they affected the molecular weight of the polymer. Although both cold oxygen plasma
and aminolysis caused polymer chain degradation in bulk, the hydrolysis induced damage
on the surface of the material, whereas fibres’ cores were barely affected.

The frayed surface of the fibres observed for samples hydrolysed with 1 M NaOH did
help with gelatin attachment, as shown in the BCA test, but such harsh treatment resulted
in the lack of mechanical properties and the loss of the almost 60% of material mass. Too
many defects introduced to fibres” surfaces through hydrolysis weakened the material,
making it prone to tearing. Aminolysis and plasma treatment with the loss of molecular
weight increased brittleness.

These observations indicate that the use of any surface activation method
should be limited to the lowest concentration/reaction time that enables subsequent
satisfactory functionalization.

Future work following these findings should be focused on the optimisation of a
surface activation method and subsequent attachment of a biologically active molecule for
a specific application. Further biological studies conducted on functionalised materials
must be performed with the use of cell types relevant to the chosen application.
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