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Streszczenie

Niniejsza rozprawa doktorska obejmuje badania nad modyfikacja powierzchni wiokien
polimerowych wykorzystywanych jako podloza komoérkowe w inzynierii tkankowej. Widkna
zostaty otrzymane metoda elektroprzedzenia z trzech poliestrow alifatycznych nalezacych do
najczesciej wykorzystywanych w inzynierii tkankowej: poli(kaprolaktonu), poli(L-laktydu) i
poli(L-laktydu-ko-kaprolaktonu). Poliestry roznity si¢ czestoscig wystgpowania reaktywnych
grup estrowych w tancuchu makroczasteczki, temperaturg zeszklenia 1 stopniem
krystalicznos$ci. Celem modyfikacji byla poprawa wzrostu komoérek na podlozu poprzez
wprowadzenie grup aminowych na powierzchni¢ i przylaczenie zelatyny zawierajacej
sekwencj¢ peptydowa rozpoznawang przez komorki. Takie zmiany na poziomie molekularnym
skutkuja zwigkszeniem hydrofilowosci oraz wprowadzeniem biologicznej aktywnosci podioza.
Pierwszym etapem modyfikacji bylo przeprowadzenie reakcji aminolizy, a drugim
przylaczenie zelatyny za pomoca sieciowania glutaraldehydem. W ramach rozprawy wykonano
badania majace na celu analiz¢ mechanizméw modyfikacji oraz badania zmian wtasciwosci
podtoza i odpowiedzi komérkowej. Wyniki wskazaty, ze aminoliza prowadzona w tych samych
warunkach zachodzi wolniej na wtdknach niz na kontrolnych foliach poliestrowych oraz
reaktywnos¢ wiokien PCL jest znacznie nizsza niz wiokien PLCL i PLLA. Przedstawiono
mechanizmy obserwowanych zalezno$ci. Wykazano tez, ze fagodne warunki funkcjonalizacji
powoduja wprowadzenie wystarczajacej iloSci grup aminowych do widkien na tyle, aby
poprawi¢ odpowiedz komorkowa a jednocze$nie zachowaé wyjsciowa morfologie widkien i
bliskie wyjsciowym wiasciwosci mechaniczne. Stwierdzono pozytywny wplyw zarowno
chemicznego jak i1 kontrolnego fizycznego przytaczania zelatyny na odpowiedz komorkowa, ze
wskazaniem na lepszy efekt przylaczania chemicznego i wigksza stabilno$¢ wigzania zelatyny
w roztworze PBS. Przyczyng bardziej pozytywnego wplywu przylaczania chemicznego na
odpowiedz komoérek moze by¢ zardbwno wyzsza koncentracja zelatyny jak i jej specyficzna
konformacja molekularna, zapewniajaca lepsza ekspozycje sekwencji peptydowych

rozpoznawanych przez komorki.



Abstract

This doctoral thesis concerns research on the surface modification of polymer fibers used as
cell substrates in tissue engineering. The fibers were obtained via electrospinning technique
from three aliphatic polyesters, poly(caprolactone), poly(L-lactide), and poly(L-lactide-co-
caprolactone), being one of the most commonly used polymers in the tissue engineering. Given
polyesters differed in frequency of ester groups in macromolecule chain, glass transition
temperature, and degree of crystallinity. The aim of the modification was to improve cell growth
on the substrate by introducing amine groups onto the surface and immobilization of gelatin
containing peptide sequence, which is recognized by cells. Such changes on the molecular level
result in an increase in wettability and the introduction of the biological activity of the substrate.
The first step of the modification was an aminolysis reaction, and the second one - was gelatin
immobilization via glutaraldehyde crosslinking. Modification mechanism and impact on
substrate properties and cell response were studied. The results indicated that aminolysis
conducted in the same conditions proceeds slower on the fibers than on control polyester films.
Moreover, it was observed that the reactivity of PCL fibers is significantly lower in comparison
to PLCL and PLLA. Mechanisms of the observed dependence were presented. It has been
shown that mild conditions of the aminolysis functionalization cause the introduction of
sufficient quantities of amine groups on the fiber surface to improve cell response while fiber
morphology and mechanical properties are close to the initial ones. It was found that both
chemical and physical attaching the gelatin improved cell response. However, a superior effect
of immobilized gelatin and its higher stability in PBS solution were demonstrated for chemical
modification. The reason for a more positive effect of chemical immobilization on cell response
could be a higher amount of gelatin and/or its specific molecular conformation, which provides

better exposure of peptide sequences recognized by cells.
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Skroty
ANOVA jednoczynnikowa analiza wariancji (ang. analysis of variance)
ALD osadzanie warstw atomowych (ang. atomic layer deposition)

ATR-FTIR fourierowska spektroskopia w podczerwieni ostabionego catkowitego odbicia (ang.

attenuated total reflection—Fourier transform infrared spectroscopy)

ATRP polimeryzacja rodnikowa z przeniesieniem atomu (ang. atom transfer radical

polymerization)

BCA kwas bicynchoninowy (ang. bicinchoninic acid)

ECM macierz migdzykomodrkowa (ang. extracellular matrix)
EDA etylenodiamina

EDC/NHS 1-etylo-3-(3-dimetyloaminopropylo)karbodiimid/N-hydroksysukcynimid (ang. 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide)

GPC chromatografia zelowa (ang. gel permeation chromatography)

L929 linia fibroblastow mysich

MG-63 linia osteoblastopodobnych komorek ludzkich

PBS buforowana fosforanem sl fizjologiczna (ang. phosphate-buffered saline)
PCL poli(e-kaprolakton) (ang. poly(e-caprolactone))

PGA poli(glikolid) (ang. poly(glycolic acid)

pH ilosciowa skala kwasowosci 1 zasadowosci roztworéw wodnych zwigzkéw chemicznych
pl punkt izoelektryczny

PI wspotczynnik polidyspersyjnosci (ang. polydispersity index)

PLCL poli(L-laktyd-ko-kaprolakton) (ang. poly(L-lactide-co-caprolactone))
PLGA poli(L-laktyd-ko-glikolid) (ang. poly(L-lactide-co-glycolic acid))

PLLA poli(L-laktyd) (ang. poly(L-lactide))



RGD sekwencja aminokwasOow: arginina-glicyna-kwas asparaginowy, (ang. arginine (R),

glycine (G), aspartic acid (D), Arg-Gly-Asp)

SEM skaningowa mikroskopia elektronowa (ang. scanning electron microscopy)

THF tetrahydrofuran

WAXS szerokokatowe rozpraszanie rentgenowskie (ang. wide-angle X-ray scattering)

XPS rentgenowska spektrometria fotoelektronéw (ang. X-ray photoelectron spectroscopy)
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1.

Wstep
Inzynieria tkankowa jest dyscyplina, ktorej poczatki przypadaja na wezesne lata 90. XX
wieku. W 1993 roku zostata zdefiniowana przez Profesora Roberta Langera i Doktora Josepha
Vacantiego na tamach czasopisma Science jako ,,interdyscyplinarna dziedzina, wykorzystujgca
podstawy inzynierii i nauk biologicznych w celu pozyskania biologicznych zamiennikow, ktore
przywracaja, utrzymuja lub poprawiaja funkcjonowanie organu” [1]. Obecnie pod hastem
“tissue engineering” mozna wyszuka¢ 89118 oryginalnych artykutow w bazie publikacji

naukowych Scopus [2].

Nalezy podkresli¢, ze w niniejszej rozprawie pod terminem ,,inzynieria tkankowa”
rozumie si¢ badanie i wykorzystanie biomaterialowych biodegradowalnych podtozy
wszczepianych do organizmu, majacych stuzy¢ jako tymczasowe wsparcie dla wzrostu
komorek regenerowanej tkanki. W literaturze termin “inzynieria tkankowa” funkcjonuje
rowniez w stosunku do rozwigzan wykorzystujacych podtoza biomaterialowe zasiedlane
komorkami ex vivo [3], a takze w odniesieniu do materiatow pelnigcych funkcje nosnikow

wszczepianych komorek, takich jak hydrozele [4].

Wedlug definicji European Society for Biomaterials biomateriat to substancja inna niz
lek lub kombinacja substancji syntetycznych lub naturalnych, ktéra moze by¢ uzyta w
dowolnym czasie jako czg$¢ lub catos¢ systemu, zastgpujac tkanke lub organ, lub petiac jego
funkcje [5]. Jak wspomniano wczesniej, w inzynierii tkankowej wykorzystuje si¢ podtoza
wykonane z biodegradowalnych biomateriatéw, ktérych celem jest tymczasowe zastgpienie
funkcji tkanki 1 umozliwienie jej odbudowy. Podloza komorkowe dla celéw inzynierii
tkankowej powinny charakteryzowa¢ si¢ biozgodno$cia i bioaktywnoscia, odpowiednia
strukturg przestrzenna, odpowiednimi wlasciwosciami mechanicznymi, odpowiednia
szybkoscig biodegradacji, porowatoscig umozliwiajgcg transport substancji odzywczych,

strukturg optymalng dla wzrostu komoérek danej tkanki oraz powinny by¢ sterylizowalne [6, 7].

Poliestry alifatyczne, ktore sa przedmiotem niniejszej rozprawy wykazuja szereg
korzystnych wiasciwosci — sg biokompatybilne, biodegradowalne 1 tatwo przetwarzalne za
pomoca roznych technik. Formowane z nich metoda elektroprzedzenia podtoza komorkowe
imitujg uktad wtokien macierzy pozakomorkowej ECM. Jednak roéwnoczesnie, podtoza te s3
hydrofobowe i nieaktywne biologicznie, co jest niekorzystne z perspektywy adhezji i
proliferacji komoérek na poditozu. Nalezy zaznaczyC, ze na poczatkowym etapie wzrostu
komorek szczegodlne znaczenie ma ich oddziatywanie z powierzchnig podtoza, ktore jest

zalezne od zaadsorbowanych (lub wcze$niej przytaczonych) biatek.
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Wszczepienie obcego materialu do organizmu wywotuje natychmiastowg reakcje
fizjologiczng obejmujaca na poczatku adsorpcje biatek (m.in. fibronektyny, fibrynogenu,
albuminy) z otaczajacego plynu na powierzchni materialu [8]. Adsorpcja biatek jest
skomplikowanym 1 niestabilnym procesem zaleznym od wlasciwosci otaczajgcych ptynow
takich jak odczyn pH, temperatura, stezenie jonow i kompozycja medium [9], i od wiasciwosci
powierzchni materialu, np. zwilzalno$ci, swobodnej energii powierzchniowej, polarnosci,
tadunku i rodzaju grup funkcyjnych czy topografii (Rys. 1.) [10, 11]. Parametry te determinuja
rodzaj, ilo$¢, orientacje 1 konformacje zaadsorbowanych biatek co przektada si¢ na dalszg
odpowiedz biologiczng. Na przyktad, zaobserwowano, ze powierzchnie bardzo hydrofobowe
sprzyjaja adsorpcji biatek, ale i dochodzi na nich do ich denaturacji. Jest to spowodowane
silnymi oddziatywaniami hydrofobowej powierzchni i czasteczki biatka prowadzacymi do
zmian konformacji czgsteczki [10]. Moze to prowadzi¢ do utraty biologicznej aktywnosci
biatka. Z kolei powierzchnie bardzo hydrofilowe ze wzgledu na zaadsorbowang warstwe wody
1 niskg energi¢ swobodna na styku faz moga w ogole nie adsorbowa¢ biatek co skutkuje dalej
brakiem adhezji komorek na powierzchni materiatu [12]. Rownoczes$nie, adsorpcja okreslonych
biatek (np. albuminy) [13] lub zmiana konformacji przestrzennej biatka na hydrofobowej
powierzchni i ekspozycja danych sekwencji peptydowych moze aktywowa¢ komorki zerne,
makrofagi, w kierunku prozapalnym 1 w konsekwencji doprowadzi¢ do wytworzenia
tacznotkankowej wioknistej otoczki wokot podioza komoérkowego (Rys.2.), i dalej braku

integracji podtoza komorkowego z otaczajaca tkanka [14].
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Rysunek 1. Kluczowe wiasciwosci powierzchni podtoza wpltywajace na interakcje komorka-

podtoze [15].
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Adhezji pozadanych komorek na powierzchni podloza sprzyja adsorpcja lub
wczesniejsze przylaczenie odpowiednich biatek (np. fibronektyny). Wazne jest tutaj
odtworzenie naturalnego mechanizmu potaczenia komorek z widknami macierzy
pozakomorkowej. Do potgczenia komorka-wiokno dochodzi za pomocg rozpoznawania danych
sekwencji peptydowych biatek macierzy przez receptory komorki, integryny [16]. Na przyktad,
sekwencja peptydowa skladajaca si¢ z aminokwaséw argininy, glicyny i kwasu
asparaginowego (Arg-Gly-Asp, RGD) znajdujaca si¢ m.in. w fibronektynie i zelatynie jest
rozpoznawana przez integryny avp3 i a5B1 obecne w wielu komdrkach, np. fibroblastach linii
L929 [17, 18]. Na dalszych etapach, jako$¢ polaczenia komodrka-podioze wplywa na
funkcjonowanie komorki, jej proliferacje, produkcje macierzy ECM, sekrecj¢ genow, itd., a
takze odbior sygnatéw z otoczenia komorki. Tzw. ,,focal adhesions”, kompleksy integryn
powigzanych zarowno z widknami ECM, jak i1 z wldoknami aktynowymi komorek, pozwalaja
na przekazywanie sygnatow mechanicznych z macierzy pozakomorkowej do komorek [19], co
powoduje, np. rdéznicowanie si¢ komoérek macierzystych do fenotypu osteoblastow.
Wytworzenie dobrego potaczenia migedzy komoérkami a podlozem ma wigc bardzo istotny
wplyw na proces odbudowy i funkcjonowanie tkanki.

BIOMATERIAL .. PROTEIN MACROPHAGE CAPSULAR

IMPLANTATION “ADSORPTION ADHESION ENCAPSULATION ™ <o\ TRACTURE

IMPLANT

Rys. 2. Etapy reakcji organizmu na wszczepiony biomateriat z uwzglednieniem reakcji

obronnej na ciato obce [20].

Obecnie, obserwuje si¢ znaczny rozw¢j metod modyfikacji powierzchni materiatow
polimerowych dla inzynierii tkankowej [21, 22]. Do wykorzystywanych technik nalezg m.in.
obrobka plazma, obrobka promieniowaniem UV, osadzanie cienkich warstw (ALD), ablacja
laserowa, metody chemiczne: hydroliza, aminoliza, polimeryzacja rodnikowa ATRP itd. [23].

Celem modyfikacji jest zmiana wlasciwosci powierzchni majacych znaczenie dla adsorpcji
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biatek lub takich, ktére bezposrednio wptywajg na adhezje i funkcjonowanie komorek. Na
przyktad, dodatnio natadowana powierzchnia materialu moze oddziatywa¢ z ujemnie
naladowang blong komorkows, a zmiana topografii prowadzi¢ do zmian ksztaltu komorek czy
kierunku roznicowania komoérek macierzystych. Drugim nurtem w modyfikacji powierzchni
podtozy jest pokrywanie biomolekutami, bardzo czgsto biatkami, dzigki ktorym podtoza staja
si¢ bioaktywne. Biatka przylaczane sa przy wykorzystaniu fizycznej adsorpcji lub metod
chemicznych [24]. Chemiczne przytaczanie czgsto sktada si¢ z dwoch etapow, wprowadzenia
grup funkcyjnych na powierzchni podtoza komorkowego, np. grup karboksylowych za pomoca
obrobki plazma czy hydrolizy, czy grup aminowych za pomoca reakcji aminolizy, a nastepnie
etapu wigzania przytaczonych grup funkcyjnych z biatkiem, np. za pomocg Sieciowania z
wykorzystaniem pochodnych karbodiimidowych czy za pomoca glutaraldehydu. Kluczowa
kwestig jest zachowanie aktywnosci biologicznej czasteczki biatka po przytaczeniu do podtoza
komorkowego. Metoda fizycznej adsorpcji jest tatwiejsza do przeprowadzenia i nie wymaga
stosowania agresywnych odczynnikéw chemicznych, jednak moze powodowa¢ denaturacje
czasteczki biatka. W takiej postaci biatka moga nie spelnia¢ swojej funkcji biologicznej [10].
W literaturze zwraca si¢ tez uwage na to, ze biatka przytaczone wigzaniami fizycznymi podczas
kontaktu z otaczajacym plynem fizjologicznym moga by¢ zastgpowane innymi biatkami na
zasadzie “competitive replacement” znanego tez jako efekt Vromanna [10]. Potaczenie biatek
z podlozem wigzaniami chemicznymi w wigkszym stopniu zapewnia zachowanie danej

konformacji bialka i stabilno$¢ wigzania.

W rozprawie badano modyfikacj¢ powierzchni sktadajaca si¢ z dwodch etapow,
funkcjonalizacji powierzchni poprzez wprowadzenie grup aminowych za pomocg reakcji
aminolizy oraz przylaczenia zelatyny jako biatka zawierajacego sekwencj¢ RGD. Dwie prace
z cyklu publikacji wlaczonych w rozprawe dotycza pierwszego etapu, reakcji aminolizy
przeprowadzonej na foliach 1 wtokninach poliestrowych. Reakcja aminolizy przebiega wedtug,
do$¢ powszechnego w chemii organicznej, mechanizmu substytucji nukleofilowej. W
przypadku aminolizy, nukleofilem jest amina, diamina badz poliamina atakujaca grupg¢ estrowa
(-COO-) licznie wystepujaca w tancuchu poliestru. W niniejszej pracy reakcje aminolizy
przeprowadzono stosujac etylenodiaming. W trakcie reakcji aminolizy dochodzi do zerwania
wigzania estrowego poliestru i przytagczenia w tym miejscu grupy aminowej diaminy za pomoca
wigzania amidowego (-CONH-) oraz powstania dodatkowych grup hydroksylowych [25].
Druga grupa aminowa diaminy pozostaje wolna i moze by¢ wykorzystana do przytaczenia

czasteczki biatka. W niniejszej pracy przylaczone wolne grupy aminowe zostaly powigzane z
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zelatyng za pomoca reakcji z glutaraldehydem co byto przedmiotem badan trzeciej publikacji z
cyklu. Glutaraldehyd wigze si¢ jedng ze swoich grup aldehydowych z przytaczong do poliestru
wolng grupg aminowa, a druga z grupa aminowg zelatyny, sieciujac zelatyne z poliestrem.
Grupa aldehydowa i grupa aminowa reaguja ze sobg tworzac tzw. zasade Schiffa [26]. Nalezy
doda¢, ze przytaczone do podtoza komdrkowego grupy aminowe moga by¢ wigzane rowniez z
innymi grupami funkcyjnymi biomolekut takimi jak grupy karboksylowe, hydroksylowe czy
tiolowe za pomoca odpowiednich czynnikow sieciujagcych [27]. W ostatniej z prac
wchodzacych w cykl publikacji rozprawy, przytaczanie zelatyny z wykorzystaniem aminolizy
zostato poréwnane z metodami bazujacymi na reakcji hydrolizy i obrobce plazmg tlenows.
Obie metody powoduja zrywanie wigzan estrowych poliestru i wprowadzaja do tancucha
poliestru grupy karboksylowe i hydroksylowe. Przytaczenie zelatyny odbywa si¢ wowczas za
pomoca wigzania jej grup aminowych z grupami karboksylowymi podtoza z wykorzystaniem

sieciowania bazujacego na pochodnych karbodiimidowych, np. odczynniku EDC.
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Cele pracy

1) poréwnanie przebiegu reakcji aminolizy dla submikronowych witdkien i folii
poliestrowych z uwzglednieniem efektywnos$ci przytaczania grup aminowych oraz
wptywu reakcji na zmiany stopnia krystalicznos$ci, wtasciwosci mechaniczne i
zwilzalno$¢ wlokien i folii,

2) okreslenie wptywu budowy chemicznej wildkien z poliestrow alifatycznych na
efektywnos$¢ aminolizy oraz optymalizacja parametrow reakcji aminolizy prowadzone;j
na submikronowych widknach poliestrowych tak, aby uzyska¢ poprawe odpowiedzi
komorkowej bez obnizania wtasciwosci mechanicznych i zmiany morfologii widknin,

3) wykazanie wptywu efektywnosci aminolizy na ilo$¢ przytaczonej zelatyny do
powierzchni poliestrowych wlokien i ocena wplywu tej ilosci na odpowiedz
komoérkowa oraz wpltywu warunkéw przylaczania na wlasciwosci mechaniczne
wiokien,

4) poroéwnanie opracowanej metody przylaczania zelatyny z dwoma innymi metodami,

opartymi na hydrolizie oraz obrébce plazma tlenowa.

Hipoteza badawcza

Specyfika struktury submikronowych wiokien formowanych metoda elektroprzedzenia
determinuje przebieg 1 efektywno$¢ procesu aminolizy inny niz w przypadku folii
poliestrowych. Dodatkowo, zréznicowanie budowy chemicznej poliestrow wptywa na przebieg
aminolizy.

Mimo to, mozliwy jest taki dobor warunkéw aminolizy, ktoéry prowadzi do
odpowiedniego stgzenia grup aminowych na powierzchni wiokien, warunkujacych
przytaczenie zelatyny w stezeniu zapewniajagcym poprawe odpowiedzi komorkowej,

pozwalajac na zachowanie morfologii widkien i ich wytrzymatosci mechanicznej.
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4.

Materialy

4.1. Poliestry alifatyczne

Poliestry alifatyczne sg polimerami posiadajagcymi wigzanie estrowe (—C(=0)—0—) w
tancuchu gtownym. Wiazanie estrowe, powszechnie wystepujace w przyrodzie, ulega reakcji
hydrolizy, dzi¢ki czemu dochodzi do rozpadu czasteczek pod wptywem kontaktu z woda [28].
Podobnie, syntetyczne poliestry alifatyczne rowniez dobrze degraduja w $rodowisku. W
inzynierii tkankowej poliestry alifatyczne znalazly zastosowanie ze wzgledu na kilka cech:
degradowalnos¢, biozgodno$¢é, dobra przetwarzalnos¢ 1 odpowiednie wlasciwosci
mechaniczne. Do najczesciej stosowanych zalicza si¢ PLLA, PLCL, PCL, PGA, PLGA. W
pracy badano folie 1 wtdkna otrzymane z trzech poliestrow: PCL, PLLA i kopolimeru laktydu
i kaprolaktonu, PLCL. Polimery réznily si¢ miedzy sobg m.in. gesto$cig wystgpowania
wigzania estrowego w tancuchu czasteczki, bedaca najwyzsza dla PLLA, a najnizsza dla PCL
1 temperaturg zeszklenia, podobnie, najwyzszg dla PLLA, a najnizszg dla PCL. Otrzymane z
poliestréow folie 1 witdkna roznity si¢ migdzy soba stopniem krystaliczno$ci, przy czym

najwyzszy wykazywaty folie i wiokna PCL, a najnizszy - obie formy PLLA.

4.2. Etylenodiamina

Etylenodiamina (C2HgN2) jest organicznym zwigzkiem chemicznym z grupy amin.
Wykorzystywana jest w przemysle chemicznym do otrzymywania, np. zywic poliamidowych i
formaldehydowo-mocznikowych,  barwnikow,  woskéw  syntetycznych,  Srodkéw
antykorozyjnych oraz jako emulgator i stabilizator gumy [29]. Dobrze rozpuszcza si¢ m.in. w
alkoholach i wodzie [25]. Diaminy, do ktorych nalezy etylenodiamina, sg wykorzystywane w
inzynierii tkankowej w badaniach funkcjonalizacji powierzchni polimerowych podtozy
komorkowych. Dziatanie diamin opiera si¢ na addycji nukleofilowej do grupy karbonylowej
poliestru - zerwaniu wigzania estrowego i przylaczeniu si¢ w tym miejscu grupy aminowe;j
diaminy. Druga z grup aminowych przytaczonej diaminy pozostaje wolna, co zwykle zwigksza
zwilzalno$¢ podtoza komoérkowego ze wzgledu na hydrofilowy charakter grup aminowych.
Funkcjonalizacja powierzchni za pomoca diamin umozliwia takze dalsza modyfikacje

chemiczng poprzez przyltaczanie do grup aminowych biomolekut.

4.3. Glutaraldehyd
Glutaraldehyd (CsHgO>) jest organicznym zwigzkiem chemicznym z grupy aldehydow.
Stosowany jest m.in. do sterylizacji narzedzi chirurgicznych i endoskopow, garbowania skory,

utrwalania struktur biologicznych do obserwacji mikroskopowej [30, 31]. Glutaraldehyd moze
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sieciowac biatka poprzez reakcje grup aldehydowych z grupami aminowymi biatek i tworzenie
tzw. zasad Schiffa. Jest wykorzystany w inzynierii tkankowej do wigzania bialek z grupami

aminowymi przytagczonymi wczesniej do powierzchni podtoza komorkowego.

4.4. Zelatyna

Zelatyne otrzymuje si¢ poprzez zniszczenie sieci wigzah utrzymujacych naturalng
nadmolekularng strukture kolagenu [32]. Kolagen ulega denaturacji do zelatyny podczas
odpowiedniej obrobki termicznej. W =zalezno$ci od zastosowanych warunkoéw reakcji
otrzymuje si¢ zelatyne typu A (punkt pl przy pH rownym 8-9) w warunkach kwasnych i
zelatyng typu B (punkt pI przy pH rownym 4-5) w warunkach zasadowych [33]. W odréznieniu
od kolagenu zelatyna jest rozpuszczalna w wodzie. Zniszczenie wigzan sieciujgcych w
kolagenie powoduje, ze lepiej wyeksponowana jest sekwencja peptydowa sktadajaca si¢ z
aminokwasow argininy, glicyny i kwasu asparaginowego (Arg-Gly-Asp, RGD), ktora jest
odpowiedzialna za wigzanie si¢ z integrynami, receptorami komoérek odpowiedzialnymi za

adhezj¢.

5.  Metody

5.1. Formowanie wloknin poliestrowych

Podloza komoérkowe w postaci wldknin otrzymano za pomocg metody
elektroprzedzenia. Elektroprzedzenie jest technika formowania widkien z roztworu polimeru.
Roztwor jest tloczony z okreslong predko$cia poprzez strzykawke z igla, do ktorej przytozone
jest duze napiecie elektryczne. W komorze przedzalniczej znajduje si¢ rowniez kolektor, ktory
jest uziemiony lub podtaczony do napigcia o przeciwnym potencjale. Wystgpujaca miedzy igla
a kolektorem réznica napig¢ powoduje powstanie sit elektrostatycznych i rozcigganie kropli
naladowanego roztworu polimeru do postaci tzw. stozka Taylora, z ktorego formuje si¢ cienki
strumien, ktory nastepnie ulega spiralnym zawirowaniom i dalszemu pocienieniu na drodze do
kolektora. ROwnoczesnie nastepuje tez odparowywanie rozpuszczalnika 1 osadzanie wtokien

na obracajacym si¢ kolektorze.

Badane w rozprawie wlokniny zostaly wytworzone z roztwordw poliestrow
alifatycznych w odpowiednich rozpuszczalnikach. Zastosowano 15% (w/w) roztwor PCL w
mieszaninie kwasow octowego i mrowkowego w stosunku 9:1 (w/w), 7% (w/w) roztwor PLCL
w heksaizopropanolu, 3.5% (w/w) roztwor PLLA w heksaizopropanolu. Zastosowano

horyzontalny tryb elektroprzgdzenia. Dystans miedzy igla a kolektorem wynosit 15 cm,
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kolektor obracat si¢ z predko$cig 300 rpm. Do igly przyktadano napigcie 12-15 kV w przypadku
PCL i 12-14 kV dla PLCL i PLLA, a do kolektora napiecie -2 kV lub 0 kV. Wartosci
temperatury i wilgotnosci wynosity odpowiednio: dla PCL: 24°C, 40%, dla PLCL: 38°C, 40%,
dla PLLA: 24°C, 40%. Byly to optymalne wartosci pozwalajace na formowanie wioknin o
odpowiedniej morfologii. Szczegdtowe informacje na temat warunkéw formowania widknin

poliestrowych znajduja si¢ we wszystkich publikacjach z cyklu.

5.2. Formowanie folii poliestrowych
Folie poliestrowe zostaly uformowane poprzez wylanie roztworéw polimeréw na
specjalnie przygotowane szklane podloza, pozostawienie do odparowania i zdjecie z podioza.
Zastosowano te same rozpuszczalniki i stezenia polimerdw w roztworach jak w przypadku

metody elektroprzedzenia.

5.3. Funkcjonalizacja wlokien i folii poliestrowych za pomocg reakcji aminolizy

Widkna poliestrowe i folie zostaly poddane funkcjonalizacji za pomocg reakcji
aminolizy poprzez zanurzenie w roztworze alkoholowym etylenodiaminy. W celu poréwnania
reaktywnosci widkien poliestrowych 1 folii zastosowano takie same warunki reakcji: 6% (w/v)
roztwor EDA w izopropanolu, temperaturg: 30°C, czas: 5 i 15 minut. W przypadku
optymalizacji aminolizy wtokien z uzyciem EDA zastosowano r6zne warunki reakcji. Dla PCL
stezenie EDA w 1zopropanolu wynosito 10%, 20% lub 30% (w/v), a dla PLCL 1 PLLA: 2%,
6% lub 10% (w/v), za$ czasy reakcji wynosity odpowiednio: 30 min, 6h, 24h i 72h dla PCL
oraz 5 min, 10 min, 15 min i 30 min dla PLCL i PLLA. Reakcj¢ prowadzono w temperaturze
30°C, w inkubatorze z funkcjg mieszania. Po reakcji aminolizy probki byty ptukane 3-krotnie
w wodzie dejonizowanej, a nast¢pnie suszone pod wyciggiem. Szczegdtowe informacje na
temat funkcjonalizacji znajduja si¢ w publikacjach: Aminolysis of various aliphatic polyesters
in a form of nanofibers and films i Aminolysis as a surface functionalization method of aliphatic

polyester nonwovens: impact on material properties and biological response.

5.4.  Przylaczenie  zelatyny do  powierzchni  wlékien  poliestrowych
funkcjonalizowanych za pomocg reakcji aminolizy

Do badania przylaczania Zelatyny wybrano po dwa zestawy warunkéw reakcji

aminolizy dla kazdego typu wtokien, dla PCL: 1) ¢ = 10% w/v, t = 24h, 2) ¢ = 30% w/v, t =

24h, dla PLCL: 1) ¢ = 2% w/v, t =5 min, 2) ¢ = 10% w/v, t = 10 min, dla PLLA: 1) ¢ = 2%

w/v, t =5 min, 2) ¢ = 6% w/v, t = 10 min. Temperatura reakcji aminolizy wynosita 30°C. Po

przeprowadzeniu funkcjonalizacji za pomocg aminolizy probki zanurzono na 2.5h w 1% (w/v)
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rozworze wodnym glutaraldehydu w temperaturze 25°C. Nastepnie, wyplukane probki
umieszczono na 24h w 0.2% w/v roztworze wodnym zelatyny w temperaturze 38°C.
Analogicznie, niefunkcjonalizowane prébki kontrolne zanurzono w roztworze zelatyny w celu
przeprowadzenia fizycznej adsorpcji zelatyny. Nastepnie probki ptukano przez 24h w
temperaturze 38°C i suszono pod wyciggiem. Szczegotowe informacje na temat przyltgczania
zelatyny znajduja si¢ w publikacji: Immobilization of Gelatin on Fibers for Tissue Engineering

Applications: A Comparative Study of Three Aliphatic Polyesters.

5.5. Funkcjonalizacja wlokien poliestrowych za pomoca reakcji hydrolizy
Hydroliza zasadowa wtokniny PLCL zostala przeprowadzona poprzez jej zanurzenie w
roztworze NaOH o odpowiednim stezeniu: 0.1 M, 0.25 M, 0.5 M i 1 M, na czas 3h w
temperaturze 25°C. Nast¢pnie probki zanurzono w 0.01 M roztworze HCI w celu protonacji
nowo utworzonych grup COO™ oraz wyplukano w wodzie i osuszono pod wyciggiem.
Szczegotowe informacje na temat funkcjonalizacji znajduja si¢ w publikacji: A Comparative

Study of Three Approaches to Fibre's Surface Functionalization.

5.6. Funkcjonalizacja wlékien poliestrowych za pomoca obrébki niskotemperaturowg
plazma tlenowa

Do przeprowadzenia obrobki niskotemperaturowg plazmg tlenowa na wildkninach

PLCL wykorzystano urzadzenie Plasma Cleaner (Diener, ZEPTO PCCE, Ebhausen, Niemcy).

Zastosowano niskg moc wynoszaca 1% mocy urzadzenia i ci$nienie tlenu wynoszace 0.1 mBar.

Czasy obrobki wynosity 10 s i 40 s. Szczegotowe informacje na temat funkcjonalizacji znajduja

si¢ w publikacji: A Comparative Study of Three Approaches to Fibre’s Surface

Functionalization.

5.7.  Przylaczenie @ zelatyny do  powierzchni  wlékien  poliestrowych
funkcjonalizowanych za pomoca reakcji hydrolizy lub obrobki plazma
Widkniny PLCL poddane wcze$niej hydrolizie i obrdbce plazma zostaty zanurzone na
1h w 0.23%/0.12% (w/w) roztworze pochodnej karbodiimidowej EDC z odczynnikiem NHS w
mieszaninie etanolu 1 wody w stosunku 7:3. Po wyplukaniu w wodzie probki zostaly
umieszczone w 0.2% (w/v) roztworze zelatyny na 20 h w temperaturze 38°C. Nastepnie probki
ptukano w wodzie przez 24h i osuszono pod wyciagiem. Szczegdlowe informacje na temat
przytaczania zelatyny znajduja si¢ w publikacji: A Comparative Study of Three Approaches to

Fibre’s Surface Functionalization.
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5.8. Charakteryzacja wlokien poliestrowych po modyfikacji

5.8.1. Obrazowanie wlokien za pomoca skaningowej mikroskopii elektronowej
Obrazowanie widkien wykonano za pomoca skaningowego mikroskopu elektronowego
(Jeol, JISM-6010PLUS/LV InTouchScope™, Akishima, Tokio, Japonia). Przed obrazowaniem
probki pokryto zlotem. Zastosowano napigcie wigzki elektronow w zakresie 7-10 kV.
Szczegodtowe informacje na temat badania znajduja sie w publikacjach: Aminolysis as a surface
functionalization method of aliphatic polyester nonwovens: impact on material properties and
biological response i Immobilization of Gelatin on Fibers for Tissue Engineering Applications:

A Comparative Study of Three Aliphatic Polyesters.

5.8.2. Ocena stezenia przylaczonych grup aminowych

Do oceny stezenia przylaczonych grup aminowych wykorzystano test ninhydrynowy.
Test wykonano na 3 probkach dla kazdego typu materiatu. Reakcj¢ przeprowadzono poprzez
zanurzenie probki w 2% (w/v) roztworze ninhydryny w etanolu z dodatkiem kwasu octowego
w stosunku 49:1. Przygotowane roztwory podgrzewano przez 10 min na ptytce o temperaturze
100°C. Po dodaniu odpowiednich rozpuszczalnikow, probki roztworéw zostaly poddane
pomiarom absorbancji §wiatta o dlugosci 570 nm za pomoca spektrofotometru (Thermo Fisher
Scientific, MultiskanGo, Waltham, MA, USA). Stezenie grup aminowych zostato obliczone na
podstawie przygotowanej krzywej kalibracyjnej. Szczegdétowe informacje na temat badania
znajduja si¢ w publikacjach: Aminolysis of various aliphatic polyesters in a form of nanofibers
and films i Aminolysis as a surface functionalization method of aliphatic polyester nonwovens:

impact on material properties and biological response.

5.8.3. Ocena stezenia przylaczonej zelatyny

Stezenie przylaczonej zelatyny oceniono za pomocg kolorymetrycznego testu BCA.
Roztwér BCA zostal przygotowany wedtug instrukcji producenta. Test wykonano na 3
probkach dla kazdego typu materiatu poprzez zanurzenie w roztworze BCA 1 inkubacj¢ przez
2h w temperaturze 37°C. Probki roztworow zostaty poddane pomiarom absorbancji $wiatta o
dhugosci 562 nm za pomocag spektrofotometru (Thermo Fisher Scientific, MultiskanGo,
Waltham, MA, USA). Stezenie zelatyny dla probek zostato obliczone na podstawie krzywe;j
kalibracyjnej otrzymanej z pomiardw roztworéw zelatyny o réznym stezeniu. Szczegdtowe
informacje na temat badania znajduja si¢ w publikacji: Immobilization of Gelatin on Fibers for

Tissue Engineering Applications: A Comparative Study of Three Aliphatic Polyesters.
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5.8.4. Ocena struktury molekularnej powierzchni probek
Powierzchniowa struktura molekularna probek zostala oceniona za pomoca
spektroskopii ATR-FTIR przy uzyciu spektrometru (Bruker, Vertex 70, Mannheim, Niemcy).
Pomiary prowadzono w zakresie 4000-400 cm™. Rozdzielczoé¢ pomiaru wynosita 2 cm™.
Szczegbdtowe informacje na temat badania znajdujg si¢ w publikacjach: Aminolysis of various
aliphatic polyesters in a form of nanofibers and films i Aminolysis as a surface functionalization
method of aliphatic polyester nonwovens: impact on material properties and biological

response.

Wybrane probki, kontrolna i poddane aminolizie, zostaty zbadane metoda spektroskopii
XPS, za pomocg urzadzenia PHI VersaProbe II (Physical Electronics, Chanhassen, MN, USA)
wyposazonego w zrodlo monochromatycznego promieniowania Al Ko (1486.6 eV). Moc
promieniowania wynosita 25W. Wigzka zostala skupiona na obszarze 100 um. Szczegdtowe
informacje na temat badania znajduja si¢ w publikacji: Aminolysis as a surface
functionalization method of aliphatic polyester nonwovens: impact on material properties and

biological response.

Wybrane probki, kontrolna, poddana aminolizie, i z przylaczona Zelatyna, zostaty
zbadane metodg spektroskopii XPS, za pomocg urzadzenia SPECS (GmbH, Berlin, Niemcy)
przy uzyciu niemonochromatycznego zrodla promieniowania Mg Ka (1253.6 eV).
Szczegotowe informacje na temat badania znajduja si¢ w publikacji: Immobilization of Gelatin
on Fibers for Tissue Engineering Applications: A Comparative Study of Three Aliphatic

Polyesters.

5.8.5. Ocena struktury supermolekularnej probek

Pomiary metoda dyfraktometrii WAXS wykonano za pomocg dyfraktometru (Bruker,
D8, Mannheim, Niemcy) wyposazonego w zrodto promieniowania CuKo, przy napigciu
wynoszacym 40 kV, i natezeniu pradu rownym 20 mA. Wszystkie pomiary przeprowadzono w
trybie odbicia, uzywajac optyki Goebel do formowania wigzki: szczeliny wynoszacej 0.6 mm
1 kolimatora Sollera. Uzyto wysoko czutego detektora Lynx Eye 1-D. Zakres kata dyfrakcji 20
wynosil miedzy 5° a 35° Szczegétowe informacje na temat badania znajdujg sic w
publikacjach: Aminolysis of various aliphatic polyesters in a form of nanofibers and films i
Aminolysis as a surface functionalization method of aliphatic polyester nonwovens: impact on

material properties and biological response.
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5.8.6. Pomiar zwilzalnoSci
Na probkach poddanych aminolizie wykonano pomiary kata zwilzania wodg za pomoca
goniometru (Data Physics Instruments, OCA 15EC, Filderstadt, Niemcy). Objetos¢ i szybkos¢
dozowania kropli wynosity odpowiednio 1 pl i 2 pl/s. Wykonano po 5 pomiaréw dla kazdej
probki. Szczegdtowe informacje na temat badania znajdujg si¢ w publikacjach: Aminolysis of
various aliphatic polyesters in a form of nanofibers and films i Aminolysis as a surface
functionalization method of aliphatic polyester nonwovens: impact on material properties and

biological response.

W przypadku wtdknin z przytaczong zelatyng wykonano pomiary czasu wnikania kropli
wody w probke. Wykonano po 5 pomiaréw dla kazdej probki. Szczegdlowe informacje na
temat badania znajduja si¢ w publikacji: Immobilization of Gelatin on Fibers for Tissue

Engineering Applications: A Comparative Study of Three Aliphatic Polyesters.

5.8.7. Pomiar zmian mas czasteczkowych

Zmiany wagowo S$redniej masy czasteczkowej M,, i liczbowo $redniej masy
czasteczkowej M, oraz wspdtczynnika polidyspersyjnosci PI zostaty zmierzone za pomoca
chromatografu zelowego Nexera (Shimadzu, Kyoto, Japonia). Urzadzenie zaopatrzone byto w
pompe, kolumng (Phenomenex, Phenogel™ 5Smm 10e5° A, Torrance, CA, USA), detektor
wspotczynnika zatamania §wiatta (Shimadzu, RID-20A, Kyoto, Japonia) i oprogramowanie
LabSolutions GC (Shim-Pol, Warszawa, Polska). Probki wtoknin zostaty rozpuszczone w THF.
Krzywa kalibracyjng otrzymano na podstawie pomiardw probek wzorcowych poli(styrenu) o
$rednich masach czasteczkowych M, od 3470Da do2520000Da (PSS Polymer Standards
Service GmbH, Ambherst, MA, USA). W obliczeniach mas czasteczkowych uwzgledniono
odpowiednie parametry wynikajace z rownania Marka-Houwinka. Szczegétowe informacje na
temat badania znajdujg si¢ w publikacji: Aminolysis as a surface functionalization method of

aliphatic polyester nonwovens: impact on material properties and biological response.

5.8.8. Wyznaczenie wlasciwos$ci mechanicznych
Modut Younga, napr¢zenie przy zerwaniu i wydluzenie przy zerwaniu zostaty
wyznaczone W 1-osiowej probie rozciggania przeprowadzonej za pomocg urzadzenia LloydEZ-
50 (AMETEK Sensors, Test & Calibration (STC), Berwyn, PA, USA). Dla kazdego typu
materiatu przygotowano po 3 probki. Rozmiar probki wynosit 5x40 mm, a pomiar zebrano z

obszaru 5x20 mm. Grubo$¢ kazdej z probek zmierzono za pomoca grubo$ciomierza.
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Szczegbdtowe informacje na temat badan mechanicznych zawieraja wszystkie publikacje z

cyklu.

5.8.9. Pomiar odczynu pH

Odczyn pH zostat zmierzony za pomoca pH-metru CP-401 (Elmetron, Zabrze, Polska)
z uzyciem elektrody ERH-NS (Elmetron, Zabrze, Polska). Badanie miato na celu sprawdzenie
czy zanurzenie witoknin w roztworze zelatyny powoduje zmian¢ odczynu pH roztworu w
okreslonym czasie. Do badan przygotowano roztwory zelatyny o stezeniu 0.2% (w/v) w
objetosci 10 mL i zmierzono ich odczyn pH. Nastepnie w roztworach zanurzono wtdékniny PCL,
PLCL i PLLA i umieszczono je na 20h w 38°C po czym ponownie zmierzono odczyn pH.
Zastosowano 3 roztwory dla kazdego typu probki. Szczegétowe informacje na temat badania
znajdujg si¢ w publikacji: Immobilization of Gelatin on Fibers for Tissue Engineering
Applications: A Comparative Study of Three Aliphatic Polyesters.

5.8.10. Wyznaczenie swobodnej energii powierzchniowej

Swobodna energia powierzchniowa zostata wyznaczona dla folii poliestrowych. Za
pomoca goniometru wyznaczono katy zwilzania folii dla 3 cieczy: wody, formamidu i
dijodometanu. Dla kazdej probki wykonano po 5 pomiarow. Swobodng energi¢
powierzchniowa wyznaczono za pomocg oprogramowania SCA20 (Data Physics Instruments
GmbH, Filderstadt, Niemcy) z wykorzystaniem modelu Owensa-Wendta-Rabelanda-
Kaelble’a. Szczegdtowe informacje na temat badania znajduja si¢ w publikacji: Immobilization
of Gelatin on Fibers for Tissue Engineering Applications: A Comparative Study of Three

Aliphatic Polyesters.

5.8.11. Ocena stabilnosci przylaczenia zelatyny
Stabilnos$¢ przytaczonej warstwy zelatyny oceniono poréwnujac stezenie zelatyny na
powierzchni wtokien PCL przed i1 po inkubacji w roztworze PBS. Dla kazdego typu materiatu
badano po 3 probki. Test prowadzono przez 90 dni mierzac stezenie zelatyny w kilku punktach
pomiarowych. Stezenie zelatyny wyznaczono za pomocg kolorymetrycznego testu BCA.
Szczegodtowe informacje na temat badania znajduja si¢ w publikacji: Immobilization of Gelatin
on Fibers for Tissue Engineering Applications: A Comparative Study of Three Aliphatic

Polyesters.

5.8.12. Ocena odpowiedzi komorkowej
Do oceny odpowiedzi komorkowej uzyto dwoéch typdéw komoérek: mysich fibroblastow

linii L929 (SigmaAldrich, Saint Louis, MO, USA) 1 ludzkich komorek osteblastopodobnych
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linii MG-63 (SigmaAldrich, Saint Louis, MO, USA). Probki widknin byly sterylizowane
poprzez zanurzenie w 70% roztworze etanolu i poprzez ekspozycje na promieniowanie UV.
Hodowla komorek na widkninach byta prowadzona w 48-dotkowych ptytkach hodowlanych z
uzyciem medium odpowiedniego dla danych komorek. Hodowla przebiegata w temperaturze
37°C, przy 5% zawartosci CO2 przez 3 lub 5 dni. Do oceny aktywnos$ci metabolicznej komorek
uzyto testu PrestoBlue™ (Thermo Fisher Scientific, Waltham, MA USA). Morfologia komodrek
zostata zobrazowana przy pomocy skaningowej mikroskopii elektronowej i mikroskopii
fluorescencyjnej. Wszystkie wyniki zostaly odniesione do hodowli kontrolnej na ptytce
hodowlanej z poli(styrenu).  Szczegétowe informacje na temat badania odpowiedzi
komorkowej znajduja si¢ w publikacjach: Aminolysis as a surface functionalization method of
aliphatic polyester nonwovens: impact on material properties and biological response,
Immobilization of Gelatin on Fibers for Tissue Engineering Applications: A Comparative Study
of Three Aliphatic Polyesters i A Comparative Study of Three Approaches to Fibre’s Surface

Functionalization.

5.8.13 Analiza statystyczna

Wyniki odpowiednich badan zostaty poddane analizie statystycznej za pomocg testu t
dla prob zaleznych i analizy wariancji ANOVA z odpowiadajacymi im testami post-hoc. Do
analizy wykorzystano oprogramowanie Statistica 13 (StatSoft Polska, Krakow, Polska).
Istotno$¢ statyczna zostata ustalona na poziomie p<0.05. Szczegodtowe informacje na temat
analizy statystycznej znajdujg si¢ w publikacjach: Aminolysis as a surface functionalization
method of aliphatic polyester nonwovens: impact on material properties and biological
response i Immobilization of Gelatin on Fibers for Tissue Engineering Applications: A

Comparative Study of Three Aliphatic Polyesters.
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6.1. Aminolysis of various aliphatic polyesters in a form of nanofibers and films

Celem pracy rozpoczynajacej cykl publikacyjny bylo porownanie przebiegu reakcji
aminolizy na widknach i foliach polimerowych dla trzech rodzajéw poliestrow nalezacych do
najczesciej wykorzystywanych w inzynierii tkankowe;j: poli(kaprolaktonu), poli(L-laktydu-ko-
kaprolaktonu) i poli(L-laktydu). Motywacja do przeprowadzenia badan byl brak w literaturze
przedmiotu analizy mozliwych réznic w reaktywnosci wiokien i folii poliestrowych.
Dodatkowym wkiadem pracy jest uwzglednienie réznic w reaktywnosci réznych poliestrow.
Wigkszos¢ dotychczasowych prac na temat wykorzystania aminolizy do modyfikacji
powierzchniowej odnosita si¢ do folii polimerowych. Réwnocze$nie brakowato
systematycznych informacji w odniesieniu do widkien, zwlaszcza formowanych za pomoca
elektroprzedzenia. Nalezy wspomnieé, ze to widkniny majg potencjal zastosowania w
inzynierii tkankowej natomiast folie polimerowe traktowane sg jako ‘model’ do oceny
przebiegu funkcjonalizacji. Podejmujac badania zakladano, ze reakcja aminolizy bedzie
bardziej efektywna na widknach niz na foliach polimerowych ze wzgledu na ich wigksze

rozwinig¢cie powierzchni, a wigc wigkszy kontakt z roztworem diaminy.

W pracy zbadano trzy rodzaje poliestrow w formie elektroprzedzionych witokien 1 folii
otrzymanych metoda odlewania z roztworu. Zastosowano dwa zestawy parametréw z krotszym
1 dluzszym czasem reakcji przy staltym stezeniu diaminy i1 temperaturze reakcji. Badania

kolorymetryczne przeprowadzone z uzyciem testu ninhydrynowego wykazaty, ze:

1) zastosowanie tych samych warunkow aminolizy skutkuje wprowadzeniem wigkszej
ilosci grup aminowych w przeliczeniu na powierzchni¢ materialu w przypadku folii niz

wlokien,

2) zaréwno dla folii jak 1 wiokien te same warunki aminolizy prowadza do przytaczenia
najwigkszej ilosci grup aminowych w przypadku poli(L-laktydu) i najmniejszej dla
poli(kaprolaktonu), przy czym w przypadku wtokien z poli(kaprolaktonu) nie ujawniono w

ogole grup aminowych,
3) dtuzszy czas reakcji prowadzi do przylaczenia wigkszej ilosci grup aminowych.

Spektroskopia ATR-FTIR potwierdzita jakosciowo zajscie reakcji aminolizy na probkach

poprzez obecno$¢ drgan pochodzacych od pierwszo- i drugorzedowych wigzan amidowych.

Metoda WAXS pozwolita oceni¢ zmiany stopnia krystaliczno$ci badanych materiatow.

Zalozono, ze obserwowana nizsza podatno$¢ wtokien na aminoliz¢ w poréwnaniu do folii moze
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wynika¢ z wyzszego stopnia krystalicznosci, zwlaszcza na powierzchni, co jest zwigzane ze
specyfika struktury powstajacej w procesie elektroprzedzenia. Poprzeczny gradient struktury z
bardziej krystalicznym naskorkiem i amorficznym rdzeniem jest opisany w literaturze dla
klasycznych widkien formowanych za pomocag metody high-speed spinning. Wynika on z
bardziej efektywnego porzadkowania si¢ makroczasteczek na powierzchni wtokna ze wzgledu
na nizsza temperatur¢ stopu badz szybsze odparowywanie rozpuszczalnika z roztworu co
prowadzi do wyzszego przechtodzenia czy odpowiednio przesycenia roztworu. Wyzsze
srednice klasycznych widkien pozwalajg na wykazanie efektu otoczka-rdzen do§wiadczalnie.
W przypadku witokien elektroprzgdzionych nie ma na ten temat danych empirycznych,
jednakze, na podstawie zblizonych lub wyzszych predkosci przedzenia mozna wnioskowaé o
analogii mechanizmu krystalizacji. Dostepnos¢ reaktywnych grup estrowych jest duzo
mniejsza w fazie krystalicznej w poréwnaniu do fazy amorficznej ze wzgledu na wolniejsza
dyfuzje diamin w strukturze krystalicznej. W ten sposob krystaliczny naskorek widokna moze
tworzy¢ bariere dla dyfuzji diamin i zajscia aminolizy. W przypadku folii, gdzie ze wzglgdu na
wolniejsze odparowywanie rozpuszczalnika nie wystepuje ten efekt, aminoliza bedzie
zachodzi¢ szybciej. Z kolei zrdéznicowanie podatno$ci wiokien z rédznych poliestréw na
aminoliz¢ wynika z r6znej czgstosci grup estrowych w tancuchu makroczasteczki, najwyzszej
dla PLLA, a najnizszej dla PCL. Wplyw na to moze mie¢ takze najwyzszy stopien
krystaliczno$ci witokien PCL oraz najwyzszy stopien rekombinacji wolnych grup NH>
wynikajacy z prowadzenia aminolizy w temperaturze (30°C) duzo powyzej temperatury
zeszklenia widkien PCL (-60°C), zapewniajacej duza mobilnos$¢ tancuchéw makroczasteczek.
Dla wszystkich probek wykazujacych obecno$¢ grup aminowych zaobserwowano wzrost
stopnia krystalicznosci w porownaniu do probek wyjsciowych. Widoczny byt rowniez wzrost
stopnia krystaliczno$ci probek wraz ze wzrostem czasu reakcji. Wyzszy stopien krystalicznos$ci
po funkcjonalizacji wynika z przerwania tancuchéw makroczasteczek poliestru, co sprzyja ich
uporzadkowaniu 1 dodatkowej krystalizacji. Pomiary wielko$ci krystalitbw w réznych
kierunkach krystalograficznych wykazaty z kolei tendencje do ich zmniejszania w procesie
aminolizy. Powstajace krysztaty sa niedoskonale i mate ze wzglgedu na trudnag kinetycznie
krystalizacje przy duzym juz stopniu krystaliczno$ci co zmniejsza mierzony $redni rozmiar
krysztatu. W przypadku PCL, spadek wielko$ci krystalitow moze by¢ posrednim dowodem na

stabe zachodzenie reakcji aminolizy.

Wptyw aminolizy na struktur¢ wtokien widoczny byt tez w wynikach 1-osiowej proby

rozciggania. Zaobserwowano tendencje do spadku naprezenia przy zerwaniu po
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funkcjonalizacji, przy czym byly to zaré6wno niewielkie spadki, wynoszace 7%, jak w
przypadku folii PCL o mniejszym stezeniu grup aminowych jak i bardzo duze spadki,
wynoszace 78%, jak w przypadku folii PLCL o mniejszym st¢zeniu grup aminowych. Za
spadek naprezenia przy zerwaniu odpowiada skracanie lancuchéw makroczasteczek
spowodowane aminoliza, co prowadzi do zmniejszenia ggstosci splatan tancuchéw, a w
konsekwencji tatwiejszych przemieszczen tancuchow wzgledem siebie, skutkujacych
obnizeniem naprezenia zrywajacego. W pracy przytoczono roOwnanie opracowane przez P. J.
Flory’ego wiazace naprezenie przy zerwaniu ze $rednig masa czasteczkowa M,,. Dla niektorych

probek zaobserwowano duze spadki wydtuzenia przy zerwaniu.

Pomimo obecnos$ci hydrofilowych grup aminowych zwilzalnos$¢ probek zwigkszyta si¢
w matym stopniu lub pozostata bez zmian. Najwigkszy spadek kata zwilzania zaobserwowano
dla probek folii PCL (25°). Wyniki zwilzalnosci probek nie korelowaly z iloSciag
wprowadzonych grup aminowych. W przypadku probek wtoknistych, nalezy wzig¢ pod uwage
wptyw efektu kapilarnego i powietrza znajdujacego si¢ w porach probki na obserwowany kat
zwilzania. Za brak poprawy zwilzalno$ci moze tez odpowiada¢ ekspozycja hydrofobowego

tancucha diaminy w kontakcie z woda.

6.2. Aminolysis as a surface functionalization method of aliphatic polyester
nonwovens: impact on material properties and biological response

Celem niniejszej pracy bylo zbadanie wptywu aminolizy na wlasciwos$ci materialowe i
odpowiedZ komorek i na tej podstawie dobdr optymalnych warunkéw  funkcjonalizacji
elektroprzgdzionych widkien za pomoca aminolizy. Motywacja do badan byl brak
systematycznych danych w literaturze przedmiotu na temat aminolizy submikrowlokien
poliestrowych. Tak jak w poprzedniej pracy, zbadano wtdkna otrzymane z trzech rodzajow

poliestréw: PCL, PLCL i PLLA.

Aminoliza wlokien zostata przeprowadzona w szerokim zakresie parametrow z
zastosowaniem 12 punktoéw pomiarowych ze zmiennym st¢zeniem etylenodiaminy i czasem
reakcji. Zaobserwowano duzo wyzsza podatno$¢ wiokien PLLA i PLCL na aminolize w
poréwnaniu do widkien PCL, przy czym wtdkna PCL wymagaty zastosowania duzo wyzszego
stezenia etylenodiaminy i czas6w reakcji dla uzyskania stezenia grup aminowych tego samego
rzedu. Najwyzszg reaktywnos¢ wykazano dla wtokien PLLA. Wplyw na to maja wspomniane

we wcezesniejszej pracy czynniki: stosunek reaktywnych grup estrowych do alkilowych w
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tancuchu makroczasteczki, temperatura zeszklenia, stopien krystalicznosci 1 gradientowy
rozktad struktury. Analiza XPS wykonana dla wybranej probki (PLCL) poddanej aminolizie
przy stezeniu EDA rownym 10% i czasie reakcji 15 minut wykazala stezenie azotu (na
powierzchni) réwne 1.1at%. Dla tej samej probki badanie profilowe stezenia wigzan
chemicznych nie wykazato zmian stezenia azotu do glebokosci ok. 370 nm, co wskazuje na
zaj$cie reakcji w calej objetosci widkna. Badania za pomoca chromatografii GPC wykazaty
spadki $rednich mas czgsteczkowych M,, i M, dla wszystkich probek poddanych aminolizie
wynikajace ze skracania tancuchow przy zajéciu reakcji. W przypadku PCL i PLCL
zastosowanie odpowiednich, tagodnych parametrow reakcji pozwalato zachowaé masy
czasteczkowe bliskie wyj$ciowym masom M,, (odpowiednio 99% i 93%). W przypadku PLLA
dochodzito do bardzo gwattownego spadku mas czasteczkowych do 63% wyjéciowej masy M,,
nawet przy najnizszym st¢zeniu roztworu EDA 1 najkrotszym czasie reakcji, co koresponduje
Z najwyzsza reaktywno$cig wtokien PLLA. Uzyskane wyniki zmian mas czasteczkowych
potwierdzaja wyniki badania profilowego XPS wskazujac na zaj$cie reakcji aminolizy w calej

objetosci wtokna.

Ocena morfologii wtoknin za pomoca mikroskopii SEM wskazuje, ze w przypadku
tagodnych warunkow reakcji zachowana jest ich wyjSciowa struktura. Przy wysokich
stezeniach 1 czasach reakcji obserwowano kruche pegkanie wldkien niezaleznie od typu
poliestru, przy czym najbardziej intensywne zmiany zaobserwowano dla wiokien PLLA.
Podobnie jak w pierwszej publikacji z cyklu, pomiary katow zwilzania woda wykazaly jedynie
niewielkie wzrosty zwilzalno$ci, nie przekraczajace kilku % wyjSciowej wartoSci kata

zwilzania.

Do dalszej cz¢séci badan wytypowano po dwie probki dla kazdego rodzaju poliestru, o
réznym poziomie st¢zenia przylaczonych grup aminowych. Dla badanych probek, wyniki
uzyskane metoda WAXS wskazuja na wzrost stopnia krystalicznosci po funkcjonalizacji,
szczegolnie duzy dla widkien PLLA. Wynika to ze skracania tahcuchow makroczasteczek w
reakcji aminolizy i ich dodatkowej krystalizacji. Wyniki 1-osiowej proby rozciggania, w ktorej
wyznaczono napre¢zenie i wydtuzenie przy zerwaniu, nie byly jednoznaczne. Obserwowano
zardwno brak zmian jak 1 wzrost 1 spadek naprezenia przy zerwaniu. Byto to spowodowane
wplywem na naprg¢zenie przy zerwaniu przeciwstawnych czynnikoéw, skracania tancuchow
makroczgsteczek 1 erozji powierzchniowej prowadzacych do jego spadku i wzrostu stopnia
krystaliczno$ci wplywajacego na jego wzrost. Dla probek wszystkich poliestréw z wyzszym

stezeniem przytaczonych grup aminowych zaobserwowano bardzo duzy spadek wydluzenia
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przy zerwaniu, odpowiednio wynoszacy 82% wartosci wyjsciowej dla PCL, 96% dla PLCL 1
59% dla PLLA. Tak duze spadki wynikaty ze skrocenia tancuchow makroczasteczek, a co za
tym idzie zmniejszenia gestosci splatan tancuchéw. W przypadku nizszych stezen grup

aminowych, wydtuzenie przy zerwaniu nie zmienito si¢ badz wzrosto.

Wyniki badan in vitro z uzyciem komorek fibroblastow linii L929 wskazywaty na
poprawe ich morfologii, wigksze rozptaszczenie komoérek w poréwnaniu do probek
kontrolnych 1 widoczne filopodia §wiadczace o poprawie interakcji komoérek z materiatem dla
wszystkich probek. Nie zaobserwowano wyraznych rdéznic miedzy probkami z réznym
stezeniem grup aminowych, przy czym komorki wykazywaty najbardziej korzystng morfologi¢
na probkach PLCL. Z kolei badania in vitro z uzyciem komorek linii MG-63 wykazaly wigksze
rozptaszczenie komorek dla probek PCL i PLCL w poréwnaniu do probek wyjsciowych,
natomiast dla probki PLLA obserwowano pogorszenie morfologii komodrek. Wyniki testu
aktywno$ci metabolicznej komorek PrestoBlue™ nie korespondowaty z obserwacjami
morfologii komoérek. Zaobserwowano duzy wzrost aktywnosci komoérek 1.929 na prébkach
PCL, brak zmian na probkach PLCL i spadek na probkach PLLA. W przypadku komorek MG-
63 stwierdzono spadek aktywnosci metabolicznej dla wszystkich probek z nizszym stezeniem
grup aminowych 1 brak zmian (dla PCL 1 PLLA) lub poprawe¢ (dla PLCL) dla probek z wyzszym
stezeniem grup aminowych. Powyzsze wyniki moga wskazywaé, ze funkcjonalizacja
pozytywnie wptyneta na poprawe adhezji komorek, co jest widoczne w morfologii komorek,
natomiast nie zawsze powodowala poprawg¢ proliferacji komorek widoczng w wynikach

aktywnosci metabolicznej.

6.3. Immobilization of gelatin on fibers for tissue engineering applications: a
comparative study of three aliphatic polyesters

Celem pracy bylo porownanie procesu przylaczania zelatyny do powierzchni
funkcjonalizowanych witokien otrzymanych z trzech poliestrow pod katem efektywnosci i
wptywu na odpowiedz komodrkowa oraz wihasciwosci mechaniczne. Motywacja do
przeprowadzenia badan byto usystematyzowanie wiedzy w zakresie przylaczania zelatyny do

wlokien funkcjonalizowanych metodg aminolizy.

Ponownie zbadano wtdkna PCL, PLCL i PLLA. Wykorzystano wtdékna o dwoéch
r6znych stgzeniach przytaczonych grup aminowych aby oceni¢ ich wpltyw na efektywnos¢

wigzania zelatyny. W pracy zastosowano chemiczne przytaczanie zelatyny do wolnych grup
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aminowych po uprzedniej reakcji z glutaraldehydem. Wyniki badan odniesiono do przypadku
fizycznej adsorpcji zelatyny przeprowadzonej na probkach niepoddanych funkcjonalizacji. Na
podstawie obserwacji za pomocg mikroskopii SEM nie stwierdzono wptywu immobilizacji
zelatyny poprzedzonej reakcja z glutaraldehydem na morfologi¢. Wyniki uzyskane za pomoca
kolorymetrycznego testu BCA wskazywaly na efektywne przylaczanie zelatyny do
powierzchni wszystkich wldkien, réwniez niepoddanych funkcjonalizacji. Jednakze, probki
poddane aminolizie wykazywaly wyzsze ilosci zelatyny, co byto najbardziej widoczne dla
wiokien PCL. Dodatkowo, na przyktadzie witokien PLCL, wykonano bardziej szczegotowe
pomiary ilo$ci przylaczonej zelatyny dla kilku probek o réznym stezeniu przytaczonych grup
aminowych. W zakresiec malych stezen grup aminowych, ponizej 5*10° mol/mg,
zaobserwowano zmniejszenie ilo$ci przylaczonej zelatyny ze wzrostem stezenia grup
aminowych; dopiero powyzej tej warto$ci stwierdzano wzrost ilosci przytaczanej zZelatyny ze
wzrostem stezenia grup aminowych. Na tej podstawie stwierdzono, ze przy matych stgzeniach
grup aminowych duza role w procesie przylaczania odgrywa fizyczna adsorpcja, a aminoliza
prawdopodobnie zaburza ten proces. Analiza struktury chemicznej wybranych probek PCL
wykonana za pomoca spektroskopii XPS wykazata obecno$¢ azotu dla probek z zelatyng
wynoszaca 5at% i 8at%, odpowiednio dla probek poddanym fizycznemu- oraz chemicznemu
przytaczaniu, potwierdzajac wyniki uzyskane za pomoca metody BCA. Porownujac te wartosci
z iloscig azotu w czystej zelatynie (16at%) stwierdzono, ze warstwy przytaczonej zelatyny sa
grubosci mniejszej od glebokosci wnikania wigzki XPS, a wigc 10 nm. Analiza udzialu
procentowego grup funkcyjnych dla probek z przytaczong zelatyna wskazywata na zmiany w

kierunku rozktadu wigzan dla prébki zelatyny.

Wszystkie probki z przylaczona zelatyng wykazywaly catkowita zwilzalno$¢, co
wskazuje na dobra ekspozycje hydrofilowych grup zelatyny. Dodatkowo, na obserwowang
zwilzalno$¢ wplywat efekt kapilarny powodujacy wnikanie wody w glab widkniny. Czasy
absorpcji kropli wody byty widocznie skorelowane z iloScig przylaczonej Zelatyny na
powierzchni probek. Duza zwilzalno$¢ ma znaczenie przy transporcie sktadnikéw odzywczych
z medium hodowlanego przez widkning, a takze moze przyspiesza¢ hydrolityczng degradacje
materiatu in vivo. Wyniki 1-osiowej proby rozciggania wskazywaly na nieduze spadki (do
15%) lub brak zmian napre¢zenia przy zerwaniu dla wszystkich wiokien z fizycznie
zaadsorbowang Zelatyna lub chemicznie przytaczong do powierzchni probek o niskim stgzeniu
grup aminowych. Dla wszystkich poliestrow wystapit bardziej znaczny spadek napre¢zenia przy

zerwaniu w przypadku prébek z wigksza iloscig grup aminowych, najmniejszy dla widkien
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PCL. Spadek napre¢zenia jest spowodowany skroceniem tancuchow makroczasteczek w
procesie funkcjonalizacji. W przypadku wydluzenia przy zerwaniu tylko dla prébek PLCL i
PLLA z wigkszg ilo$cig grup aminowych zaobserwowano duze spadki (96% i 85% warto$ci
wyjsciowej), natomiast wyniki dla wtokien PCL wykazaty duzo mniejszy spadek (19%
wartosci wyjsciowej). Wyniki testu stabilnosci przylaczonej warstwy zelatyny w roztworze
PBS  przeprowadzone dla wildkien PCL wskazywaly na wigksza stabilno$¢ warstw
przytaczonych chemicznie. Spadki masy przylaczonej zelatyny do 14 dnia inkubacji w
roztworze wynosity odpowiednio 37%, 2.4% 1 17% dla probki z fizycznie przylaczong zelatyng
1 odpowiednio, prébek o mniejszym 1 wigkszym st¢zeniu grup aminowych z chemicznie
przytaczong zelatyng. Od 14 dnia obserwowano ustabilizowanie uwalniania zelatyny do
roztworu. Dla jednej z funkcjonalizowanych prébek duzy udziat w spadku ilosci zelatyny moze
mie¢ desorpcja fizycznie przytaczonych czasteczek. Nalezy mie¢ roOwniez na uwadze, ze w
warunkach in vivo, przy udziale degradacji enzymatycznej proces uwalniania zelatyny z

powierzchni probek moglby by¢ duzo bardziej dynamiczny.

Na wszystkich probkach z przylaczong zelatyna zaobserwowano poprawe morfologii
komorek linii L.929. Obserwacje za pomoca mikroskopii SEM wskazywaly na duzo wigksze
rozptaszczenie komorek na wszystkich probkach z przylaczong zelatyna, przy czym dla probek
PCL 1 PLCL wyrazniej dla probek modyfikowanych chemicznie. Potwierdzity to obserwacje
za pomocg mikroskopii fluorescencyjnej, gdzie uwidoczniono bardziej rozwinigty szkielet
aktynowy dla powyzszych probek. Wyniki aktywnosci metabolicznej komoérek po 5 dniach
hodowli wskazywaty na stopniowy wzrost od probki z fizycznie przylaczong zelatyng do probki
0 wyzszym stezeniu grup aminowych dla widokniny PCL. W przypadku PLCL i PLLA nie
zaobserwowano wzrostu aktywno$ci metabolicznej dla probek z fizycznie przylaczona
zelatyng. Dla PLCL wyzsza aktywno$¢ metaboliczna wystapita dla obu probek z chemicznie
przylaczong zelatyna, a dla PLLA wyraznie wyzszg zaobserwowano dla probki z wyzszg iloscig
grup aminowych. Zaréwno obserwacje mikroskopowe jak 1 wyniki badan aktywnosci
metaboliczne] wskazuja na wigkszy wpltyw modyfikacji chemicznej na poprawe odpowiedzi
komorkowej. Wyniki badan wykazaty, ze dla wszystkich wiokien mozliwe jest takie dobranie
warunkow modyfikacji chemicznej, ktore nie wpltywa znacznie na naprezenie 1 wydtuzenie przy
zerwaniu 1 prowadzi do poprawy morfologii komorek 1929, a w przypadku witokien PCL i

PLCL rowniez aktywnosci metaboliczne;.
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6.4. A comparative study of three approaches to fibre’s surface functionalization

Celem pracy byto poroéwnanie trzech metod przylaczania zelatyny do powierzchni
wiokien PLCL pod katem wpltywu na wybrane wtasciwosci, ze szczegdlnym uwzglednieniem

odpowiedzi komorek linii L.929.

W badaniach zastosowano trzy metody przytaczania zelatyny, oparte na aminolizie,
hydrolizie zasadowej z uzyciem NaOH i obrobce niskotemperaturowa plazmg tlenowa, ktore
naleza do najczegsciej wykorzystywanych metod funkcjonalizacji poliestrowych widkien w
inzynierii tkankowej. Zastosowano badang wcze$niej metodg przytaczania zelatyny za pomoca
aminolizy i sieciowania glutaraldehydem oraz metody wykorzystujace funkcjonalizacje
hydrolizg oraz niskotemperaturowa plazmg tlenowg i sieciowanie mieszaning EDC/NHS. W
odréznieniu od aminolizy, pozostale dwie metody funkcjonalizacji wprowadzaja na
powierzchni¢ wtokien grupy karboksylowe -COOH. Sa one wigzane z grupami aminowymi

biatka za pomoca $rodka sieciujacego EDC.

W pierwszej czgsci pracy przedstawiono wyniki optymalizacji funkcjonalizacji widkien
za pomocg hydrolizy i1 niskotemperaturowej plazmy tlenowej oraz dokonano poréwnania z
aminolizg. Wybrano trzy zestawy parametrow reakcji aminolizy zapewniajace brak zmian
morfologii 1 r6zng ilo$¢ przytaczonych grup aminowych. Poszczegdlne metody
funkcjonalizacji w rozny sposob wplywaly na zwilzalnos¢ widknin. W wybranym zakresie
parametrow aminoliza nie powodowata zmian zwilzalno$ci widkien PLCL. Z kolei,
zastosowanie hydrolizy i1 obrobki plazmg prowadzito do ich calkowitej zwilzalnosci. Dla
wiekszosci wybranych warunkéw tych dwoch funkcjonalizacji obserwowano wnikniecie kropli
we wilokning w ciggu 30s. Zaobserwowano rowniez rdézny wplyw kazdej z metod
funkcjonalizacji na morfologi¢ wiokien, $§wiadczacy o odmiennym mechanizmie reakcji. W
przypadku hydrolizy widoczne bylo ,,tuszczenie si¢” powierzchni wtokien, a dla najwyzszych
stezen roztworu NaOH i czasu reakcji - takze ich sklejanie. Jak wskazano we wczesniejszej
pracy z cyklu, aminoliza przy zastosowaniu wysokich parametréw reakcji prowadzi z kolei do
kruchego pekania wiokien. Dla widkien funkcjonalizowanych za pomocg obrobki plazmg przy
zastosowanych parametrach nie uwidoczniono zmian morfologii. Wyniki uzyskane za pomoca
chromatografii zelowej wskazywaly, Ze zarowno aminoliza jak i obrobka plazma prowadza do
spadku masy czasteczkowej polimeru, przy czym dla wybranych warunkéw funkcjonalizacji
spadki byly wieksze w przypadku aminolizy. Wskazuje to na wptyw aminolizy i obrobki
plazma na strukture chemiczng calej objeto$ci materiatu, nie tylko jego powierzchni. W

odréznieniu do nich, na chromatogramach prébek poddanych hydrolizie obserwowano
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praktycznie niezmieniony pik gléwny oraz dodatkowy pik odpowiadajacy bardzo matlym
masom czasteczkowym (do 5 kDa). Uzyskane wyniki wraz z mikroskopowymi obserwacjami
stopniowego luszczenia si¢ wtokien wskazuja na fakt, ze dziatanie hydrolizy jest ograniczone

do powierzchni wtokien ze wzgledu na wolng dyfuzje roztworu NaOH w glab wiokna.

W drugiej czeSci pracy zbadano przylaczanie zelatyny do powierzchni
funkcjonalizowanych probek. Wyniki spektroskopii ATR-FTIR wykazaty obecnos¢ drgan
pochodzacych od pierwszo- 1 drugorzedowych wigzan amidowych, potwierdzajac obecnos¢
zelatyny na powierzchni wiokien modyfikowanych kazda z trzech metod. Wyniki uzyskane za
pomoca kolorymetrycznego testu BCA wskazywaty na najwyzsza ilo$¢ przylaczonej zelatyny
na probce poddanej hydrolizie w najwyzszym 1M stezeniu roztworu NaOH. Jednak duze
uwolnienie zelatyny z powierzchni probki w ciggu 1. dnia inkubacji w roztworze PBS
Swiadczyto o duzym udziale fizycznie zaadsorbowanej zelatyny. Ponadto, bioragc pod uwage
pocienienie probki i zmiang morfologii widkien, ograniczajagce praktyczne zastosowanie
wybranych warunkow funkcjonalizacji, probka ta zostala zbadana jedynie w celach
porownawczych. Pozostate warunki wszystkich metod funkcjonalizacji zapewniaty wysoka
stabilno$¢ przytaczonej warstwy zelatyny, o czym $wiadcza jedynie nieznaczne spadki ilo$ci
zelatyny w ciggu 7 dni inkubacji w roztworze PBS. Najwyzsze wyjSciowe stezenie Zelatyny
wykazano dla jednej z probek poddanych obrébcee plazmg (9.38 pug/mg), a najnizsze dla jedne;j
z probek poddanych hydrolizie (6.21 pg/mg). Intensyfikacja warunkéw obrobki plazma i
hydrolizy prowadzita do stopniowego wzrostu ilosci przytaczonej zelatyny. W przypadku
aminolizy nie zaobserwowano znaczacych zmian ilosci zelatyny dla wybranych parametrow
reakcji. Przylaczenie zelatyny prowadzito do catkowitej zwilzalnoSci wszystkich probek, co
wskazuje na ekspozycj¢ hydrofilowych grup zelatyny wraz z dziataniem efektu kapilarnego.
Wyniki 1-osiowej proby rozciagania wykazaly spadki naprezenia przy zerwaniu wszystkich
probek, przy czym dla wybranych parametréw modyfikacji udato si¢ zachowaé jego dos¢
wysoki poziom. Najmniejszy spadek (10% wartos$ci wyjsciowej) zaobserwowano dla probki
poddanej aminolizie w najbardziej tagodnych warunkach. W przypadku hydrolizy najmniejszy
spadek wyniost 19% wartosci wyjsciowej, a dla obrébki plazma - 24% warto$ci wyjSciowe;.

Dla wigkszos$ci probek nie zaobserwowano znacznych spadkow wydtuzenia przy zerwaniu.

Na podstawie badan in vitro z udzialem fibroblastow linii L929 wykazano brak
cytotoksycznosci dla wszystkich probek z przylaczong zelatyng. Nie zaobserwowano jednak
jednoznacznego trendu w zmianach aktywnos$ci metabolicznej komorek hodowanych na

modyfikowanych probkach. Po 3 dniach hodowli, najwiekszy wzrost aktywnosci metaboliczne;j
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komorek w stosunku do probki kontrolnej wykazano dla jednej z probek poddanych obrobce
plazma i probki poddanej hydrolizie w najbardziej agresywnych warunkach. Pozostale probki
wykazywaty zarowno brak zmian jak i mniejszy wzrost lub spadek aktywnos$ci metabolicznej
komorek. Obserwacje wykonane za pomocg mikroskopii SEM i1 mikroskopii fluorescencyjnej
wykazaty poprawe morfologii komorek linii 1929 dla wszystkich préobek z przylaczong
zelatyng, przy czym probki modyfikowane w najbardziej intensywnych warunkach obrobki
plazma i hydrolizy, o najwigkszym stezeniu zelatyny, wykazywaly najbardziej rozwinigte
filopodia i lamellipodia, struktury komorki wskazujace na jej bardzo dobry kontakt z danym

podiozem.

Na podstawie uzyskanych wynikdéw nalezy stwierdzi¢, ze kazda z badanych metod
moze prowadzi¢ do poprawy odpowiedzi komoérkowej, przy czym kluczowym jest dobor
parametréw modyfikacji ze wzgledu na zmiany wlasciwosci podtoza takie jak morfologia
wloknin, wlasciwosci mechaniczne (naprezenie i wydtuzenie przy zerwaniu) czy $rednia masa
czasteczkowa, a takze stabilno$¢ przytaczonej warstwy zelatyny i ich wplyw na
funkcjonowanie wtokniny w danym zastosowaniu. Duze znaczenie moga miec tez kwestie
technologiczne. Przyktadowo, metoda obrébki plazma moze nie zapewni¢ rownomiernego
przytaczenia grup funkcyjnych do bardziej przestrzennych niz witokniny podtozy

komorkowych takich jak podtoza otrzymywane metoda druku 3D.
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Podsumowanie i wnioski

Niniejsza rozprawa doktorska pozwolita na wykazanie ze:

Aminoliza przebiega wolniej na widkninach niz na foliach poliestrowych pomimo ich
wickszego rozwinigcia powierzchni w  przeliczeniu na mas¢ materiatu.
Najprawdopodobniej jest to spowodowane wyzszym stopniem krystaliczno$ci wiokien,
zwlaszcza na ich powierzchni, wynikajacym ze specyfiki formowania,

Aminoliza przebiega wolniej na wtdknach PCL w poréwnaniu do witokien PLCL i
PLLA ze wzgledu na nizsza czgstos¢ wystgpowania wigzania estrowego w tancuchu
makroczasteczki, wyzszy stopien krystalicznosci oraz prawdopodobnie wyzszy stopien
rekombinacji wolnych grup NHo,

Mozliwa jest optymalizacja parametrow reakcji aminolizy prowadzonej na widknach
PCL, PLCL i PLLA tak aby uzyska¢ popraw¢ morfologii komorek linii L929 i MG-63
(z wyjatkiem komorek linii MG-63 dla widkien PLLA) bez obnizania wiasciwosci
mechanicznych wtokien,

Zastosowanie zbyt agresywnych warunkow reakcji aminolizy prowadzi do
gwattownego spadku mas czgsteczkowych wszystkich typow badanych widkien,
kruchego pekania widkien i obnizenia wlasciwosci mechanicznych, przy czym
najwyrazniej jest to obserwowane dla wtokien PLLA,

Przytaczanie Zelatyny do poliestrowych wiokien za pomoca reakcji aminolizy i
sieciowania glutaraldehydem prowadzi do uzyskania wigkszej ilosci zelatyny na
powierzchni wtdkien niz w przypadku fizycznej adsorpcji; na przyktadzie wiokien PCL
wykazano réwniez wyzsza stabilno$¢ warstw zelatyny przylaczonych metoda
chemiczna,

Obserwacje mikroskopowe 1 wyniki badan aktywno$ci metabolicznej wskazuja na
wickszy wptyw modyfikacji chemicznej na poprawe odpowiedzi komodrkowej niz
fizycznej adsorpcji zelatyny. Istotne jest, Zze zastosowanie lagodnych warunkow
funkcjonalizacji chemicznej prowadzi do matych zmian napr¢zenia i wydtuzenia przy
zerwaniu wiokniny, poréwnywalnych do zmian po zastosowaniu fizycznej adsorpciji,
Zastosowanie tagodnych warunkow aminolizy wtokien PLCL wraz z przytaczeniem do
nich zelatyny za pomoca sieciowania glutaraldehydem pozwala poprawi¢ morfologie
komorek L1929 hodowanych na powierzchni wlokien 1 zachowaé najblizsze
wyj$ciowemu napre¢zenie przy zerwaniu wiokniny w porownaniu do metod opartych na

hydrolizie lub plazmie niskotemperaturowej,
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e Dobor metody funkcjonalizacji 1 przylaczania zelatyny powinien by¢ zawsze
podyktowany wymaganiami uwzgledniajacymi specyfike konkretnego miejsca
aplikacji.
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8.

Elementy wkladu oryginalnego

Oryginalnym wktadem przeprowadzonych badan w literaturg¢ przedmiotu jest uzyskanie
1 opracowanie wynikéw doswiadczalnych przebiegu aminolizy w submikronowych wtoéknach
z poliestrow alifatycznych formowanych metoda elektroprzedzenia, w procesie
funkcjonalizacji ich powierzchni. Istotnym jest odniesienie uzyskanych wynikow do rezultatow
aminolizy w foliach polimerowych i wykazanie wyraznych réznic w przebiegu aminolizy
zaleznie od formy materiatu. Dotychczasowe prace odnoszace si¢ do efektywno$ci aminolizy
dotyczyly przede wszystkim aromatycznych poliestrow (niedegradowalnych) w postaci folii i
stosunkowo grubych wiokien formowanych metoda klasycznego przedzenia [27, 34, 35]. W
literaturze przedmiotu brakowalo usystematyzowanych informacji odnoszacych si¢ do
aminolizy submikronowych wtokien z poliestréw alifatycznych. W momencie rozpoczecia
badan, aminoliza wildkien dla inzynierii tkankowej stawata si¢ jedng z najczeSciej
wykorzystywanych metod modyfikacji powierzchniowej. W literaturze pojawiaty sie
doniesienia, ze aminoliza zachodzi wolniej na wtoknach elektroprzedzionych niz na foliach,
jednak tematyka ta nie byta podj¢ta w zadnym poréwnawczym badaniu [36]. W pracy bedacej
cze$cig rozprawy nie tylko usystematyzowano wiedz¢ w tym zakresie ale 1 przedstawiono
mozliwe przyczyny obserwowanych roznic. Oryginalnym wkladem jest roéwniez zbadanie
przebiegu 1 wplywu aminolizy w szerokim zakresie parametrow na witasciwosci roznych
wlokien poliestrowych. Zauwazono, ze w niektorych pracach wykorzystywano aminoliz¢ jako
etap posredni w przylaczaniu molekut do powierzchni wiokien bez sprawdzenia efektywnosci
zaj$cia reakcji aminolizy. W rozprawie pokazano, ze moze to prowadzi¢ do takiej sytuacji jak
dla widkien PCL, w przypadku ktorych badania wstepne nie potwierdzity zajscia reakcji
aminolizy dla powszechnie stosowanego zestawu parametrow, a wykazano, ze przylaczanie
biatka moze zachodzi¢ na drodze fizycznej adsorpcji. W rozprawie wykazano, ze taka fizyczna
adsorpcja nie zapewnia uzyskania stabilnych warstw materialu finalnie przytaczanego do
powierzchni wiokien. Praca przyniosta tez wyniki uzupetniajace wiedzg na temat aminolizy
wlokien elektroprzedzionych z uwzglednieniem m.in. réznic w efektywnosci reakcji miedzy
poliestrami oraz wplywem reakcji na $rednig mase czasteczkowa poliestrow, wiasciwosci
mechaniczne czy odpowiedZ komorkowsa. Oryginalnym elementem badan jest poréwnanie
przebiegu przylaczania zelatyny do funkcjonalizowanych wtokien -elektroprzedzionych
otrzymanych z réznych poliestrow, o réznym stezeniu grup aminowych oraz odniesienie tych
wynikéw do fizycznej adsorpcji zelatyny. Systematyczne zbadanie procesu, uwzgledniajace

m.in. stabilno$§¢ warstwy i wptyw na odpowiedZ komorek, jest wazne ze wzgledu na duze
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wykorzystanie metody w badaniach modyfikacji powierzchniowej widkien. W rozprawie
dokonano réwniez poréwnania badanej metody przytaczania zelatyny z dwoma innymi, rownie
czgsto wykorzystywanymi metodami, bazujacymi na hydrolizie i obrébce plazmg. Praca
uzupehnila informacje na temat roznic miedzy metodami, zwilaszcza we wptywie metod

funkcjonalizacji na wiasciwosci mechaniczne 1 odpowiedz komorek.
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Abstract: Surface functionalization of polymer scaffolds is a method used to improve interactions of
materials with cells. A frequently used method for polyesters is aminolysis reaction, which introduces
free amine groups on the surface. In this study, nanofibrous scaffolds and films of three different
polyesters—polycaprolactone (PCL), poly(lactide-co-caprolactone) (PLCL), and poly(r-lactide) (PLLA)
were subjected to this type of surface modification under the same conditions. Efficiency of aminolysis
was evaluated on the basis of ninhydrin tests and ATR-FTIR spectroscopy. Also, impact of this
treatment on the mechanical properties, crystallinity, and wettability of polyesters was compared
and discussed from the perspective of aminolysis efficiency. It was shown that aminolysis is less
efficient in the case of nanofibers, particularly for PCL nanofibers. Our hypothesis based on the
fundamentals of classical high speed spinning process is that the lower efficiency of aminolysis in
the case of nanofibers is associated with the radial distribution of crystallinity of electrospun fiber
with more crystalline skin, strongly inhibiting the reaction. Moreover, the water contact angle results
demonstrate that the effect of free amino groups on wettability is very different depending on the
type and the form of polymer. The results of this study can help to understand fundamentals of
aminolysis-based surface modification.

Keywords: aminolysis; polyester; electrospinning; nanofibers; film; surface chemical modification

1. Introduction

The interactions between scaffolds and cells are determined primarily by surface properties
of materials, such as roughness and topography, chemical structure and functional groups, types
and density of electrical charges, balance between hydrophilicity and hydrophobicity, and surface
free energy [1-9]. To date, many methods have been proposed to induce changes of the surface
physico-chemical properties in a way that makes it attractive for a specific application [10]. According
to the literature, common strategies of polymer surface modification for biological applications include:
Plasma [11] and laser treatment [12], wet chemical methods such as aminolysis [13], hydrolysis [14],
ion implantation [15], blending with hydrophilic pluronics, segregating at the surface [16], and various
approaches of protein immobilization [17-19].

Electrospinning is a method that allows to obtain fibers with nano and sub-micro diameters
from polymer solution. This technique is commonly used to produce fibrous scaffolds mimicking the
extracellular matrix (ECM) (e.g., [20]). From a technical point of view, electrospinning is a relatively
simple method; however, from a physical perspective, the process is quite complex, leading to the
formation of non-equilibrium structures. Such structures are very different from the structures formed
using classical methods, raising new problems; for instance, related to the structure/properties radial
gradients, which can be essential from the perspective of surface modifications.
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Aliphatic polyesters, such as polyesters—polycaprolactone (PCL), poly(lactide-co-caprolactone)
(PLCL), and poly(r-lactide) (PLLA) belong to the class of polymers commonly used in
biomedical applications, due to their biocompatibility and degradability in human body conditions.
Their advantages also include easily-tunable physical and mechanical properties, as well as ease of
processing. It is worth noting that aliphatic polyesters are excellent materials to enhance surface
properties using chemical methods like aminolysis because of the presence of ester bonds in the polymer
chain. These, provided defined conditions, undergo rupture easily, causing, in the case of aminolysis,
the formation of hydroxyl and amino groups at the material surface. In such a case, only one of the
amino groups is consumed during the chain scission at the polymer surface, being converted to an
amide group, while the second amine group remains free. This method is based on simple treating
of the polymer scaffold in diamine solution (e.g., 1,6-hexanediamine [21], 1,2-ethanediamine [22],
Fmoc-PEG-diamine [23], etc.) and was previously considered for improving the dyeing process and
moisture regain in the textile industry [24-26]. In tissue engineering, aminolysis of polyesters is usually
applied as the final [14,27] or the intermediate step in the biomolecule immobilization process [28].
In many papers, surface modification with aminolysis reaction is reported for polycaprolactone [14,29-35].
A smaller number of studies is related to the surface functionalization of other polyesters, such as
polylactide [36-38] and poly(lactide-co-caprolactone) [19,39—-41]. Moreover, in the case of PLLA meshes,
aminolysis is frequently used as a method of fiber fragmentation [42—46]. The aim of our paper is to
explain the different efficiency of the aminolysis at the same processing conditions for various aliphatic
polyesters in the form of nanofibers and films. In the literature, there is a lack of such comparison.
In our opinion, considering the extensive use of aminolysis for surface modification of polyester
materials, a systematic study of the reaction efficiency and its impact on material properties is necessary.
The polyesters were chosen regarding the glass transition temperature, being related to molecular
mobility, which is expected to be crucial from the point of view of the possible free amine recombination
process. We hypothesize that the difference between the efficiency of aminolysis is due to the structure
peculiarities in fibers and films, which result from the difference in formation (crystallization) conditions.

2. Materials and Methods

2.1. Materials

Three types of polymers were used for fabrication of nanofibers and films: Poly(caprolactone)
(PCL) (Sigma-Aldrich (Saint Louis, MO, USA), Mw = 80,000 g/mol, Tg = —60 °C), poly(r-lactide)
(PLLA) (PL49, Corbion (Amsterdam, The Netherlands,), inherent viscosity = 4.9 dL/g, Tg = 58 °C),
and poly(r-lactide-co-caprolactone) (PLCL) 70:30 (Resomer® LC703S, Evonik (Weiterstadt, Germany),
inherent viscosity = 1.3-1.8 dL/g, Tg = 3242 °C). Solvents—acetic acid (AA) (purity degree 99.5%),
formic acid (FA) (purity degree > 98%), and hexafluoroisopropanol (HFIP) (purity degree 98.5%) were
purchased from Poch (Gliwice, Poland), Sigma-Aldrich (Saint Louis, MO, USA), and Iris Biotech GmbH
(Marktredwitz, Germany), respectively. Ethylenediamine (purity degree 99.5%), isopropanol (purity
degree 99.8%), ninhydrin (purity degree 99%), and ethanol (purity degree 99.8%) were purchased from
Chempur (Piekary Slaskie, Poland). For PCL and PLLA, glass transition temperatures were determined
experimentally. Glass transition temperature of PLCL was assumed as stated by the producer.

2.2. Fabrication of PCL, PLCL, and PLLA Nanofibrous Scaffolds and Films

Three polymer solutions were used for electrospinning: 15% w/w solution of PCL in mixed solution
of acetic acid and formic acid at 9:1 ratio, 7% w/w PLCL solution in HFIP, and 3.5% w/w solution of PLLA
in HFIP. The electrospinning equipment (Bioinicia, Valencia, Spain) was operated in a horizontal mode.
Solutions were pumped through a stainless steel needle placed at a distance of 15 cm from the collector
rotating at a speed of 300 rpm. The applied voltage and ambient conditions were chosen to form
nonwovens with appropriate morphology. The positive voltage applied to the needle was 13-15 kV
for PCL and PLCL, and 13 kV for PLLA. The collector was maintained at the electrical potential of
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—2 kV in the case of PCL and PLCL and 0 kV for PLLA. Temperature and humidity conditions during
electrospinning process were 26 °C, 36% for PCL, 38 °C, 40% for PLCL, and 24 °C, 35% for PLLA,
respectively. The films were solution cast from the same solutions as the electrospun nanofibers and
air-dried under the hood at room temperature.

2.3. Aminolysis Treatment

Samples were immersed in 6% w/v solution of 1,2-ethandiamine (ED) in isopropanol (app.
sample/diamine solution ratio: 1.5 mg/mL) at 30 °C for 5 and 15 min with shaking at 100 rpm. Then,
samples were washed three times with copious amount of water, followed by vacuum drying overnight.

2.4. Ninhydrin Assay

Effectiveness of the aminolysis was evaluated from concentration of free amino groups using
ninhydrin staining. For quantitative tests, samples were transferred to a glass vial and 0.5 mL of 2%
w/v ninhydrin solution was added. Then, they were heated for 10 min using a hot plate at 100 °C.
After that, 1 mL of isopropanol (for PLLA and PLCL) or isopropanol/dioxane 1/1 solution (for PCL)
was added. Absorbance of the samples was measured at 570 nm. The amount of free amino groups
was calculated on the basis of the absorbance calibration curve with known concentration of ED in
isopropanol solution. For visualization of staining, samples were placed onto glass dish, wetted with
0.2% w/v solution of ninhydrin in ethanol using a Pasteur pipette, and incubated at 40 °C for 15 min.

2.5. ATR-FTIR

Surface molecular structure of samples was analyzed using attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectrometer Bruker Vertex 70 (Mannheim, Germany), in absorbance

mode, in 4000-400 cm~! range. The resolution of measurement was 2 cm™.

2.6. WAXS

Wide angle X-ray scattering (WAXS) was applied for analysis of the supermolecular structure.
WAXS measurements were performed using Bruker D8 Discover diffractometer Mannheim, Germany)
with CuK« radiation operated at a voltage of 40 kV, and a current of 20 mA. All measurements were
performed in reflection mode, using Goebel optics for beam formation: A 0.6 mm slit and Soller
collimator. Highly sensitive Lynx Eye 1-D silicon strip detector was used. The range of diffraction
angle, 20, was between 5° and 35°, with a step of 0.01° and a time of data accumulation at angular
point of 0.2 s. The “empty” scan without a sample was subtracted and the default function of
subtracting background was applied. Then, the WAXS profiles were deconvoluted numerically using
PeakFit software assuming Pearson VII and Gauss functions for the crystal diffraction peaks from
the amorphous halo, respectively. The degree of crystallinity was determined as the ratio of the
area of all the crystalline diffraction peaks to the overall area of the profile. The full width at half
maximum (FWHM) was used in determination of the relative mean crystal size, L, without correction
for instrumental broadening, from the Scherrer equation:

L = K\/Bcos6 )

where K is the dimensionless Scherrer shape factor, assumed as 0.9, § is the line broadening at FWHD,
A is the X-rays wavelength, and 0 is the Bragg angle.

2.7. Mechanical Testing

Mechanical properties were measured using uniaxial testing machine Lloyd EZ-50 (New York,
USA) equipped with handles for thin and delicate samples with a 50 N load cell for nanofibrous
scaffolds and 100 N for polymer films under cross-head speed of 5 mm/min. For each type of material,
three 10 X 40 mm dry samples were used (10 X 25 mm—actual area of testing). Sample thickness was
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measured with a thickness gauge. Mechanical properties—Young’s modulus, stress at break, and
strain at break were determined from stress—strain curves.

2.8. Water Contact Angle

The wettability of the matrices was determined by water contact angle measurements using
goniometer Data Physics OCA 15EC (Filderstadt, Germany). The results are reported as mean value +
standard deviation evaluated on five repetitions.

3. Results

3.1. Ninhydrin Staining of Free Amino Groups

The amount of NH; groups on the aminolyzed polymer nanofibers and films was measured by
ninhydrin assay on the basis of previously obtained calibration curve (Figure 1). Presence of free
amino groups was confirmed for all samples, except PCL nanofibers. This observation indicates
that aminolysis at these conditions is not effective for PCL nanofibers, contrary to other investigated
polyesters as well as to PCL films. This trend of more effective aminolysis for films as compared to
nanofibers was also observed in results for PLLA and PLCL. Concentration of amino groups for films
was considerably higher than for nanofibers—for example in the case of PLCL it reached 5.43 x 1078 +
9.0 x 107? M/mg for nanofibers and 4.72 x 1077 +1.45x 1078 M/mg for film after 5 min of aminolysis.
It is worth noting that effectiveness of the aminolysis was significantly lower for PCL film than for
PLCL and PLLA film samples. Additionally, for each type of material, an increase in concentration of
NH, groups with reaction time was observed.
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Figure 1. (a) Calibration curve used for amino groups quantification. (b) Amount of amino groups on
modified nanofibers and films.

Figure 2 illustrates the qualitative results of ninhydrin staining. Among aminolyzed samples,
only PCL nanofibers were unstained, what is in agreement with quantitative results (Figure 1b). In the
case of PLLA film, highly effective aminolysis was accompanied by degradation, which is manifested
by higher brittleness.

»
\
&

&7

Figure 2. Representative images of samples after ninhydrin staining.
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3.2. Molecular Structure from ATR-FTIR Analysis

Figure 3 shows the ATR-FTIR spectra of PCL, PLCL, and PLLA nanofibers and films before and
after the aminolysis. There are two amide bands resulting from nucleophilic attack of diamine on
the carbonyl group, which may be treated as evidence of aminolysis reaction. The first band in the
range 1510-1580 cm™! is assigned to amide II, being mainly associated with N-H bending vibrations;
the second one in the range 1600~1700 cm™! corresponds to amide I, being mainly associated with
C=0 (carbonyl) stretching vibration (70-85%) and C-N group vibrations (10-20%). In the case of PCL
(Figure 3a), the amide II band is observed for films after the treatment, which confirms the ninhydrin
results, indicating the occurrence of aminolysis. Contrary to this, there are no amide peaks for PCL
nanofibers after the aminolysis treatment, which is in agreement with ninhydrin staining results
(Figure 2), indicating no aminolysis for PCL nanofibers. For modified PLCL films, broad peaks from
the amide, mostly amide II bands, were observed (Figure 3b). In the case of PLCL nanofibers, the
amide peaks were observed after 15 min of the treatment, only. The lack of amide peaks for PLCL
nanofibers after 5 min of the treatment is most probably due to too low of a concentration of amine
groups to be detected by the ATR-FTIR method. In the case of PLLA (Figure 3c), both amide I and II
bands and for both nanofibers and films are observed, indicating that aminolysis is very effective for
this polyester.
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Figure 3. ATR-FTIR spectra of (a) PCL, (b) PLCL, and (c) PLLA nanofibers and films before and after

the aminolysis treatment.

3.3. Supermolecular Structure (Crystallinity) from WAXS

WAXS profiles of PCL, PLLA, and PLCL films and nanofibers, before and after 5 min of the
aminolysis treatment, are shown in Figure 4. Detailed information on the degree of crystallinity and
crystal size/order are presented in Figure 5.
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Figure 4. WAXS profile of casted films and fibers before and after the aminolysis treatment: (a) PCL,

(b) PLCL, (c) PLLA.

WAXS profiles of PCL indicate diffraction from crystal structure with strongest maximum at
260 =15.6 deg, 21.3 deg, 23.6 deg, and 29.7 deg corresponding to (001), (110)/(111), (200)/(201), and
(210)/(201) lattice planes, respectively, and the maximum of the amorphous halo at 20 = 21 deg
(Figure 4a). This is in agreement with our previous studies [47,48].

Samples of PLCL show peaks at 20 = 14.7 deg, 16.6 deg, 19 deg, and 22.4 deg (Figure 4b)
corresponding to the (010), (110)/(200), (203), and (015) lattice planes, respectively [49].

The WAXS profile of PLLA is composed of a broad scattering peak from amorphous phase and
small or zero intensity peaks from the crystal phase (Figure 4c). It may be seen that the aminolysis
treatment leads to increase of PLLA crystallinity, making peaks at 260 = 14.7 deg, 16.5 deg, 18.9 deg,
and 22.3 deg, corresponding to the (010), (110)/(200), (203), and (015) lattice planes, evident [49,50].

The results shown in Figure 5 clearly indicate an increase of crystallinity with time of the
aminolysis treatment for all polyesters films, as well as for PLLA and PLCL nanofibers. This increase
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in crystallinity is a result of molecular degradation leading to higher mobility of shorter molecules
during the aminolysis treatment. The largest crystallinity increase is for PLLA and the lowest for PCL
films, what is correlated with the ninhydrin results. No change in crystallinity is observed for treated
PCL nanofibers (Figure 5a), for which the aminolysis treatment was found ineffective. A decrease of
average crystal size with time of the treatment observed for PCL, PLCL, and PLLA nanofibers and films
(Figure 5b,d,f) is most probably caused by formation of additional small crystals for most materials or
disruption of existing crystals in the case of PCL nanofibers.
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3.4. Mechanical Properties

Figure 6 shows mechanical properties of samples before and after the aminolysis treatment.
The changes of Young’s modulus (Figure 6a) were not informative from the perspective of aminolysis
because of no simple correlation with crystallinity, as was expected. We anticipate that other factors
like erosion of surface after the aminolysis treatment can influence the registered Young’s modulus.
An increase in modulus with the treatment time correlated with increase in crystallinity was observed
for PCL films, only. For other samples, no essential changes or even reduction of Young’s modulus
with the treatment time was observed, with no correlation with crystallinity changes.
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Figure 6. Mechanical properties of nanofibers and cast films before and after the aminolysis treatment:

(a) Young’s modulus, (b) stress at break, (c) strain at break. For PLLA films after the treatment, there

are no results because of complete degradation.
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More direct information on the efficiency of the aminolysis can be drawn from analysis of the
stress at break, which is molecular weight-dependent. An empirical equation, which combines the
tensile strength, o, with polymer molecular weight, has been proposed by Flory to predict variation of
the stress at break with the polymer number-average molecular weight My, [51]. This equation can be
presented as:

0 = 0c0o—B/My, )

where oo is the fracture strength at infinite molecular weight, and B is a constant derived from the
relationship, discussed by Bersted and Anderson as:

B = KoooM, 3)

where K is a constant value between 2 and 3 and M, is the critical molecular weight for
entanglements [52].

Drop of the stress at break was noticed by us for all samples except PCL nanofibers and films,
with a tendency to be more significant for longer times of the aminolysis treatment (Figure 6b). This
stress at break reduction is a result of effective aminolysis, as evidenced directly by ninhydrin tests.
The trends in the stress at break correspond with changes in the strain at break, with most visible
reduction after the aminolysis treatment for PLLA nanofibers and PLCL films being as dramatic as
from 511 + 14.41% for PLCL_F to 13.6 + 1.55% for PLCL_15F (Figure 6¢).

3.5. Water Contact Angle

Figure 7 shows results of water contact angle (WCA) measurements. For PCL and PLCL nanofibers,
a slight decrease in WCA after the aminolysis treatment was observed. In the case of PCL—from
140.55 + 1.21° for pristine to 133.18 + 2.21° for 5 min and 131.51 + 4.67° for 15 min of the treatment.
For PLCL nanofibers, the values of water contact angle were as follow: 134.27 + 2.04°, 126.46 + 0.64°,
and 128.95 + 2.55° for pristine and treated for 5 and 15 min samples, respectively. For PLLA nanofibers,
5 min of the treatment led to even an increase in WCA from 132.9 + 2.48° for the pristine sample
to 137.52 + 1.92°. The general observation is that water contact angles are generally lower for film
samples. After the treatment, a significant decrease of water contact angle was visible for PCL films.
In the case of PLCL film, the values were almost unchanged. For PLLA films, it was impossible to
measure water contact angle due to complete degradation.
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Figure 7. Water contact angle measurements for samples before and after the aminolysis treatment.
For PLLA films after the treatment, there are no results because of complete degradation.
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4. Discussion

In this study we analyze the effects of the aminolysis treatment for three types of polyesters in the
form of nanofibers and films.

The efficiency of the aminolysis for PCL, PLCL and PLLA samples was quantitatively measured by
the amount of free amino groups using ninhydrin staining. The susceptibility of investigated polymer
to aminolysis was the highest for PLLA, leading even to complete degradation of films, medium
for PLCL, and the lowest for PCL. For example, after 5 min of the treatment, the amount of amino
groups was about 35 times higher for PLCL in comparison with PCL film. As was expected, in the
case of effective aminolysis treatment, the amount of free amino groups increased with the time of the
treatment, which has already been reported [53,54]. The reactions under the same conditions turned
out to be much more efficient in films as compared to nanofibers, despite the higher surface area to
volume ratio for nanofibrous samples. The aminolysis treatment was ineffective for PCL nanofibers.
We performed an additional experiment for PCL nanofibers with the aminolysis treatment at the same
concentration and temperature conditions, but with the time extended to 144 h. However, morphology
of nanofibers was unchanged and the amount of amine groups was only ca. 8.2 x 107 M/mg.

We provide additional results by the direct method of the ATR-FTIR technique and the indirect
methods of WAXS and mechanical tensile tests. In the case of ATR-FTIR, the efficiency of the aminolysis
treatment is confirmed by the appearance of the absorbance of the amide II and amide I bands.

The results of the ninhydrin tests are well correlated with the WAXS analysis of crystallinity. It is
evident that crystallinity increases with the treatment time for all the samples, except PCL nanofibers.
This crystallinity increase is due to chain scission, an effect of the ester bond cleavage resulting in higher
molecular mobility allowing for additional crystallization. In the case of PCL nanofibers showing the
aminolysis treatment as ineffective, there is also no increase in crystallinity as measured by WAXS.
A reduction in the average crystal size with the treatment time observed for PCL, PLLA, and PLCL
nanofibers and films is most probably a result of either formation of additional small crystals, in the
case of the effective aminolysis for most materials, or disruption of existing crystals, in the case of
PCL nanofibers.

The confirmation of the results of ninhydrin staining by the results of mechanical tensile tests is
based on the molecular degradation, which accompanies the aminolysis process. Chain scission causes
a decrease of the stress and strain at break. It is a well-known fact that reduction of chain length via
aminolysis results in lower resistance against tension [55]. In our study, this process seems to be most
intense in the case of PLLA nanofibers and films, as well as PLCL films. In the literature, there are
many examples of reduction in mechanical properties, such as tensile strength, elongation at break,
and even Young’s modulus, as a result of aminolysis process [14,56,57]. It should be noted that there
are also studies in which authors observed an increase of tensile strength or elastic modulus after
reaction [32]. In our work, we also noticed a small increase of mechanical properties for PCL films
after the aminolysis treatment. This phenomenon was explained by Ganjalinia et al. as formation of
cross-links between hydroxyl molecular chains of polymer and NH,-terminated groups of reactant [55].
Summarizing the problem of various susceptibility of investigated polyesters to aminolysis, we can
conclude that it is most probably associated with:

e  Various ratios of ester to alkyl groups being the lowest for PCL and the highest for PLLA.

e  Different crystallinity, being the highest for PCL and the lowest for PLLA. It is known that the
availability of ester groups for aminolysis depends on the supermolecular organization, being
lower for the crystal phase than for the amorphous one.

e  Different rates of NH; recombination after aminolysis, being dependent on the position of the
aminolysis temperature in relation to glass transition temperature. It is anticipated that in the
case of PCL with glass transition temperature far below aminolysis temperature, the free amine
recombination rate should be much higher than for PLCL with Tg = 32-42 °C, and particularly for
PLLA, for which aminolysis is performed below glass transition temperature.
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The non-trivial problem is related to the effect of the form of material on the aminolysis effectiveness.
Our results clearly indicate that aminolysis reaction turned out to be much easier in the case of films.
Our hypothesis is that the reason is related to the radial distribution of structure in the case of
nanofibers with more crystalline skin, which inhibits the reaction. There are some works regarding the
fundamentals of polymer aminolysis, where it is claimed that aminolysis is a highly selective process,
attacking primarily ester bonds in the amorphous regions, which is detected as a rapid drop in polymer
molar mass and weight [26,47,58]. The less intensive attack of crystallites occurs at the further stage of
the reaction. Considering the large differences in the effectiveness of aminolysis of film and electrospun
nanofibers, we should return to the basics of fiber formation in classical processes of spinning from
solution and melt. Relatively thick fibers formed in classical spinning processes allow to investigate
experimentally the details of the internal structure, including its radial distribution. It was shown
theoretically [59,60] that the crystallization driving force is higher at the fiber surface due to two reasons.
The first one being of a thermodynamic nature is related to lower temperature at the jet surface in the
case of melt spinning, or to a higher polymer concentration caused by surface solvent evaporation at
the jet surface in the case of solution spinning. In both cases there is higher thermodynamic force at
the jet surface because of higher supercooling or supersaturation. The second reason for the higher
crystallization driving force at the jet surface is related to higher stress because of higher solution
viscosity caused by lower temperature or higher polymer concentration. It leads to more effective
molecular orientation at the surface, resulting in faster crystallization. Both factors are responsible for
higher crystallinity at the fiber surface, as evidenced experimentally [61,62]. This radial distribution of
structure with higher crystallinity at the surface compared to that at the core is narrower the higher the
spinning rate [53]. For instance, the crystallinity of PET fibers spun at 5400 m/min and analyzed directly
using localized electron scattering show well-pronounced crystallinity near the fiber surface with a
practically amorphous fiber core [55]. This direct crystallinity analysis corresponds to measurements
of radial variation of birefringence and Lorentz density [55]. It should be taken into account that the
typical velocity of the jet during electrospinning, as measured directly using a moving substrate and
high-speed camera, as well as laser Doppler velocimetry, is between 300 and 900 m/min [63-65], which
is comparable to traditional dry spinning. Estimations of the electrospinning velocity based on the
mass of the collected nanofibers range from 6000 m/min to an astonishing 60,000 m/min [66-70], so
is the same order or even higher as for the processes of high speed spinning. However, it should be
made aware that the estimation of the velocity from the mass of the collected nanofibers can be loaded
with an error due to the splitting of the electrospinning jet or multiple electrospinning jets from the
spinneret [71]. So, it is expected that in the case of solution electrospinning, there will be a similar
rate of solvent evaporation resulting in similar crystallinity radial distribution in both processes, high
speed spinning and electrospinning, allowing to transfer the conclusions from the high-speed spinning
process to electrospinning. Some authors use the term skin/core morphology for this kind of structure
radial distribution of fibers. In the case of electrospinning, there is no experimental evidence of such
radial distribution of crystallinity because of extremely small diameter of fibers compared to those
formed by classical spinning. There are only speculations using some experimental results on the
possibility of the existence of the skin—core morphology, for instance in electrospun nylon-6 fibers [72].
Summarizing the problem, it is expected that the crystallinity of skin is much higher than for core of
fibers, forming an effective barrier for aminolysis processing of nanofibers. In the case of casted films,
we do not expect such gradient of crystallinity across the film thickness because of a much slower
evaporation rate. An extreme example is the case of PCL nanofibers, for which aminolysis reaction is
completely inefficient at given conditions.

The needs of harder reaction conditions for PCL nanofibers than for membranes was discussed by
Piai et al. [73], who associated the problem with the high hydrophobicity of PCL nonwovens. However,
our results show that the PLCL and PLLA nanofibers, which have very similar water contact angles to
the PCL, are reactive at the same conditions, indicating that this is no problem of hydrophobicity. Our
WAXS crystallinity measurements before aminolysis clearly show that bulk crystallinity of nanofibers
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is considerably higher than that of films, reaching 57% for PCL which is ca. 10% higher compared to
PCL films. In the case of PLCL and PLLA nanofibers, crystallinity before aminolysis is lower compared
to PCL, reaching 53%, while PLLA nanofibers remain practically amorphous. This very high bulk
crystallinity of PCL nanofibers, together with highly probable crystallinity radial distribution, lets us
suppose that surface PCL nanofibers’ crystallinity is extremely high, forming a strong barrier against
aminolysis reaction.

According to the literature, additional information about aminolysis comes from water contact
angle measurements, because introducing hydrophilic free amino groups on the surface should result
in enhancement of wettability. Indeed, in the case of PCL film, we observed a significant decrease of
water contact angle for modified samples, and the value was lower as time increased (25° drop for
15 min of aminolysis). Surprisingly, we also observed a slight decrease for PCL nanofibers, for which
we did not detect any amino groups on the surface. However, this effect could be associated with the
change of roughness after immersing in ED/isopropanol solution or surface hydrophilization with
alcohol [74]. For the PLCL nanofibers, the observed decrease was also very slight being up to 9 degrees.
Moreover, for the PLLA nanofibers and PLCL film, we did not observe any enhancement of wettability,
or even a slight increase of water contact angle. Despite commonly emphasized improvement of
wettability after aminolysis [75,76], this phenomenon seems to be much more complex. According to
the literature, frequently only a slight decrease of water contact angle is observed [14,50,77]. Monnier
et al. reported for PLLA film a similar observation to ours, for which water contact angle slightly
increased with the time of aminolysis [78]. The authors proposed two mechanisms, which could be
responsible for this phenomenon. Firstly, they proved appearing of double grafting during aminolysis,
which means that two amine groups of diamine can react with ester bonds of polymer and, in this
case, there is no free hydrophilic amino group. Indeed, in the literature there are reports of using
diamines for cross-linking of polyester macromolecules [79]. According to the authors, another cause
of contact angle increase could be related to the effect of hydrophobic alkyl chains of diamine, which
can dominate the impact of free NH; groups. A similar explanation was presented in the work of
Bakry et al. [50], where identical values of advancing contact angle for pristine and aminolyzed PLLA
film were assigned to re-orientation of the hydrophobic parts of grafted amine.

5. Conclusions

In these studies, we analyzed—using various methods, both direct and indirect—the efficiency of
aminolysis under the same processing conditions for various aliphatic polyesters (PCL, PLCL, and
PLLA) in the form of nanofibers and films. Considering the type of polymer, the order of aminolysis
efficiency from highest to lowest is as follows: PLLA, PLCL, and PCL. Our explanation of this sequence
of polymer susceptibility to aminolysis is related to different ratios of ester to alkyl groups, primary
crystallinity, and NH; recombination rate. Taking into account the form of the material, aminolysis
reaction turned out to be much easier in the case of films. Our hypothesis is that the reason is related
to the radial distribution of the structure, particularly of the supermolecular structure, with more
crystalline skin in the case of nanofibers, strongly inhibiting the reaction. Our results of the amine group
concentration analysis correspond to a change of crystallinity and mechanical properties, especially
stress and strain at break after the aminolysis process. These results provide an important basis for the
future research on the use of aminolysis for surface functionalization of polymers.
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Aminolysis as a surface functionalization method of
aliphatic polyester nonwovens: impact on material
properties and biological responsef

Oliwia Jeznach, ©2 Dorota Kotbuk, 2 Mateusz Marzec, ©©° Andrzej Bernasik & °
and Pawet Sajkiewicz & *

Itis reported in the literature that introducing amino groups on the surface improves cellular behaviour due
to enhanced wettability and the presence of the positive charge. In this work, electrospun fibers were
subjected to aminolysis under various conditions to investigate the impact of reaction parameters on the
concentration of free NH, groups, change of fiber properties, and the response of L929 cells. Three
types of electrospun nonwovens obtained from poly(caprolactone) (PCL), poly(L-lactide-co-
caprolactone) (PLCL) 70:30 and poly(L-lactide) (PLLA) were investigated. For all polymers, the
concentration of NH, groups increased with the diamine concentration and time of reaction. However, it
was observed that PCL fibers require much stronger conditions than PLCL and PLLA fibers to reach the
same level of introduced amine groups. X-ray photoelectron spectroscopy results clearly demonstrate
that an aminolysis reaction is not limited to the surface of the material. Gel permeation chromatography
results support this conclusion indicating global molecular weight reduction. However, it is possible to
reach a compromise between the concentration of introduced amine groups and the change of
mechanical properties. For most of the investigated conditions, aminolysis did not significantly change
the water contact angle. Despite this, the change of L929 and MG63 cell shape to being more spread
confirmed the positive effect of the presence of the amine groups.

1. Introduction

In recent years there has been a growing interest in the modi-
fication of material surface properties in biomaterials science.
There is a big advantage in modulating material surface without
altering bulk properties since cell-material interaction mainly
refers to the interface." Scaffolds, drug delivery systems, and
implants are modified in different ways depending on the form
and chemistry of the material and application site. In the case of
polymer scaffolds commonly used methods are plasma treat-
ment,>* wet chemistry (hydrolysis, aminolysis),* layer by layer
technique,® surface graft polymerization,® coating with inor-
ganic particles™® and biomolecule immobilization.>*® Most
frequently, these modifications concern changing wettability,
surface energy, topography, or surface elasticity or introducing
charged groups or bioactive motives. These features can influ-
ence the body's response to biomaterials via determining
protein adsorption (specificity, adsorption rate, protein
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conformation, exposure or not of the cell-binding region)"**
and then modulating cell adhesion and their functioning, e.g.
secretion and deposition of extracellular matrix. Several recent
reviews discuss in details findings in impact of material surface
properties on cells behaviour and present updated conclusion
and future perspectives.'*>'¢

In this study, we investigated aminolysis as a surface modi-
fication method of electrospun fibers made of three types of
aliphatic polyesters used commonly in tissue engineering: pol-
y(caprolactone), poly(r-lactide-co-caprolactone) and poly(r-lac-
tide). Polymers differ from each other in the ratio of the ester to
alkyl groups, crystallinity, and glass transition temperature,
which could be essential from the reaction perspective.'” All
obtained nonwovens have a hydrophobic nature.

The reaction between polyesters and diamines is frequently
used as an effective method for introducing NH, groups on the
scaffold surface.’®" Its application is not limited to tissue
engineering. Aminolysis is used in the textile industry to
enhance fibers dyeing ability.>* Improved adsorption of dyes by
amine-functionalized fibers is also investigated for the removal
of pollutants present in water.>* Another studied application is
improving the interfacial adhesion between aminolyzed fibers
and polymer matrixes.*” It is worth mention that aminolysis can
be used for the degradation of PET fibers and bottles waste.*>**

RSC Adv, 2022, 12, 1303-11317 | 11303


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra00542e&domain=pdf&date_stamp=2022-04-09
http://orcid.org/0000-0003-1956-7835
http://orcid.org/0000-0001-9651-7087
http://orcid.org/0000-0001-9834-3930
http://orcid.org/0000-0003-2018-0312
http://orcid.org/0000-0003-4092-9853
https://doi.org/10.1039/d2ra00542e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra00542e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012018

Open Access Article. Published on 11 April 2022. Downloaded on 4/12/2022 2:22:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Aminolysis proceeds via a nucleophilic attack on the
carbonyl carbon of polyester.>> One amino group reacts with the
ester group forming an amide bond and leading to chain scis-
sion, while another one remains free. Moreover, hydroxyl
groups are also created as a result of chain-breaking (Scheme 1).
Aminolysis can be exploited as a single-step approach to
enhance cell response as a result of improved wettability and/or
presence of positive charge.***® On the other hand, the ami-
nolysis technique is frequently used as an intermediate step
before further physical or chemical immobilization of bio-
macromolecules.””?® There are also other approaches to intro-
duce free amine groups on the material surface. One of them is
plasma treatment using ammonia (NHj3) or nitrogen (N,) gases,
or amine monomers with most common exploited allylamine.*
Plasma treatment is a cost-effective and relatively simple
method. However, generation of active species inside of the
scaffold and alteration of modifying depth have to be taken into
consideration.*® Another method is incorporation of amine-
functionalized PEG-dendrimers,** poly(ethyleneimine),** which
is rich in primary amine groups, using e.g. EDC/NHS cross-
linking or poly(dopamine), which is easily deposited by direct
immersion of scaffold in dopamine solution.*® However, it is
rather a way to further conjugation of biomolecules with
incorporated free -NH, groups as these substances are known
for suppression of protein adsorption and some cell adhesion,
mainly due to its high hydrophilicity. Hence, these coatings are
exploited in manufacturing of hemocompatible scaffolds.***
Aminolysis, which is kind of wet chemical method, is a simple
way to homogenously introduce primary amine groups on the
scaffold surface without complete change of surface chemistry.

It is reported that protein adsorption on hydrophobic
surfaces can lead to their denaturation, which can make them
unable to bind cells.?” It was experimentally found that too high
hydrophilicity could also be unfavourable for cell attachment.*®
Hence, it appears that moderate wettability provides the proper
amount of adsorbed proteins as well as unchanged conforma-
tion, which results in good cell response.* From this perspec-
tive, it is important that aminolysis can cause an increase of
wettability.* Considering charge of surface, it was experimen-
tally proved that a positively charged surface has a beneficial
impact on cell behaviour, most probably due to electrostatic
interactions allowing effective adhesion of negatively charged
proteins present in serum, as well as direct interaction with the
charged surface of the cell membrane.*** Liamas E. et al. used
amine surface (-NH;') in computational modelling of

-OH -OH
S o
S ——> 23 -(CH,),-NH,
- (1)
41 = Chain  Ethylenediamine 2 _OH
L 0 NH,-(CH,),-NH, o©

1} ?

-C-OH Lon

Scheme 1 Mechanism of aminolysis reaction.
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fibronectin adsorption and showed that in contrast to
uncharged surface, protein adsorption on positively charged
surface is relatively rapid and site-specific.*®

Although diamine-based surface modification of polyesters
was fundamentally studied by others, the vast majority of
experimental results referred to solvent-casted
membranes.”>*™*” Currently, aminolysis is frequently used as
direct or indirect functionalization of ECM-mimicking electro-
spun fibers***** and there is no comprehensive study in the
literature that concerns the optimization of this reaction for
various polyester fibers.

In the previous paper, we discussed reasons for different
susceptibility of electrospun fibers and solvent-casted films to
aminolysis.” In this work, the aminolysis of three types of
aliphatic polyester fibers is investigated more detailed in a wide
range of conditions. We focus on fundamental characterization
and comparison of materials in terms of surface characteriza-
tion including XPS and amino groups concentration, impact of
the modification on fibers morphology, molecular weight,
wettability, mechanical properties and crystallinity, as well as
interaction of materials with L929 and MG63 lines cells.

2. Experimental

2.1. Materials

Three types of polyesters were used: PCL (Sigma-Aldrich, USA,
M,, =108 kDa, M, =78 kDa, T, = —60 °C), PLCL 70:30
(Resomer® LC703S, Evonik, Germany, M, = 88 kDa,
M, = 59 kDa, inherent viscosity = 1.3-1.8 dl g ', T, = 32-42
°C) and PLLA (PL49, Corbion, Netherlands, M, = 338 kDa,
M, = 197 kDa, inherent viscosity = 4.9 dl g”', T, = 58 °C).
Solvents used in electrospinning process—acetic acid (AA)
(purity degree 99.5%), formic acid (FA) (purity degree = 98%),
and hexafluoroisopropanol (HFIP) (purity degree 98.5%) were
purchased from Poch (Poland), Sigma-Aldrich (USA), and Iris
Biotech GmbH (Germany), respectively. Ethylenediamine (EDA)
(purity degree 99.5%), isopropanol (purity degree 99.8%),
ninhydrin (purity degree 99%), ethanol (purity degree 99.8%),
glutaraldehyde (conc. 25%) and tetrahydrofuran (THF) (for
HPLC) were purchased from Chempur (Poland). Chloroform
(LiChrosolv®, for liquid chromatography) was procured from
Sigma-Aldrich (USA). For all polymers, M,, and M, were deter-
mined experimentally.

2.2. Preparation of electrospun fibers

Three types of nonwovens were fabricated using electro-
spinning equipment (Bioinicia, Spain) in horizontal mode.
Solutions (15% w/w solution of PCL in a mixed solution of acetic
acid and formic acid at 9 : 1 ratio, 7% w/w PLCL solution in
HFIP, and 3.5% w/w solution of PLLA in HFIP) were pumped
through two stainless steel needles with a speed of 6 ml h™*
(3 ml h™" per needle). Other process parameters were: distance
needle-collector: 15 cm, collector rotating speed: 300 rpm,
voltage applied to collector: —2 kV, voltage applied to needles:
PCL: 13-15 kV, PLCL: 12-14 kV, PLLA: 12-14 kV, temperature
and humidity conditions: PCL: 24 °C, 40%, PLCL: 38 °C, 40%,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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PLLA: 24 °C, 40%, volume of solution used to obtain 12 cm x
31 cm nonwoven - PCL: 13 ml, PLCL: 18 ml, PLLA: 39 ml.

2.3. Aminolysis treatment

Samples of 5.5 x 5.5 cm size were immersed in 80 ml of ethyl-
enediamine in isopropanol solution. Solutions concentrations
were: 10, 20, 30% w/v for PCL and 2, 6, 10% w/v for PLCL and
PLLA. Time points were: 30 min, 6 h, 24 h, 72 h for PCL and
5 min, 10 min, 15 min, 30 min for PLCL and PLLA. The
temperature of the reaction was set at 30 °C. The process was
conducted in an orbital shaker-incubator. After that, aminolysis
samples were washed three times in deionized water and dried
under vacuum overnight. Sample designations were set as the
name of polymer_EDA conc._reaction time, e.g. PCL_20%_72 h
or as the name of polymer_Control for control, unmodified
samples.

2.4. Surface characterization

2.4.1. Detection and quantification of amino groups.
Ninhydrin colorimetric test was used to quantify the concen-
tration of amine groups grafted during aminolysis. Three
samples of weight in the range of 10-30 mg, depending on the
type of polymer and reaction conditions, were used. Each
sample was put into a glass vial, and 0.5 ml of 2% w/v ninhydrin
in ethanol/acetic acid (49 : 1 v/v) solution was added. Vials were
heated for 10 min using a hot plate set at 100 °C. After that, 1 ml
of isopropanol (in the case of PLCL and PLLA) or 0.5 ml of
isopropanol and 0.5 ml of dioxane (in the case of PCL) were
added. The absorbance of tested solutions was measured at
570 nm. The concentration of amine groups was calculated on
the basis of the calibration curve obtained for a known
concentration of ethylenediamine in isopropanol solution. In
the case of PCL, the volume of dissolved material was included
in the calculation. Results were presented as a concentration of
amino groups in moles per mg of fibrous sample.

2.4.2. XPS analysis. Five chosen samples were analyzed
using XPS: PLCL_Control, PLCL_2%_15 min, PLCL_6%
_15 min, PLCL_6%_30 min and PLCL_10%_15 min. XPS anal-
yses were performed using a scanning XPS system (PHI Ver-
saProbe II, USA) equipped with monochromatic Al Ko (1486.6
eV) radiation. The power X-ray source was about 25 W. X-rays
beam were focused to a 100 pm spot which determined the
area of analysis. The measurement time of the spectrum of one
element was about 7 minutes. A dual beam charge compensa-
tion with 7 eV Ar" ions and 1 eV electrons were used to maintain
a constant sample surface potential. All XPS spectra were
referenced to the unfunctionalized, saturated carbon (C-C) C1s
peak at binding energy (BE) equal to 284.8 eV. Concentration of
elements and their chemical sates on various depth of PLCL
fiber were measure by sputtering with Argon Gas Cluster Ion
Beam (Ar-GCIB). Sputtering parameters were set to 10 kV beam
voltage and 30 nA current with approx. 4000 argon atoms per
cluster. The size of the sputtered area was set to 3 x 3 mm.
During the sputtering Zalar rotation was applied. The sputter-
ing rate was determined in a separate experiment using
a 450 nm thick PLCL layer and was set at 4.1 nm min~". The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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analysis of the fiber composition was performed on the surface
and after consecutive 15 minute sputtering cycles.

2.5. SEM imaging

Scanning electron microscopy (SEM, Jeol JSM-6010PLUS/LV
InTouchScope™) was used for sample imaging. Before
imaging, samples were coated with gold. The acceleration
voltage was in the range of 7-10 kv.

2.6. Wettability

The water contact angle (WCA) was determined for aminolyzed
samples using goniometer Data Physics OCA 15EC (Germany).
The dosing volume and dosing rates were 1 pl and 2 ul s 7,
respectively. Measurements were repeated 5 times for each

sample.

2.7. Change of average molecular weight

Change of weight average molecular weight (M), number
average molecular weight (M,), and polydispersity index (PI)
were measured using gel permeation chromatography (GPC,
Shimadzu). PCL and PLCL samples were solubilized in THF at
a concentration of 3 mg ml~'. PLCL granules and all PLLA
samples were solubilized in chloroform due to poor solubility in
THF at a concentration of 1 mg ml ™', respectively. THF was
used as a mobile phase. The temperature was set at 40 °C. All
solutions were filtered by 0.22 um syringe filters (Biosens). THF
flow rate was equal to 1 ml min~". Polystyrene standards with
M, from 3470 Da to 2 520 000 Da (PSS Polymer Standards
Service GmbH) were used to create a calibration curve. GPC
equipment consisted of a pump, column (Phenogel™ 5 pum
10e5A, Phenomenex), refractive index detector (RID-20A, Shi-
madzu) and LabSolutions GPC software. In the case of PLLA
samples, the calculation of M,, and M,, were conducted using
OriginPro 8.0 and PeakFit 4.12 software due to disturbance
resulting from incomplete solubility of PLLA in chloroform. The
Mark-Houwink equation parameters were as follow a« = 0.7, K =
14.1 x 107> dl g~ for polystyrene standard polymer, a = 0.786,
K=13.95 x 107> dl g~* for PCL according to Sinnwell S. et al.,**
o = 0.68, K= 4.84 x 10" * dl g ! for PLCL and « = 0.65, K =
0.001 for PLLA according to Nuuttila M. et al.>®

Sets of the two aminolyzed samples for each type of polymer
were chosen for further analysis including mechanical testing,
WAXS analysis and cell response. The first sample was selected
as having a lower concentration of amine groups ((1.42-3.18) X
10® mol mg ') and the second as having a higher concentra-
tion of amine groups ((1.65-1.75) x 10~" mol mg™ ).

2.8. Mechanical testing

Uniaxial testing machine Lloyd EZ-50 (USA) was used to deter-
mine Young's modulus, stress at break and strain at break.
Three samples (5 x 40 mm, testing area: 5 x 20 mm) for each
type of material were tested. Thickness of each sample was
measured with a thickness gauge. Machine was equipped with
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handles for thin and delicate samples with a 50 N load cell.

Cross-head speed was set at 5 mm min~".

2.9. WAXS analysis

Wide angle X-ray scattering (WAXS) was applied for analysis of
the supermolecular structure. WAXS measurements were per-
formed using Bruker D8 Discover diffractometer (Mannheim,
Germany) with CuKa radiation operated at a voltage of 40 kV,
and a current of 20 mA. All measurements were performed in
reflection mode, using Goebel optics for beam formation:
a 0.6 mm slit and Soller collimator. Highly sensitive Lynx Eye 1-
D silicon strip detector was used. The range of diffraction angle,
260, was between 5° and 35°, with a step of 0.01° and a time of
data accumulation at angular point of 0.2 s. The “empty” scan
without a sample was subtracted and the default function of
subtracting background was applied. Then, the WAXS profiles
deconvoluted numerically using PeakFit software
assuming Pearson VII and Gauss functions for the crystal
diffraction peaks from the amorphous halo, respectively. The
degree of crystallinity was determined as the ratio of the area of
all the crystalline diffraction peaks to the overall area of the
profile.

were

2.10. ATR-FTIR analysis

Surface molecular structure of samples was analyzed using
attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectrometer Bruker Vertex 70 (Mannheim, Germany).
Absorbance mode in 4000-400 cm™ ' range was applied. The

resolution of measurement was equal to 2 cm ™.

2.11. Cell response

Mouse fibroblast cells (L929, Sigma Aldrich) and osteoblast-like
cells (MG63, Sigma Aldrich) were chosen to investigate cell
response. For L929 cells culture, Dulbecco's Modified Eagle
Medium (DMEM, Thermo Fisher Scientific) was supplemented
with fetal bovine serum (FBS, Thermo Fisher Scientific) to the
concentration of 10% v/v and penicillin/streptomycin (Thermo
Fisher Scientific) to the concentration of 1% v/v. For MG63 cells
culture, 1% v/v of gentamicin (Thermo Fisher Scientific) was
added to the media.

Cells were cultured in an incubator at 40 °C in a 5% CO,.
Samples of nonwovens were sterilized using 70% - solution of
ethanol in water and 30 min-exposure to UV light on each side.
Samples were placed in a 48-well culture plate - three samples
for cell metabolic activity test, and two samples for SEM
observation for each type of material. 2 x 10° cells were seeded
per well. Cells were cultured in an incubator for 5 days.

PrestoBlue™ (Thermo Fisher Scientific) test was chosen to
evaluate cell metabolic activity. After removing the culture
medium, each sample was rinsed with phosphate-buffered
saline (PBS, Thermo Fisher Scientific). Then 180 pul of PBS and
20 pl of PrestoBlue™ reagent in the PBS solution was added to
each well. PrestoBlue reagent was also added to pure PBS as
a control. The plate with samples was further put into an
incubator for 40 min to enable reaction. After that, 100 pl of
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each solution was placed in a 96-well plate. Emission of light
was measured using Fluoroskan Ascent (Thermo Scientific) at
an excitation light wavelength of 530 nm and emission light
wavelength of 620 nm. Results were then calculated to
percentage metabolic activity using tissue culture polystyrene as
a 100% control.

Samples used for SEM observation were gently rinsed with
PBS twice and then fixed with 2.5% glutaraldehyde/PBS over-
night. Samples were further dehydrated using ethanol in water
solution series (30, 40, 50, 60, 70, 80, 90, 100 (x2)% v/v), hex-
amethyldisilazane (HDMS, Sigma Aldrich)/ethanol solutions
(1:2and 2 : 1 v/v), and pure HDMS. Each ethanol solution was
removed after 20 minutes, and HDMS was left overnight.

Fluorescence microscopy imaging was performed after
immunohistochemical staining. Cells were washed once with
phosphate buffered saline (PBS), fixed in 4% paraformaldehyde,
kept in 0.1% Triton-X for 5 min and washed again with PBS.
Then the actin skeleton and nucleus were stained with
ActinGreen™ and NucBlue™ reagent (Thermo Scientific),
respectively. All samples in comparison to TCP (Tissue Culture
Plastic) were illustrated using a fluorescent microscope (Leica
DMI3000B, Leica Microsystems).

2.12. Statistical analysis

One-way analysis of variance (ANOVA) followed by NIR post hoc
test, or Kruskal-Wallis one-way analysis of variance was per-
formed on WCA, stress and strain at break, and cell metabolic
activity data test using Statistica 13 software. Significance was
set at p < 0.05.

Results are presented as the mean value + SD.

3. Results

Fig. 1 shows the results of the ninhydrin test, which allowed to
measure NH, groups introduced to samples subjected to ami-
nolysis. The first observation is that the concentration of NH,
groups on the surface increases for all polyesters with ethyl-
enediamine concentration and reaction time. For PLCL and
PLLA the same conditions were applied, and it was observed
that PLLA fibers were more susceptible to aminolysis. For
instance, in the conditions of 10% EDA concentration and
30 min time of reaction, the concentration of NH, groups for
PLCL was (3.57 £ 0.01) x 10~’ mol mg™~" and for PLLA (7.75 +
0.26) x 10~7 mol mg™". The results obtained for PCL fibers are
even more contrasting. In the case of this polyester, there was
a need to use much higher concentrations of EDA and reaction
times, which was concluded on the basis of preliminary
studies.’” However, even for extreme conditions (30%, 72 h) of
PCL aminolysis, the concentration of NH, groups is still lower
than in the case of the most reacted PLLA.

Nitrogen detection using the XPS method was possible for
the PLCL_10%_15 min sample. The concentration was
measured to be equal to 1.1 at%. In the case of other amino-
lyzed samples, nitrogen atomic concentration was too low to be
detected by XPS. Fig. 2 presents a depth profile of the atomic
concentration of the detected chemical bonds for the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS spectra of the Cls, Ols, N1s for PLCL_Control (a, c) and PLCL_10%_15 min (b, d, ) samples.

PLCL_10%_15 min. Taking into account sputtering rate, time of
90 minutes corresponds to the depth of about 370 nm. There
were no significant changes in atomic concentration of all

chemical bonds on the studied depth. Fig. 3 shows C1s, Ols,
and N1s spectra for PLCL_Control and PLCL_10%_15 min.
Table 1 presents atomic concentration and the relative intensity

Table1 The atomic concentration and the relative intensity of the C1s peaks measured by XPS on the surface of PLCL_Control and PLCL_10%

_15 min (before sputtering)

Atomic concentration [%] Relative intensity [%]

C-0
Concentration of amine groups -
Sample [mol mg™"] C () N C-C C-N C=0
PLCL_Control 0 69.6 30.4 — 48.1 25.6 26.3
PLCL_10%_15 min (2.16 £ 0.15) x 1077 73.1 25.8 1.1 61.1 19.6 19.3
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Fig. 4 SEM images of fibers breaking as a result of aminolysis under most aggressive conditions.
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Fig. 6 Change of M,, of (a) PCL, (c) PLCL, and (e) PLLA, and M,, of (b) PCL, (d) PLCL, and (f) PLLA vs. EDA concentration and reaction time.

of the Cl1s peaks measured by XPS on the surface of
PLCL_Control and PLCL_10%_15 min. A detailed analysis of
the C1s spectra allowed to determine the concentration of the
C-C (BE: 284.8 €V), C-O/C-N (BE: 286.6 eV), and C=0 (BE:
288.8 eV) bonds. Whereas the C-O and C-N bond energies differ

M310 | RSC Adv,, 2022, 12, N303-1317

slightly and also that the nitrogen concentration is low, both
chemical states have been fitted with one peak.

Additionally, we performed ATR-FTIR analysis. We observed
a small signal around 1530 cm ™" for aminolyzed samples, the
intensity of which increases with the time of aminolysis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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According to the literature, this signal can be attributed to the
amide II band originating from N-H stretch vibrations in
primary amines and from a mixed vibration of N-H bending
and C-N stretching in secondary amides.>® It corresponds well
with the situation where one of the diamine ends is anchored to
the polymer substrate, mimicking thus the existence of primary
amine with only one free end. The FTIR data were attached as
ESI (Fig. 1)

The aminolysis process did not cause the visible change of
fibers morphology in most of the samples. However, for each
type of polyester, fractured fibers were observed for the most
aggressive aminolysis conditions corresponding to the highest
concentration of amine groups (Fig. 4). Fragmented fibers were
observed for PCL_20%_72 h, PCL_30%_72 h, PLCL_10%
_15 min, PLCL_10%_30 min, PLLA_10%_15 min and
PLLA_10%_30 min. The intensity of fragmentation was
different depending on the type of polymer.

The results of WCA measurements are shown in Fig. 5.
Despite the hydrophilic nature of amine groups, there is no
significant change of WCA for most of the functionalized
samples. Slight differences in water contact angle, which were
observed, can originate from the nature of fibrous samples like
variability in density and coverage of polymer fibers on the
substrate, leading to masking of the wettability itself. In the
case of PCL, the largest WCA decrease was only 8 degrees, for
PLLA - 9 degrees. PLCL samples also remained hydrophobic
with almost the same WCA as a native sample, except the three
samples treated most aggressively, which manifest complete
hydrophilicity in time of 293.10 £+ 78.71 s, 25.08 £ 8.34 s, and
7.17 £ 3.08 s, respectively. It is worth mentioning that the fibers
in two of these samples were strongly fragmented.

As aminolysis is a kind of degradation due to the cleavage of
ester bonds, the study of molecular weight change is an
important input into its investigation. Fig. 6 shows 3D plots of
weight and number average molecular weights, as a function of
time and diamine concentration for all investigated polymers.
Additionally, Table 2 contains source molecular weight data
together with polydispersity index and corresponding amine
concentration. Comparing three studied nonwovens, it is
evident that the rate of drop in molecular weight is the slowest
in the case of PCL and the fastest for PLLA.

In Fig. 7, a correlation between the concentration of intro-
duced amine groups and the molecular weight is presented.
Considering the same concentration of attached amine groups,
the lowest drop in M,, was observed for PCL and the highest for
PLLA.

In Fig. 8 data of M, were compiled with stress and strain at
break, and crystallinity for two chosen samples of each type of
fibers after mild and strong aminolysis treatment. A noticeable
drop of stress at break is observed only for PLCL_10%_10 min. A
significant decrease of strain at break was noticed for all
samples after strong aminolysis. In general, the changes of
stress at break are not correlated with M, - for instance there is
a strong reduction of M, for PLLA without any essential changes
of stress at break. Regarding mechanical properties, there is
a better correlation between strain at break and M,,, particularly
evident for the most aggressive aminolysis conditions (Fig. 8b).
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A decrease of number average molecular weight was clearly
correlated with an increase of crystallinity. We have added
exemplary WAXS profiles as ESI (Fig. S2 and S37).

Effect of aminolysis treatment on cell response to materials
was studied on two chosen samples of each type of fibers.
Fibroblast L929 cells and osteoblast-like MG63 cells were
cultured on them for 5 days. In Fig. 9a, there are SEM images of
1929 cells morphology. Cells seeded on unmodified (control)
fibers have rather an unfavourable round shape compared to
TCPS. Cells morphology has changed to be more spread in the
case of all aminolyzed samples. It was especially observed in the
case of PLCL_10%_10 min; however, it should be taken into
account that initially, PLCL fibers promote the best cell
morphology among control samples. In Fig. 9b, there are SEM
images of MG63 cells morphology. For PCL and PLCL fibers
after aminolysis, improvement of cell morphology is observed.
In the case of PLLA fibers, control samples provide sufficient
conditions for material-cells interaction. It seems that in that
case aminolysis treatment causes slight deterioration of cell
morphology.

In Fig. 10 there are FM images of MG63 cells cultured on
studied materials. Greater spreading of actin skeleton is
particularly noticeable for PCL samples after aminolysis in
comparison to PCL_Control. In the case of PLCL and PLLA
fibers, proper cells morphology without significant differences
between samples was observed.

In Fig. 11a, the change of metabolic activity of L929 cells was
shown. We observed gradual improvement of metabolic activity
in the case of PCL samples after aminolysis. Metabolic activity
increases up to 235.36 + 56.94% and 278.08 + 18.90% of
PCL_Control value for a lower and higher concentration of
amine groups, respectively. In the case of PLCL samples, both
unmodified and modified, metabolic activity was on the same
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Fig. 8 (a) Stress and (b) strain at break, and (c) crystallinity of studied

fibers in the function of M,, mass. Statistically significant differences
were marked as * (p < 0.05).
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Fig. 9 SEM images of (a) L929 cells and (b) MG63 cells cultured by 5 days on control and modified fibers and TCP.

level, indicating that aminolysis does not change the metabolic
activity of cells seeded on PLCL fibers. In the case of PLLA
samples, we observed a decrease in metabolic activity for
modified samples. In Fig. 11b, the change of metabolic activity

© 2022 The Author(s). Published by the Royal Society of Chemistry

of MG63 cells was shown. There is only a slight increase for
samples of each polymer with higher concentration of amine
groups. For samples with lower amine groups concentration,
a decrease of metabolic activity was observed.
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Fig. 10 FM images MG63 cells cultured by 5 days on control and
modified fibers and TCP.
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Fig. 11 Metabolic activity of (a) L929 cells and (b) MG-63 cells after 5
days of culture on control and modified fibers. Statistically significant
differences were marked as * (p < 0.05).

4. Discussion

Based on the ninhydrin test results, the susceptibility of the
investigated fibers to aminolysis can be presented as PLLA >
PLCL > PCL. PCL fibers require a much higher concentration
of EDA and time of reaction to reach the same level of attached
amine groups as PLCL and PLLA fibers. We explain such
a difference by a combination of several factors - the differences
in ester bond density, glass transition temperature, and crys-
tallinity (surface crystallinity). The ratio of reactive ester groups
to alkyl groups is the highest for PLLA and the lowest for PCL.
Additionally, in the case of PCL, glass transition temperature
(=60 °C) is far below the temperature of aminolysis, which
provides high chain mobility and could result in free amine
recombination reducing effective concentration of amine
groups. Considering crystallinity, it is well known that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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availability of ester groups for aminolysis is lower for the crystal
phase with a dense package of molecules, hindering the diffu-
sion of diamines.*” In our previous work, we showed differences
in bulk crystallinity of these polyester fibers being the highest
for PCL and the lowest for PLLA, together with a hypothesis of
an additional factor related to the radial distribution of fiber
structure with the more crystalline surface, which can hinder
additionally aminolysis reaction for PCL."” Contrary to some
other works, a decrease of the amount of attached NH, groups
after a certain time threshold was not observed in our study.***

XPS results clearly indicate that aminolysis covers the entire
volume of the fiber and not only the fiber's surface. Such
conclusion can be drawn considering that the atomic concen-
tration of the N-C/H bond is stable up to the depth of the
370 nm for the PLCL_10%_15 min. For the PLCL_Control, the
measured carbon and oxygen content is close to the stoichio-
metric composition of the polymer, whose atomic concentra-
tion ratio C/O should be equal to 2.0. Relative intensities of the
C-0 and C=O0 bonds are also consistent with the stoichio-
metric composition of the analyzed compound. Differences
observed for sample after aminolysis can be a result of the
change of group orientation as aminolysis lead to chain
scission.

Fragmentation of fibers that we observed for extreme ami-
nolysis reaction conditions was explained by Polini A. et al. and
Kim T. G. et al. as a result of chains scission, additional crys-
tallization of shortened chains, and then the formation of
a specific arrangement of alternate amorphous and crystalline
domains.’®*® According to the authors, transverse fiber frag-
mentation can be caused by the easy breaking down of amor-
phous spaces present between crystalline regions under stress
conditions.”® In our case, fragmentation could be favoured by
sample handling. In the literature, there are many studies in
which this fragmentation is desirable as aminolysis or other
techniques are used for producing fibrous “particles”, especially
from the PLLA nonwovens, that can be exploited as hydrogel
fillers.®**

In the literature, aminolysis is as an example of a method
that improves the wettability (WCA) of material due to the
hydrophilic character of amine groups.*® However, studies on
aminolysis show that sometimes there is a lack of wettability
improvement or changes are not significant."**** It was
proposed by Monnier A. et al. that such a lack of improved
wettability could be associated with the domination of the
hydrophobic alkyl chain of diamine over the hydrophilic amine
group.®* In our study, we have not observed a clear trend in the
change of the WCA values. It should also be taken into
consideration that WCA results are affected by roughness.*

The results of GPC analysis indicate clearly that the whole
fiber, not only its surface, underwent an aminolysis reaction,
which corresponds to the XPS analysis data. In chromatograms,
we observed only one peak with its gradual shifting to the lowest
molecular weight for all aminolyzed samples. In the case of
reaction limited to the surface, a new peak for lower molecular
weights would be expected to appear in the chromatogram in
addition to the peak related to the fibers' unchanged interior.
This is consistent with some fundamental studies showing that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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aminolysis, contrary to hydrolysis, is not a surface-limited
reaction.®*® There are also other papers, in which authors
presented a significant decrease in molecular weight after
aminolysis.®®* However, as it was shown in our study, ami-
nolysis of both, PCL and PLCL, allows obtaining relatively high
amine concentration at the surface, maintaining a still
reasonable level of molecular weight.

As it was proposed by Flory, the reduction of number average
molecular weight, M, leads to a decrease of fracture strength, a,
according to the equation:

c=0" — BIM,,

where ¢% is the fracture strength at infinite molecular weight,
and B is a constant dependent on chains' entanglements.” In
our study, in the case of PLCL sample with a significant
reduction of M,, a noticeable drop of stress at break was
observed. This is not the case of PCL and PLLA, for which there
is practically no change or even increase of stress at break.
Additional factor for stress at break reduction in the case of
PLCL is breaking and cracking of fibers due to aggressive ami-
nolysis conditions. Another factor affecting mechanical prop-
erties is the additional crystallization caused by the presence of
shorter, more mobile chains. This effect is most important for
PLLA with large degradation leading to essential crystallization
from practically amorphous state to crystallinity 50% in the case
of PLLA_6%_10 min. In general, an increase of crystallinity is
expected to be responsible for increase of stress at break,
leading to disturb the correlation of stress at break with M,, as
observed by us. Evident reduction of elongation at break with
reduction of M, can be explained by the loss of elastic prop-
erties with reduction of molecular entanglement density at
lower molecular weight.

In the case of all aminolyzed samples, even with a lower level
of attached amine groups, change of L929 shape to more spread
was noticed. The same effect was observed for MG63 cells
cultured on PCL and PLCL samples. Most probably, it is related
to the positive charge of introduced amine groups as it was
reported previously.*”* Especially in the case of PLCL_10%
_10 min, a lot of well-spread L929 cells with the formed filo-
podia were observed, which could be additionally associated
with the fact that this sample was completely hydrophilic.
Despite the improvement of cell morphology, results of meta-
bolic activity tests did not show a clear correlation with the
presence of amine groups for all polymers. Indeed, in the case
of PCL, gradual improvement was observed, and taking into
account that all PCL samples were hydrophobic, it is most
probably associated with the effect of the positively-charged
surface. However, general observations lead to the conclusion
that introducing amine groups on the surface of the fibers leads
in all cases to the proper cells morphology but is not sufficient
for improvement of their metabolic activity. In other words,
there is no clear correlation between improvement in cells
morphology and their metabolic activity. There is little litera-
ture supporting these observations. For instance, Shin J. W.
et al. show that 4-fold changes in scaffold stiffness, provoked by
changes in the molecular structure, increase cellular spreading
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without significant impact on cell number and -cellular
viability.”” Despite many scientific inquiries, there is still no
clear relation between cell viability, metabolic activity, and
shape in the literature.” We suppose that the observed SEM and
FM morphology of cells is mostly affected by the quality of
cellular adhesion to the fibers while the metabolic activity
reflects further, post-adhesion stages of cells behaviour associ-
ated with their growth, migration and proliferation.

5. Conclusions

In this study, the aminolysis of three types of aliphatic polyester
fibers in a wide range of conditions was investigated. It was
shown that achieving the same level of amine concentration
requires a much higher concentration of diamine and time of
reaction in the case of PCL electrospun fibers compared to PLCL
and PLLA. This phenomenon can be explained by the difference
in ester bonds density, crystallinity (including surface crystal-
linity), and glass transition temperature. Despite the hydro-
philic nature of amine groups, most of the samples remained
hydrophobic. X-ray photoelectron spectroscopy results clearly
demonstrate that an aminolysis reaction is not limited to the
surface of the material. This observation is supported by GPC
results showing bulk molecular weight decrease, which indi-
cates that the reaction is not limited to the fiber surface, but it
proceeds in the whole cross-section of the fiber.

Molecular degradation is much stronger for PLLA than for
PLCL and PCL, leading to the favorable situation that for PCL
and PLCL an effective concentration of amine groups is ach-
ieved at relatively weak degradation. Another effect of ami-
nolysis is an increase of crystallinity as a result of shortening the
chains and their additional arrangement. A decrease of molec-
ular weight, as well as an increase of crystallinity, led to the
change of mechanical properties. For the strongest treated
samples, cracking and fragmentation of fibers were observed,
affecting additional mechanical properties. However, our study
shows that it is possible to reach a compromise between the
concentration of introduced amine groups and change of fibers
properties. Amine groups introduced in two different concen-
trations caused improvement of 1929 and MG63 cells
morphology to more spread. Taking into account that the low
concentration of NH, groups on the fiber surface was sufficient
to improve the morphology of cells allowing at the same time to
maintain relatively high molecular weight and hence mechan-
ical strength, we recommend using aminolysis conditions that
are relatively mild for a particular type of fibrous polymer
scaffold.
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Abstract: Immobilization of cell adhesive proteins on the scaffold surface has become a widely
reported method that can improve the interaction between scaffold and cells. In this study, three
nanofibrous scaffolds obtained by electrospinning of poly(caprolactone) (PCL), poly(L-lactide-co-
caprolactone) (PLCL) 70:30, or poly(L-lactide) (PLLA) were subjected to chemical immobilization of
gelatin based on aminolysis and glutaraldehyde cross-linking, as well as physisorption of gelatin.
Two sets of aminolysis conditions were applied to evaluate the impact of amine group content. Based
on the results of the colorimetric bicinchoninic acid (BCA) assay, it was shown that the concentration
of gelatin on the surface is higher for the chemical modification and increases with the concentration
of free NH2 groups. XPS (X-ray photoelectron spectroscopy) analysis confirmed this outcome. On the
basis of XPS results, the thickness of the gelatin layer was estimated to be less than 10 nm. Initially,
hydrophobic scaffolds are completely wettable after coating with gelatin, and the time of waterdrop
absorption was correlated with the surface concentration of gelatin. In the case of all physically and
mildly chemically modified samples, the decrease in stress and strain at break was relatively low,
contrary to strongly aminolyzed PLCL and PLLA samples. Incubation testing performed on the PCL
samples showed that a chemically immobilized gelatin layer is more stable than a physisorbed one;
however, even after 90 days, more than 60% of the initial gelatin concentration was still present on
the surface of physically modified samples. Mouse fibroblast L929 cell culture on modified samples
indicates a positive effect of both physical and chemical modification on cell morphology. In the
case of PCL and PLCL, the best morphology, characterized by stretched filopodia, was observed
after stronger chemical modification, while for PLLA, there was no significant difference between
modified samples. Results of metabolic activity indicate the better effect of chemical immobilization
than of physisorption of gelatin.

Keywords: gelatin; aminolysis; surface modification; electrospinning

1. Introduction

Understanding and improving cell-material interaction is a topic of fundamental
importance in tissue engineering research [1]. At the early stage of the scaffold contact with
culture medium or physiological environment, surface properties play the most significant
role. Firstly, non-specific protein adsorption on the material surface occurs. This protein
layer influences cell attachment, by providing or not, adhering sites for integrin-driven
interaction [2,3]. Type and quantity of adsorbed proteins, and thus cell adhesion, depend
on many material surface characteristics, such as charge, wettability, and electrostatic
interaction [3-6]. Taking into account that cells adhere on the surface mainly via integrin—
ligand binding, research effort is put into supplying the scaffolds with extracellular matrix
(ECM)-originated adhesive proteins to enable specific cell attachment [7].
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ECM molecules, such as fibronectin, vitronectin, or collagen, contain various peptide
sequences that can be recognized by cell receptors. One of the most studied is the Arg-
Gly-Asp (RGD) sequence, which can be provided by the denatured form of collagen—
gelatin [8,9]. Depending on the type of protein, the RGD motif can be bound to different
cell integrins, probably because of various spatial conformations of RGD associated with
the vicinity of different amino acids or the existence of different synergistic sequences
on ECM molecules [10]. In the case of gelatin, the RGD sequence is recognized by av33
and o531 integrins [11]. Both integrins are present in, e.g., 1929 cells [12,13]. Active
integrins bound to adhesion molecules are attached to actin filaments through the focal
adhesion complexes, which enable the transduction of mechanical signals from ECM to
the cell [14,15]. Although specific integrin-mediated cell adhesion is widely reported
in the literature of tissue engineering, there is still a need for studying factors, such as
spatial conformation of ECM molecule [16,17] or so-called early cell adhesion preceding
attachment of integrin to peptide sequence [18].

Currently, a lot of effort is put into the development of surface modification tech-
niques to improve cell response to the scaffold without losing its mechanical properties
or changing the degradability profile, as is observed in the case of bulk modification [19].
Electrospun nano- and submicron fibers made of aliphatic polyesters are widely studied
in various tissue engineering applications (e.g., brain [20], tendon tissue regeneration [21],
blood vessels [22], wound healing [23]), because of their biomimetic architecture, biocom-
patibility, atoxic degradation products, tunable mechanical properties, and reproducibility.
However, from the perspective of the initial cell-scaffold contact, there is a problem with
their hydrophobicity and lack of bioactive moieties, which could interact with cells [24].
Immobilization of biomolecules onto polyester fibers is achieved through various methods
originating from chemical binding (e.g., methods based on aminolysis [25], hydrolysis [26],
“click chemistry” [27]) or physical interaction between biomolecules and polymer (e.g.,
methods exploiting plasma treatment [28], layer-by-layer deposition [29], and simple sur-
face entrapment [30]). In a review on recent advances in the modification of electrospun
fibers, the authors pointed out many examples with a comprehensive presentation of modi-
fication method and obtained biological results [19]. Nowadays, there is a wide range of
available methods, which improve cellular response, but it is important to consider their
pros and cons, such as impact on bulk properties, complexity of process, etc. There is also
too little information on long-term performance of the modified scaffolds under in vivo
conditions. In our opinion, too little attention is also paid to fundamental understanding of
mechanisms of the modification processes.

In this study, the immobilization of gelatin was investigated onto the surface of
electrospun fibers made of three types of aliphatic polyesters: poly(caprolactone), poly(L-
lactide-co-caprolactone), and poly(L-lactide). Aminolysis was applied in our research to
introduce free amine functional groups on fibers’ surface as the “coupling sites” followed
by glutaraldehyde cross-linking to chemically bind gelatin to the polymer. The polyesters
used in our study differ in physicochemical properties, such as glass-transition temperature
(Tg), crystallinity, Young’s modulus, and density of ester groups. All studied polyesters are
commonly used in tissue engineering. PCL and PLLA are FDA-approved polymers. Among
aliphatic polyesters used, PLCL has been reported to be the most promising candidate for
tissue engineering, surpassing both PLLA and PCL, in some of their properties. The most
crucial point is that by the association of PLLA with PCL into PLCL, it is possible to avoid
the brittle behavior of PLLA and the low stiffness of PCL [31,32], as well as to reduce the
local acidification due to the degradation of PLLA [33]. 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. PLLA and PCL differ additionally
in the kinetics of degradation, which is relatively fast for PLLA and slow for PCL. PLCL
offers an adjustable degradation rate adapted to its use in tissue engineering, tailorable by
changing the PCL/PLLA ratio [34].
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The main aim of the research was a comparison of polyesters in terms of concentration
of gelatin and nitrogen on the surface, the stability of gelatin coating, the impact of the
modification on wettability and mechanical properties, and L929 cell-scaffold interaction.
This type of modification was compared with the physisorption of gelatin obtained by
simple immersion of nonwoven in the protein solution.

Scheme 1 illustrates the mechanism of gelatin immobilization based on aminolysis
and glutaraldehyde cross-linking that was utilized in this study.
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Scheme 1. Aminolysis-based immobilization of gelatin.

2. Materials and Methods
2.1. Materials

Three polyesters were used: PCL (Sigma-Aldrich, St. Louis, MO, USA, M= 108 kDa,
M,, = 78 kDa, Ty = —60 °C), PLCL 70:30 (Resomer® LC703S, Evonik, Essen, Germany,
inherent viscosity = 1.3-1.8 dL/g, M= 88 kDa, M,, = 59 kDa, Tg = 32-42 °C) and PLLA
(PL49, Corbion, Amsterdam, the Netherlands, inherent viscosity = 4.9 dL/g, M= 338 kDa,
M, =197kDa, Ty = 58 °C). Weight and number average molecular weights were de-
termined by us earlier [35]. Solvents for the electrospinning process—acetic acid (AA)
(purity degree 99.5%), formic acid (FA) (purity degree > 98%), and hexafluoroisopropanol
(HFIP) (purity degree 98.5%)—were purchased from Poch (Gliwice, Poland), Sigma-Aldrich
(St. Louis, MO, USA), and Iris Biotech GmbH (Marktredwitz, Germany), respectively.
Ethylenediamine (purity degree 99.5%), isopropanol (purity degree 99.8%), ninhydrin
(purity degree 99%), ethanol (purity degree 99.8%), and glutaraldehyde (conc. 25%) were
purchased from Chempur (Piekary Slaskie, Poland). Gelatin (G1890, type A, gel strength
~300 g Bloom), BCA assay kit (QuantiPro™, for 0.5-30 ug/mL protein conc.), and for-
mamide (>99.5% (GC), BioReagent, for molecular biology) were procured from Sigma-
Aldrich (USA). Diiodomethane (99%+, stabilized) was purchased from Acros Organics
(Geel, Belgium).

2.2. Preparation of Electrospun Fibers

Three types of nonwovens were obtained using electrospinning equipment (Bioinicia,
Spain) in horizontal mode. Polymer solutions (15% w/w solution of PCL in a mixed
solution of acetic acid and formic acid at 9:1 ratio, 7% w/w PLCL solution in HFIP, and
3.5% w/w solution of PLLA in HFIP) were pumped through two stainless steel needles at a
speed of 6 mL/h (3 mL/h per needle). Other process parameters were as follows: distance
between needle and collector 15 cm, collector rotating speed 300 rpm, voltage applied to
collector —2 kV, voltage applied to needles PCL 13-15 kV, PLCL 12-14 kV, PLLA 12-14 kV,
temperature and humidity conditions PCL 24 °C, 40%, PLCL 38 °C, 40%, PLLA 24 °C, 40%,
volumes of polymer solution used to obtain 12 x 31 cm? nonwoven PCL 13 mL, PLCL
18 mL, and PLLA 39 mL.

2.3. Chemical Immobilization of Gelatin

Two sets of aminolysis conditions, mild and strong, were applied for each type of fibers
to provide different concentrations of free NH; groups and investigate their correlation
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with the concentration of immobilized gelatin. Conditions and sample designations were
chosen based on our previous study on the aminolysis of electrospun fibers [35] and are
shown in Table 1.

Table 1. Studied samples and their aminolysis parameters.

Sample EDA/Isopropanol . Temp Concentration of
Name Polymer Conc Time [°C] NH2 Groups
[% wiv] [mol/mg] [35]
PCL_Phys PCL - - - 0
PCL_Chem_I PCL 10 24h 30 (3.18 £ 0.31) x 1078
PCL_Chem_II PCL 30 24h 30 (1.69 £ 0.19) x 10~7
PLCL_Phys PLCL - - - 0
PLCL_Chem_I  PLCL 2 5 min 30 (1.42 4+ 0.08) x 1078
PLCL_Chem_II PLCL 10 10 min 30 (1.65 £ 0.15) x 1077
PLLA_Phys PLLA - - - 0
PLLA_Chem_I PLLA 2 5 min 30 (1.36 +0.13) x 1078
PLLA_Chem_II PLLA 6 10 min 30 (1.75 4 0.22) x 1077

Samples of 5.5 x 5.5 cm? size were immersed in 80 mL of a given solution of ethylene-
diamine (EDA) in isopropanol. The process was carried out in an orbital shaker-incubator.
After aminolysis, samples were washed three times in deionized water. Aminolyzed sam-
ples were subjected to glutaraldehyde treatment in 1% w/v solution of the reagent in water
(80 mL per sample) by 2.5 h at 25 °C. After that, they were washed three times in deionized
water. Then, samples were immersed in a 0.2% w/v solution of gelatin in water (80 mL per
sample). The process was conducted in an orbital shaker-incubator at 38 °C by 20 h. After
this treatment, the samples were washed in deionized water at 38 °C for 24 h to remove
weakly bound gelatin, and dried under a fume hood.

Unmodified samples were used as controls and are marked as Name-of-polymer_Control.

Additionally, to examine gelatin concentration as a function of the concentration of free
NH,; groups, PLCL fibers were subjected to a wide range of aminolysis conditions. Three
concentrations of EDA, 2, 6, and 10% (w/v), and four time points, 5, 10, 15, and 30 min,
were applied. The temperature was set at 30 °C. The process of gelatin immobilization was
the same as described above.

2.4. Physisorption of Gelatin

In parallel to chemical immobilization, polymer samples were subjected to the ph-
ysisorption of gelatin. Firstly, they were immersed in an isopropanol/water (50:50, v/v)
solution for 0.5 h. Then, they were washed three times in water. After that, samples
were immersed in a gelatin solution. Process parameters for gelatin immobilization were
the same as in the case of chemically modified samples, including washing and drying
procedures. Sample designations are presented in Table 1.

2.5. Sample Imaging

Scanning electron microscopy (SEM, Jeol JSM-6010PLUS/LV InTouchScope™) was
used for imaging the samples after modification. Before imaging, samples were coated
with gold. The acceleration voltage was in the range of 7-10 kV.

2.6. Gelatin Concentration on Fibers” Surface

The concentration of gelatin on fibers” surface was determined using BCA assay with
BCA solution prepared according to producer recommendation. Three samples (1-1.3 mg)
of each modified material were put into Eppendorf vials. 0.5 mL deionized water and
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0.5 mL BCA solution were added. Samples were incubated for 2 h at 37 °C. To obtain a
calibration curve, 0.5 mL gelatin solution (concentrations 5-30 pg/mL) was mixed with
0.5 mL BCA solution and incubated at the same conditions. The absorbance was read at
562 nm using a spectrophotometer (Thermo Fisher Scientific MultiskanGo, Waltham, MA,
USA). Results were presented as the concentration of gelatin on the surface in pg/mg of
fibrous sample.

2.7. Analysis of Chemical Structure—X-ray Photoelectron Spectroscopy

Five samples were chosen to be analyzed by X-ray photoelectron spectroscopy: PCL_
Control, PCL_Chem_I, PCL_Chem_II, PCL after stronger aminolysis corresponding to
PCL_Chem_II reaction parameters (marked as PCL_Am_II), and a fibrous gelatin sample.
The gelatin sample was prepared by electrospinning (parameters: 5% solution in HFIP,
voltage applied to needle 10 kV, grounded collector, distance between needle and collector
15 cm, and solution flow rate 0.5 mL/h).

For XPS measurements using non-monochromatic Mg K« radiation (1253.6 V), the
samples were inserted into the spectrometer (SPECS GmbH, Berlin, Germany) without
further treatment. The samples were studied under a vacuum of 5 x 1078 mbar at room
temperature. After measuring overview spectra of the samples at a constant analyzer pass
energy (Epass) of 50 eV, individual 1s spectra of C, N, and O were recorded with higher
resolution with Epass = 13 eV. This corresponds to a spectrometer resolution of 1.0 eV
(FWHM of the Ag 3ds5/, line). The electrostatic sample charging was corrected by setting
the binding energy of C 1s electrons of aliphatic carbon to 285.0 eV. The XPS spectra were
analyzed using the CasaXPS software package. The error of the binding energies is £0.1 eV.
The error of relative intensities is about £5%.

2.8. pH Measurements

The pH was measured using a pH meter (CP-401, Elmetron, Zabrze, Poland) and
electrode ERH-NS type (Elmetron, Poland). A 10 mL volume of 0.2% gelatin solution
in distilled water was prepared in triplicate for measurement of pH change of blank
solution and solutions with immersed PCL, PLCL, and PLLA samples. The sample size
corresponded to the sample/solution ratio used in the immobilization process. For each
solution, pH was measured before immersion of the sample and after 20 h of sample
incubation at 38 °C.

2.9. Wettability

Wettability was determined using a goniometer (Data Physics OCA 15EC, Filderstadt,
Germany). Waterdrop dosing volume and dosing rate were equal to 1 uL./s and 2 pL/s,
respectively. Due to the complete wettability of samples, the time of waterdrop absorption
was measured. Measurements were repeated 5 times for each sample.

2.10. Surface Free Energy

Total surface free energy and its components were calculated for polymer films. Films
were obtained by solvent casting technique from the same solutions as in the case of
the electrospinning process. Contact angles were measured using three liquids: distilled
water, formamide, and diiodomethane. Measurements were repeated 5 times. Surface free
energy was calculated using SCA20 (v.5.0.10, DataPhysics Instruments GmbH, Filderstadt,
Germany) software with the Owens, Wendt, Rabel and Kaelble (OWRK) model.

2.11. Mechanical Testing

A uniaxial testing machine, Lloyd EZ-50 (USA), was used to determine Young’s
modulus, stress at break, and strain at break. Three samples (5 x 40 mm?, testing area
5 x 20 mm?) for each type of material were tested. The machine was equipped with handles
for thin and delicate samples with a 50 N load cell. Cross-head speed was set at 5 mm/min.
The thickness of each sample was measured with a thickness gauge.
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2.12. Stability of Gelatin Coating

Stability of the gelatin layer on the fiber surface was tested up to 90 days by incubation
in phosphate-buffered saline (PBS). Taking into consideration that polymer degradation
can strongly affect measurements, PCL fibers, having the longest degradation time, were
chosen for the test. It was presented previously that PCL fibers do not lose their mass
during 90-day immersion in PBS solution [36]. The samples were additionally weighted
showing no weight loss during the incubation test. Three samples of PCL per time point
were tested. Samples were immersed in 10 mL of the PBS solution with the addition of
sodium azide (0.1% w/v) inhibiting bacteria growth. Samples were incubated at 37 °C and
shaken once every few days. The stability of the gelatin layer was evaluated on the basis
of gelatin concentration measurements using a BCA assay. The BCA test was conducted
according to the procedure described above.

2.13. Cell-Scaffold Interaction

Mouse fibroblast cells (L929, Sigma Aldrich) were used to evaluate cell response.
Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific) was supplemented
with fetal bovine serum (FBS, Thermo Fisher Scientific) to a concentration of 10% v/v and
penicillin—streptomycin (Thermo Fisher Scientific) to a concentration of 1% v/v.

Samples were sterilized by immersion in 70% solution of ethanol in water and 30 min
exposure to UV light on each side. Then, they were placed in a 48-well culture plate—three
samples for the cell metabolic activity test and two samples for SEM observation for each
type of material. A total of 2 x 103 cells were seeded per well. Cell culture was performed
in an incubator at 37 °C in 5% CO, for 3 and 5 days.

PrestoBlue™ (Thermo Fisher Scientific) test was used to investigate cell metabolic
activity. The culture medium was removed, and each sample was rinsed with PBS (Thermo
Fisher Scientific). Then, 180 uL of PBS and 20 uL of PrestoBlue reagent in the PBS solution
were added to each well. PrestoBlue reagent was also added to pure PBS as a control. The
plate with samples was put into an incubator for 40 min to enable reaction. After this
time, 100 pL of each solution was transferred to a 96-well plate. The emission of light was
measured using Fluoroskan Ascent (Thermo Scientific) at an excitation light wavelength of
530 nm and emission light wavelength of 620 nm. Results were calculated to percentage
metabolic activity using tissue culture polystyrene as a 100% control.

Samples used for SEM observation were gently rinsed with PBS twice and then fixed
with 2.5% glutaraldehyde/PBS overnight. Dehydration was performed using ethanol
in water solution series (30, 40, 50, 60, 70, 80, 90, 100 (x2)% v/v), hexamethyldisilazane
(HDMS, Sigma Aldrich)/ethanol solutions (1:2 and 2:1 v/v), and pure HDMS. Each ethanol
solution was removed after 20 minutes, and HDMS was left overnight. All samples were
imaged in comparison to TCP (Tissue Culture Plastic) using scanning electron microscopy
(SEM, Jeol JSM-6010PLUS/LV InTouchScope™). Before imaging, samples were coated with
gold. The acceleration voltage was in the range of 8-10 kV.

Fluorescence microscopy (FM) imaging was performed after immunohistochemical
staining. Cells were rinsed with PBS, fixed in 4% paraformaldehyde, kept in 0.1% Triton-X
for 5 min, and rinsed again with PBS. The actin skeleton and nucleus were stained with
ActinGreen™ and NucBlue™ Reagent (Thermo Scientific), respectively. All samples and
TCP were imaged using a fluorescent microscope (Leica DMI3000B, Leica Microsystems,
Wetzlar, Germany).

2.14. Statistical Analysis

Dependent sample t-test and Wilcoxon test were performed on pH data. One-way
analysis of variance (ANOVA) followed by NIR post hoc test was performed on stress and
strain at break, and metabolic activity data using Statistica (v.13, Tibco Software Inc., Palo
Alto, CA, USA) software. Significance was set at p < 0.05.
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3. Results and Discussion
3.1. Fiber Morphology

As shown in Figure 1, the process of gelatin immobilization either by physical adsorp-
tion or covalent conjugation did not result in a change in fiber morphology. It is well known
that aminolysis can cause fiber cracking and fragmentation; however, on the basis of our
previous study on aminolysis, conditions that maintain fiber morphology were carefully
chosen [35]. It was also observed that glutaraldehyde activation and gelatin immobilization
did not affect fiber morphology. The only exception is a PLCL_Chem_II sample, for which
morphology change—single fiber breaking in some regions of the sample was recognized.
It is the effect of the aminolysis reaction and mechanical stress during further treatment.
In Figure 2, histograms of fiber diameter for control samples are shown. PCL and PLCL
have a bimodal distribution of fiber diameter, and in the case of PLLA, the distribution is
trimodal. It is evident that the low diameter fraction of the histogram dominates over the
high diameter fraction for PCL with its most probable value around 600 nm. This is the
opposite of the situation observed for PLLA with a large fraction of high fiber diameter.
This difference in distributions implies a difference in specific surface area, which can affect
the amount of immobilized gelatin.

PLLA_Chem

Figure 1. Morphology of controls and samples subjected to physisorption and chemical immobiliza-
tion of gelatin.
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Figure 2. Fiber diameter histograms of (a) PCL, (b) PLCL, (c) PLLA.

3.2. Detection of Gelatin on Fiber Surface

Figure 3a presents the concentration of gelatin as a function of free NH;, groups. The
first observation is that despite similar concentrations of NH, groups, gelatin concentra-
tions vary widely between polymers, being the highest for PCL and the lowest for PLCL.
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Moreover, it is seen that the difference in gelatin concentration between polymers starts at
zero of amine groups (physical adsorption). This fact together with the highest slope of the
PCL curve indicates the easiest immobilization of gelatin, both physical and chemical on
this polymer. This relatively high physical adsorption is consistent with previous obser-
vations by B. Atthoff, J. Hilborn who showed that spontaneous hydrolysis of degradable
aliphatic polyesters surface in aqueous media is sufficient for protein adsorption [37]. The
unexpectedly high physisorption of gelatin is most probably a result of various molecular
interactions, including ionic and hydrophobic interactions as well as interactions with
carboxyl and hydroxyl groups created on the polyester surface by spontaneous hydrolysis
in an aqueous medium during gelatin immobilization. The fundamental explanation of the
interactions involved in protein adsorption is included in the review of ]. D. Andrade and
V. Hlady [38]. Considering the simplicity of physical adsorption, this type of modification
could be very attractive. On the other hand, physical adsorption could be not stable or
reversible, which is confirmed by our results, presented in the following part of our study.

The pH of gelatin solution during immobilization was measured to exclude the impact
of pH change due to possible polymer degradation on subsequent difference in gelatin
adsorption. As shown on the Figure S1 there is no significant difference in pH before and
after immobilization.

Surface energy was measured additionally for polymer films as shown in Table 2. In
fact, the polar component is the lowest for PCL film, and it is observed by other authors
that protein adsorption is higher on more hydrophobic surfaces [39,40]. However, it has to
be taken into consideration that factors such as micro/nanoroughness, and differences in
fiber diameter distribution can also influence the concentration of immobilized gelatin.

Irrespective of the highest content of immobilized gelatin on PCL due to the highest
sensitivity to both physical and chemical sorption, one should be aware that the first step of
modification, aminolysis, needs much more time in the case of PCL compared to PLCL and
PLLA (Table 1). It can be explained by a combination of several factors—the differences
in ester bond density, glass transition temperature, and crystallinity (surface crystallinity)
among investigated polymers [41].

A more detailed analysis of the effect of amine groups concentration on gelatin immo-
bilization was performed for PLCL (Figure 3b). Results support the previous observation
that there is an increase of immobilized gelatin concentration with the concentration of
amine groups. However, contrary to the main rising trend, there is a systematic, rather
small reduction of immobilized gelatin concentration with amine concentration below
5 x 1078 mol/mg of amine groups. It should be noted that most of the immobilized gelatin
in the range of such small amine concentrations is due to physical adsorption, so the
observed local reduction of immobilized gelatin with increasing amine concentration in
this concentration range indicates some mechanisms from the side of aminolysis, which
leads to reduction of the physically adsorbed layer. This observation is unexpected and
needs further investigation.

Table 3 shows atomic percentages for PCL samples before modification, after aminoly-
sis, after physical and chemical modification with gelatin, and for gelatin calculated from
XPS analysis. Oxygen and carbon concentrations (atom %) for the PCL control sample agree
within the experimental uncertainties with the expected stoichiometric values, which are
25% and 75%, respectively. For aminolyzed samples, there is no evidence of N 1s peak from
nitrogen, indicating that its concentration is below the detection limit of XPS. However,
the introduction of NH, groups was confirmed by the ninhydrin test. The presence of
nitrogen was detected in the case of PCL samples with physisorbed and chemically bound
gelatin. Atomic concentrations of nitrogen are 5% for PCL_Phys and 8% for PCL_Chem_II
This correlation clearly corresponds to the results obtained from the BCA test. Nitrogen
concentration for the control sample of electrospun gelatin is equal to 16%, which indi-
cates that the gelatin layer is thinner than 10 nm (depth of XPS analysis) for both PCL
samples. The decomposition of C 1s and O 1s peaks is shown in Table 4. The calculated
percentage of bonds for the PCL_Control sample corresponds to the data obtained by other
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authors [42,43]. Aminolysis did not change the initial contribution of bonds. In the case of
samples coated with gelatin, it is evident that the contribution of bonds changes towards
values adequate for the gelatin control sample. XPS spectra of studied samples are shown
on Figure 4.
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Figure 3. Concentrations of gelatin on the surface of the fibers as a function of free NH; groups
concentration for (a) all investigated polymers (the subsequent amine concentration points on
X-axis correspond to physical adsorption, mild chemical and strong chemical immobilization)
and (b) PLCL fibers.
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Table 2. Surface free energies and their components for control samples.

Dispersive Polar Component Surface Free Energy
Component [mN/m] [mN/m] [mN/m]
PCL 38.25 1+ 4.8 0.98 +0.80 39.24 +4.13
PLCL 31.96 £1.83 6.98 +£1.23 38.94 +£0.93
PLLA 3594 +3.75 4.61 £0.90 40.54 £+ 3.14

Table 3. Atomic concentrations (atom-%) of oxygen, carbon and nitrogen for PCL and gelatin samples.

(o) C N
PCL_Control 22 78 0
Ce¢H19O7 25 75 0
PCL (Kotbuk et al.) [44] 249 75.1* 0
PCL_Am_II 23 77 0
PCL_Phys 22 73 5
PCL_Chem_II 22 70 8
Gelatin 19 65 16
Gelatin (Kotbuk et al.) [44] 18.9 65.2 % 15.9
Gelatin (Jalaja et al.) [45] 21.5 67.0 115

* calculated as the difference from O% and N%.

Table 4. Relative concentrations of functional groups for PCL and gelatin samples.

Cls N1s O1s
C-CH,Ry P C-ORP® C=0 -NH, O=R O-R

285.0 eV 2 286.2-286.5eV  288.1-288.9eV  399.8-400.0eV  531.6-532.2eV  533.2-533.6 eV
PCL_Control 73 14 13 - 56 44
PCL_Am_II 69 16 15 - 53 47
PCL_Phys 67 19 15 100 61 39
PCL_Chem_II 63 21 16 100 67 33
Gelatin 49 28 23 100 100 -

2 This C 1s component was used to correct for electrostatic sample charging. ® Hydrocarbon group.

3.3. Wettability

Our analysis of wettability clearly indicates that all samples with immobilized gelatin
were completely wettable, contrary to the hydrophobic character of control polymer scaf-
folds. Water contact angles were equal to 135.69 £ 3.02°, 131.05 + 1.66°, and 132.90 + 2.48°
for PCL, PLCL, and PLLA, respectively, as shown in our previous study [35]. In order
to compare the wettability of gelatin-coated samples, the time of waterdrop absorption
was measured (Figure 5). Increase of sample wettability after surface modification ori-
gins from exposed hydrophilic groups of immobilized protein. For polymer films coated
with proteins, rather a decrease of water contact angle than a complete wettability is
observed [46-48]. Complete wettability after protein immobilization is reported for non-
wovens and appears to be additionally associated with the capillary effect of fibrous
architecture [49]. It is worth noting that water absorption ability is important for nutrition
transport through the scaffold [50]. It can also accelerate the hydrolytic degradation of the
scaffold [51].
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From our results, it is clear that for all polymers the time of absorption is correlated
with the concentration of gelatin on fibers’ surface being the lower the higher the gelatin
concentration. In the case of PCL samples, with the highest concentrations of gelatin
among all studied fibers, there was only a slight difference in time of absorption. A wide
range of the absorption time values for PLLA_Phys suggests that the physisorbed layer of
gelatin could be inhomogeneously distributed on fibers, in contrast to the chemically bound
coating. However, there was no such observation for PLCL or PCL fibers. Inhomogeneity
of physisorbed coatings was reported previously by others [42].

3.4. Mechanical Properties

Stress at break and strain at break of all samples before and after modifications were
shown in Figure 6, and representative stress—strain profiles are presented in Figure S2.
Only a slight decrease or no change in stress at break was observed for physisorbed and
mildly chemically modified samples. A slight decrease for physically modified samples
is most probably related to a slightly elevated temperature during gelatin immobilization
(38 °C). For all polymers, a more significant decrease was identified in the case of a stronger
chemical modification, especially for PLCL_Chem_II. Stress at break is clearly affected by
aminolysis reaction, as discussed in our previous work [41].

Similar correlation was observed in the case of a strain at break. Only a slight decrease
or no change in the strain at break was observed in the case of all samples with physisorbed
gelatin or those that were mildly modified via aminolysis. The high decrease was identified
for more aggressively treated samples, especially for PLCL_Chem_II and PLLA_Chem_IIL
It is worth noting that all PCL samples indicated a relatively low decrease in stress and
strain at break.

It should be also emphasized that for all studied nonwovens, conditions that were
applied in the case of mild aminolysis, enable for maintaining mechanical properties on a
similar level as in the case of physisorption. Considering results for samples after stronger
chemical modification, it has to be taken into account that aminolysis is also applied
to obtain fragmented fibers that can be then modified with proteins and immersed in
hydrogels to mimic the extracellular matrix [52,53]. In this application, their mechanical
properties are not as important as in the case of fibrous scaffolds. In the case of Young’s
modulus, there was no common correlation between values of modulus and type of
modification. In the literature, there are contradictory observations of aminolysis impact
on Young’'s modulus [54,55].

3.5. Coating Stability

An important feature that can determine the applicability of a given modification
is the stability of the coating. The stability of the gelatin layer on the PCL samples after
incubation in PBS solution is shown in Figure 7. For physically and strongly chemically
modified samples, the most significant loss was observed up to 14 days of incubation. Then,
the concentration of gelatin is stable, even after 90 days. The highest loss is observed for
the sample with physisorbed gelatin approaching almost 37% after 14 days of incubation.
This loss is much lower for chemically modified samples, particularly for PCL_Chem_lI, for
which 2.4% loss was noticed on the 14th day. In the case of PCL_Chem II, the loss of gelatin
was equal to 16.9% at this time point. It is highly probable that major loss of gelatin from
the surface of chemically modified fibers originates from physisorbed gelatin. It is worth
noting that there was no weight loss of PCL samples during the incubation test, which
could disturb the measurements.
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Figure 6. Mechanical properties: (a) stress at break, and (b) strain at break of control and gelatin-

coated fibers. Statistically significant differences were marked as * (p < 0.05).
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Figure 7. Concentration of gelatin on the PCL fibers as a function of incubation time in PBS for
various time points (0; 1; 3; 7; 14; 28; 90 days).

Interestingly, even after 90 days of incubation, the gelatin layer was still present on
the surface of the physically modified sample (more than 60% of initial gelatin concentra-
tion), which shows how strong are physical interactions between gelatin and polymer. In
the literature, lower stability of coating is frequently pointed out as a drawback of using
physisorption for protein immobilization [7]. Our results indicate saturation of desorption
process after certain time. However, it may be different in in vivo conditions. Protein ad-
sorption and desorption are complex processes and the mechanisms are still not completely
understood [56,57]. Thus, in our opinion, coating stability should be always considered
from the perspective of given biomolecule, substrate, and the application site.

3.6. Biological Evaluation

The morphology of L929 cells imaged with scanning electron microscopy is presented
in Figure 8. For all samples, improvement of morphology after gelatin immobilization was
noticed. On the control samples, rounded and not spread cells are present. In the case
of both physically and chemically coated samples, expansion of cells is observed, which
indicates better interaction of 1929 cells with materials. In the case of PCL and PLCL,
the best morphology, characterized by stretched filopodia, was observed after stronger
chemical modification. For PLLA, there is no significant difference between modified
samples. Fluorescence microscopy confirmed the previous observation (Figure 9). Actin
spreading proves improvement of cell-material interaction after gelatin immobilization.
There is also improvement in cell metabolic activity after gelatin immobilization, especially
after 5 days of culture (Figure 10). Gradual increase is particularly observed for PCL
samples. In addition, for PLLA_Chem_II enhancement of metabolic activity was observed.
This increase can result from simply a higher concentration of gelatin, and/or better gelatin
conformation in the case of chemically modified samples [58]. It is also worth noting that
initial metabolic activity for PLCL was higher than for PCL and PLLA controls, thus the
effect of gelatin immobilization could be not so significant for PLCL.
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Figure 8. 1.929 cells cultured for 5 days on control and gelatin-coated samples observed with scanning
electron microscopy.
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Figure 9. 1929 cells cultured on control and gelatin-coated samples for 5 days observed with
fluorescence microscopy.
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Figure 10. Viability of L929 cells cultured on control and gelatin-coated samples.

4. Conclusions

In this study, two types of modification—physisorption and chemical immobilization—of
gelatin were compared for PCL, PLCL, and PLLA electrospun nonwovens. It was shown
on the basis of the BCA test and the XPS analysis that chemical immobilization could
provide a higher concentration of gelatin on the fiber surface. However, physisorption
provides a relatively high concentration of gelatin, especially in comparison to samples
subjected to mild chemical immobilization. On the basis of XPS results, the thickness of
both physically and chemically bound gelatin layers was estimated to be less than 10 nm.
Initially, hydrophobic samples were completely wettable after each type of modification
and the time of waterdrop absorption was correlated with the gelatin concentration. Mild
chemical immobilization did not change significantly mechanical properties of samples,
likewise physisorption. Aminolysis conditions that were applied to provide a higher
concentration of free amine groups result in a significant decrease of stress and strain
at break in the case of PLCL and PLLA samples. Thus, modification method should be
chosen depending on the application site and taking into account its impact on mechanical
performance. It is worth emphasizing that PCL samples were much more resistant to
loss of mechanical toughness than PLCL and PLLA samples. Incubation tests showed
that chemically immobilized gelatin layer is more stable than physisorbed; however, for
physically modified surfaces only partial desorption was observed, even after 90 days
of immersion in PBS. L.929 cell imaging and the results of metabolic activity test indicate
a positive effect of both physical and chemical modification on cell-scaffold interaction
with the better cell response on chemically modified samples, which could result from
simply a higher concentration of gelatin, or better gelatin conformation. However, there
is a difference in the intensity of the effect of gelatin coating on cell response between all
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studied polymers. The clearest trend of improvement was observed in the case of PCL
fibers. Thus, in our opinion, the immobilization method should be always considered from
the perspective of given biomolecule, substrate, and type of application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14194154/s1, Figure S1. pH of the gelatin solutions before
and after immersion of the polymer samples; Figure S2. Exemplary stress-strain profiles of (a) PCL,
(b) PLCL, (c) PLLA.
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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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——PLCL
----Al
80 A2 80
-memr A3
£ 60 = 604
E a0 % 40
204 ) \\\ 204
04z T T T T \\-l\\‘\:'l:‘i”i”‘ 1 0 - T T T T T — T i
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Molecular weight (kDa) Molecular weight (kDa)
(a) (b)

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.



J. Funct. Biomater. 2022, 13,272

19 of 23

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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Os$wiadczenie doktoranta o udziale w
publikacji naukowe;j

PAN

Niniejszym potwierdzam, ze moj wklad w przygotowanie publikacji nr 1, tj. Jeznach O.,
Kolbuk D., Sajkiewicz P., Aminolysis of various aliphatic polyesters in a form of nanofibers
and films, Polymers, Vol.11, No.10, pp.1669-1-16, 2019, obejmowat dyskusje i okreslenie
koncepcji badan, wykonanie przegladu literatury, otrzymanie wtdknin poliestrowych metoda
elektroprzedzenia i folii poliestrowych metoda odlewania z roztworu, przeprowadzenie
reakcji aminolizy na wlokninach 1 foliach poliestrowych, wykonanie badan st¢zenia
przytaczonych grup aminowych za pomoca testu ninhydrynowego, wykonanie badan probek
metodg spektroskopii ATR-FTIR, przeprowadzenie 1-osiowej proby rozciggania probek,
wykonanie badan zwilzalnosci probek, zebranie, opracowanie 1 dyskusje¢ wynikow
przeprowadzonych badan, przygotowanie 1 redagowanie tekstu manuskryptu, przygotowanie

odpowiedzi dla recenzentoéw. Jestem autorem korespondencyjnym niniejszej publikacji.
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, p ,]'I' Oswiadczenie doktoranta o udziale w
publikacji naukowej
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Niniejszym potwierdzam, ze méj wkiad w przygotowanie publikacji nr 2, tj. Jeznach O,
Kotbuk D., Marzec M., Bernasik A., Sajkiewicz P., Aminolysis as a surface functionalization
method of aliphatic polyester nonwovens: impact on material properties and biological
response, RSC Advances, Vol.12, No.18, pp.11303-11317, 2022, obejmowat dyskusje i
oOkreslenie koncepcji  badan, wykonanie przegladu literatury, otrzymanie widknin
poliestrowych metoda elektroprzedzenia, przeprowadzenie reakcji aminolizy na widkninach,
wykonanie badan stezenia przytaczonych grup aminowych za pomocg testu ninhydrynowego,
wykonanie obrazowania probek za pomocy mikroskopii SEM, wykonanie badaf zwilzalnosci
probek, wykonanie badafi zmian Sredniej masy czasteczkowej probek za pomoca
chromatografii zelowej, przeprowadzenie 1-osiowej proby rozciggania probek, wykonanie
badan prébek metoda spektroskopii ATR-FTIR, wykonanie obrazowania komérek metoda
mikroskopii SEM, zebranie, opracowanie i dyskusje wynikéw przeprowadzonych badan,
wykonanie analizy statystycznej, przygotowanie i redagowanie tekstu manuskryptu,

przygotowanie odpowiedzi dla recenzentow.
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Niniejszym potwierdzam, ze mdj wkiad w przygotowanie publikacji nr 3, tj. Jeznach O.,
Kotbuk D., Reich T., Sajkiewicz P., Immobilization of Gelatin on Fibers for Tissue
Engineering Applications: A Comparative Study of Three Aliphatic Polyesters, Polymers,
Vol.14, No.19, pp.4154-1-21, 2022, obejmowat dyskusj¢ i okreslenie koncepcji badan,
wykonanie  przegladu literatury, otrzymanie = wiéknin  poliestrowych  metoda
elektroprzedzenia, przeprowadzenie reakcji aminolizy na widkninach, przeprowadzenie
przyltgczania zelatyny do powierzchni wibkien, wykonanie obrazowania préobek za pomoca
mikroskopii SEM, wykonanie badan stgzenia przylaczonej zelatyny za pomoca testu. BCA,
wykonanie badan zmian odczynu pH roztworéw zelatyny, wykonanie badan zwilzalnosci
probek, wykonanie badan swobodnej energii powierzchniowej probek, przeprowadzenie
1-osiowej préby rozciggania probek, wykonanie badan stabilnosci przylaczonej zelatyny,
zebranie, opracowanie i dyskusj¢ wynikéw przeprowadzonych badan, wykonanie analizy
statystycznej, przygotowanie i redagowanie tekstu manuskryptu, przygotowanie odpowiedzi

dla recenzentéw. Jestem autorem korespondencyjnym niniejszej publikacji.
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Niniejszym potwierdzam, ze mdj wktad w przygotowanie publikacji nr 4, tj. Dulnik J.,
Jeznach O., Sajkiewicz P., A Comparative Study of Three Approaches to Fibre’s Surface
Functionalization, Journal of Functional Biomaterials, Vol.13, No.4, pp.272-1-23, 2022,
obejmowat dyskusje 1 okreslenie koncepcji badan, wykonanie przegladu literatury,
otrzymanie wioknin poliestrowych metoda elektroprzedzenia, przeprowadzenie reakcji
aminolizy na widkninach, przeprowadzenie przylaczania zelatyny do powierzchni widkien
poddanych aminolizie, wykonanie badan stgzenia przylaczonej zelatyny za pomoca testu
BCA, wykonanie badan stabilno$ci przytaczonej zelatyny, zebranie, opracowanie i dyskusje
wynikow powyzszych badan, interpretacje wynikow badan zwilzalnoSci probek po
przylaczaniu zelatyny i wynikoéw badan mechanicznych oraz udziat w dyskusji innych
wynikow badan dotyczacych metod przylaczania zelatyny, przygotowaniu i redagowaniu

tekstu manuskryptu.
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