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Streszczenie

Otrzymywanie i ocena wlasciwosci warstwowych, wldoknistych protez naczyn

krwionosnych wytwarzanych w procesie rozdmuchu roztworu polimeru

Chirurgiczne leczenie niedroznosci naczyn krwionos$nych malej $rednicy (<6 mm)
z wykorzystaniem protez naczyniowych stanowi istotne wyzwanie w praktyce klinicznej.
Dostepne rozwigzania rzadko zapewniajg dlugotrwata drozno$¢ w naczyniach o malym
przekroju. Nowoczesne podejscie taczace narzedzia inzynierii chemicznej, inzynierii produktu
1 inzynierii tkankowej oferuje alternatywe dla klasycznych syntetycznych protez, umozliwiajac
tworzenie biofunkcjonalnych implantéw wspierajacych odbudowe naczyn krwiono$nych.

Celem opisanych prac badawczych byto opracowanie protezy naczyniowej o strukturze
warstwowej, wloknistej i wlasciwosciach mechanicznych zblizonych do whasciwosci
naczyn krwionosnych. W zatozeniu, struktura protezy miala sprzyja¢ adhezji i proliferacji
komorek zasiedlajagcych naczynia krwiono$ne oraz minimalizowa¢ proces adhezji ptytek krwi.
Materialy wytwarzano z poliuretanéw klasy medycznej w procesie rozdmuchu roztworu
polimeru. Przeprowadzono szczegdlowa analize wpltywu parametrow procesu rozdmuchu
roztworu polimeru, wlasciwosci polimerow oraz roztwordow polimeréw na morfologie
1 wlasciwosci mechaniczne wldknin, co umozliwito kontrolowane wytwarzanie materiatow
o pozadanych wlasciwos$ciach. Oceniono rowniez wptyw struktury materialow na zachowanie
wybranych komoérek budujacych $ciany naczyn krwiono$nych. Przeprowadzone badania
z krwig pozwolity oszacowa¢ poziom adhezji ptytek krwi oraz potencjat hemolityczny
powierzchni.

Na podstawie uzyskanych wynikow zaprojektowano i wytworzono wielowarstwowa
proteze¢ naczyniowa o wlasciwosciach sprzyjajacych odbudowie struktury i funkcji naczynia
krwionosnego. Wykazano, ze opracowane warstwowe protezy naczyniowe spelniajg
podstawowe  kryteria strukturalne i mechaniczne stawiane rusztowaniom
wykorzystywanym do regeneracji naczyn krwiono$nych. Ponadto, stanowia odpowiednie
rusztowanie do rozwoju wybranych typow komorek budujacych naczynie krwionosne,
a w kontakcie z krwia wykazuja akceptowalny poziom adhezji plytek krwi Otrzymane

wyniki wskazujg na wysoki potencjal aplikacyjny opracowanych implantow.

Stowa kluczowe: rozdmuch roztworu polimeru, rusztowania komoérkowe, poliuretany, protezy

naczyn krwiono$nych matych $rednic, inzynieria tkankowa
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Abstract

Fabrication and characterization of multilayered fibrous vascular grafts produced using

solution blow spinning process

Surgical treatment of small-diameter blood vessel (<6 mm) occlusions using vascular
prostheses remains a significant challenge in clinical practice. Existing solutions rarely ensure
long-term patency in vessels with small lumen diameters. A modern approach combining tools
from chemical engineering, product engineering, and tissue engineering offers an alternative to
conventional synthetic grafts by enabling the development of biofunctional implants that
support vascular regeneration.

The aim of the present research was to develop a layered, fibrous vascular graft with
mechanical properties similar to those of native blood vessels. The structure of the graft was
designed to promote the adhesion and proliferation of vascular wall cells while minimizing
platelet adhesion. The materials were fabricated from medical-grade polyurethanes using the
solution blow spinning (SBS) technique. A detailed analysis of the influence of SBS process
parameters, polymer properties, and solution characteristics on the morphology and mechanical
properties of the fibrous materials was conducted, allowing for the controlled production of
scaffolds with targeted properties. The effect of scaffold structure on the behavior of selected
vascular cell types was also assessed. Blood-contact studies were carried out to evaluate platelet
adhesion and the hemolytic potential of the surfaces.

Based on the obtained results, a multilayered vascular graft was designed and fabricated,
exhibiting structural and functional properties favorable for the restoration of vascular tissue.
The layered grafts developed in this study meet key structural and mechanical criteria
required for scaffolds used in vascular tissue engineering. Furthermore, they provide
a suitable environment for the growth of specific vascular cell types and demonstrate
an acceptable level of platelet adhesion upon blood contact. The results indicate high

application potential of the proposed implants.

Key words: solution blow spinning, scaffolds, polyurethanes, small-diameter vascular grafts,

tissue engineering
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1. Wprowadzenie

Wspotczesna inzyniera chemiczna i procesowa odgrywa kluczowa role w rozwoju
nowoczesnych biomaterialow, dostarczajac zaawansowanych narzedzi do kontroli proceséw
syntezy, przetwarzania i formowania produktéw o Scisle okreslonych wlasciwosciach
fizykochemicznych 1 mechanicznych. Dzigki rozwojowi tej dziedziny mozliwe stato si¢
projektowanie proceséw, w ktorych parametry maja bezposredni wplyw na mikro-
i makrostrukture otrzymywanych struktur. To podej$cie umozliwia kontrolowang produkcje
materialow o wysokiej powtarzalnosci, dostosowanych do konkretnych wymagan
aplikacyjnych, co stanowi istotny krok w kierunku translacji technologii laboratoryjnych
do praktyki kliniczne;.

Z kolei inzynieria tkankowa, opierajgca si¢ na koncepcji ztotej triady obejmujacej trzy
podstawowe elementy funkcjonalnego biomateriatu: rusztowanie, komorki 1 czynniki
biologiczne, koncentruje si¢ na projektowaniu materialdéw zdolnych do wspierania proceséw
regeneracyjnych poprzez interakcje z zywymi komodrkami i tkankami. Kazdy z elementow
ztotej triady inzynierii tkankowej odgrywa niezwykle istotng role, jednak dopiero ich
odpowiedni dobor i synergistyczne dziatanie stwarzajag warunki do efektywnej regeneracji
tkanek 1 narzadoéw. Ostateczny sukces implantu zalezy zatem nie tylko od jego biozgodnosci,
ale réwniez od precyzyjnego dostosowania jego wtasciwosci mechanicznych, strukturalnych
1 powierzchniowych do specyficznych wymagan biologicznych danego zastosowania.

Na niniejszg rozpraw¢ doktorska sktada sie cykl pieciu spojnych tematycznie,
recenzowanych publikacji naukowych. Przedstawiaja one wyniki badan prowadzacych
do opracowania wielowarstwowego, wléknistego implantu przeznaczonego do regeneracji
naczyn krwionosnych malych Srednic.

Praca obejmuje: (1) dobdr najkorzystniejszych parametrow wytwarzania materiatdéw
wtoknistych o kontrolowanych wlasciwo$ciach w procesie rozdmuchu roztworu polimeru,
(2) oceng wplywu struktury materiatu na wzrost wybranych typéw komorek zasiedlajacych
naczynia krwiono$ne oraz (3) wytworzenie implantow 1 ocen¢ ich funkcjonalnosci jako
rusztowan wspierajacych regeneracj¢ naczyn krwiono$nych, zuwzglednieniem wymagan

biologicznych i inzynierskich.
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2. Wstep teoretyczny

2.1 Zarys problemu

Choroby sercowo-naczyniowe (ang. cardiovascular diseases, CVDs), zaliczane do chorob
cywilizacyjnych, sa dominujacg przyczyng zgondéw na catym swiecie. W 2022 r. §wiatowa,
roczna liczba zgonéw spowodowanych CVDs wynosita 19,8 mln, co stanowito ponad 30%
wszystkich zgondéw [1]. Najwicksza catkowita umieralno$¢ z powodu tych choréb odnotowuje
si¢. w Europie Wschodniej (553 zgony na 100 000) [1], [2]. Wedlug Gléwnego Urzedu
Statystycznego, w Polsce w 2022 r., okoto 35% zgonow bylo spowodowanych CVDs
(Rysunek 1) [3]. Mimo iz z roku na rok, dzi¢ki odpowiednio wdrazanej profilaktyce, postepach
w terapii oraz redukcji czynnikoéw ryzyka, ich udziat w ogolnej liczbie zgondéw w Polsce maleje
(dla porownania, na poczatku lat 90 XX w. CVDs byly przyczyna ok. 50% zgondéw w Polsce
1 ok. 45% na §wiecie [4]), odsetek ten jest nadal bardzo wysoki i1 nalezy poszukiwaé rozwigzan
pozwalajacych na ratowanie zdrowia i zycia pacjentow.

Do CVDs =zaliczane s3: choroba niedokrwienna serca (wiencowa), choroba naczyn
moézgowych, choroba tetnic obwodowych, reumatyczna choroba serca, wrodzona wada serca
oraz zakrzepica zyl glebokich i zatorowos$¢ ptucna [1], [5]. Wérdd nich, choroba niedokrwienna
serca 1 choroba te¢tnic obwodowych sa przyczyna okoto 40% zgondéw spowodowanych
chorobami CVDs, przy czym 1 na 5 $mierci dotyka osob ponizej 65. roku zycia. Szacuje sig,
ze 1 na 20 os6b powyzej 20. roku zycia cierpi na chorobg¢ niedokrwienng serca [2], [6].
Jej przyczyna jest odktadanie si¢ blaski miazdzycowej w tetnicach wiencowych,
co w konsekwencji skutkuje niedokrwieniem migénia sercowego, a w zaawansowanych
stadiach zawatem serca spowodowanym catkowitym zasklepieniem $wiatta naczynia
krwionosnego [7], [8].

Leczenie zaawansowanych stadiow choroby niedokrwiennej serca obejmuje przezskorng
interwencje wiencowa polegajaca na wprowadzeniu stentu do naczynia krwiono$nego
w miejscu zmienionym chorobowo, w celu poszerzenia jego S$wiatla 1 przywrocenia
prawidtowego krazenia krwi oraz pomostowanie aortalno-wiencowe polegajace na zbudowaniu
pomostu omijajacego zmieniony chorobowo odcinek tetnicy. Wprowadzenie stentu stosowane
jest u pacjentdow z wczesnym nagromadzeniem blaszki miazdzycowej, jednak charakteryzuje
si¢ duzym ryzykiem powtdérnego zwezenia naczynia [9]. Do pomostowania aortalno-
wiencowego kwalifikowani sg pacjenci w zaawansowanym stadium choroby wiencowej [10],

[11], [12].
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Rysunek 1. Gtoéwne przyczyny zgonéw w Polsce w latach 2015 i 2022 [3]

Zabieg pomostowania aortalno-wiencowego (ang. coronary artery bypass grafting, CABG)
nalezy do najczesciej wykonywanych zabiegdw kardiochirurgicznych [13]. Szacuje sig,
ze rocznie na $wiecie przeprowadzanych jest okoto 400 000 zabiegdéw CABG [14], z czego
okoto 13 000 wykonywanych jest w Polsce [15], [16]. Pomimo postgpoéw w leczeniu
zachowawczym 1 interwencyjnym CABG pozostaje najskuteczniejsza metoda leczenia
zaawansowanej choroby wiencowej, szczegdlnie w przypadkach obejmujacych zmiany
wielonaczyniowe [17]. Obecnie ztotym standardem przy operacji CABG jest wykorzystanie
naczyn pacjenta: tetnicy piersiowe] wewnetrznej, tetnicy promieniowej lub zyly
odpiszczelowej [18], [19], [20]. Jednakze, w wielu przypadkach, zly stan naczyn
autologicznych uniemozliwia ich wykorzystanie do przeszczepu. Dodatkowym wyzwaniem
jest niedostateczna dlugoterminowa droznos$¢ przeszczepionych naczyn, co czesto prowadzi do
koniecznos$ci ponownych zabiegéw [21], [22]. Badania przeprowadzone w 2004 r. wykazaty,
ze w zaleznosci od rodzaju autologicznego naczynia wykorzystanego podczas pomostowania
aortalno-wiencowego, drozno$¢ po 10 latach od zabiegu wynosi od 61 do 85%. (odpowiednio
dla zyly odpiszczelowej 1 tetnicy piersiowej wewnetrznej) [23]. Wykazano takze,
ze prawdopodobienstwo ~ wystapienia catkowitej niedrozno$ci przeszczepionej zyly
odpiszczelowej po 1, 5, 101 15 latach od przeszczepu wynosi odpowiednio 15-20%, 25%, 40%
150% [24].

Ograniczona dostepno$¢ autologicznych naczyn krwiono$nych oraz problemy po ich
implantacji generuja potrzebg poszukiwania alternatywnych rozwigzan pozwalajacych ratowaé
zdrowie 1 zycie pacjentéw. Jedng z najbardziej obiecujacych drog sa syntetyczne, polimerowe
protezy naczyn krwionos$nych oraz biozgodne rusztowania tkankowe nasladujace strukture,

funkcje 1 wlasciwosci mechaniczne naczyn natywnych [25], [26]. Rozwigzania te oferuja
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wysoki potencjal aplikacyjny w chirurgii naczyniowej i1 stanowig kierunek intensywnych

badan nad nowoczesnymi materialami medycznymi.

2.2 Budowa naczyn krwiono$nych i wymagania stawiane protezom naczyniowym

Sciana naczynia krwiono$nego zbudowana jest z trzech glownych warstw:

e wewngtrznej — wyscietanej jednowarstwowym $rodbtonkiem (ang. endothelial cells,
ECs), ktory stanowi szczelng bariere pomigdzy $wiattlem naczynia a jego S$ciang.
Komorki ECs odgrywaja kluczowa role w regulacji przeplywu krwi, procesach
hemostazy, interakcjach komorkowych oraz syntezie i degradacji sktadnikéw macierzy
zewnatrzkomorkowej;

e Srodkowej — skladajacej si¢ glownie z komoérek miesni gladkich 1 wtokien
kolagenowych, odpowiadajacej za elastyczno$¢ i zdolno$¢ do kurczenia si¢ naczyn,
co umozliwia regulacje $rednicy naczynia oraz ci$nienia krwi,

e zewnetrznej — zbudowanej z fibroblastow i tkanki tgcznej kolagenowej. Warstwa
zewnetrzna petni funkcje stabilizujaca, taczac naczynie z otaczajacymi tkankami oraz
zabezpieczajacg przed jego uszkodzeniem 1 zapadaniem. Jednocze$nie zapobiega
nadmiernemu rozcigganiu lub kurczeniu si¢ naczynia [12], [27], [28].

Mimo pozornie prostej budowy cylindrycznej naczynia krwiono$ne wykazuja duza
ztozono$¢ strukturalng i1 funkcjonalng. Poszczegdlne warstwy pozostajg w Scistej interakc;i,
zapewniajac prawidtowe funkcjonowanie uktadu krwiono$nego [29]. Zaréwno grubos¢ $ciany,
ztozonos$¢ poszczegodlnych warstw, jak 1 Srednica naczynia sg zréznicowane i zaleza od jego
rodzaju (t¢tnica, zyla, naczynie wltosowate) oraz funkcji. W zwigzku z tym projektowanie
protez duzych i1 matych naczyn krwiono$nych wymaga odrgbnych podejs¢ konstrukcyjnych
1 materiatowych [30], [31], [32].

Cho¢ warstwa srodkowa naczyn krwiono$nych zbudowana jest gldéwnie z komorek migsni
gladkich, coraz czeéciej zwraca si¢ uwage na role perycytow, szczegdlnie w mniejszych
naczyniach 1 w konteks$cie regeneracji $ciany naczyniowej. Perycyty, petnigce funkcje
stabilizujgce naczynia i regulujace przepuszczalno$¢ komorek ECs, wykazuja zdolnos¢ do
réznicowania w kierunku komoérek migsniowych, a ich fenotyp i wymagania srodowiskowe sg
zblizone do vSMCs [33], [34].

Dostepne na rynku syntetyczne protezy naczyniowe produkowane sg gtéwnie z polimerow
niebiodegradowalnych: ekspandowanego politetrafluoroetylenu (ePTFE) lub politereftalanu

etylenu (PET) [35], [36], [37], [38]. Pierwsze udane wszczepy z wykorzystaniem tych
22



materiatlow przeprowadzono juz w latach 50 XX w. [39]. Cho¢ syntetyczne protezy
sg skuteczne w przypadku naczyn o duzych $rednicach (>6 mm), np. przy pomostowaniu
tetnicy udowej [40], nie sprawdzaja si¢ w przypadku naczyn matej §rednicy (<6 mm), takich
jak tetnice wiencowe czy mate naczynia obwodowe [31], [41].

Wsrod przyczyn niepowodzen przeszczepdw syntetycznych wyrdznia sig¢: zakrzepice,
przerost blony wewnetrznej (hiperplazj¢) oraz infekcje utrudniajagce gojenie, spowodowane
kolonizacja bakterii wewnatrz syntetycznej protezy [42], [43], [44]. Glownym problemem
w przypadku protez matej $rednicy jest brak odpowiedniej endotelializacji, czyli zasiedlenia
wewnetrznej powierzchni protezy przez komorki ECs. Jest to proces kluczowy dla
dlugoterminowego sukcesu implantacji, poniewaz warstwa komorek ECs pelni fundamentalne
funkcje w utrzymaniu homeostazy naczyniowej regulujac przeptyw krwi, zapobiegajac
aktywacji uktadu krzepnigcia 1 ograniczajac adhezje komorek zapalnych oraz ptytek krwi, ktére
prowadza do wystapienia zakrzepicy [45], [46], [47], [48].

Wszczepienie protezy stymuluje takze odpowiedz uktadu immunologicznego, co sprzyja
powstawaniu skrzepoéw. W przypadku protez o matych $rednicach, ktére sa stosowane podczas
procedury CABG, prowadzi to do znacznego ograniczenia droznosci implantu,
a w konsekwencji udaréw niedokrwiennych narzadéw obwodowych i1 o$rodkowego uktadu
nerwowego [47], [49], [50]. Zatem gldéwnym wyzwaniem zwigzanym z zastosowaniem protez
naczyniowych przy pomostowaniu matych naczyn krwionosnych (<6mm) jest zachowanie ich

dlugoterminowej droznosci [43], [51].

Wymagania stawiane protezom naczyn krwionosnych

Jak kazdy biomaterial majacy kontakt z tkankami pacjenta, protezy naczyn krwiono$nych
powinny charakteryzowa¢ si¢ wysoka biozgodno$cig. Termin ten odnosi si¢ do zdolnos$ci
materiatu do prawidlowego funkcjonowania w organizmie zywym bez wywolywania
niepozadanych reakcji toksycznych, zapalnych czy immunologicznych [52], [53]. Szczeg6lnie
istotng cechg materiatow przeznaczonych do kontaktu z krwig jest ich hemozgodno$¢, czyli
zdolnos¢ do interakeji z jej sktadnikami w sposob niewywotujacy niepozadanych reakc;ji, takich
jak nadmierna aktywacja ptytek krwi, tworzenie zakrzepow czy hemoliza [54], [55], [56], [57].
Aby uniknagé¢ problemdéw zwigzanych z niewlasciwg interakcja protezy z krwia (np.
wykrzepianiem), jak réwniez niewlasciwg integracja z otaczajacymi tkankami, warstwa
wewnetrzna powinna charakteryzowac¢ si¢ wysoka hemozgodnoscig i wspomaga¢ mozliwie

szybkie utworzenie monowarstwy komorek ECs [55], [58], [59].
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Geometria protezy naczyniowej rowniez odgrywa znaczgcg role w zapewnieniu jej
funkcjonalno$ci [60]. Nawet niewielkie odchylenia od fizjologicznej geometrii moga
prowadzi¢ do powaznych powiktan klinicznych [61], [62]. Niezgodno$¢ Srednicy $wiatta
protezy ze Srednicg wewngtrzng naczynia moze prowadzi¢ do zaburzen przeptywu krwi,
co sprzyja formowaniu skrzepéw w miejscach zespolenia [47], [63].

Grubo$¢ $ciany wpltywa bezposrednio na szczelno$¢ oraz wiasciwosci mechaniczne
protezy. Optymalna grubo$§¢ powinna umozliwia¢é zachowanie rdéwnowagi migdzy
elastycznoscig a stabilnos$cig strukturalng [32], [64]. Nadmierna sztywno$¢ implantu
wynikajaca ze zbyt duzej grubosci $ciany lub niewtasciwego doboru materiatu moze zaburzaé
przeplyw krwi, powodujac wzrost lokalnych naprezen, co z kolei skutkuje uszkodzeniem
komorek ECs w miejscu zespolenia. Tego typu uszkodzenia sprzyjaja aktywacji ptytek krwi,
zakrzepicy, hiperplazji blony wewnetrznej oraz w konsekwencji utracie droznos$ci naczynia
[63], [65]. Z kolei wszczepienie cienko$ciennej, wysokoelastycznej protezy moze skutkowac
zapadaniem si¢ $ciany naczynia lub jego deformacja pod wptywem ci$nienia krwi [64], [66].
Brak zgodno$ci mechanicznej pomigdzy protezag a natywnym naczyniem pacjenta moze
prowadzi¢ do licznych powiklan i utrudnia¢ prawidtowa integracj¢ z tkanka gospodarza.
Nieodpowiednie wlasciwosci mechaniczne protez moga tez skutkowac ich zapadaniem podczas
zginania wzdhuz gtoéwnej osi, spowodowanym ruchem catego ciata. Wiasciwosci mechaniczne
wszczepianych protez powinny zatem jak najwierniej odwzorowywac¢ biomechanikg naczyn
fizjologicznych, ktore w warunkach in vivo podlegaja ciggtym, cyklicznym obcigzeniom [30],
[32], [64], [65].

Rownie istotng role w odwzorowywaniu wiasciwosci naczynia krwionosnego odgrywaja
wlasciwos$ci strukturalne implantow, takie jak wielkoS¢ 1 rozmieszczenie porow oraz
porowato$¢, ktore determinujg zarowno przepuszczalno$¢ dla gazow i substancji odzywcezych,
jak 1 mozliwo$¢ zasiedlania rusztowania przez komorki [67], [68]. Wielko$¢ i rozmieszczenie
porow majg bezposredni wplyw na interakcje rusztowania z komoérkami ECs, komoérkami
migsni gladkich oraz elementami morfotycznymi krwi [69], [70]. W przypadku warstwy
wewngtrznej, kontaktujacej si¢ bezposrednio z krwiag, pozadana jest obecno$¢ pordéw
o rozmiarach ograniczajacych migracje komorek ECs w glab protezy oraz wspomagajacych
szybkie odtworzenie ich monowarstwy, co zwigksza hemozgodnos$¢ 1 ogranicza ryzyko
zakrzepicy [71], [72]. Z kolei warstwa zewnetrzna, pelnigca funkcje integrujaca implant

z otaczajaca tkanka, powinna charakteryzowac si¢ porami o rozmiarach umozliwiajgcych
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migracje komorek miesniowych i fibroblastow w glab struktury, wspierajac regeneracje Sciany
naczynia oraz stabilng integracj¢ z organizmem biorcy [68], [69], [73].

Obecnos¢ odpowiednio uksztattowanych 1 rozmieszczonych poréw umozliwia
komunikacje roznych typoéw komorek zasiedlajgcych rusztowanie, zarowno poprzez kontakt
bezposredni, jak 1 wymiang czasteczek sygnatowych [74]. Taka interakcja jest kluczowa dla
zachowania réwnowagi funkcjonalnej i odtworzenia prawidtowej architektury S$ciany
naczyniowej. Dzigki kontrolowanej porowatosci mozliwe jest stworzenie mikrosrodowiska,
ktore wspiera naturalne procesy naprawcze, sprzyja prawidtowe] organizacji komorek
1 tworzeniu macierzy zewnatrzkomorkowej oraz odzwierciedla ztozong strukturg fizjologiczng
naczynia [67], [71], [73].

Projektowanie 1 wytwarzanie protez naczyn krwiono$nych matych $rednic powinno
przebiega¢ zgodnie z koncepcja zlotej triady inzynierii tkankowej, w ktorej rusztowanie,
komoérki oraz czynniki biologiczne umozliwiaja odtworzenie mozliwe zblizonego
mikrosrodowiska oraz ulatwiajg integracje implantu z organizmem [22], [75].

Mimo wieloletnich badan klinicznych 1 laboratoryjnych w dalszym ciggu protezy
syntetyczne nie stanowig rutynowego rozwigzania przy zabiegach CABG 1 zwykle stosowane
sa jedynie w razie braku naczyn autologicznych [21], [22], [76]. Obserwowane powiklania,
takie jak wykrzepianie krwi, przerost blony wewnetrznej czy odpowiedz zapalna, wskazujg na
potrzebe siggania po nowe materiaty, ktore zapewnig lepsza hemozgodno$¢, sprzyjaja
regeneracji warstw S$ciany naczynia, a zarazem beda charakteryzowaly si¢ odpowiednig

wytrzymalo$cig mechaniczng [58].

2.3 Poliuretany

Poliuretany (PU) to kopolimery zbudowane z naprzemiennie uloZzonych segmentow
potaczonych wigzaniami uretanowymi. Ich segmentowa budowa umozliwia otrzymywanie
materialow o szerokim zakresie wtasciwosci uzytkowych. Segmenty twarde (ang. hard
segments) odpowiadaja za wytrzymato$s¢ mechaniczng i1 sztywnos$¢, natomiast segmenty
migkkie (ang. soft segments), nadaja poliuretanowemu tworzywu elastyczno$¢ i sprezystosc
[771, [ 78], [79].

Modyfikujac proporcje obu typow segmentéw, mozna uzyska¢ poliuretany o bardzo
zréznicowanych wlasciwosciach — od materiatlow migkkich 1 elastycznych po twarde

i sztywne [80], [81], [82].
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Poliuretany weglanowe, wyrdzniajagce si¢ wysoka wytrzymatoscig mechaniczna,
odpornoscig chemiczng i temperaturowa, wykazuja wysoka bio- i hemozgodno$¢ oraz
stabilno$¢ in vivo, a w dluzszej perspektywie cechuja si¢ podatnoscia na hydrolizg
enzymatyczng 1 degradacj¢ oksydacyjng przez komorki [80]. Znajdujg szerokie zastosowanie
w medycynie, szczegolnie w produkcji wyrobéw medycznych, takich jak stenty, protezy naczyn
krwiono$nych, sztuczne zastawki ikomory serca [83], [84]. Ich wysoka odpornos¢
na odksztalcenia plastyczne oraz zdolno$¢ do przenoszenia sit skurczowych bez uszkodzenia
materiatu, czynig je idealnymi do zastosowan w produkcji implantow uktadu sercowo-
naczyniowego [77], [85].

Dotychczas liczne badania in vivo prowadzone na modelach zwierzecych potwierdzily
mozliwo$¢ wykorzystania poliuretanowych protez naczyn krwiono$nych jako substytutow dla
naczyn natywnych. Szczegdlng uwage zwrdcono na poliuretany weglanowe, ktore wykazaly
wyzszg biozgodno$¢ 1 biostabilno$¢ po implantacji w organizmach zywych w poréwnaniu
zinnymi typami poliuretanow. Wynika to z wysokiej stabilnosci segmentow gietkich,
co sprawia, ze PU weglanowe sg materialami o szczeg6lnie wysokim potencjale do zastosowan
biomedycznych [86], [87].

Nalezy podkresli¢, ze dobér odpowiedniego polimeru jest kluczowym, lecz nie jedynym
elementem, ktory nalezy wzig¢ pod uwage przy projektowaniu skutecznych rusztowan
tkankowych. Jak opisano w podrozdziale 2.2, rownie istotna jest struktura przestrzenna
biomateriatu, obejmujaca takie cechy jak porowatos$¢ czy rozmiar porow, ktore warunkuja
efektywne zasiedlanie rusztowania przez komorki, prawidlowa dyfuzje skladnikoéw
odzywczych 1 gazdéw oraz stabilng integracj¢ z otaczajacymi tkankami. W zwiagzku z tym
oprocz wilasciwosci materialowych, kluczowe znaczenie ma réwniez odpowiedni dobor

technologii wytwarzania biomateriatu.

2.4 Procesy wytwarzania wtoknistych protez naczyn krwiono$nych
Elektroprzedzenie

Wsréd dostepnych procesdOw wytwarzania elektroprzedzenie (ang. electrospinning, ES) jest
obecnie najczesciej stosowanym procesem produkcji protez naczyniowych [69], [88]. Technika
ta pozwala na uzyskanie materiatow o strukturze zblizonej do macierzy zewnatrzkomorkowe;,
co sprzyja zasiedlaniu ich przez komorki oraz wspomaga integracje¢ implantu z otaczajgcymi

tkankami [89], [90].
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W procesie ES cienka struzka roztworu polimeru zostaje wyciagni¢ta z dyszy pod wplywem
wysokiego napigcia elektrycznego i zdeponowana na kolektorze w postaci mikrowtokien
lub nanowldkien [91], [92]. Proces ten, przy zastosowaniu kolektora o odpowiednim ksztalcie,
umozliwia formowanie cylindrycznych rusztowan o kontrolowanej  porowatosci,
ukierunkowaniu witokien oraz grubosci $ciany, ktore mogg odwzorowywacé strukture
fizjologicznego naczynia krwionos$nego [69]. Znane sg protezy jedno- [93], [94], jak réwniez
dwu- [95], [96] i trzywarstwowe [97], [98], [99], odwzorowujace warstwowa strukturg
rusztowania, produkowane z polimerow syntetycznych [95], [97], [99] oraz mieszaniny
naturalnych i syntetycznych [93], [94], [96], [98] za pomoca techniki ES.

Kluczowym wyzwaniem przy produkcji witokien w procesie ES jest konieczno$é
stosowania wysokiego napigcia, co wigze si¢ z potencjalnym ryzykiem operacyjnym oraz
wymaga wykorzystania specjalistycznej aparatury. Dodatkowo, technika ta cechuje si¢
ograniczong skalowalno$cia, co znaczaco utrudnia jej zastosowanie w produkeji przemystowe;.
Co istotne, ES nie jest metoda wydajng w kontek$cie wytwarzania struktur o znacznych
wymiarach. Proces produkcji wtdknin o grubosci rzedu kilkuset mikrometrow jest bardzo
czasochlonny. Z tego wzgledu technika ES znajduje gtownie zastosowanie w otrzymywaniu
cienkich warstw lub membran [100], [101], [102], [103].

Alternatywna technikag wytwarzania materialow  wiloknistych do  zastosowan

biomedycznych jest rozdmuch roztworu polimeru.

Rozdmuch roztworu polimeru

Rozdmuch roztworu polimeru (ang. solution blow spinning, SBS) jest jedng z technik
wytwarzania funkcjonalnych materiatéw nano- i mikrowtdknistych [104], [105], [106], ktora
po raz pierwszy zostala opisana w 2009 roku jako metoda Iaczaca cechy elektroprzedzenia
i przgdzenia ze stopionego polimeru [107]. W pordwnaniu do alternatywnych proceséw SBS
charakteryzuje si¢ wysokim bezpieczenstwem, niskimi kosztami 1 duzg wydajnos$cig, a takze
prostota prowadzenia i mozliwos$cig skalowania procesu. Proces ten wykorzystuje sprezony gaz
(najczescie] powietrze), ktory podczas rozprezania staje si¢ nosnikiem sity napgdowe]
do formowania wtokien z roztworu polimeru. Widkna moga by¢ deponowane na podlozach
o0 zrdznicowanej geometrii, co umozliwia otrzymywanie struktur wtdknistych o ré6znorodnych
ksztaltach 1 formach przestrzennych [108], [109].

Dysza stosowana w procesie SBS zbudowana jest z dwoch koncentrycznych kanatow,

umozliwiajacych jednoczesny przeplyw roztworu polimeru (kanat wewngtrzny) i spr¢zonego
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powietrza (kanal zewngtrzny). W celu zapewnienia stabilnego formowania wtokien kanat
wewnetrzy dyszy jest zazwyczaj wysuniety przed kanal zewnetrzny o okoto 0,5-3 mm [107].
Sprezone powietrze przeplywajace kanatem zewnetrznym ulega gwattownemu rozprgzeniu
w momencie opuszczenia dysz, w wyniku czego generowana jest energia przyspieszajgca
strumien gazu zgodnie z prawem Bernoulliego. Gwaltowne przyspieszenie gazu w rejonie
wylotu kanalu wewnetrznego powoduje wyciagnigcie roztworu polimeru z dyszy
1 jednoczesnie generuje sity $cinajgce na granicy faz gaz/roztwor polimeru, w wyniku ktorych
kropla roztworu polimeru formowana jest w stozek na koncu dyszy (Rysunek 2). W momencie,
gdy sily S$cinajace pokonuja sily napigcia powierzchniowego roztworu polimeru,
z uformowanego stozka wyciggany jest cienki strumien roztworu polimeru (ang. jet), ktory
nastepnie przenoszony jest w strumieniu gazu w kierunku kolektora. W trakcie lotu nastepuje
odparowanie lotnego rozpuszczalnika oraz rozcigganie widkien w burzliwym strumieniu,

a na kolektorze deponowane sg widkna polimerowe [104], [107], [110], [111].

Granica faz powietrze/strumier roztworu polimeru

P, P, l

Gaz
Roztwar polimeru

Granica faz gaz/roztwér polimeru

Rysunek 2. Budowa dyszy wykorzystywanej do wytwarzania widkien metoda rozdmuchu roztworu
polimeru. Roztwor polimeru podawany jest kanatem wewnetrzym, podczas gdy kanalem zewngtrznym
przeplywa strumien gazu o wysokim cisnieniu (P1). Geometria dyszy umozliwia powstanie obszaru
niskiego ci$nienia (P2) wokoét kanalu wewnetrznego, w wyniku czego kropla polimeru formowana jest
w stozek na wylocie z dyszy [107]. Reprodukcja i ttumaczenie za zgodg wydawnictwa John Wiley and

Sons.
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Parametry umozliwiajace kontrolg procesu SBS mozna podzieli¢ na cztery kategorie:

e parametry roztworu polimeru (tj.: rodzaj i masa czasteczkowa polimeru, lotnos¢
rozpuszczalnika, lepkos$¢ i stezenie polimeru w roztworze, napigcie powierzchniowe);

e parametry procesu (tj.: ci$nienie gazu, natezenie przeplywu roztworu polimeru,
odlegto$¢ dysza-kolektor);

e parametry ukladu (tj.: geometria dyszy, geometria kolektora, predko$¢ obrotowa
kolektora);

e parametry otoczenia (tj.: ciSnienie atmosferyczne, temperatura, wilgotnos¢) [104].

Parametry roztworu polimeru

Aby mozliwe byto wytworzenie wtokien z roztworu polimeru, polimer musi by¢ w petni
rozpuszczalny w wybranym rozpuszczalniku, w zakresie stezen umozliwiajacym wytworzenie
wlokien o pozadanych srednicach [110]. Lotnos$¢ rozpuszczalnika determinuje jego szybkos¢
parowania w trakcie transportu strumienia roztworu polimeru w kierunku kolektora. Powinna
ona by¢ na tyle wysoka, aby zapewni¢ catkowite odparowanie rozpuszczalnika ze strumienia
roztworu polimeru przed osadzeniem si¢ wilokien na kolektorze. Zastosowanie
rozpuszczalnikow o wysokiej temperaturze wrzenia, a tym samym niskiej lotno$ci moze
przyczyni¢ si¢ do otrzymania materialow widknistych z licznymi defektami, wynikajacymi
z niepelnego odparowania rozpuszczalnika. Stopien odparowania rozpuszczalnika moze takze
wplywac na $rednice otrzymywanych widkien [105], [112].

Kluczowe znaczenie dla mozliwos$ci przgdzenia widkien ma roéwniez masa czasteczkowa
polimeru oraz jego zachowanie w rozpuszczalniku. Lancuchy polimeru musza rozprostowywac
si¢ w roztworze 1 tworzy¢ odpowiednig liczbe splatan, umozliwiajacych stabilne formowanie
witokien [113]. Wzajemne interakcje tancuchdéw polimerowych (splatania oraz oddziatywania
typu ,,glowa-ogon”) prowadza bezposrednio do mozliwosci przedzenia wtokien w procesie
SBS 1 sg kluczowe dla powstania cigglych, jednorodnych witokien. Dla kazdego uktadu
polimer—rozpuszczalnik istnieje charakterystyczne okno przedzalnosci, czyli zakres
parametréw roztworu (oddzialywan migdzytancuchowych polimeru), w ktérym mozliwe jest
stabilne formowanie jednorodnych widkien [113].

Stezenie polimeru w roztworze jest kluczowym parametrem wplywajacym na $rednice
wlokien otrzymywanych metoda SBS 1 jest bezposrednio zwigzane lepkosciag roztworu

polimeru [110]. Wzrost liczby fancuchow polimerowych w roztworze, a tym samym wzrost

29



interakcji fancuchow polimeru, lepkosci oraz napigcia powierzchniowego roztworu, skutkuje

zwigkszeniem $rednicy formowanych wiokien [107], [114], [115].

Parametry procesu

Cisnienie gazu podawanego dysza zewngtrzng oraz natezenie przeptywu roztworu
polimeru przez dysz¢ wewnetrzng wplywaja na efektywnos¢ formowania wtokien, morfologie
wytwarzanych materiatéw (w tym liczbe defektow), jak rowniez w niewielkim stopniu na
srednice otrzymywanych widkien [107], [116]. Zwickszenie ci$nienia gazu moze prowadzi¢ do
zmniejszenia Srednic widkien poprzez zwigkszenie sit rozciggajacych dziatajacych na krople
roztworu polimeru. Jednak zaré6wno zbyt wysokie, jak i zbyt niskie ci$nienie gazu moze
destabilizowac¢ proces, co prowadzi do zwickszenia liczby defektow w strukturze materiatow
lub nawet do zatrzymania procesu w wyniku zatkania kanalu wewnetrznego dyszy roztworem
polimeru [114].

Podobne znaczenie ma odpowiednie dobranie nat¢zenia przeptywu roztworu polimeru.
Zbyt niskie natezenie moze utrudnia¢ formowanie stabilnej kropli roztworu na wylocie dyszy,
natomiast zbyt wysokie sprzyja gwattownemu wyrzucaniu duzych ilo$ci roztworu ("plucie"),
co prowadzi do powstawania defektow w postaci plam lub posklejanych wtokien wynikajacych
z niedostatecznego odparowania rozpuszczalnika [105], [109].

Dodatkowo, odpowiednio dobrana odlegtos¢ migdzy dysza a kolektorem umozliwia petne
odparowanie rozpuszczalnika i uzyskanie jednorodnych wiokien o minimalnej liczbie
defektow. Skrocenie tej odleglosci powoduje zmniejszenie porowatosci wytwarzanego
materiatu 1 jednocze$nie zwigkszenie rozmiarow defektéw struktury pojawiajacych si¢ na
skutek niecatkowitego odparowania rozpuszczalnika [114], [117], [118]. Ponadto zwi¢kszenie
odlegtosci miedzy dysza a kolektorem moze przyczyni¢ si¢ do zmniejszenia $rednicy wtokien
w wyniku lepszego odparowania rozpuszczalnika [105]. Ustawienie dyszy bezposrednio przed
kolektorem prowadzi do zatracenia widknistej, porowatej struktury materialu i powstania folii

polimerowej [114].

Parametry uktadu

Srednice koncentrycznych kanatéw tworzacych dysze maja istotny wptyw na efektywnos¢
procesu SBS oraz $rednice formowanych witokien [108], [118]. Kanal wewngetrzny powinien
mie¢ srednice wystarczajaco matg, aby umozliwi¢ formowanie widkien, natomiast odpowiedni

dobdr s$rednic obu kanatow (wewngtrznego izewnetrznego) zapewnia stabilno$¢ procesu
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w poczatkowe] fazie tworzenia kropli roztworu polimeru. Zbyt duza S$rednica kanatu
wewnetrznego moze utrudnia¢ efektywne odparowywanie rozpuszczalnika prowadzac
do deponowania na kolektorze struzek roztworu polimeru lub tworzenia posklejanych wtdkien
— defektow [114]. Ponadto, dlugos$¢ dyszy odgrywa istotng role w stabilizacji przeptywu gazu.
Dysza powinna by¢ na tyle dtuga, aby umozliwi¢ ustabilizowanie ci$nienia 1 predkosci gazu
przeplywajacego wewnatrz kanatu [118], [119]. Jednakze zbyt duza dlugo$¢ dyszy moze
prowadzi¢ do powstawania turbulencji przy wylocie, czego skutkiem jest szerszy rozktad
srednic otrzymywanych widkien w poréwnaniu do dysz krotszych. Zazwyczaj zastosowanie
dysz o mniejszych $rednicach sprzyja formowaniu wiokien o mniejszych rozmiarach, cho¢
ostateczna $rednica widkien zalezy gldwnie od rodzaju polimeru oraz jego st¢zenia w roztworze
[108]. Srednice kanatéw oraz dtugo$é dyszy powinny byé takze odpowiednio skorelowane
z ci$nieniem powietrza podawanego do dyszy wewnetrznej [118].

Istotnym parametrem jest takze wysunig¢cie kanalu wewnetrznego dyszy przed kanat
zewngtrzny. Aby mozliwe byto stabilne formowanie kropli roztworu polimeru na koncu dyszy,
a nastgpnie generowanie wildkien, kanal wewnetrzny powinien by¢ wysuniety przed kanat
zewnetrzny o 0,5-3 mm [107], [118].

Geometria 1 wymiary kolektora determinujg forme i organizacj¢ wytwarzanych materialow
wldknistych. Stosowanie kolektoréw ptaskich skutkuje otrzymaniem materiatow o losowym,
nieukierunkowanym utozeniu witdkien [109]. Natomiast w przypadku kolektorow
cylindrycznych, $rednica oraz predkos¢ obrotowa kolektora wplywaja na $rednice wtokien, ich
splatanie 1 orientacj¢. Wzrost predkosci obrotowej kolektora prowadzi do zwigkszenia
jednorodnosci  wtokien, uzyskania wyraznego ukierunkowania widkien w strukturze

wytworzonego materiatu, a takze zmniejszenia ich srednicy [120], [121], [122].

Parametry otoczenia

Proces SBS najczgséciej jest prowadzony w warunkach normalnych, jednakze warunki
otoczenia moga wptywaé zaro6wno na przebieg procesu, jak inajako$¢ otrzymywanych
wtokien [108]. Wpltyw parametrow otoczenia, takich jak: temperatura, ci$nienie atmosferyczne
oraz wilgotno$¢ powietrza na proces SBS nie zostat jeszcze doktadnie zbadany. Wiadomo
jednak, Zze wyzsza temperatura otoczenia przyspiesza odparowanie lotnego rozpuszczalnika
podczas transportu struzki roztworu polimeru w kierunku kolektora [112], zmniejsza lepkos¢
roztworu oraz zwigksza rozpuszczalno$¢ polimeru w rozpuszczalniku [123]. Z kolei nizsza

temperatura moze prowadzi¢ do niepelnego odparowania rozpuszczalnika, zbierania si¢
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roztworu na kolektorze w postaci defektow oraz do powstawania widkien o wigkszych
srednicach [109], [114]. Wplyw wilgotno$ci powietrza na jako$¢ widkien jest szczegolnie
istotny przy przgdzeniu z roztwordw wodnych, kiedy to wydluzony czas parowania

rozpuszczalnika znaczaco wptywa na strukture wiodkien [114].

Nie istnieje uniwersalny zestaw parametrow umozliwiajacy kontrole procesu SBS
i wytwarzanie widkien o $cisle okreslonej morfologii. Opisane powyzej zalezno$ci maja
charakter og6lny i1 sg wspdlne dla wiekszosci uktadéw polimer-rozpuszczalnik. Znajomos$¢
wzajemnych relacji pomiedzy parametrami procesu a wlasciwosciami uzyskiwanych
wioknistych materiatdéw pozwala jednak na $wiadome i celowe dostosowywanie warunkow
wytwarzania do specyficznych wymagan stawianych produktowi.

Proces SBS eliminuje konieczno$¢ stosowania wysokiego napigcia, oferujac jednoczes$nie
wiekszg wydajnos¢, nizsze koszty aparatury i produkcji oraz umozliwiajac stosowanie szerszej
gamy polimerdw i rozpuszczalnikéw. Jest tez bardziej przewidywalny i powtarzalny
w poréwnaniu do procesu ES [105], [108]. Wedlug mojej najlepszej wiedzy, w dostepnej
literaturze brak jest doniesien dotyczacych wytwarzania poliuretanowych protez naczyniowych
w procesie SBS. Co wigcej, w nielicznych pracach, ktére ogélnie odnosza si¢ do zastosowania
SBS winzynierii tkankowej, koncentrowano si¢ gltownie na rusztowaniach o ogdlnym
przeznaczeniu, czg¢sto z wykorzystaniem innych materiatow niz PU, takich jak kwas
polimlekowy (PLA) i polikaprolakton (PCL) [104], [105]. Nie opisano kompleksowego
podejscia obejmujacego projektowanie wielowarstwowej struktury odwzorowujacej budowe
naczynia krwiono$nego, analiz¢ parametréw procesu, ocen¢ wtasciwosci mechanicznych oraz

oceng biologiczng materiatu.
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2.5 Podsumowanie czg$ci teoretycznej

W czgéci teoretycznej pracy dokonano kompleksowej analizy problematyki chordb
sercowo-naczyniowych, ze szczeg6lnym uwzglednieniem przypadkéw, w ktorych zachodzi
konieczno$¢ wykonania zabiegu CABG. Przedstawiono ograniczenia stosowanych obecnie
rozwigzan, takich jak stenty czy przeszczepy autologiczne oraz wskazano na potrzebeg
opracowania alternatywy w postaci syntetycznych protez naczyniowych. Opisano budowg
anatomiczng naczyn krwiono$nych, a takze zlozono$¢ ich funkcji 1 interakcji
migdzywarstwowych, co stanowilo punkt wyjscia do okreslenia wymagan stawianych
nowoczesnym protezom naczyniowym. Szczeg6lng uwage poswigcono wilasciwosciom
mechanicznym 1 strukturalnym (takim jak porowatos$¢, struktura czy grubos$¢ $ciany), ktore
decyduja o efektywnosci zasiedlania rusztowania przez komorki oraz integracji z otaczajacymi
tkankami. Podkreslono rowniez znaczenie hemozgodno$ci i1 biozgodnos$ci materialow
stosowanych do kontaktu z krwig 1 ich wptywu na ograniczenie ryzyka zakrzepicy i hiperplazji.

Nastepnie przedstawiono potencjat poliuretandéw weglanowych jako polimerow do
wytwarzania biomateriatéw o wysokiej stabilno$ci mechanicznej, elastycznos$ci i biozgodnosci,
ktére znajduja szerokie =zastosowanie w konstrukcji protez sercowo-naczyniowych.
Szczegotowo omoéwiono rowniez techniki wytwarzania widknistych rusztowan, wskazujac
elektroprzedzenie jako dotychczas najczgsciej stosowany proces, ale obarczony ograniczeniami
zwigzanymi z wydajnoscia, zgodno$cia materialowa oraz trudnoscia w skalowaniu.
Alternatywe stanowi rozdmuch roztworu polimeru, ktory oferuje wigksza swobodg
projektowania, wigkszg wydajnos$¢ oraz mozliwo$¢ stosowania szerszej gamy materialow.

Opisane zagadnienia stanowig podstawe merytoryczng dla dalszych badan nad
projektowaniem 1 wytwarzaniem funkcjonalnych rusztowan naczyniowych w procesie
rozdmuchu roztworu polimeru. Przeglad literatury pozwolit na zidentytikowanie kluczowych
parametrow materiatowych 1 procesowych wptywajacych na morfologie, strukture
1 wlasciwosci mechaniczne materiatow wildknistych, co stanowi fundament pod badania
eksperymentalne, ktorych celem byto opracowanie warstwowego, funkcjonalnego rusztowania
naczyniowego o kontrolowanej strukturze, dostosowanego do wymagan stawianych protezom

naczyh krwiono$nych matych srednic.
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3. Cel i zakres badan

Celem pracy jest opracowanie protezy naczyniowej o strukturze warstwowej, wloknistej
i wlasciwosciach mechanicznych zblizonych do wlasciwosci naczyn krwionos$nych
Struktura protezy ma sprzyja¢ adhezji i1 proliferacji komorek zasiedlajacych naczynia

krwionos$ne oraz minimalizowac proces adhezji ptytek krwi.

W ramach gtoéwnego celu pracy wyrdzniono trzy szczegdlowe cele badawcze:

1. Dobor parametréw procesu wytwarzania wioknin o zadanych wiasciwosciach metoda

rozdmuchu roztworu polimeru

Zastosowane parametry procesu rozdmuchu roztworu polimeru, jak rowniez wlasciwosci
polimeréw oraz roztwordéw polimerow, z ktorych wytwarzane sa wtokna, wptywaja znaczaco
na morfologi¢ 1 wlasciwos$ci otrzymywanych materiatow wtdknistych.

W ramach pierwszego szczegdtowego celu badawczego okreslono wptyw kluczowych
zmiennych: twardo$ci poliuretanu, stezenia polimeru w roztworze, natezenia przeptywu
roztworu polimeru, ci$nienia gazu oraz predkosci obrotowej kolektora na: przedzalnosé
roztworow, Srednice wiokien, porowato$¢, rozmiar poréw oraz wlasciwosci mechaniczne
wytwarzanych materiatow.

Przeprowadzone analizy umozliwily okreslenie zaleznosci pomiedzy kluczowymi
parametrami procesu rozdmuchu roztworu polimeru oraz parametrami roztworéw polimerow
a morfologia, struktura 1 wlasciwo$ciami mechanicznymi otrzymywanych materiatéw
wioknistych. Na tej podstawie wyselekcjonowano warunki procesowe pozwalajace na
formowanie struktur o kontrolowanej morfologii, co stanowito punkt wyjscia do dalszych

analiz.

2. Ocena wplywu morfologii powierzchni na wzrost wybranych typow komorek
zasiedlajacych naczynia krwionosne
Efektywno$¢ rusztowan komorkowych zalezy w duzej mierze od ich zdolnosci do
wspierania aktywnos$ci biologicznej zasiedlajacych je komorek, a w przypadku materiatow
majacych kontakt z krwia, takze od ich hemozgodnosci. Morfologia powierzchni i struktura
wloknistych biomaterialdow w tym: $rednica i orientacja wtokien, porowato$¢ oraz rozmiar
poréw mogg istotnie modulowac¢ adhezje, proliferacje 1 migracje komorek budujacych naczynia

krwionos$ne.
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W ramach drugiego celu szczegdtowego oceniono odpowiedz biologiczng komorek
pokrywajacych wnetrze oraz budujacych $ciang naczynia krwiono$nego na kontakt
z materiatlami wloknistymi o réznej morfologii i strukturze. Ponadto zbadano zachowanie
ptytek krwi w kontakcie z powierzchnig biomateriatow.

Uzyskane wyniki potwierdzity wysoka zgodno$¢ opracowanych materialow z ptytkami
krwi, wskazujac na ich niski potencjal trombogenny. Przeprowadzone analizy pozwolity na
wyodrgbnienie powierzchni najbardziej sprzyjajacych zasiedlaniu przez poszczegoélne typy
komorek budujacych naczynia krwionosne, co miato kluczowe znaczenie w dalszym etapie

projektowania funkcjonalnych protez.

3. Otrzymanie protez naczyn krwiono$nych o strukturze dobranej w toku

dotychczasowych badan i1 ocena ich wtasciwosci

Struktura rusztowania komoérkowego oraz jego wlasciwos$ci mechaniczne powinny by¢
scisle dostosowane do specyfiki tkanki, ktorg ma zastgpowacé lub wspieraé w procesie
regeneracji. W przypadku naczyn krwiono$nych istotne jest odwzorowanie ukladu
przestrzennego 1 organizacji $ciany naczynia, ktére umozliwig zasiedlenie rusztowania
komorkami, a takze zapewnig jego elastycznos¢ 1 szczelnos¢.

Bazujac na wynikach uzyskanych w ramach realizacji celow 1 1 2, w ostatniej czgsci pracy
opracowano cylindryczne, warstwowe wldkniste rusztowania, ktérych poszczegolne warstwy
zostaly zaprojektowane tak, aby odzwierciedla¢ funkcjonalng strukture fizjologicznego
naczynia krwiono$nego. Zaprojektowano i wytworzono protezy naczyniowe o roznych
morfologiach powierzchni zewnegtrznej 1 wewngtrznej, ktore dajag wysoki potencjal do
zasiedlania przez okreslone typy komodrek budujacych naczynie krwionosne.

W ramach tego etapu dokonano oceny wtasciwosci mechanicznych, morfologii warstw oraz

zgodnosci biologicznej wytworzonych protez naczyn krwionos$nych.

W oparciu o opisane powyzej cele oraz w odpowiedzi na zidentyfikowang luke badawcza
zwigzang z brakiem doniesien literaturowych dotyczacych wykorzystania procesu rozdmuchu
roztworu polimeru do wytwarzania poliuretanowych protez naczyniowych, a takze majac na
uwadze potencjal tej technologii do efektywnego projektowania biomaterialow, sformutowano

nastepujace tezy badawcze:
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Teza 1: W procesie rozdmuchu roztworu polimeru mozliwe jest wytworzenie materiatow

wioknistych o kontrolowanej morfologii z wybranych poliuretanéw

Teza 2: Technologia rozdmuchu roztworu polimeru umozliwia otrzymywanie protez

naczyniowych speiniajacych zatozone kryteria strukturalne i mechaniczne
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4. Czes¢ doswiadczalna

W czescei doswiadczalnej przedstawiono podsumowanie wynikow badan opisanych w cyklu
publikacji bedacych przedmiotem niniejszej rozprawy doktorskiej koncentrujacych sie¢ na:
(1) doborze parametréw procesu rozdmuchu roztworu polimeru prowadzacych do wytworzenia
poliuretanowych materiatow wtdknistych o pozadanych wtasciwosciach mechanicznych oraz
morfologii ($rednice widkien, rozmiar porow, porowatos$¢, ukierunkowanie widkien)
(Publikacje P1 — P3); (2) ocenie wplywu morfologii powierzchni na wzrost wybranych typow
komorek zasiedlajacych naczynia krwionosne (Publikacje P3 1 P4); (3) otrzymaniu protez
naczyn krwiono$nych o strukturze dobranej w toku dotychczasowych badan i ocenie ich
wiasciwosci (Publikacja PS).

Jak opisano w podrozdziale 2.3, poliuretany, a w szczego6lnosci poliuretany weglanowe,
sa obiecujagcym materiatem do wytwarzania wyrobow medycznych do leczenia chordb
sercowo-naczyniowych. W niniejszej pracy do badan wykorzystano komercyjnie dostepne
poliuretany (PU) klasy medycznej Chronoflex®C bedace grupa aromatycznych elastomeréw na
bazie poliweglanu, charakteryzujace si¢ niskim modutem sprezystosci (modulem Younga
(MY)) oraz wysoka odpornoécia na pekanie naprezeniowe. PU  Chronoflex®C
sg nieinwazyjnymi polimerami zalecanymi do stosowania jako krdtko- i dlugoterminowe
materiaty implantowane w leczeniu schorzen onkologicznych, ortopedycznych oraz sercowo-
naczyniowych [124].

Poliuretanowe protezy wytwarzano metoda rozdmuchu roztworu polimeru (ang. solution
blow spinning, SBS), wykorzystujac aparatur¢ dostgpng na Wydziale Inzynierii Chemicznej
1 Procesowej w Zakladzie Biotechnologii 1 Inzynierii Bioprocesowej Politechniki
Warszawskiej. Stanowisko do wytwarzania materiatow w procesie SBS, przedstawione
schematycznie na Rysunku 3, sktadato si¢ z:

e ukladu koncentrycznych dysz, zapewniajacego odpowiedni przeplyw roztworu

polimeru (dysza wewnetrzna) i powietrza (dysza zewngtrzna);

e kolektora, na ktérym zbierano wtokna;

e infuzyjnej pompy strzykawkowej umozliwiajacej podawanie roztworu polimeru

z zadanym natezeniem przeptywu;
e 7rddla sprezonego powietrza.
Zastosowana aparatura umozliwiala zmian¢ parametrow procesu wytwarzania wiokien

(szybkos$ci podawania roztworu polimeru, ci$nienia sprezonego powietrza, odlegtosci miedzy
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dysza a kolektorem, predkosci obrotowej kolektora) oraz parametréw roztworu polimeru

(stezenia polimeru w roztworze, twardosci polimeru).

Zrédto powietrza

Kolektor

Uktad koncentrycznyN)

/ dysz y
.

\

Whtdkna polimeru

Infuzyjna pompa

strzykawkowa Odlegtosc
dysza-kolektor

Materiat wtéknisty

Rysunek 3. Schemat stanowiska do wytwarzania materiatdéw wtdknistych metoda rozdmuchu roztworu

polimeru. Utworzono w BioRender.com.

Biomaterialy majace potencjalne zastosowanie jako rusztowania komodrkowe powinny
swoja strukturg nasladowa¢ strukture tkanki, ktéra maja zastepowaé. Celem prac bylo
opracowanie implantow, ktore beda spetniaty zalozone podstawowe wymagania stawiane
protezom naczyn krwionosnych:

1. Struktura nasladujagca warstwowg budowe naczynia krwiono$nego: poszczegolne
warstwy charakteryzuja si¢ odmienng morfologia, aby wspiera¢ zasiedlanie protezy réoznymi
typami komorek budujacych naczynia krwionos$ne i zapewnia¢ odpowiednia szczelno$¢
protezy;

2. Wiasciwosci mechaniczne zblizone do wlasciwosci naczyn ludzkich (MY < 10 MPa);

3. Kontakt wewnetrznej powierzchni protezy z krwia skutkujacy niska adhezja ptytek
krwi, zblizong do wartos$ci uzyskanych dla protez referencyjnych wytworzonych z ePTFE;

4. Powierzchnia protezy wykazujaca wlasciwosci niechemolityczne.
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4.1 Dobor parametréw procesu wytwarzania widknin o zadanych wiasciwosciach metoda

rozdmuchu roztworu polimeru

W pierwszej czesci przeprowadzonych badan oceniano przedzalno$¢ wybranych roztwordéw
poliuretandéw oraz wptyw zmiany wybranych parametrow procesu SBS (ci$nienia powietrza,
nat¢zenia przepltywu roztworu polimeru oraz predkosci obrotowej kolektora) na morfologie
wytwarzanych witokien 1 materiatow wioknistych (Publikacje P1 — P3). Ponadto okreslono
wplyw stezenia polimeru w roztworze na $rednice wildkien, rozmiar porow i porowato$é
materiatéw, a takze wplyw twardosci PU na wiasciwo$ci mechaniczne otrzymywanych

widknin.

Ocena przedzalnosci roztworow poliuretandow oraz wplywu stezenia polimeru
w roztworze i twardosci polimeru na wlasciwosci materialow

Do badan wybrano poliuretany (PU) Chronoflex®C o twardoéciach 75A, 80A, 93A, 45D
oraz 75D w skali Shore’a. PU Chronoflex®C s3 polimerami o ograniczonej rozpuszczalnosci
w wigkszosci popularnych rozpuszczalnikow organicznych. 1,1,1,3,3,3-heksafluoro-2-
propanol zostat wybrany jako najkorzystniejszy rozpuszczalnik (wysoka lotno$¢, dobra
rozpuszczalno$é poliuretandéw w szerokim zakresie stezen) dla PU Chronoflex®C na podstawie
wczesniejszych badan prowadzonych przez innych cztonkdéw Zespotu. Dla uproszczenia
PU Chronoflex®C w dalszej cze$ci pracy beda okreslane jako PU.

W pierwszej kolejnosci badano przedzalno$¢ roztworéw polimerow dla wszystkich
badanych PU w zakresie stezen 2-10% (w/w). Roztwory polimeréw byty podawane do uktadu
koncentrycznych dysz ze statym natezeniem przeptywu (30 ml/h), a nastgpnie widkna
polimerowe byty rozciggane i przenoszone w strumieniu powietrza (o cisnieniu wlotowym
0,1 MPa) w kierunku cylindrycznego kolektora, obracajacego si¢ ze stalg predkosciag
(3 000 obrotéw/min) (Rysunek 3). Jesli nie zaznaczono inaczej, podane parametry procesu SBS
byty stale podczas wytwarzania materiatow, ktorych wtasciwosci opisano w niniejszej pracy.

Wyniki opisane w Publikacji P1 wykazaly, ze ze wszystkie badane PU sg przedzalne,
jednak dla kazdego z nich istnieje inny zakres stezen (okno przedzalnosci), dla ktorego
mozliwe jest wytworzenie wlékien metodg SBS. W przypadku PU o twardosci 75A, wtokna
uzyskano ze stgzen roztworow w zakresie 2,0-7,0%, dla PU o twardosci 80A w zakresie 3,0-
10,0%, dla PU o twardosci 93A w zakresie 3,0-8,0%, dla PU o twardosci 45D w zakresie 4,0-
7,5%, a dla PU o twardosci 75D w zakresie 3,0-7,0%. Nie zaobserwowano korelacji miedzy

twardoscig PU a zakresem st¢zen, z ktorego mozliwe bylo wytworzenie wiokien. Wyniki
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pomiardw Srednic widkien wykazaty, ze stezenie polimeru w roztworze, z ktdorego wytwarzane
sa materialy wldkniste, wptywa na rozmiar otrzymywanych widkien, niezaleznie od twardosci
PU, z ktérego sa wytwarzane. Zgodnie z oczekiwaniami, zaobserwowano wzrost $redniej
srednicy wlokien wraz ze wzrostem stezenia polimeru w roztworze dla wszystkich badanych
PU. Najmniejsze S$rednie S$rednice widkien uzyskane dla wszystkich PU wynosily
okoto 200 nm, podczas gdy najwigksze uzyskane Srednie $rednice witokien wynosity od

ok. 1000 nm (PU 93A) do ok. 2500 nm (PU 45D) (Rysunek 4).
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Rysunek 4. Srednica wlokien w zaleznosci od stezenia polimeru w roztworze dla poliuretanéw
o réznych twardosciach w skali Shore’a. Przerywanymi liniami oznaczono S$rednice wiokien
wynoszace 200 nm i 1 000 nm. Kazdy z badanych polimeréw charakteryzuje si¢ innym oknem
przedzalnoéci. Srednia $rednica wiokien wzrasta wraz ze wzrostem stgzenia polimeru niezaleznie
od twardo$ci PU. Najmniejsze $rednie $rednice wiokien uzyskane dla wszystkich PU wynosily
ok. 200 nm, podczas gdy najwicksze S$rednie s$rednice wynosity od ok. 1 000 nm (PU 93A)
do ok. 2500 nm (PU 45D). Zaadaptowano i przettumaczono na podstawie Publikacji P1 [126] na licencji
Creative Commons Attribution 4.0 International (CC BY 4.0).
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Nastepnie z kazdego z badanych PU wytworzono materialy o zadanych S$rednich
srednicach widkien wynoszacych ok. 200, 500 i 1 000 nm. Analiza obrazéw otrzymanych przy
uzyciu skaningowego mikroskopu elektronowego (SEM) wykazata, ze wildkna
w wytworzonych materiatach byty utozone w sposob losowy (Rysunek 5). Na powierzchni oraz
w strukturze materiatow obserowowano defekty w postaci plam i zgrubien, typowe dla
materialdow wytwarzanych metoda rozdmuchu roztworu polimeru. Najwyzsze porowatosci
(0,8-0,9) otrzymano dla materiatow wytworzonych z PU o twardosci 75D. Porowatosci
materialow wytworzonych z pozostatych badanych PU (75A, 80A, 93A 1 45D) byly zblizone
1 miescity si¢ w zakresie 0,6-0,7 niezaleznie od $rednicy widkien (Fig. 2(C) w Publikacji P1).

Wiasciwosci mechaniczne materiatdéw wldknistych badanych w niniejszej pracy mierzono
metoda statycznej proby rozciggania zgodnie z normg ASTM D 638-02a — Standard Test
Method for Tensile Properties of Plastics [125]. Zgodnie z oczekiwaniami, wyniki badan
opisane w Publikacji P1 wykazaly, ze wlasciwo$ci mechaniczne materialéw wldknistych
zaleza od twardos$ci poliuretanu, z ktorego wytworzone sa widkna oraz od $rednicy widkien
(Rysunek 6). Najmniej elastyczne materialy (o najwyzszych wartosciach MY wynoszacych
6,7-22,6 MPa) zostaly wytworzone z najbardziej twardego PU o twardosci 75D. Materialy
wlokniste wytworzone z PU o twardosciach 75A, 80A, 93A i 45D wykazaly zblizona
wysokq elastycznos$¢ i charakteryzowaly sie wartosciami MY nieprzekraczajacymi 3MPa.
Jednoczesnie dla materiatow wytworzonych z PU o twardosciach 75A, 80A 1 93A
zaobserwowano wzrost elastyczno$ci materiatlow (zmniejszenie wartosci MY) wraz ze
wzrostem $rednicy wldkien, natomiast dla materiatdéw wytworzonych z PU o twardosci 45D
wzrost elastycznosci zaobserwowano tylko dla materiatow o $rednicach witokien 1 000 nm
(najwigkszych badanych). W przypadku materiatow wytworzonych z PU o twardosci 75D
elastyczno$¢ malata wraz ze wzrostem $redniej $rednicy widkien (Rysunek 6(A)). Sposrod
badanych materialdow najwigksza odporno$¢ na odksztalcenia wykazywaly materiaty
wytworzone z PU o twardosci 75A, a najmniejszg z PU o twardosci 75D. Odporno$¢ na
odksztalcenia (maksymalne naprezenia) wytworzonych materialéw rosta wraz ze wzrostem
srednicy wilokien dla materialow wytworzonych z PU o twardo$ci 75D oraz malata
w przypadku materiatow wytworzonych z PU o twardo$ciach 75A 1 80A. Nie zaobserwowano
jednoznacznej zalezno$ci miedzy S$rednica widkien, a odpornoscia na odksztalcenia dla
materiatow wytworzonych z PU o twardos$ciach 93A oraz 45D (Rysunek 6(B)). Najwigksze
wydhuzenia probek w momencie zerwania zaobserwowano dla materiatow najbardziej

elastycznych wytworzonych z PU o twardosci 75A (ok. 2 mm/mm), a najmniejsze z materialow
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najbardziej sztywnych PU o twardosci 75D (0,3-0,6 mm/mm), co odzwierciedla wiasciwosci

elastyczne materiatow wytworzonych z tych PU (Rysunek 6 (A) i (C)).

Rysunek 5. Obrazy SEM powierzchni materiatdéw o srednich $rednicach wlokien 200, 500 i 1 000 nm

wytworzonych z PU o réznych twardos$ciach w skali Shore’a. Skala: 20 um. Niezaleznie od $rednicy

wiokien i twardosci PU wtokna byty utozone w sposob losowy, a na powierzchni oraz w strukturze

materiatlow widoczne sg defekty w postaci plam i zgrubien. Zaadaptowano i przettumaczono na

podstawie Publikacji P1[126] na licencji Creative Commons Attribution 4.0 International (CC BY 4.0).
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Rysunek 6. Whasciwosci mechaniczne materiatow wioknistych o réznych S$rednicach wlékien
wytworzonych z PU o réznych twardosciach w skali Shore’a: modut Younga (A), maksymalne
naprezenia (B), wydtuzenie przy zerwaniu (C). Twardos¢ PU, z ktérego wytwarzano widkna, miata
znaczacy wplyw na wlasciwosci mechaniczne wytworzonych materiatdw. Najbardziej sztywne
materialy wytworzono z PU o najwigkszej twardosci (75D), podczas gdy materialty wytworzone
z pozostatych PU (75A, 80A, 93A, 45D) wykazywaly zblizong, wysoka elastyczno$¢. Dla materiatow
elastycznych (75A, 80A, 93A, 45D) zaobserwowano wzrost elastyczno$ci wraz ze wzrostem $rednicy
wldkien, natomiast dla materiatow sztywnych (75D) zaleznos¢ ta byta odwrotna. Sposrod badanych
materialow najwicksza odpornos$¢ na odksztatcenia wykazywaly materiaty wytworzone z PU 75A,
anajmniejszg z PU 75D. Odporno$¢ na odksztalcenia wytworzonych materialow rosta wraz
ze wzrostem Srednicy wiokien materiatow wytworzonych z PU 75D oraz malata w przypadku
materiatlow wytworzonych z PU 75A i PU 80A. Obserwowane stopnie wydluzenia prébek w momencie
zerwania odzwierciedlajg wlasciwosci elastyczne materiatow. Zaadaptowano i przetlumaczono na

podstawie Publikacji P1[126] na licencji Creative Commons Attribution 4.0 International (CC BY 4.0).
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Opisane w niniejszym podrozdziale badania, stanowigce tre$¢ Publikacji P1, stanowig
punkt wyjScia oraz merytoryczny trzon niniejszej rozprawy doktorskiej. Przeprowadzona
analiza przedzalno$ci pigciu PU medycznych o zréznicowanej twardo$ci wykazata,
ze wszystkie zbadane polimery sq przedzalne w procesie SBS, jednak wykazuja
indywidualne okna przedzalnos$ci. Ponadto dla kazdej badanej twardosci PU istnialo
indywidualne st¢zenie polimeru w roztworze pozwalajace na otrzymanie wlokien
o zadanej Sredniej Srednicy. Kluczowe zalezno$ci wykazane w tej czeSci pracy dotyczyly
wpltywu twardosci PU 1 $rednicy wiokien na porowatos¢ i wihasciwosci mechaniczne
otrzymywanych materiatow. Na podstawie uzyskanych wynikow do dalszych etapow badan
wyselekcjonowano materialy wytworzone z PU o twardosciach 75A oraz 75D,
charakteryzujace si¢ odmiennymi wlasciwosciami mechanicznymi i porowatoscia.
Materiatow wytworzonych z PU o twardo$ciach 80A, 93A 145D nie uwzgledniono w dalszych
badaniach ze wzglgdu na podobienstwa we wiasciwo$ciach do materialdow wytworzonych

z PU 75A.

Ocena wplywu ciSnienia powietrza oraz natezenia przeplywu roztworu polimeru
na wlasciwosci materiatow

W Publikacji P2 zbadano wplyw wybranych parametréw procesu SBS (natgzenia
przeptywu roztworu polimeru w zakresie 10-50 ml/h oraz cisnienia powietrza w zakresie 0,05-
0,2 MPa) na morfologi¢ otrzymywanych wtoknin (w szczegdlnosci liczbe i rodzaj defektow).
Badania przeprowadzono na materialach wytworzonych z PU o twardo$ciach 75A oraz 75D
o §rednicach 250 1 1 000 nm wybranych na podstawie istotnych réznic we witasciwosciach
tychze materiatow, ktore wykazano w Publikacji P1. Podczas analizy wpltywu zmiany cis$nienia
powietrza na morfologi¢ widkien, w trakcie wytwarzania wtokien, stosowano state natgzenie
przeplywu roztworu polimeru wynoszace 30 ml/h. Natomiast podczas analizy wptywu zmiany
natezenia przeplywu roztworu polimeru na morfologi¢ wldkien stosowano stalg wartosé
ci$nienia powietrza wynoszaca 0,1 MPa.

Do oceny wplywu zmiany analizowanych parametréw procesu SBS na morfologie
materiatdw wykorzystano obrazy SEM powierzchni wytworzonych probek, na podstawie
ktorych policzono defekty (w postaci plam roztworu polimeru oraz zgrubien i skrecen widkien)
obecne na powierzchni materiatow. Uzyskane wyniki, przedstawione w Table 1 w Publikacji
P2, wykazaly, ze oba analizowane parametry procesu SBS wplywaja na morfologi¢

wytwarzanych wiokien oraz przedzalno$¢ roztworéw polimerow. Analiza obrazéw SEM
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morfologii powierzchni wytworzonych materialdéw udowodnita, ze na jakos$¢ (liczba i rozmiar
defektow) materialow wloknistych silny wplyw ma cisnienie powietrza oraz, w nieco
mniejszym stopniu, natezenie przeplywu roztworu polimeru. Ponadto wykazano, zZe
roztwory polimeréw o wysokich stezeniach wymagaja zapewnienia wyzszej sity napedowej do
prowadzenia procesu SBS (wyzszego ci$nienia powietrza) niz roztwory o niskich stezeniach,
przy takich samych pozostatych parametrach procesu. W przypadku wysokich stgzen
roztworé6w polimerow niemozliwe bylo wytworzenie wiokien przy niskich ci$nieniach
powietrza. Reprezentacyjne zestawienie obrazow SEM, przedstawiajacych morfologie
powierzchni materialdw wytwarzanych z roztworu PU o twardosci 75A przy roéznych
ci$nieniach powietrza przedstawiono na Rysunku 7. Szczegdtowa analiza liczby defektow
w strukturze materiatow pozwolita na wyodrgbnienie najkorzystniejszych wartosci ci$nienia
powietrza oraz natezenia przeplywu roztworu polimeru umozliwiajagcych wytwarzanie
materiatdw o minimalnej liczbie defektéw z PU badanych w ramach niniejszej rozprawy. Dla
obu analizowanych PU, niezaleznie od $rednicy wytwarzanych wtokien, wybrane wartosci
ci$nienia powietrza oraz natgzenia przeptywu roztworu polimeru wynosity odpowiednio:
0,1 MPa oraz 30 ml/h.

Wyniki przeprowadzonych badan wykazaly takze, ze rozmiar poréw w materiatach
wldknistych zalezy od Srednicy wtokien, a wiec od stezenia polimeru w roztworze, z ktoérego
produkowane sg materiaty. Zaobserwowano wzrost rozmiaru porow wraz ze wzrostem srednicy
wtokien (ok. 3um oraz ok. 35-40 pum dla materiatéw o S$rednich $rednicach wtokien
odpowiednio 250 11000 nm (Fig. 5 w Publikacji P2). Otrzymane wyniki pomiaréw
wlasciwosci mechanicznych materialow potwierdzily znaczace rdznice w elastycznosci
wldknin wytworzonych z PU o twardo$ciach 75A 1 75D wykazane w Publikacji P1. Materiaty
wytworzone z twardego PU 75D wykazywaly znacznie niZsza elastyczno$¢ niz materiaty
wytworzone z migkkiego PU o twardo$ci 75A (Table 3 w Publikacji P2). Otrzymane
w Publikacji P2 wyniki pomiaréw MY, odpornosci na odksztalcenia 1 wydtuzenia w zaleznosci

od $rednicy wtokien korelowaty w zaleznosciami opisanymi w Publikacji P1.
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Rysunek 7. Obrazy SEM materiatow o $redniej Srednicy wlékien 1 000 nm wytworzonych
z PU o twardoS$ci 75A pod ci$nieniem (A) 0,1 MPa, (B) 0,125 MPa, (C) 0,15 MPa, (D) 0,175 MPa,
(E) 0,2 MPa. Skala: 200 pm. Dla ci$nienia powietrza <0,1 MPa niemozliwe byto wytworzenie wtokien.

W badaniach przedstawionych w Publikacji P2 skupiono si¢ na analizie wptywu ci$nienia
gazu oraz nat¢zenia przeplywu roztworu polimeru na wilasciwosci materialow witoknistych
wytworzonych z dwoch wczesniej wyselekcjonowanych poliuretandéw o odmiennych
twardosciach w skali Shore’a (75A 1 75D). PU te zostaly wybrane na podstawie ich skrajnie
réznych wlasciwosci mechanicznych i strukturalnych, wykazanych w Publikacji P1. Badania
przeprowadzone w Publikacji P2 pozwolily na identyfikacje najkorzystniejszych
parametréw procesu SBS (ciSnienia powietrza: 0,1 MPa i natezenia przeplywu roztworu
polimeru: 30 ml/h), przy ktérych uzyskiwano poliuretanowe materialy o minimalnej
liczbie defektow, niezaleznie od rodzaju PU i Srednicy wlokien. Dodatkowo, analiza
wiasciwosci mechanicznych potwierdzita wcze$niejsze obserwacje dotyczace elastyczno$ci
badanych materiatdéw. Materiaty wytworzone z PU o twardoS$ci 75A charakteryzowaly si¢
wysokq elastycznoscia i odpornoscia na deformacje, a takze wykazywaly cechy pamieci
ksztaltu, pozadane w konteks$cie konstrukcji funkcjonalnych rusztowan naczyniowych.

Natomiast materiaty wytworzone z PU o twardo$ci 75D cechowaly si¢ znaczaca sztywnoscia,
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co w dalszej perspektywie moze ogranicza¢ ich integracj¢ z naczyniami krwiono$nymi
poddawanymi cigglym odksztalceniom.

W efekcie, biorgc pod uwage zarowno morfologie widknin, jak i ich witasciwosci
mechaniczne, PU o twardosci 75D zostal wykluczony z dalszych etapow badan. Do kolejnych
etapow badan wyselekcjonowano wlékniny wytworzone z PU o twardosci 75A, ktore dzigki
stabilnemu procesowi przgdzenia, niskiej liczbie defektow oraz wysokiej elastycznosci
wykazuja najwiekszy potencjal do wykorzystania w konstrukcji funkcjonalnych, warstwowych

protez naczyn krwiono$nych matych $rednic.

Ocena wplywu predkosci obrotowej kolektora na wlasciwosci materialow

Jak opisano w podrozdziale 2.4, zwickszanie predkosci obrotowej kolektora prowadzi do
ukierunkowania wtokien w materiale wytwarzanym w procesie SBS. W Publikacji P3 zbadano
wpltyw predkosci obrotowej kolektora w zakresie 200-25 000 rpm na utoZzenie widkien
w poliuretanowych materiatach wtoknistych o $rednich $rednicach witokien 200, 500
11000 nm. Uzyskane wyniki wykazaly, Ze S$rednica wlokien ma znaczacy wplyw
na mozliwo$¢ zmiany ulozenia wlokien w materiale (ukierunkowanie). Na podstawie
obrazoéw SEM wytworzonych materiatow wioknistych zmierzono katy odchylenia wtokien od
prostej prostopadtej do dolnej krawedzi obrazu. Przyjeto, ze wtokna sg ukierunkowane, jezeli
kat ten jest mniejszy niz 30°. Zmiane¢ kierunku ulozenia wlokien uzyskano dla materialow
o Srednich Srednicach wlokien >500 nm (Figure 3-4 w Publikacji P3). Materialy o wldknach
ukierunkowanych (gdzie $redni kat odchylenia widkna od kierunku uporzadkowania wynosit
<30°) uzyskano dla predkosci obrotowych kolektora >10 000 rpm dla materiatow o $rednich
srednicach wtokien 500 nm oraz >10 000 rpm dla materialéw o $rednich Srednicach widkien
1 000 nm (Rysunek 8). Przy czym nizsze katy odchylenia wtdkien od kierunku uporzadkowania
uzyskiwano dla materiatéw o wigkszych $rednicach przy zastosowania tych samych predkosci
obrotowych kolektora (Rysunek 9 (A)). W przypadku materiatow o najmniejszych badanych
srednicach witdkien (200 nm), dla badanego zakresu predkosci obrotowej kolektora nie
zaobserwowano wplywu zmiany predkosci obrotowej kolektora na utozenie wiokien
w materiale (Figure 2 w Publikacji P3). Niezaleznie od predkosci obrotowej kolektora katy
odchylenia witokien od kierunku uporzadkowania dla tych materialow wynosity 40-50°
(Rysunek 9 (A)).

Nastepnie w Publikacji P3 opisano wyniki badan wptywu zmiany predkosci obrotowe]

kolektora na $rednice otrzymywanych wtokien. Wyniki pomiaréw wykazaly, ze zwi¢kszenie
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predkosci obrotowej kolektora wplywa na zmniejszenie Srednicy wlokien w przypadku
materialéw o $rednich Srednicach wlokien >500 nm (Rysunek 9 (B)). Ponadto, podczas
analizy rozktadéw $rednic witokien dla materialdéw o $rednich $rednicach witokien >500 nm
zaobserwowano zwezanie si¢ rozktadow $rednic wraz ze zwigkszaniem predkosci obrotowej
kolektora oraz przesunigcie rozkladéw w stron¢ wartosci mniejszych (Figure S4 w Publikacji
P3). W przypadku materiatow o $rednich $rednicach wiokien wynoszacych 200 nm nie
zaobserwowano znaczacego wpltywu zmiany predkosci obrotowej kolektora na $rednice
wlokien dla badanego zakresu predkosci obrotowych kolektor (Rysunek 9 (B)). W wyniku
przeprowadzonych badan wyznaczono predkosci obrotowe kolektora umozliwiajace
otrzymanie materialdw o wloknach nieukierunkowanych i ukierunkowanych wynoszace

odpowiednio 5 000 rpm i 25 000 rpm.

Rysunek 8. Obrazy SEM materiatléw wtoknistych o $§redniej Srednicy wlokien 1 000 nm wytworzonych
z PU 75A przy predkosci obrotowej kolektora: (A) 200 rpm, (B) 400 rpm, (C) 1 000 rpm, (D) 5 000
rpm, (E) 10 000 rpm, (F) 15000 rpm, (G) 20 000 rpm, (H). Skale: 100 um i 10 um. Materiaty
o wtoknach ukierunkowanych wuzyskano dla predkosci obrotowych kolektora >10 000 rpm.
Zaadaptowano i przettumaczono na podstawie Publikacji P3 [127] na licencji Creative Commons

Attribution 4.0 International (CC BY 4.0).
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Rysunek 9. Zmiana ukierunkowania wlékien (A) oraz zmiana Srednicy wldokien (B) w materiatach

wloknistych w zalezno$ci od predkosci obrotowej kolektora. Zmiang kierunku ulozenia wtokien

uzyskano dla materiatlow o $rednicach widkien >500 nm. Zwigkszenie predkosci obrotowej kolektora

wplywa na zmniejszenie $redniej $rednicy wiokien w przypadku materiatow o srednich $rednicach

wiokien >500 nm. Zaadaptowano i przethumaczono na podstawie Publikacji P3 [127] na licencji

Creative Commons Attribution 4.0 International (CC BY 4.0).
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W drugiej czesci badan opisanych w Publikacji P3 wytworzono materialy o witoknach
nieukierunkowanych i ukierunkowanych o $rednich $rednicach widkien wynoszacych 500
11000 nm i opisano wplyw kierunku utozenia i §rednicy wldkien na porowato$¢, rozmiar
porow oraz wilasciwosci mechaniczne wytworzonych materiatow. Nie zaobserwowano
znaczacego wpltywu $rednicy wiokien oraz ich ukierunkowania na porowato$¢ materiatu
(Figure 6(B) w Publikacji P3). Natomiast w wyniku ukierunkowania wlékien w materiale

zaobserwowano zmniejszenie Sredniego rozmiaru porow (Figure 6(A) w Publikacji P3).

5 000 rpm — nieukierunkowane 25 000 rpm — ukierunkowane

kierunek
Amoi1so
yauniany

kierunek kierunek
wzdhuzny wzdhizny

Rysunek 10. Schemat przedstawiajacy sposob nakladania wldkien nieukierunkowanych
i ukierunkowanych na kolektor wraz zaznaczonymi kierunkami wykonywania pomiaréw wilasciwosci
mechanicznych. Utworzono w BioRender.com. Zaadaptowano i przettumaczono na podstawie

Publikacji P3 [127] na licencji Creative Commons Attribution 4.0 International (CC BY 4.0).

Ponadto wykazano, ze wlasciwosci mechaniczne materialow wloknistych zaleza od
sposobu ulozenia wlokien w rozciaganej probce. Zdefiniowano dwa kierunki rozciggania
probek: wzdtuzny 1 osiowy (Rysunek 10). Wykazano, ze probki rozciggane w kierunku
wzdluznym charakteryzujg si¢ wyzsza elastycznoscig (wartosci MY wynoszace 0,8-1,7 MPa)
niz probki rozciggane kierunku osiowym (wartosci MY wynoszace 4,3-7,5 MPa)
(Rysunek 11 (A)). Materialy rozciggane w kierunku osiowym charakteryzowaty si¢ mniejszym
stopniem wydtuzenia (80-140%) niz materiaty rozciggane w przeciwnym kierunku (220-250%)
(Rysunek 11 (B)). Jednoczesnie wytrzymato$¢ na odksztalcenia materialow rozcigganych
w kierunku osiowym byta wyzsza (maksymalne naprezenia wynoszace: 12-20 MPa) niz
materiatow, ktore rozciggano kierunku wzdluznym (5-8 MPa). Ponadto zaobserwowano, ze
w przypadku materialdow o $rednicach wiokien wynoszacych ok. 1 000 nm (najwigkszych
badanych) zmiana kierunku utozenia widkien w materiale wptywa na jego wlasciwos$ci

mechaniczne (Rysunek 11 (C)). Materiaty o witoknach ukierunkowanych wykazywaty mniejsza
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elastyczno$¢ 1 jednoczes$nie wickszg odporno$¢ na odksztatcenia niz materialy o wiokach
nieukierunkowanych. Przy czym réznice te zaobserwowano tylko w przypadku, gdy probki

byty poddawane rozcigganiu w kierunku osiowym (Rysunek 11 (A) i (C)).
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Rysunek 11. Whasciwosci mechaniczne materiatow wtoknistych o wtoknach nieukierunkowanych
(NK) i ukierunkowanych (UK) i Srednich $rednicach wiékien 500 i 1 000 nm w zaleZnoSci
od kierunku rozciggania: modul Younga (A), wydluzenie przy zerwaniu (B), maksymalne
naprezenia (C). Kierunek rozciggania mial znaczacy wplyw na wiasciwoséci mechaniczne wioknin.
Materiaty rozciagane w kierunku wzdhuznym charakteryzuja si¢ wyzsza elastyczno$ciag i mniejsza
odpornoscig na odksztalcenia w porownaniu do materiatow rozciagganych w kierunku osiowym.
Materiaty o $rednicach 1000 nm i widknach ukierunkowanych rozciggane w kierunku osiowym
wykazywaly mniejszg elastycznos¢ i jednoczesnie wigksza odpornos¢ na odksztalcenia niz materialy
o wtokach nieukierunkowanych i tych samych S$rednicach. Zaadaptowano i przetlumaczono na

podstawie Publikacji P3 [127] na licencji Creative Commons Attribution 4.0 International (CC BY 4.0).
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Podsumowujac, w Publikacji P3 skoncentrowano si¢ na analizie wptywu predkosci
obrotowej kolektora na sposob utozenia wtokien w probcee i ich $rednice, a takze wlasciwosci
mechaniczne widknin. Wykazano, ze wlékna o Srednicach >500 nm mozna skutecznie
ukierunkowaé zwiekszajac predkos¢ obrotowa kolektora. Dodatkowo wykazano,

ze ukierunkowanie wlékien wplywa na wlasciwosci mechaniczne materiatu.

Ocena wplywu odleglosci dysza-kolektor na wlasciwosci materialow

Zbadano wptyw odlegtosci migdzy dysza a kolektorem w zakresie 10—50 cm na morfologie
oraz porowato$¢ materialdow. Badania przeprowadzono na PU o twardosci 75A 1 $rednich
srednicach wtokien wynoszacych ok. 200 nm i 1 000 nm. Na podstawie analizy obrazéw SEM
powierzchni otrzymanych materiatow wykazano, ze w wyniku zwi¢kszania odleglosci miedzy
dysza a kolektorem zmniejsza si¢ liczba defektéw w strukturze materialéw. Natomiast
zmniejszenie odleglosci do 10 cm prowadzi do zatracenia wldoknistej struktury
materialéw. Materialy wytworzone przy zastosowaniu odleglosci dysza-kolektor wynoszacej
10 cm charakteryzujg si¢ lita struktura, na ktérej wystepuja nieliczne 1 niewielkie obszary
wiokniste (Rysunek 12).

Odlegtos¢ miedzy dysza a kolektorem wynoszaca 30 cm uznano za wystarczajaca do
otrzymania struktur wtoknistych dla obu badanych Srednic wtokien. Jednakze w przypadku
materiatow o Srednich $rednicach widkien wynoszacych 200 nm, zwigkszenie odlegltosci do
50 cm wptyneto korzystnie na zredukowanie liczby defektow w strukturze materialéw. Ponadto
wykazano, ze porowato$¢ materiatow ro$nie wraz ze wzrostem odlegtosci miedzy dysza
a kolektorem, niezaleznie od $rednicy wtokien (Rysunek 13).

Wyniki te nie zostaly opisane w Zzadnej z publikacji wchodzacych w sktad cyklu, jednak
stanowig istotny element badan nad wplywem parametrow procesu SBS na wlasciwosci
wytwarzanych materiatow wtoknistych 1 zostaly wykorzystane podczas projektowania

warstwowej protezy opisanej w Publikacji PS.
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Odlegtosc¢ dysza-kolektor
30cm

Srednica wtokien

z

Rysunek 12. Obrazy SEM materiatdw wytworzonych z PU o twardo$ci 75A 1 $rednich $rednicach
wiokien 2001 1 000 nm przy odleglosciach dysza-kolektor wynoszacych 10,30 i 50 cm. Skala: 50 um.
Zwigkszanie odlegloéci migdzy dysza, a kolektorem wpltywa na zmniejszenie liczby defektow
w strukturze materialow. Natomiast zmniejszanie odleglo$ci prowadzi do zatracenia wlOknistej

struktury materialow.
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Rysunek 13. Wptyw odleglosci dysza-kolektor w zakresie 10—50 cm na porowato$¢ materiatow
wloknistych o $rednicach wiokien 200 nm i 1 000 nm (*p < 0,05, **p <0,001). Porowato$¢ materiatéw
wioknistych wzrasta wraz ze wzrostem odleglosci dysza-kolektor niezaleznie od $rednicy wiokien.
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Wyniki badan opisanych w podrozdziale 4.1 oraz w Publikacjach P1, P2 oraz P3
umozliwily okres$lenie zalezno$ci miedzy kluczowymi parametrami procesu rozdmuchu
roztworu polimeru oraz parametrami roztworow polimeréow a wlasciwosSciami
otrzymywanych materialow wléknistych. Wyselekcjonowano warunki procesowe
pozwalajace na formowanie struktur o kontrolowanej morfologii, co stanowito punkt
wyjscia do dalszych analiz. Wykazano, ze materialy poliuretanowe wytworzone
z PU o twardosci 75A charakteryzuja si¢ najkorzystniejszymi wlasciwosciami z punktu
widzenia zastosowania w inzynierii naczyn krwionosnych, dlatego tez zostalty wybrane do
dalszych badan.

Rusztowania komodrkowe powinny charakteryzowa¢ si¢ nie tylko odpowiednia
architekturg przestrzenng i parametrami mechanicznymi, ale przede wszystkim zdolno$cia
do skutecznego wspierania procesoOw biologicznych. Idealne rusztowanie powinna cechowac
morfologia wspierajaca adhezje, proliferacj¢ 1 migracje komorek, ktore je zasiedlaja. Dostepne
dane literaturowe wykazuja, ze morfologia biomaterialu (§rednice wtokien, orientacja widkien,
rozmiar, i10$¢ i utozenie poréw) moduluja zachowanie komorek rosnacych na jego powierzchni
[128], [129], [130].

W kontekscie powyzszych zatozen, w dalszej czesci pracy (Publikacje P3 i P4), dokonano
oceny wplywu morfologii materiatlow wtoknistych na wzrost komorek zasiedlajacych naczynia

krwionos$ne.
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4.2 Ocena wplywu morfologii powierzchni na wzrost wybranych typow komorek

zasiedlajacych naczynia krwiono$ne

Analiza wplywu morfologii powierzchni materialdw na wzrost komorek zasiedlajacych
Scian¢ naczynia krwionosnego

W Publikacji P3 zbadano wptyw orientacji oraz srednicy widkien na wzrost perycytow.
Badania te przeprowadzono podczas stazu badawczego (Staz S1) w University Hospital
Erlangen, Section of Experimental Medicine and Nanotechnology w grupie badawczej majace;j
wieloletnie do$wiadczenie w medycynie regeneracyjnej w tym medycynie sercowo-
naczyniowej. Na podstawie badan prowadzonych przez grupe¢ badawcza z Erlangen perycyty
zostaly wybrane jako modelowe komodrki do oceny wiasciwo$ci materialow widknistych
majacych budowac $ciang naczynia krwiono$nego.

Badania przeprowadzono na materiatach wtoknistych o wldknach nieukierunkowanych
1 ukierunkowanych oraz o $rednich $rednicach wtokien wynoszacych 5001 1 000 nm. Zbadano
wptyw $rednicy oraz kierunku utozenia wtokien na wzrost perycytow.

W ciagu pierwszych 3 dni prowadzenia hodowli nie zaobserwowano istotnych zmian
w stopniu pokrycia powierzchni materiatow przez komorki. Jednoczesnie wykazano istotne
réznice w  morfologii komoérek rosnagcych na  widknach  ukierunkowanych
i nieukierunkowanych (Rysunek 14 (A)). Po 3 dniach prowadzenia eksperymentu komorki
hodowane na wtoknach ukierunkowanych wykazywaty wyraznie wydluzony, wrzecionowaty
ksztalt, a ich utozenie byto jednorodnie zorientowane wzdluz kierunku utozenia witokien.
Z kolei na wldknach nieukierunkowanych obserwowano perycyty przypadkowo zorientowane,
a takze niecatkowicie wydluzone.

Po 7 dniach prowadzenia hodowli komodrki rosngce na widknach ukierunkowanych
tworzyly wyrazne jednorodnie zorientowane warstwy. Natomiast perycyty rosngce na
materialach o wtoknach nieukierunkowanych charakteryzowaly si¢ bardziej zréznicowana
morfologig i niejednorodnym kierunkiem wzrostu. Zaobserwowano rowniez roznice w stopniu
pokrycia powierzchni materiatdéw przez komorki. Wyniki wykazaty znaczaco nizszy stopien
pokrycia powierzchni materiatow o witdknach nieukierunkowanych i srednich $rednicach
500 nm (68%), w porownaniu dla wtokien ukierunkowanych o tych samych §rednicach (89%).
W przypadku materialéw o $rednich $rednicach wldkien wynoszacych ok. 1 000nm, stopien
pokrycia powierzchni wynosit 95-100% niezaleznie od sposobu ulozenia widkien w materiale
(Rysunek 14 (B)). Réznice w morfologii komorek i jednocze$nie brak znaczacych roznic

w stopniu pokrycia powierzchni przez komoérki materialow o witoknach ukierunkowanych

55



(A) 500 nm 1000 nm
nieukierunkowane ukierunkowane nieukierunkowane ukierunkowane
an .‘_._\ AT i 0 . (43

D1
D3
D7
(B) o ﬁﬁ

*p<0.01 **p<0.001

40 4

przez komorki [%]

204

Procent pokrycia powierzchni

1000_NK
1000_UK
500_NK
1000_NK
1000_UK
500_NK
500_UK
1000_NK
1000_UK

D1 D2 D3
Rysunek 14. Perycyty rosngce na powierzchni materiatow o wtoknach nieukierunkowanych
i ukierunkowanych, o $rednich $rednicach wtokien wynoszacych ok. 500 i 1 000 nm. Na kolor
zielony wybarwiono filamenty aktynowe. Obrazy wykonano za pomoca mikroskopu
konfokalnego (CLSM). Skala: 200 um (obrazy SEM) i 100 um (obrazy CLSM) (A); Stopien
pokrycia powierzchni przez perycyty w zaleznoSci od ukierunkowania i $rednicy widkien
w materiale (B). Perycyty rosngce namaterialach o widknach ukierunkowanych
charakteryzowaty si¢ wyraznie wydluzonym ksztattem oraz tworzyly wyraznie zorientowane
warstwy w przeciwienstwie do komorek rosnagcych na materiatach o witdknach
nieukierunkowanych. Wzrost komorek jest zalezny od ukierunkowania 1 §rednicy witdkien.
Zaadaptowano 1 przetlumaczono na podstawie Publikacji P3 [127] na licencji Creative
Commons Attribution 4.0 International (CC BY 4.0).
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1 nieukierunkowanych i §rednicach 1 000 nm wskazuja, ze wicksza §rednica widkien zapewnia
korzystniejsze warunki proliferacyjne dla perycytéw, co skutkowalo catkowitym pokryciem
powierzchni niezaleznie od kierunku utozenia wtokien.

Przeprowadzone badania wykazaly, ze poliuretanowe materialy wlokniste wspieraja
wzrost perycytow na swojej powierzchni, przy czym jest on zalezny zaréwno od
ukierunkowania, jak i Srednicy wlokien.

Dodatkowo, wyniki badan opisanych w Publikacji P4 przeprowadzonych przez innych
cztonkow Zespotu wykazaty, ze srednica poréw w materiale widknistym ma znaczacy wplyw
na wnikanie komorek budujacych §ciane naczynia w glab struktury materiatu. Efekt wnikania
zaobserwowano, jedynie w przypadku materiatow o najwigckszych analizowanych §rednicach
wlokien wynoszacych 1 000 nm. Zaobserwowany efekt sugeruje zdolnos¢ tych materialéw do
wspierania zasiedlania $ciany protezy naczynia krwiono$nego komorkami (Fig. 5(E) 1 Fig. 8

w Publikacji P4).

Analiza wplywu morfologii powierzchni materialdw na wzrost komorek zasiedlajacych
powierzchni¢ wewnetrzng naczynia krwiono$nego

Na potrzeby prowadzonych badan wytypowano sze$¢ poliuretanowych materialow
wytwarzanych w procesie rozdmuchu roztworu polimeru roznigcych si¢ morfologia
powierzchni, a nastepnie zbadano szybkos$¢ wzrostu komorek $rdédbtonka (ang. endothelial
cells, ECs) oraz ich zdolno$¢ do tworzenia monowarstwy na powierzchniach biomateriatow
(Publikacja P4). Ludzkie komodrki ECs hodowano na powierzchni materialow witdknistych
o Srednicach wtokien ok. 200, 500 1 1 000 nm oraz na powierzchniach litych z niewielkimi
obszarami wtoknistymi. Materialy o litej morfologii zostaly wytworzone z roztworéw
polimerow o tych samych stezeniach co materiaty widkniste, przy zastosowaniu mniejszej
odlegltosci miedzy dysza a kolektorem (10 cm). W dalszej czg$ci pracy materiaty te okre§lano
jako ,.lite” o §rednicach widkien (w nielicznych obszarach wtdknistych) 200, 500 lub 1 000 nm.

Wyniki uzyskane po 1 dniu prowadzenia hodowli wykazaly, ze adhezja komorek ECs byta
zblizona niezaleznie od typu analizowanej powierzchni i $rednicy wtokien (Rysunek 15 (B)).
W trakcie prowadzenia hodowli (dzien 3) zaobserwowano wigkszy odsetek pokrycia
powierzchni komorkami ECs dla materialow litych w porownaniu z wloknistymi.
Po 6 dniach prowadzenia hodowli najwiecej komorek zaobserwowano na materiatach litych

o $rednich $rednicach wtokien wynoszacych ok. 200 1 500 nm (ok. 60-65%) oraz na materiatach
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Rysunek 15. Komorki $srédblonka rosnace na powierzchni materialéw po 6 dniach hodowli, skala:
100 pum (A); oraz stopien pokrycia powierzchni przez komorki (B). Na kolor zielony wybarwiono
filamenty aktynowe, na kolor niebieski jadra. Po 6 dniach hodowli najwigcej komorek zaobserwowano
na materialach litych o $rednich $rednicach wiokien wynoszacych ok. 200 i 500 nm oraz na materialach
wloknistych o $rednicach witokien wynoszacych ok. 200 nm. Na tych powierzchniach wykazano
obecno$¢ obszaréw, gdzie widoczna byta monowarstwa komorek $rodblonka. Zaadaptowano
i przettumaczono na podstawie Publikacji P4 [131] na licencji Creative Commons Attribution 4.0

International (CC BY 4.0).
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wioknistych o $rednicach wiokien wynoszacych ok. 200 nm (46%). Na tych powierzchniach
wykazano obecno$¢ obszarow, gdzie widoczna byta monowarstwa komoérek ECs (Rysunek 15
(A)). Najstabszy wzrost komoérek zaobserwowano na materiatach o srednicach wtokien 1 000
nm niezaleznie od morfologii powierzchni (lita/widknista). Srednica wiokien miata takze
wpltyw na morfologie komdrek. Morfologie “kostki brukowe;j”, prawidlowa dla komoérek ECs
rosnagcych w warunkach statycznych, wykazywaly komorki rosngce na materiatach
wloknistych o najmniejszych $rednicach wildkien. Wraz ze wzrostem S$rednicy widkien
komorki cechowaty si¢ bardziej wydtuzonym ksztattem. W przypadku materiatléw litych nie

zaobserwowano zadnych nieprawidlowosci ani zmian w morfologii komorek.

Ocena wplywu twardosci PU i Srednicy wlokien na adhezje¢ plytek krwi

Warto podkresli¢, ze oprocz wspierania adhezji 1 wzrostu komoérek, morfologia
powierzchni biomateriatbw ma rowniez istotny wplyw na interakcje z elementami
morfotycznymi krwi.

W Publikacji P1 oceniono wptyw twardosci PU i $rednicy widkien na adhezje ptytek krwi.
Badaniom poddano materialy wytworzone z PU o twardosciach: 75A, 83A, 90A, 45D i 75D
1 Srednich $rednicach widkien wynoszacych ok. 200, 500 i 1 000 nm. Obrazy SEM materiatow
wldknistych po kontakcie z pelng krwig przestawiono na Fig 5. w Publikacji P1.

Po kontakcie materialow z pelng krwia, plytki krwi pokrywaty mniej niz 1% powierzchni
materialdow niezaleznie od twardosci PU 1 $rednicy widkien (Rysunek 16). Wsrod
obserwowanych plytek krwi wyrdzniono ptytki o morfologiach odpowiadajacych réznym
stadiom aktywacji, tj. ptytki o ksztalcie sferycznym, eliptycznym, sferycznym z filopodiami,
ptaskim rozptaszczonym. Zaobserwowano roéwniez pojedyncze agregaty plytek. Analiza
obrazow SEM wykazala, Zze na materiatach o wigkszych $rednicach wtokien widocznych jest
wiecej ptytek o kulistym ksztalcie. Jednakze, nie wykazano zadnej korelacji migdzy twardoscia
poliuretanu, a ksztaltem ptytek oraz wielkoscia 1 iloscig agregatow. Ponadto, na powierzchniach
probek nie zaobserwowano obecnosci innych elementéw morfotycznych krwi, co wskazuje na
ograniczong aktywno$¢ materialu w kontekscie indukcji krzepnigcia. Tak niski stopien
pokrycia powierzchni przez plytki, Swiadczy o tym, ze material nie promuje adhezji plytek
krwi.

Badania opisane w Publikacjach P3 i P4 skupiajace si¢ nad oceng odpowiedzi komodrek
budujacych $ciany oraz powierzchni¢ wewnetrzng naczyn krwionosnych na kontakt

z powierzchniami wtoknistymi o r6znych morfologiach pozwolity na wytypowanie materiatow
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spelniajagcych  zalozenia koncepcyjne pracy zwigzane =z opracowaniem rusztowan
komoérkowych do zastosowania jako protezy naczyn krwionosnych. Wykazano,
ze powierzchnie ukierunkowane o $rednicach wtokien >500 nm promuja wzrost komorek
zasiedlajgcych $ciang naczynia krwionos$nego, natomiast powierzchnie lite z obszarami
witdknistymi o $rednicach <500 nm i wldkniste o §rednicach wtokien wynoszacych ok. 200 nm
wspieraja wzrost i tworzenie monowarstwy komodrek ECs wyscietajacych $wiatlo naczynia
krwiono$nego. Na podstawie uzyskanych wynikéw wytworzono warstwowe struktury

cylindryczne, ktoérych wtasciwosci opisano w Publikacji PS.
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Rysunek 16. Stopien pokrycia powierzchni materialéw wléknistych przez plytki krwi w zaleznosci
od twardos$ci PU z ktorego wytworzono wtokna i $redniej $rednicy wiokien. Po kontakcie z petng krwia
ptytki krwi pokrywaly mniej niz 1% powierzchni badanych materialow niezaleznie od twardosci PU
i $rednicy wiokien, co $wiadczy o tym, ze material nie promuje adhezji ptytek krwi. Zaadaptowano
i przetltumaczono na podstawie Publikacji P1 [126] na licencji Creative Commons Attribution 4.0

International (CC BY 4.0).
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4.3 Otrzymanie protez naczyn krwionosnych o strukturze dobranej w toku

dotychczasowych badan i ocena ich wlasciwosci

Dotychczas opisane badania obejmowaty dobor najkorzystniejszych parametroéw procesu
rozdmuchu roztworu polimeru w celu otrzymania widknin o zrdéznicowanej morfologii
(Publikacje P1, P2, P3), a nastepnie ocen¢ wplywu morfologii materiatow na zachowanie
komorek pokrywajacych powierzchni¢ wewnetrzng 1 budujacych $ciane naczynia
krwiono$nego (Publikacje P3, P4) oraz wptywu twardosci poliuretanu i srednicy widkien na
adhezje ptytek krwi do powierzchni biomaterialéw (Publikacja P1). Badania te prowadzono na
materialach w formie plaskiej. Na podstawie uzyskanych wynikow dobrano parametry procesu
rozdmuchu roztworu polimeru pozwalajace na wytworzenie trojwymiarowych biomaterialow
odwzorowujacych budowe i funkcje naczynia krwiono$nego. W rezultacie wytworzono dwa
rodzaje cylindrycznych protez naczyn krwiono$nych z wysokoelasycznego PU o twardosci 75A
r6znigcych si¢ morfologia powierzchni wewnetrznej, ktorych wtasciwosci opisano w Publikacji
P5. Wiokniste protezy charakteryzowaty si¢ warstwowa budowa (Rysunek 17) oraz $rednica
wewngetrzng 1 gruboscig $ciany wynoszacymi odpowiednio 5 mm i ok. 700 pum. Struktura
poszczegblnych warstw (Srednice wiokien, ukierunkowanie, porowato$¢) zostata dobrana na
podstawie wynikow badan opisanych w Publikacjach P1-P4.

Sciana obu typéw cylindrycznych biomateriatléw zbudowana byta z nastepujacych warstw
(w kolejnosci od zewnetrznej do wewnetrznej, Rysunek 17):

e warstwy zewnetrznej, ktorg stanowilty ukierunkowane wtokna o §rednich $rednicach
wlokien wynoszacych ok. 1 000 nm, wspierajacej adhezje 1 proliferacj¢ komorek
tworzacych $ciang¢ naczynia krwiono$nego. Dalej okre§lanej jako warstwa
o mikrowtoknach ukierunkowanych;

e warstwy wytworzonej z widkien nieukierunkowanych o §rednich $rednicach widkien
wynoszacych ok. 1000 nm, wspierajacej wnikanie komoérek budujacych $ciane
naczynia w glab struktury w celu zasiedlenia §ciany protezy. Dalej okreslanej jako
warstwa o mikrowtoknach nieukierunkowanych;

e warstwy o niskiej porowatosci, charakteryzujacej si¢ lita morfologia powierzchni
zniewielkimi obszarami wloknistymi (stanowigcymi ok. 14% powierzchni
wewnetrznej), zapewniajacej szczelnos¢ protezy. Dalej okreslanej jako warstwa lita;

e warstwy wewnetrznej stanowigcej powierzchni¢ wzrostu dla komorek $rédbtonka.

61



Warstwa lita stanowila warstwe wewnetrzng protez okreslanych w dalszej czgsci jako
,»Mikro”. Natomiast warstw¢ wewngtrzng dla drugiego typu protez okreslanych dalej jako

,Nano” stanowity witdkna o §rednich $rednicach wynoszacych ok. 250 nm (Rysunek 17).

Nano Mikro

mikrowtékna
ukierunkowane

mikrowtdkna
nieukierunkowane

warstwa lita

nanowtokna

mikrowtdkna
ukierunkowane

mikrowtdkna
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warstwa lita

nanowtdkna |

Rysunek 17. Poréwnanie budowy S$cian protez Nano i Mikro, skala: 200 um. Zaadaptowano
i przetltumaczono na podstawie Publikacji PS5 [132] na licencji Creative Commons Attribution 4.0
International (CC BY 4.0).

Warstwy mikrowtokniste (ukierunkowana i nieukierunkowana) stanowity odpowiednio
ok. 10% oraz ok. 80% grubosci $ciany protezy. Warstwa o lita stanowita ok. 10% grubosci
$ciany. Warstwa nanowldknista o grubosci kilku nanometréw stanowita 1-3% grubosci $ciany
protezy. W przypadku wewnetrznej powierzchni protez Mikro obszary witokniste stanowily
ok. 14% powierzchni. Porowato$¢ wytworzonych protez wynosita ok. 40% dla obu typow
materialow.

Wyniki badan szczelno$ci protez w warunkach przeplywowych potwierdzily szczelnos¢

wytworzonych materiatow zaré6wno w przypadku testow z wykorzystaniem soli fizjologicznej,
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jak 1 krwi. Nie zaobserwowano rdwniez rozwarstwiania $ciany protezy w badaniach
dlugoterminowych (30 dni). Dodatkowo, wykazano, ze badane powierzchnie nie powoduja
hemolizy (stopien hemolizy <1% dla obu typéw badanych powierzchni).

Badania adhezji plytek krwi do powierzchni protez przeprowadzone przez innych
cztonkow Zespotu potwierdzity wyniki uzyskane w ramach badan opisanych w Publikacji P1
1 wykazaty, ze poliuretanowe protezy nie sa trombogenne. Ocena adhezji ptytek krwi do
powierzchni wewngtrznych materialdéw wykazata, ze morfologia powierzchni wewngtrznej ma
znikomy wplyw na stopien pokrycia powierzchni ptytkami.

Wyniki badan wytrzymalo$ciowych wytworzonych protez potwierdzily wysoka
elastyczno$¢ 1 wytrzymato§¢ mechaniczng biomaterialow wytworzonych z PU o twardos$ci
75A. Podczas przeprowadzania statycznej proby rozciggania zaobserwowano, ze poszczegdlne
warstwy protezy maja r6zng wytrzymalo$¢ na rozcigganie. Typowe krzywe przytozonej sity
od wydtuzenia przedstawiono na Fig. 3B w Publikacji P5. Jako pierwsze zerwaniu ulegaty
zewnetrzne warstwy mikrowtokniste (moment ich zerwania oznaczono na wykresie na Fig. 3B
w Publikacji P5 symbolem *), nastepnie dalszemu rozcigganiu ulegata warstwa niskoporowata
(protezy Mikro) lub warstwy niskoporowata i nanowioknista (protezy Nano). Test konczyt si¢
w momencie ich zerwania (oznaczony na Fig. 3B w Publikacji P5 symbolem #).
Charakterystyczny przebieg proby rozciggania $wiadczy o tym, ze warstwa niskoporowata
wykazuje najwickszg wytrzymato§¢ mechaniczng na zerwanie. Protezy charakteryzowaty sig
MY wynoszacymi ok. 2,5 MPa oraz maksymalnymi naprezeniami o wartosci 10-11 MPa. Brak
znaczacych roznic w otrzymanych wynikach pomiaréw wlasciwosci mechanicznych dla protez
Nano 1 Mikro jest rezultatem zblizonej struktury obu typdéw materiatow. Obecnos$¢ bardzo
cienkiej warstwy nanowtoknistej nie wpltyneta na zmiang wtasciwosci mechanicznych protez.

W trakcie drugiego stazu badawczego na University Hospital Erlangen, Section of
Experimental Medicine and Nanotechnology (Staz S2) opracowano metode magnetycznego
zasiedlania powierzchni zewngtrznej cylindrycznej protezy z wykorzystaniem magnetycznych
nanoczastek zelaza (SPIONs). Przeprowadzone badania wykazaly, ze mozliwe jest zasiedlenie
powierzchni zewnetrznej protezy komorkami z wykorzystaniem magnetycznych nanoczastek
wprowadzanych do komorek i pola magnetycznego wytwarzanego przez magnesy neodymowe
umieszczone wewnatrz cylindrycznej struktury (Rysunek 18). Uzyskane wyniki potwierdzaja,
ze zewnetrzna powierzchnia protezy (o wioknach ukierunkowanych o $rednich srednicach
wynoszacych ok. 1 000 nm) wspiera adhezj¢ 1 wzrost perycytéw. Wyniki te nie zostaty jeszcze

opublikowane.
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Rysunek 18. Perycyty zasiedlajace zewngtrzng powierzchni¢ cylindrycznej protezy Nano po 7 dniach

prowadzenia hodowli, skala: 200 um. Na kolor zielony wybarwiono filamenty aktynowe.

Badania przeprowadzone przez innych cztonkéw Zespolu potwierdzily, ze morfologia
powierzchni wewnetrznych protez ma istotny wplyw na wzrost komorek ECs w warunkach 2D
(hodowle prowadzono na probkach ptaskich otrzymanych w wyniku rozcigcia cylindrycznych
protez). Wykazano, ze powierzchnie o morfologii nanowldknistej (protezy Nano) sprzyjaja
tworzeniu monowarstwy komorek srodblonka, osiggajac pokrycie powierzchni w zakresie
60—85% po 7 dniach hodowli. Dla poréwnania, na powierzchniach wewngtrznych protez Mikro
obserwowano nizszy stopien pokrycia (20-65%), co podkresla znaczenie morfologii
powierzchni w konteks$cie wspierania adhezji 1 proliferacji komorek ECs (Rysunek 19 (A) oraz
Fig. 6 (A) w Publikacji PS)).

W warunkach 3D (materialy cylindryczne) zaobserwowano, ze morfologia powierzchni
wplywa na adhezje komorek ECs (po 1 dniu hodowli wigcej komodrek zaobserwowano na
powierzchniach wewnetrznych protez Nano), jednak nie byta ona wystarczajaca do uzyskania
jednorodnego i1 kompletnego pokrycia. Po 7 dniach hodowli odnotowano obecnos$¢ zaréwno
obszaréw o wysokiej gestosci komorek, jak i przestrzeni stabo skolonizowanych (Fig. 7 (A)
w Publikacji P5). Stopien pokrycia powierzchni komérkami po 7 dniach hodowli byt nizszy
niz w przypadku hodowli 2D i nie przekraczat 30% dla obu typéw protez (Rysunek 19 (B)).

Otrzymany wynik nie jest zaskakujagcy. Od poczatku prac przyjeto zatozenie,
ze wewnetrzna powierzchnia protezy bedzie w kolejnych etapach badan poddawana
modyfikacjom chemicznym w celu uzyskania wyzszego stopnia pokrycia powierzchni przez
komorki ECs. Wyniki uzyskane w modelu 3D potwierdzaja stuszno§¢ obranej strategii —
pokazuja, ze morfologia to istotny czynnik, ktéry moze wspiera¢ wprowadzane w przysztosci

modyfikacje chemiczne powierzchni.
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Wyniki badan opisane w Publikacji PS5 potwierdzily, ze rezultaty uzyskane w ramach
wczesniejszych etapow pracy (Publikacje P1-P4), obejmujacych dobor najkorzystniejszych
parametréw procesu SBS oraz analiz¢ wptywu morfologii powierzchni i struktury materiatow
wloknistych na ich wlasciwo$ci mechaniczne 1 biologiczne, umozliwily opracowanie
rusztowan komodrkowych spetniajagcych zatozone podstawowe kryteria protez naczyn
krwiono$nych. Otrzymane protezy charakteryzowaty si¢ odpowiednig warstwowg architektura,

wysoka elastycznoscia, wytrzymatoscia mechaniczng oraz nie aktywowaly procesow

hemolitycznych.
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Rysunek 19. Stopien pokrycia powierzchni wewnetrznej protez przez komorki Srodblonka:
w warunkach 2D (materialy ptaskie) (A); w warunkach 3D (materiaty cylindryczne) (B). Morfologia
powierzchni wewnetrznych protez ma istotny wplyw na wzrost komorek srodblonka w warunkach 2D.
Zaadaptowano 1 przettumaczono na podstawie Publikacji P5 [132] na licencji Creative Commons
Attribution 4.0 International (CC BY 4.0).

65



5. Dyskusja wynikow

Koncepcja niniejszej rozprawy zakladata trzy gléwne etapy badan. Pierwszy etap
koncentrowal si¢ na procesie wytwarzania poliuretanowych materialdow wtdknistych i ocenie
mozliwosci precyzyjnego projektowania produktow o zatozonych parametrach (strukturalnych
1 mechanicznych). Drugi etap wprowadzit komponent biologiczny, niezbedny z perspektywy
zastosowan biomedycznych projektowanych implantéw biomedycznych i skupial si¢
na badaniach adhezji i proliferacji komorek tworzacych $ciany naczyniowe. Natomiast trzeci
etap stanowit zwienczenie prac i doprowadzil do otrzymania koncowego produktu — protezy
naczyniowej, a takze zweryfikowat spelnienie zalozonych wymagan.

Procesem produkcyjnym badanym w pracy jest rozdmuch roztworu polimeru (SBS).
SBS jest procesem umozliwiajacym wytwarzanie materiatéw wildknistych i wykazujacym
wiele podobienstw do szeroko opisanego w literaturze elektroprzedzenia (ES). Pordwnanie obu
procesow oraz zalety procesu SBS wzgledem ES przedstawiono w podrozdziale 2.4.
W kontekscie projektowania protez naczyniowych gltownag zaleta techniki SBS, ktora
przesadzita o jej wyborze, jest wysoka wydajno$¢ procesu, istotna zarowno z perspektywy
laboratoryjnej, jak i potencjalnego zastosowania przemystowego.

W ramach badan wstgpnych porownano wiasciwosci materiatdw wldknistych
wytwarzanych w procesie ES 1 SBS z roztworow tych samych polimeréw o jednakowych
stezeniach. W warunkach najkorzystniejszych dla kazdej z metod oraz przy jednakowym czasie
trwania procesu, w procesie SBS wytworzono materiaty o grubosci ok. 100-krotnie wigkszej
niz w przypadku procesu ES (dane nieopublikowane). Podobne pordwnanie przeprowadzili
inni cztonkowie zespotu. Wojasinski 1 Ciach [133] wykazali, ze wydajno$¢ procesu SBS jest
co najmniej 10x wyzsza niz ES. Tak znaczaca roznica w wydajnosci wynika przede wszystkim
z mozliwosci stosowania znacznie wyzszych nat¢zen przeptywu roztworu w procesie SBS,
co bezposrednio przektada si¢ na ilos¢ deponowanego materialu w jednostce czasu [134].
Wszystkie wspomniane zalety SBS zadecydowaty o wyborze tego procesu do wytwarzania
prezentowanych protez naczyniowych.

Punktem wyjsciowym badan byt dobdér odpowiedniego polimeru, z ktérego wytwarzane
beda protezy naczyniowe. Uzasadnienie wyboru poliuretanow jako tworzywa do wytwarzania
biomateriatow przeznaczonych do leczenia schorzen sercowo-naczyniowych przedstawiono
w podrozdziale 2.3.

Ocena przgdzalnosci pigciu PU rdznigcych sie twardoscig wykazata, ze dla kazdego z nich

mozliwe byto otrzymanie wtokien o $rednicach wynoszacych ok. 200 nm i 1000 nm. Wybor
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tych konkretnych $rednic widkien wynika z ich biologicznego znaczenia. Nanowtdkna
o $rednich $rednicach ok. 200 nm nasladujg skale elementow macierzy pozakomodrkowe;,
co sprzyja adhezji i proliferacji komoérek srodbtonka (ECs) [135], [136]. Natomiast widkna
o §rednich $rednicach ok. 1 000 nm odwzorowujg struktur¢ podporowg naturalnych tkanek,
wspierajac organizacj¢ 1 wydluzony fenotyp komoérek budujacych $ciang naczynia
krwionosnego [69], [136]. Obie populacje wiokien (200nm i 1000 nm) zostalty poddane
szczegdtowym analizom strukturalnym i biologicznym w kolejnych etapach pracy, jak rowniez
wykorzystane do projektowania koncowego produktu (protezy naczyniowej) opisanego
w Publikacji PS.

Srednie $rednice otrzymanych wiokien wzrastaty wraz ze wzrostem stezenia polimeru
w roztworze dla wszystkich badanych PU, co jest zalezno$cia oczekiwang i potwierdzong
licznymi badaniami [11], [117], [137]. Wzrost lepkosci roztworu wynikajacy m.in. z wyzszego
stezenia polimeru w roztworze lub masy czasteczkowej polimeru ogranicza mozliwo$¢
rozciggania strugi roztworu podczas procesu, co skutkuje powstawaniem witdkien o wickszych
srednicach. W odpowiednich warunkach (oknie przedzalnosci) mozliwe jest uzyskanie
stabilnych, jednorodnych struktur wtoknistych bez defektow morfologicznych. Zaleznos¢ te
potwierdzono m.in. w badaniach [138], [139], [140].

Wykazano, ze parametry procesu SBS, takie jak ciSnienie powietrza oraz, w nieco
mniejszym stopniu, natgzenie przeplywu roztworu polimeru istotnie wptywaja na morfologig
(ilos¢ defektéw) otrzymywanych materialtdow wiloknistych. Wyzsze wartodci ci$nienia
powietrza prowadzity do zwigkszenia liczby defektow. Zjawisko to zostalo potwierdzone
rowniez w innych badaniach [139], [141], [142], gdzie wykazano, Ze przy zbyt wysokim
ci$nieniu powietrza proces traci stabilnos¢, a materiat staje si¢ bardziej niejednorodny. Wzrost
natezenia przeptywu roztworu rowniez moze prowadzi¢ do powstawania defektow. Nadmiar
dostarczanego materialtu moze powodowaé tworzenie si¢ zgrubien i nieregularnosci
w strukturze wiokien, co niekorzystnie wplywa na ich jednorodnos¢ i powtarzalnos¢ [107].
Przeprowadzone badania pozwolity na wyznaczenie najkorzystniejszych wartosci parametrow
procesowych (ci$nienia powietrza oraz nat¢zenia przeptywu roztworu polimeru) prowadzacych
do otrzymywania mozliwie jednorodnych materiatow witoknistych przy jednoczesnym
zachowaniu stabilnos$ci procesu SBS.

Kolejnym istotnym etapem prowadzonych badan byta analiza mozliwos$ci kontrolowanego
ukierunkowania poliuretanowych witokien w procesie SBS oraz wptywu ukierunkowania na

strukture 1 wlasciwosci materiatow poliuretanowych.
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Uzyskane wyniki wykazaly, ze jednym z kluczowych czynnikéw umozliwiajacych
kontrole stopnia uporzadkowania wildkien jest ich $rednica. Przeprowadzone badania
udowodnity, ze ukierunkowanie widkien w poliuretanowym materiale jest mozliwe, gdy
$rednia $rednica widkien jest >500 nm. Wykazano, ze wptyw predkosci obrotowej kolektora na
mozliwos¢ ukierunkowania witokien jest uzalezniony od fizykochemicznych wtasciwosci
roztworu, w szczegdlnosci od stopnia splatania fancuchow polimerowych. W przypadku
roztwordéw o niskich lepkosciach (niskich stezeniach), wytwarzane wtokna sg bardziej podatne
na lokalne interakcje wtokno—wtokno oraz fluktuacje w strumieniu powietrza niz na sily
wynikajace ze zwigkszonej predkosci obrotowej kolektora [120]. W przypadku roztwordw
polimeréw o wyzszych lepkosciach (stezeniach), z ktorych powstaja bardziej jednorodne
wlokna o wiekszych $rednicach, wykazano wyrazny zwigzek pomigdzy predkoscia obrotowa
kolektora, a stopniem orientacji wiokien. Widkna o wigkszych srednicach, charakteryzujace sie
wiekszg masg i sztywnos$cia, sa zwykle dtuzsze i mniej podatne na zakiocenia przeptywu
powietrza. Dzigki temu, porywane przez obracajacy si¢ kolektor, lepiej porzadkuja si¢ wzdhuz
jego obwodu [120], [122], [143].

Wyniki badan jednoznacznie wykazaly wpltyw orientacji widkien na wiasciwosci
mechaniczne produktu. W przypadku wldokien o najwigkszych analizowanych $rednicach
(1000 nm) zaobserwowano znaczacy wplyw ukierunkowania widkien na wlasciwosci
wytrzymato$ciowe wyrobow. Materialty o wtoknach ukierunkowanych charakteryzowaty sie
wyraznie wyzszym modutem Younga (MY) i1 wigksza odporno$cia na rozcigganie w kierunku
osiowym, przy jednoczesnym zmniejszeniu wydtuzenia przy zerwaniu. Zjawisko to wynika
z faktu, ze w materiatach ukierunkowanych wigkszo§¢ witokien jest ustawiona zgodnie
z kierunkiem dziatania sily, a co za tym idzie wystepuje rowniez wigksze ukierunkowanie
tafcuchéw polimeru. W wyniku tego wigcej widkien aktywnie przenosi napr¢zenia wzdhuz
okreslonej osi. Skutkuje to wyzsza sztywnoscig materiatu. Dla probek nieukierunkowanych
wldkna ulozone sg losowo, co oznacza, ze tylko czg$¢ z nich efektywnie wspomaga
przenoszenie sil, a pozostate dziatajg jako ,,amortyzatory”, zwiekszajac elastycznos¢ kosztem
odpornosci mechanicznej [144]. Brak obserwowanych réznic we wlasciwosciach
mechanicznych dla materiatéw o $rednich $rednicach wtokien 500 nm wskazuje, ze mimo
obserwowanego kierunkowego ulozenia wldkien efekt ten byl mniejszy. Przyczyna
obserwowanego zjawiska mogt by¢ fakt, ze ciensze wtdkna schng szybciej, przez co zbierane

sa na kolektorze juz jako czesciowo wysuszone 1 przez to gorzej zlepiajg si¢ z innymi wtdknami.
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Taka struktura jest bardziej porowata, ma mniejszg ge¢stos¢ 1 mniejszg wytrzymatose
mechaniczna.

Widkniny rozciggane w kierunku zgodnym z kierunkiem utozenia wtokien (osiowym)
charakteryzowaly si¢ wyraznie wyzszg wytrzymatoscig na rozcigganie oraz wickszym MY
Ww porownaniu z materiatami testowanymi w kierunku poprzecznym (wzdhuznym). Zjawisko
to potwierdza, ze wlasciwos$ci mechaniczne materiatow widknistych sag silnie anizotropowe
i zalezne od ich wewnetrznej architektury, co rowniez zostalo wykazane w literaturze [145].
Mozliwos¢ kontrolowania tych wtasciwosci poprzez odpowiedni dobor parametrow procesu
SBS jest istotng zaleta tej metody w kontekscie projektowania funkcjonalnych materiatow.

Zaobserwowano takze, ze zwigkszanie odleglosci migdzy dysza a kolektorem prowadzi do
istotnego zmniejszenia liczby defektow strukturalnych w wytwarzanych materiatach
wioknistych. Wynika to przede wszystkim z wydluzonego czasu lotu strumienia roztworu
polimerowego, co umozliwia bardziej efektywne odparowanie rozpuszczalnika oraz
stabilniejsze formowanie witokien przed ich osadzeniem na kolektorze [146]. Z kolei
zmniejszanie tej odlegtosci moze prowadzi¢ do zatracenia widknistej morfologii materiatu.
Mniejsza odleglo$§¢ przelotu nie zapewnia dostatecznego czasu na odparowanie
rozpuszczalnika, co zaburza proces formowania wiokien [118]. W procesie ES proces
parowania jest zwykle znacznie krotszy ze wzgledu na znacznie mniejsza szybkos$¢ procesu
oraz wigksze predkosci wzgledne wtokien w stosunku do otaczajacego gazu. Powoduje to
znacznie wigksze wspolczynniki wnikania masy 1 szybszy proces parowania rozpuszczalnika.
Widkniny takie sa przez to bardzie porowate (puszyste) w poréwnaniu do procesu SBS.
Rzadziej tez wystepuje skuteczne ,,sklejanie” si¢ pojedynczych wtokien w strukturze widkniny.

W przeciwienstwie do dobrze udokumentowanego procesu ES w literaturze naukowe;j
wcigz jest stosunkowo niewiele prac poswigconych analizie wptywu parametrow procesu SBS
na wilasciwosci strukturalne otrzymywanych materiatow widknistych. Dlatego tez uzyskane
w ramach niniejszej pracy wyniki stanowig istotny wktad w rozwoj procesu SBS.

Zrozumienie zalezno$ci pomiedzy parametrami procesu SBS a wlasciwosciami
otrzymywanych materiatéw wtoknistych stanowi fundament dla §wiadomego projektowania
biomateriatow o $cisle okreslonej strukturze i funkcjonalnos$ci. Jednak nawet bardzo dobrze
kontrolowany proces wytwarzania nie jest wystarczajacy, aby zagwarantowa¢ powodzenie
zabiegu implantacji protezy naczyniowe;j. Kluczowe znaczenie maja rowniez cechy koncowego
produktu, ktore muszg spelnia¢ szereg rygorystycznych wymagan biologicznych,

mechanicznych i funkcjonalnych.
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W zwigzku z powyzszym przyjeto, ze opracowane protezy powinny spetnia¢ zalozone
podstawowe wymagania stawiane protezom naczyn krwionosnych:

1. Struktura nasladujaca warstwowa budowe¢ naczynia krwiono$nego: poszczeg6lne
warstwy charakteryzujg si¢ odmienng morfologia, aby wspiera¢ zasiedlanie protezy réznymi
typami komorek budujacych naczynia krwionosne i zapewnia¢ odpowiednig szczelno$¢
protezy;

2. Wtlasciwos$ci mechaniczne zblizone do wlasciwosci naczyn ludzkich (MY < 10 MPa);

3. Kontakt wewng¢trznej powierzchni protezy z krwia skutkujacy niska adhezjg ptytek
krwi, zblizong do wartosci uzyskanych dla protez referencyjnych wytworzonych z ePTFE;

4. Powierzchnia protezy wykazujaca wtasciwos$ci nichemolityczne.

Morfologia powierzchni protezy odgrywa kluczowa role w ksztaltowaniu interakcji
komoérek z biomateriatem, wspierajac ich adhezje oraz proliferacje. Parametry takie jak
srednica widkien, ich gestos¢ upakowania oraz porowato$¢ wptywaja zar6wno na tworzenie
kontaktow komoérka—rusztowanie, jak i interakcje komorka—komorka, ktore sa niezbedne do
efektywnego formowania ciaglej monowarstwy komorek ECs [69], [147], [148]. W kontek$cie
zastosowan naczyniowych jednym z gléwnych celow jest promowanie przez biomateriat
procesu endotelializacji, czyli zasiedlenia wewngtrznej powierzchni protezy przez komorki
ECs. Jest to proces kluczowy dla dtugoterminowego sukcesu implantacji, poniewaz warstwa
ECs pomaga w utrzymaniu homeostazy naczyniowej, regulujac przeplyw krwi, zapobiegajac
aktywacji ukladu krzepnigcia i ograniczajac adhezje¢ komorek zapalnych oraz ptytek krwi
[149]. Brak odpowiedniej endotelializacji wigze si¢ z podwyzszonym ryzykiem powstawania
zakrzepow, reakcji zapalnych oraz hiperplazji bltony wewnetrznej, co w efekcie moze
prowadzi¢ do zamknigcia $§wiatta protezy. Dlatego tez jednym z gtownych celéw projektowania
rusztowan do regeneracji naczyn krwiono$nych jest stworzenie $rodowiska, ktore nie tylko
umozliwia, ale rowniez aktywnie wspiera szybkie 1 stabilne zasiedlenie powierzchni przez
komorki ECs [150]. Morfologia powierzchni, wtasciwosci mechaniczne oraz ewentualne dalsze
modyfikacje bioaktywne maja na celu przyspieszenie procesu endotelializacji i zwigkszenie
biozgodnosci protezy.

W dostepne;j literaturze istnieje wiele doniesien, ze morfologia powierzchni biomateriatow
reguluje zachowanie komorek ECs, co potwierdza wyniki otrzymane w niniejszej pracy.
W badaniu [151] wykazano, ze materiaty o $rednich §rednicach wtokien wynoszacych 500 nm

znacznie zwigkszaja proliferacj¢ komoérek ECs w poréwnaniu do materiatéw o Srednich
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srednicach widkien wynoszacych 2um. Natomiast w pracy [152] poréwnano wzrost komorek
ECs na powierzchniach litych (folie) i wtoknistych. Zaobserwowano, ze komorki rosngce na
foliach jedynie rozptaszczaja si¢ po adhezji, natomiast te rosngce na wtoknach zakotwiczaty sig¢
do podtoza, co pomagato w ich rozprzestrzenianiu si¢ po powierzchni materiatu. W pracy [153]
opisujacej badania na modelu zwierzecym (szczury) wykazano, ze poliuretanowe wtokniste
struktury wspieraja rozwoj komoérek ECs. Po 4 tygodniach od implantacji na badanych
protezach  zaobserwowano catkowite odtworzenie monowarstwy komoérek  ECs,
w przeciwienstwie do protez referencyjnych wytworzonych z ePTFE.

Poza komoérkami ECs kluczowym elementem funkcjonalnej $ciany naczynia krwiono$nego
jest warstwa mie$niowa zbudowana gtownie z komorek migsni gtadkich (ang. vascular smooth
muscle cells, vSMCs). W fizjologicznym naczyniu komorki te sa zorganizowane w warstwy
otaczajace §wiatto naczynia. Taka orientacja umozliwia aktywng regulacje srednicy naczynia,
ci$nienia krwi 1 przeptywu oraz uczestniczy w utrzymaniu integralno$ci $ciany naczynia
i dynamicznie reaguje na bodzce biochemiczne oraz mechaniczne [154].

Interakcje komérek vSMCs z biomaterialem sg znacznie bardziej ztozone niz w przypadku

ECs. Wymagaja one nie tylko odpowiedniego podloza do adhezji, ale rowniez przestrzennej
organizacji 1 mozliwosci przenoszenia napr¢zen mechanicznych. Badania wskazuja,
ze wydtuzona, ukierunkowana morfologia witdkien sprzyja wydluzeniu 1 jednorodnym
zorientowaniu komoérek migsniowych, co z kolei wplywa na ich fenotyp 1 funkcje biologiczne.
Wiasciwa orientacja wtokien moze stymulowac fenotyp kurczliwy, ktéry przeciwdziala
niekontrolowanej proliferacji vSMCs i zachowaniom prozapalnym [155].
W pracy [130] wykazano, ze komorki vSMCs rosngce na widknach o srednicach ok. 750 nm
wykazujg fenotyp kurczliwy w przeciwienstwie do komorek rosngcych na materiatach
o wiekszych $rednicach wtokien (6 pm). Ponadto w badaniu [156], gdzie analizowano wpltyw
ukierunkowania wtokien na wzrost komoérek vSMCs udowodniono, ze fenotyp kurczliwy
wykazujg komoérki vSMCs zasiedlajgce protezy naczyniowe o widknach ukierunkowanych
(w przeciwienstwie do komorek rosngcych na protezach o wtoknach nieukierunkowanych).

W niniejszej pracy zamiast komérek vSMC zastosowano perycyty, ktorych fenotyp oraz
wymagania srodowiskowe pod wzgledem morfologii rusztowania i sygnatow mechanicznych
sg zblizone do komorek vSMC. Perycyty wykazuja zdolnos$¢ do adhezji, migracji i elongacji na
wloknistych podiozach, a takze odgrywaja istotng rolg w regeneracji monowarstwy komorek
ECs i stabilizacji nowo powstalych naczyn, co czyni je wartosciowym modelem do oceny

wiasciwos$ci nowoopracowanych protez naczyniowych [33], [34], [157].
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Skuteczna regeneracja naczynia krwionosnego wymaga zroznicowanego podejscia do
projektowania rusztowania, ktore odpowiadatoby potrzebom biologicznym poszczegdlnych
typow komorek. W ramach niniejszej pracy opracowano warstwowg strukture wtdknista, ktora
odwzorowuje naturalng budowe S$ciany naczynia krwiono$nego. Warstwy zaprojektowanej
protezy zostaly celowo dostosowane do wymagan biologicznych komorek budujacych
naczynia krwionosne.

Wewngtrzna warstwa kontaktujaca si¢ bezposrednio z krwig o morfologii nanowtdknistej
(protezy Nano) lub litej z niewielkimi obszarami widknistymi (protezy Mikro) zostata
zaprojektowana pod katem wspierania szybkiej i1 stabilnej endotelializacji. Z kolei warstwa
zewnetrzna zostata zaprojektowana w taki sposob, aby wspiera¢ zasiedlanie przez komorki
migéni gladkich (mikrowtokna o $rednich $rednicach ok. 1 um) z uwzglednieniem ich potrzeby
orientacji (wldkna ukierunkowane) i kontaktu mechanicznego. Zastosowanie ukierunkowanych
mikrowtdkien o S$rednicach ok. 1 um ma na celu stymulacj¢ komorek mie$niowych do
jednorodnego zorientowania i przyjecia fenotypu kurczliwego.

Dodatkowo, zgodnie z norma ISO 7198:2016 [158] budowa protezy powinna zapobiegaé
przeptywowi krwi przez $cian¢ implantu, co zostato uzyskane poprzez wprowadzenie warstwy
litej zapewniajacej szczelnos$¢ produktu.

Opracowanie opisanych warstwowych protez naczyniowych o zréznicowanych
morfologiach powierzchni wewngtrznej (dla ECs) 1 zewngtrznej (dla vSMCs) pozwolito na
spetienie zatozonego warunku 1.

W literaturze naukowej wielokrotnie podkreslano kluczowa role elastycznos$ci protezy
w zapewnieniu jej prawidtowego funkcjonowania, w szczeg6lnosci w kontekscie utrzymania
droznosci naczynia. Elastyczno$¢ podtoza polimerowego, najczescie] wyrazana za pomocg MY,
ma istotny wptyw na zachowanie komoérek ECs, regulujac ich adhezjg¢, proliferacje, fenotyp
oraz funkcje biologiczne [159], [160], [161], [162]. Niezgodno$¢ mechaniczna pomig¢dzy
proteza a naturalng tkanka naczyniowg moze prowadzi¢ do zaburzen przeptywu krwi
(hemodynamiki), co z kolei negatywnie wptywa na kolonizacj¢ protezy przez komorki ECs,
ajednoczesnie moze stymulowac¢ niepozadang aktywacje komoérek vSMCs, sprzyjajac
rozwojowi hiperplazji blony wewnetrznej [63]. Zjawisko to szerzej oméwiono w podrozdziale
2.2.

Zagadnienie to zostalo réwniez poruszone w pracy [163], w ktorej wykorzystano
modelowanie komputerowe do porownania wlasciwosci hemodynamicznych protez

wytworzonych z PU w procesie ES oraz komercyjnie dostepnych protez z ePTFE, ktore sa
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najczesciej stosowane w leczeniu chirurgicznym. Wyniki symulacji wykazaly, ze protezy
poliuretanowe generuja mniejsze zaburzenia przeptywu krwi oraz charakteryzuja si¢ lepsza
zgodnoscia mechaniczng z naczyniami krwiono$nymi w poréwnaniu do protez ePTFE.

W badaniach eksperymentalnych wtasciwosci mechaniczne protez naczyniowych ocenia
si¢ zazwyczaj poprzez testy wytrzymatosci na rozcigganie. W niniejszej pracy badania te
przeprowadzono zgodnie wytycznymi zawartymi w normach ASTM F3225-17 [164] oraz ISO
7198:2016 [158]. Uwzgledniajac zastosowanie opracowanych protez w procedurze CABG,
przyjeto zatozenie, ze ich wlasciwosci mechaniczne, w szczegdlnosci MY, powinny miescic si¢
w zakresie charakterystycznym dla naczyn wiencowych oraz naczyn najczesciej stosowanych
jako autografty. Dane literaturowe wskazuja na znaczne zroznicowanie wartosci MY dla naczyn
krwiono$nych, wynikajace zaré6wno z roznic osobniczych, jak i metod pomiarowych.
Przyktadowo: dla tetnicy piersiowej podaje si¢ wartosci MY od ok. 1,5 MPa [165] do
ok. 16,8 MPa [166], dla zyly odpiszczelowej od ok. 23,7 MPa [167] do ok. 130 MPa [166],
a dla naczyn wiencowych ok. 1,5 MPa [168]. Na podstawie analizy powyzszych danych, jako
graniczng warto$¢ MY dla opracowywanych protez przyjeto 10 MPa, uznajac ja za wartos¢
zapewniajacag odpowiednig elastyczno$¢ 1 zgodno$¢ mechaniczng z naturalng tkanka
naczyniowa.

W literaturze dostgpne sg rowniez opisy protez widknistych otrzymywanych w procesie
ES, dla ktérych MY miesci si¢ w podobnym zakresie. Znane sg protezy wykonane z PU o MY
wynoszacym 3,62 MPa [169], z PCL z dodatkiem kolagenu o MY wynoszacym 2,5MPa [170]
oraz z PLLA z dodatkiem kolagenu 1 elastyny o MY wynoszacym 2,08 MPa [171]. W innym
badaniu [172] poréwnano eksperymentalnie wtasciwosci protez ePTFE z protezami PU/PCL
wytworzonymi w procesie ES. Protezy PU/PCL charakteryzowaty si¢ geometrig zblizong do
geometrii protez opracowanych w niniejszej pracy ($rednica wewngtrzna 6 mm). Ich MY
mierzony w kierunku wzdtuznym (ang. longitudinal) wyniost 13,8 + 4,4 MPa. Dla poréwnania,
analizowana w tym samym badaniu proteza ePTFE (wersja cienko$cienna, grubos¢ $ciany 454
um), ktéora jest obecnie najczesciej] stosowana w leczeniu niedrozno$ci naczyn
charakteryzowata si¢ MY réwnym 36,0 + 3,9 MPa. Na tle tych danych warto$ci MY otrzymane
dla protez opracowanych w niniejszej pracy (MY wynoszacy 2,5 MPa dla wariantu Nano
12,4 MPa dla wariantu Mikro) sa zblizone do wartosci MY uzyskiwanych dla protez
wloknistych otrzymywanych w procesie elektroprzedzenia 1 spelniaja zalozony warunek 2.

Ocena hemozgodnos$ci nowoopracowanych materiatow przeznaczonych do kontaktu

z krwig stanowi istotne wyzwanie badawcze. Normy skupiajace si¢ na ocenie materialdéw do
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kontaktu z krwig (ISO 10993-4 [173], ASTM F756-17 [174], ASTM F2888-19 [175]) zalecaja
ocen¢ hemozgodno$ci, w tym analiz¢ adhezji plytek krwi, jednak nie definiujg konkretnych
warto$ci granicznych dla tego parametru, ktorych przekroczenie stanowitoby jednoznaczne
kryterium odrzucenia materiatu. W srodowisku naukowym podkresla si¢ potrzebe standaryzacji
metod badawczych w ocenie hemozgodnoosci biomateriatow [176], [177]. Analiza adhezji
ptytek krwi moze by¢ przeprowadzana zaréwno w warunkach statycznych, jak i dynamicznych
(przy uzyciu ukladéow uktady przeptywowych Iub rotacyjnych [178]), stymulujacych
fizjologiczne sity $cinajgce. Roznorodnos¢ dotyczy réwniez sposobu przedstawiania wynikow.
Wynik moze by¢ przedstawiony jako liczba ptytek na jednostke powierzchni (liczba
ptytek/mm?) [179], odsetek powierzchni zajetej przez ptytki lub wskaznik retencji ptytek
(ang. Platelet Retention Index, PRI) [162].

W zwiazku z brakiem jednoznacznych kryteriow liczbowych dotyczacych oceny adhezji
ptytek krwi, w niniejszej pracy wyniki badan odniesiono do materiatu referencyjnego, jakim
byta powierzchnia protezy ePTFE. Ocena wykonana w warunkach statycznych wykazata, ze:
dla protez Mikro powierzchnia zajeta przez ptytki krwi wynosita 8,6%, dla protez Nano 6,2%,
podczas gdy dla protez ePTFE 7%. Otrzymane wyniki wskazuja, ze adhezja ptytek krwi do
powierzchni badanych protez jest porownywalna lub nizsza niz do komercyjnego materiatu
referencyjnego, co pozwala uzna¢, ze spetniony zostat zatozony w pracy warunek 3.

Z godnie z wytycznymi normy ASTM F756-17 [174] materiat biomedyczny moze zosta¢
uznany za niehemolityczny, jesli powoduje hemoliz¢ krwinek czerwonych nieprzekraczajaca
2%. W niniejszej pracy warto$¢ ta zostata przyjeta jako warto$¢ graniczna, ktorej spetnienie
stanowito jedno z zalozen funkcjonalnych dla opracowywanej protezy. W przeprowadzonych
badaniach wykazano, ze zar6wno w przypadku protez Nano, jak 1 Mikro stopien hemolizy nie
przekroczyl 1%, co potwierdzaja wyniki przedstawione w Publikacji PS. Tym samym
spelniono warunek 4, dotyczacy zgodnosci hemolitycznej materiatu.

Nalezy podkresli¢, ze chociaz przedstawione w niniejszej rozprawie badania nie obejmuja
pelnego spektrum analiz koniecznych do catosciowe] oceny wilasciwosci nowoopracowane]
protezy naczyniowej, to ich zakres pozwolit spelni¢ zalozone podstawowe kryteria i dotrzeé
do etapu pierwszych badan in vive na modelu swinskim.

Badania in vivo stanowig niezwykle istotny etap w procesie oceny biomateriatow,
pozwalajac na weryfikacje wczesniej przyjetych zalozen, a takze ocene bezpieczenstwa
1 efektywnosci dziatania nowego implantu w warunkach rzeczywistego S$rodowiska

biologicznego. W przypadku protez naczyniowych obejmuje to: oceng ogdlnego stanu zdrowia
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zwierzat (obserwacje kliniczne, parametry hematologiczne, markery =zapalne, tj. CRP,
wskazniki krzepnigcia krwi: APTT, PT), ocen¢ funkcjonalnosci protezy (badania
Dopplerowskie USG, pomiary predkosci przeptywu krwi, drozno$¢ naczynia), analize
histopatologiczna eksplantéw, pozwalajacg na oceng integracji tkankowej oraz odpowiedzi
zapalne;j.

Na dzien zlozenia pracy opracowane protezy zostaly z powodzeniem wszczepione
do tetnic szyjnych swin (N = 8). Zwierzeta pozostaja pod stata obserwacja, a ich stan ogolny
oceniany jest jako bardzo dobry. Wszczepione protezy funkcjonuja prawidtowo od ponad trzech
tygodni przy bardzo dobrym stanie ogdlnym zwierzat, nie wykazujac objawow powiktan ani

zakrzepicy.
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6. Dalsze badania

Przeprowadzone badania nad zasiedlaniem poliuretanowych protez komoérkami ECs
potwierdzity wczesniejsze zalozenia, ze hydrofobowa powierzchnia poliuretanu, w warunkach
trojwymiarowych, moze wymagac dalszej modyfikacji w celu optymalnego wsparcia adhez;ji
i proliferacji komorek. Juz na etapie projektowania struktury protezy przewidywano,
ze uzyskanie w pelni funkcjonalnej warstwy wewnetrznej, wspierajacej odbudowe
monowarstwy komorek ECs, bedzie wymagato zastosowania odpowiednio dobranych
modyfikacji chemicznych lub biologicznych.

Uzyskane wyniki stanowig wigc nie tylko wazny element oceny biologicznej opracowanych
materialow, ale takze potwierdzajg trafno$¢ przyjetej strategii etapowego podejscia do
projektowania protez. Pierwszy, kluczowy etap — opracowanie struktury i procesu wytwarzania
warstwowej, mechanicznie stabilnej protezy — zostal z sukcesem zrealizowany. Kolejnym
krokiem, zgodnym z zaplanowang $ciezka badawcza, jest dobor i wdrozenie modyfikacji
powierzchni wewnetrznej w celu dalszej poprawy interakcji z komérkami ECs. Prace te sa juz
w toku.

Dotychczas opracowano metode modyfikacji powierzchni protez polikatecholaminami
1 potwierdzono, ze wprowadzone modyfikacje powierzchni wptywaja na zwigkszenie adhezji
1 proliferacji komorek na powierzchni materiatow (manuskrypt w przygotowaniu). Na ,, Implant
cylindryczny modyfikowany poli(katecholaming)” otrzymano patent, ktérego jestem
wspotautorka (Patent Patl). Ponadto, opatentowane protezy s3 aktualnie w fazie badan in vivo
na modelu $winskim, ktorych celem jest potwierdzenie biozgodnosci protez oraz oszacowanie
ich droznosci.

Dodatkowo opracowatam sposob wytwarzania dwuwarstwowych wiokien typu rdzen-
otoczka (ang. core-shell) metoda rozdmuchu roztworu polimeru, wydzielajacych substancje
z rdzenia wiokien. Jestem wspotautorka dwoch zgloszen patentowych dotyczacych sposobu
wytwarzania wtokna (Zgtoszenie patentowe ZP1) oraz samego witokna typu rdzen-otoczka
(Zgtoszenie patentowe ZP2). Pomimo rosngcego zainteresowania procesem SBS w literaturze
naukowej wcigz jest niewiele doniesien dotyczacych zastosowania tego procesu do
wytwarzania wiokien typu rdzen—otoczka, zwlaszcza w kontek§cie inzynierii naczyn
krwiono$nych. Wyniki prac dotyczacych wtdkien typu rdzen-otoczka wytwarzanych w procesie
SBS zostaty juz pozytywnie ocenione i przyjete do publikacji w recenzowanym czasopismie
naukowym (Journal of Materials Research, 1F=2,7 (2023)). Widkniny typu rdzen—otoczka

moga by¢ wykorzystane do kontrolowanego uwalniania substancji biologicznie czynnych,
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w tym czynnikdw przeciwbakteryjnych i/lub przeciwzakrzepowych, co ma szczegolne
znaczenie w projektowaniu nowoczesnych protez naczyniowych. Opracowane podejscie
stanowi rozszerzenie wczesniej prowadzonych badan nad materiatami widknistymi,
a jednoczesnie otwiera nowe mozliwosci w zakresie funkcjonalizacji powierzchni protez
naczyn krwiono$nych poprzez nadanie im wtasciwosci uwalnianjacych substancje bioaktywne.
Wzbogacenie struktury protez o widkna rdzen—otoczka pozwoli nie tylko na poprawe ich
zgodnosci biologicznej, ale réwniez moze przeciwdziata¢ powiktaniom pozabiegowym, takim
jak zakrzepica czy infekcja, co stanowi kluczowy krok w dalszym rozwoju opracowanych
materialow.

Opracowanie techniki wytwarzania wtokien typu rdzen-otoczka w procesie SBS stanowi
istotny wktad w rozwoj nowoczesnych materialdow do zastosowan biomedycznych i §wiadczy
o kompleksowym i1 wieloaspektowym podejsciu do tworzenia rusztowan tkankowych nowe;j
generacji. Uzyskane wyniki potwierdzaja potencjal rozwoju w kierunku dalszej optymalizacji
poliuretanowych materiatéw witdknistych jako realnej alternatywy dla obecnie stosowanych
protez naczyniowych.

Ponadto, zdobyta wiedza i doSwiadczenie w zakresie doboru parametréw procesu SBS
umozliwily mi skuteczne wytwarzanie materialow witoknistych do innych zastosowan
biomedycznych. W ramach wspoélpracy z Zespotem z Wydziatu Chemicznego Politechniki
Warszawskiej bylam zaangazowana w opracowanie nanowlokien o wlasciwosciach
magnetycznych, przeznaczonych do wspomagania terapii choréb serca. Efektem tej wspotpracy
jest zgloszenie patentowe dotyczace sposobu otrzymywania funkcjonalnych nanomateriatow

o dziataniu terapeutycznym (Zgtoszenie patentowe ZP3).
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7. Podsumowanie

W ramach przeprowadzonych badan zrealizowano wszystkie trzy szczegdlowe cele,
sktadajace si¢ na glowny cel pracy, ktérym bylo opracowanie poliuretanowej protezy
naczyniowej o warstwowe] strukturze witoknistej, spetniajagcej zatozone wymagania
biologiczne oraz mechaniczne.

W pierwszym etapie pracy, odpowiadajacym Celowi 1, dokonano szczegotowej analizy
wplywu wybranych parametrow procesu rozdmuchu roztworu polimeru na wlasciwos$ci
poliuretanowych materiatow witoknistych. Wykazano, ze mozliwe jest formowanie widknin
o kontrolowanej $rednicy widkien, porowatosci i orientacji przestrzennej, przy zachowaniu
wymaganych cech wytrzymatosciowych. Uzyskane dane umozliwity identyfikacje
najkorzystniejszych warunkow procesu rozdmuchu roztworu polimeru prowadzacych do
otrzymywania poliuretanowych materialow o zadanych wlasciwosciach, co jednoznacznie
potwierdzito Teze 1.

W ramach Celu 2 oceniono wplyw morfologii poliuretanowych materiatdéw wtoknistych
na zachowanie komoérek budujacych naczynia krwionosne oraz ich interakcje z ptytkami krwi.
Zaobserwowano wyrazne roznice w adhezji, proliferacji 1 organizacji przestrzennej komorek
w zalezno$ci od $rednicy 1 orientacji widkien oraz porowatosci i rozmiaru porow w badanych
biomateriatach.

Bazujac na wynikach uzyskanych w ramach Celu 1 1 2, zrealizowano Cel 3
izaprojektowano, a nastepnie wytworzono warstwowa strukture wldoknista,
odwzorowujaca architekture naczynia krwionosnego. Protezy te spetity przyjete kryteria
strukturalne 1 mechaniczne, wykazaly zgodnos¢ z krwig oraz selektywnie wspieraty zasiedlanie
przez odpowiednie typy komorek. Wyniki te potwierdzily Teze 2, wskazujaca na mozliwos¢
wykorzystania metody rozdmuchu roztworu polimeru do otrzymywania rusztowan
naczyniowych spelniajacych wymagania funkcjonalne protez naczyn krwionosnych.

Przeprowadzone badania uzupeiniajg wyrazng luke w literaturze, wskazujacg na brak
doniesien dotyczacych wytwarzania poliuretanowych protez naczyniowych w procesie
rozdmuchu roztworu polimeru. Uzyskane wyniki stanowig zatem oryginalny wktad w rozwoj
inzynierii biomaterialow oraz inzynierii chemicznej i1 stanowig przyktad skutecznego
wykorzystania inZynierii procesu i inzynierii produktu w projektowaniu struktur o zadanych
wlasciwosciach funkcjonalnych. Opracowana metoda wytwarzania implantow naczyniowych
charakteryzuje si¢ nie tylko wysoka kontrolowalno$cig parametréw, ale rowniez zwiekszong

wydajnoscig w porownaniu do elektroprzedzenia, co podkresla jej potencjat aplikacyjny.
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Skroty i symbole

2D — model dwuwymiarowy

3D — model tréjwymiarowy

75A, 80A, 93A, 45D, 75D — twardosci poliuretanow w skali Shore’a

CLSM — mikroskopia konfokalna (ang. confocal laser scanning microscopy)

CVDs — choroby sercowo-naczyniowe (ang. cardiovascular diseases)

ePTFE — ekspandowany politetrafluoroetylen (ang. expanded polytetrafluoroethylene)
ECs — komorki srédbtonka (ang. endothelial cells)

MY — modut Younga

NK — wtdkna nieukierunkowane (ang. non-aligned)

PCL — polikaprolakton (ang. polycaprolantone)

PET — politereftalan etylenu (ang. polyethylene terephthalate)

PLLA — kwas polimlekowy (ang. poly-L-lactic acid)

PU — poliuretan(y) (ang. polyurethane(s))

SBS — rozdmuch roztworu polimeru (ang. solution blow spinning)

SEM - skaningowa mikroskopia elektronowa (ang. scanning electron microscopy)
UK — wldkna ukierunkowane (ang. aligned)

vSMCs — komorki miegsni gladkich $ciany naczynia krwionos$nego (ang. vascular smooth

muscle cells)
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ARTICLE INFO ABSTRACT

Keywords: The present study shows the effect of the hardness of bulk polyurethane on the properties of nanofibrous ma-
Polyurethane terials produced in the solution blow spinning process. This study focuses on nanofibrous materials made from
Tenslle strength medical-grade polyurethanes with different hardness values on the Shore scale, from 75A to 75D. We aimed to
::l':::,:e:hw i determine the effect of the intrinsic properties of polyurethane used to produce nanofibers on the tensile
Platatety ndhe:gn a properties of the resulting nanofibrous materials and in vitro platelet adhesiveness. This study used a solution

blow spinning process to produce nanofibrous materials from polyurethane solutions. It evaluates their prop-
erties using scanning electron microscopy, followed by porosity determination, tensile testing, and platelet
adhesion assays. Generally, the bulk polymer’s Shore hardness affects nanofibrous products’ porosity and tensile
properties. In the tested Shore hardness range, the most visible differences in material properties were observed
for the fibers produced from the hardest (75D) and softest (75A) polyurethanes. The nanofibrous material
produced using 75D polyurethane exhibited the highest porosity, up to approximately 0.87, owing to the low
packing density of the stiff nanofibers. It also remained the stiffest, with the highest Young's modulus. On the
other hand, the softest 75A polyurethane produced a less porous nanofibrous mat with the highest tensile
strength among the tested polyurethanes. All tested nanofibrous materials retained their platelet adhesion
resistance upon processing into nanofibers, with a mean platelet coverage below 1 % of the nanofibrous mat
surface. The study results provide insights into the relationship between the hardness of bulk polyurethane and
the properties of nanofibrous materials, which can be useful in various biomedical applications, particularly in
producing tissue-engineered vascular grafts.

Hemocompatibility

1. Introduction growth support (Gao et al,, 2022; Grasl et al., 2021; Liu et al,, 2022;

Weigel et al., 2022) because of their ease in controlling their physical

The most characteristic property of nanofibrous materials is their
high surface-to-volume ratio. However, nanofibers, especially polymeric
nanofibers, range in size from a few nanometers to a few hundred
nanometers (or up to at least 1 ym) (Kenry and Lim, 2017; Mahalingam
and Edirisinghe, 2013). Even though such a range escapes the standard
definition of nanoscale, polymeric submicron fibers with a high
surface-to-volume ratio remain nanomaterials called nanofibers. These
two properties, small size and high surface area, combine to define an
instrumental group of nanomaterials that can be produced using elec-
trospinning, solution blow spinning, or centrifugal spinning in an effi-
cient and scalable manner (Huang et al., 2019; Stojanovska et al., 2016).

Nanofibrous materials are widely used in biomedical engineering,
such as dressings, tissue/organ replacement, drug release, and tissue
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(shape and structure) and mechanical properties. As mentioned above,
properties such as mean fiber diameter, fiber arrangement, pore size,
and porosity can be easily controlled during the manufacturing process,
leading to a well-developed surface area (Dadol et al., 2020; Daristotle
et al., 2016; Khan and Hassan, 2021). In addition, the toughness and
strength of nanofibers depend on their size and increase with a decrease
in the fiber diameter (Papkov et al., 2013; Wu and Dzenis, 2007).
However, the mechanical properties of nanofibrous materials strongly
depend on the chemical and mechanical properties of the bulk polymers.
It is worth noting that the interaction of nanofibrous materials with
human organs and tissues requires rigorous evaluation of their biolog-
ical properties, as per every biomaterial (Podgorski et al, 2022),
Biocompatibility, defined as the ability of a certain biomaterial to create
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a stable system with the biological material it is in contact with, must be
defined for each system (Williams, 2008, 2009, 2014). Hence, to avoid
side effects after implantation, such as allergenicity, toxic reaction
symptoms, inflammation, or rejection, in vitre and in vivo testing should
be performed (Frisch et al., 2023; Sharma et al., 2019).

Furthermore, in the case of blood-contacting biomaterials (e.g.,
stents, vascular grafts, and heart valves), blood-material interaction
(hemocompatibility) should be thoroughly investigated. Blood compo-
nent adhesion to the biomaterial surface, platelet activation, coagula-
tion, and thrombus formation after contact with blood limits the clinical
applicability of biomaterials. Thrombosis, which arises as a result of
breaking the continuity of a blood vessel, is one of the major causes of
blood-contacting material implantation failure (Gaudino et al, 2017;
Lentz, 2003; Raghav et al., 2021; Safi et al., 2017; Sarkar et al., 2007).
Platelet adhesion and aggregation are crucial factors for prothrombotic
surface formation (Geffen et al., 2016; Ruggeri and Mendaolicchio,
2007).

Blood-contacting materials built from nanofibrous structures often
appear in the literature as tissue-engineered vascular grafts (TEVGs) or
scaffolds for engineering vascular tissue (Goins et al., 2018; Li et al.,
2018; Rohringer et al., 2023; Zhou et al., 2023). Although a wide range
of biomaterials, especially polymers, can be used to produce TEVGs or
scaffolds, polyurethanes are used the most intensively because of their
elasticity and tunability of chemical properties, such as biodegradability
and chemical resistance (Fortin et al,, 2022; Li et al., 2019, 2024; Zhang
et al.,, 2021).

Thus far, we have developed a fabrication method for nanofibrous
structures with desired properties, including polyurethane nanofibrous
materials (Kope¢ et al., 2020; Lopianiak et al., 2020; Tomecka et al.,
2017). We initially tested the processability of these materials to build
vascular prostheses or scaffolds for TEVGs (Kopec et al., 2022; Lopianiak
et al., 2023). Moreover, we deeply evaluated the influence of nano-
material properties (fiber size and alignment, pore size, porosity, and
mechanical properties) on cell behavior (Lopianiak et al., 2021, 2023,
2024). In this study, we considered that the structure and mechanical
properties of fibrous materials and platelet adhesion are affected by the
properties of bulk polyurethane. We designed and produced
well-defined nanofibrous structures from polyurethanes varying hard-
ness on the Shore scale to test this hypothesis. We systematically sub-
Jjected them to tensile tests followed by in vitro platelet adhesion studies.
We aimed to determine whether nanofibrous nonwovens’ tensile and
platelet adhesion properties depend on the polyurethane’s intrinsic
properties used to produce nanofibers.

2. Materials and methods
2.1. Fibrous materials preparation

Medical grade polyurethanes (PUs) ChronoFlexC® (AdvanSource
Biomaterials) with five different hardness values on the Shore scale
(75A, 8DA, 93A, 45D, and 75D) were used to produce five different types
of fibrous materials. The PU solutions were prepared by dissolving the
polymer pellets in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 99 %, Flu-
oroChem) overnight at 20 “C using a magnetic stirrer. Concentrations
presented in this study are expressed as weight-to-weight percent (% w/
w) and “%" for short. Fibrous materials were produced from PU solu-
tions using the solution blow spinning (SBS) process, as described else-
where (Lopianiak et al., 2020; Lopianiak and Butruk-Raszeja, 2020;
Woiasinski et al., 2014), Briefly, each polymer solution was fed into the
inner nozzle of the concentric nozzle system, while compressed air
under a pressure of 1 bar flowed through the outer nozzle, pulled out the
polymer solution, and directed to the rotating collector.

The first step of this study was to produce fibrous materials from
every type of PUs from solutions with concentrations of 2-10 % to
evaluate the possibility of producing fibrous materials from such a range
of concentrations. The PU solution concentrations and volumes were
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then chosen to abtain materials with nanofiber diameters of 200, 500,
and 1000 nm and thicknesses of the nanofibrous mat in the 200-300 pm
range for each type of PU.

Nanofibrous materials were produced using the following SBS pro-
cess parameters: solution flow rate of 30 mL/h, air pressure of 1 bar,
nozzle-collector distance of 30 em, collector rotational speed of 3000
rpm, inner nozzle diameter of 1 mm, and outer nozzle diameter of 4 mm.
Time required to produce samples of nanofibrous mats with thickness in
the range of 200-300 pm determined the volume of solution used in the
process. Those values are listed in Table 1.

Fibers were collected on a cylindrical rotating collector with di-
mensions: 1.2 cm in diameter and 12 cm in length, When the SBS process
was completed, the material was cut along the collector and removed.
The obtained rectangular fibrous mats with 3.8 x 12 cm dimensions
were subjected to further analysis.

2.2. Fiber size determination

Samples (0.5 x 0.5 cm) of each submicron fibrous material were
prepared for scanning electron microscopy (SEM). Samples were glued
to SEM stubs with carbon tape and covered with a 15 nm layer of gold
using a sputter coater (K550 Emitech, Quorum Technologies), and n =
10 SEM images at magnification »5000 were taken using scanning
electron microscope Phenom G1 (PhenomWord, now ThermoFisher
Scientific) for every sample. The size distribution was determined based
on n = 100 fiber sizes measured using ImagelJ software (Schindelin et al,,
2012). Measurements were performed in triplicates for each type of
fibrous material. The results were averaged and are presented as the
mean -+ SD.

2.3. Porosity determination
The material porosity (¢) was calculated using the formula:e = | 1

%’i , where myg is the sample mass [2], bg is a sample thickness [cm], Sg
is the sample surface area [cm”], and pp is the density of ChronoFlex®
polyurethane, pp = 1.2 g/em® (Padsalgikar, 2017), For each type of
material, three samples (1.0 = 1.0 cm) were prepared and weighed using
an analytical lab scale to determine the sample weight. Samples (n = 3)
were glued vertically to the SEM stubs and covered as described above.
SEM images of the sample cross-section at magnification x300 were
taken (n = 6) using Phenom G1 SEM. Next, n = 5 thickness measure-
ments from each image were obtained using the ImageJ software. The
results were averaged to determine the sample thickness §5. Material
thickness and porosity measurements were performed in triplicate and
are presented as the mean = SD.

2.4. Characteristic group’s presence determination

Fourier transform infrared spectroscopy (FTIR) was used to identify
the characteristic groups associated with PUs in the produced nano-
fibrous mats. The analysis was conducted using a Nicolet 6700 spec-
trometer (Thermo Fisher Scientific) that featured a Smart Orbit high-
performance diamond single-bounce attenuated total reflectance
{ATR) attachment. The resulting spectra were examined using OMNIC
8.3 software (Thermo Fisher Scientific).

2.5. Tensile properties measurements
To evaluate the tensile properties of the produced materials, n = 15

samples with dimensions of 0.5 » 7.0 cm were prepared for each type of
material to evaluate their tensile properties. The samples were subjected
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Table 1
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Codification, designed fiber diameter, fabrication time, and solution volume for preduction of nanofibrous mats with a designed thickness of 200-300 pm with a flow
rate of 30 mL/h, and measured structural properties of polyurethane nanofibrous materials produced from polymers with an increasing hardness on the Shore scale.

Solution blow spinning process conditions Nanofibrous product properties
Polymer  Polymer concenmration  Designed fiber Fabrication time [min]/the used Mean fiber Nanofibrous mat Nanofibrous mat

[0 w/w] diameter [nm] volume of the polymer solution [mL] diameter + SD thickness + SD [pm] porosity + SD [-]

[nm]

75A 2.0 200 120/60 204 + 86 2254 31 0.65 + 0.09

4.0 500 30/15 514 + 172 229 - 38 0.56 + 0.07

5.0 1000 20/10 925 + 356 235+ 31 0.63 + 0.05
BOA 4.0 200 00/30 244 =137 225= 31 0.59 = 0.07

6.0 500 30/15 485 + 168 277 + 36 0,62 + 0.07

8.0 1000 20/10 1178 + 401 276 £ 39 0.65 + 0.06
93A 4.0 200 60/30 176 + 76 212+ 21 0.70 + 0.08

6.0 500 30415 475 + 202 252 + 42 0.70 + 0.07

8.0 1000 2010 1102 + 514 273+ 36 0.65 + .06
45D 2.0 200 240/120 206 + 93 228+ 26 0.67 = 0.05

4.0 500 60/30 530 £ 203 283 =35 0.63 £ 0.04

6.0 1000 30,20 1029 + 391 288 + 31 0.57 + 0.07
75D 4.0 200 50/25 294 + 103 256 =+ 45 0.87 = 0.03

5.5 500 30/15 564 + 254 229+ 38 0.84 = 0.04

7.0 1000 20/10 1033 + 493 222+ 4] 0.83 + 0.07

to a uniaxial stretching test following established protocols based on
ASTM standards (Designation: D 882-02 and D 638-02a). The experi-
ment utilized an Instron 3345 model (Instron) operating at room tem-
perature and humidity with a crosshead speed of 10 mm/min and a
sample initial length of 5 ¢m. Load-strain curves were acquired along
with the maximum load and elongation at break. Notably, porosity
measurements and SEM images indicate that only a portion of each
sample’s thickness is occupied by fibers (1-¢), implying that the applied
load is supported only by the fraction of the thickness of the sample. This
was considered during data processing to calculate the maximum stress
(Kopec et al., 2020), Fifteen samples were analyzed for each type of
fibrous material (n = 15). The results were averaged and presented as
the mean + SD.

2.6. Platelet adhesion

Fresh blood was collected from healthy volunteers in 4.5 ml tubes
containing citrate (BD Vacutainer) just before the experiment. For this
test, two samples in the shape of a disc with a diameter of 8 mm for each
type of fibrous polyurethane material were placed in a 48-well plate.
Next, 500 pm of 0.9 % NaCl solution (STANLAB) in Milli-Q ultrapure
water was added to each well and incubated for 30 min at 37 “C. After
incubation, the NaCl solution was removed, 500 pL of whole blood was
added to the wells, and the plates were incubated at 37 °C for 90 min.
Finally, blood was removed, samples were thoroughly rinsed with 0.9 %
NaCl solution to remove blood residues, and 500 pL of 4 % para-
formaldehyde (PFA >95 %, Sigma-Aldrich) in phosphate-buffered saline
(Dulbecco’s formula, DPBS, ThermoFisher Scientific) was added to each
well to fix platelets adhered to the material surface, The plates were then
incubated at 4 °C for 24 h. The experiments were performed in triplicate;
in each experiment, materials were used in duplicate,

Next, samples were prepared for SEM analysis. First, the samples
were washed with PBS (Sigma-Aldrich) for 5 min. The platelets on the
surface of the PU fibrous materials were then dehydrated using ethanol
solutions at increasing concentrations of 50, 60, 70, 80, 90, and 100 %,
and in 1:2 hexamethyldisilazane:ethanol (HMDS:EtOH), 2:1 HDMS:
EtOH, and 100 % HDMS solutions (HMDS, 99.99 %; Sigma-Aldrich;
EtOH, 99.8 %; Pol-Aura). The dehydrated samples were immersed in
500 pL of each ethanol solution for 10 min and in 500 L of each HDSM
solution for 20 min, Next, 500 pL of 100 % HDSM was added to the wells
with the samples, and the plates were left in a fume hood until the HDMS
evaporated and the materials dried. Finally, the samples were glued to
the SEM stubs and covered with a layer of gold, as described in Section
2.2. SEM images were taken at a magnification of »3000 (n = 10 images

per sample) using a Phenom G1 SEM. Then, the number of platelets and
the sample area covered by platelets were measured using the ImageJ
software. The results were averaged and are presented as the mean +
SD.

2.7. Statistical analysis

The normality of the distributions of fiber size, porosity, tensile
properties, and platelet adhesion test results were tested using the
Shapiro-Wilk test (p < 0.05). The differences among the properties of
the analyzed materials thar followed the normal distriburion were tested
using one-way ANOVA (p < 0.05) with post-hoc Tukey’s test for mul-
tiple comparisons. Otherwise, the Kruskal-Wallis test (p < 0.05) with
post-hoe nonparametric Dunn's test for multiple comparisons was used.

3. Results and discussion

This study systematically evaluated the influence of bulk polymer
hardness on the tensile properties and platelet adhesion to the surfaces
of nanofibrous materials. For this purpose, we used the solution blow
spinning method to produce fibrous materials from five polyurethanes
(PUs). Bulk PUs with the Shore scale hardness values of 75A, 80A, 93A,
45D, and 75D were chosen for this study. Initially, the capability to blow
spun fibers from solutions with concentrations range 2-10 % from each
PU was evaluated. The results presented in Supplementary Fig. 51 show
that the production of fibers is possible only in a specific range of so-
lution concentrations, and this range (spinning window) is different for
each of the tested PUs. For PU 754, fibers were obtained from solution
concentrations in the range of 2.0-7.0 %, for PU 8DA in the range of
3.0-10.0 %, for PU 93A in the range of 3.0-8.0 %, for PU 45D in the
range of 4.0-7.5 %, and for PU 75D in the range of 3.0-7.0 %. Based on
the results presented in Supplementary Fig. 51, we chose appropriate
concentrations of PUs in HFIP solutions to produce nanofibers with
mean fiber sizes of 200, 500, and 1000 nm for each tested polyurethane.
The determined concentrations for designing samples for further tensile
properties and platelet activation studies are presented in Table 1.

As expected, the nanofiber diameter increased with increasing
polymer concentration, regardless of PU. Such an effect is typical for the
solution blow spinning (SBS) process, regardless of the reported poly-
mer, as deseribed by Medeiros et al. (2009), The smallest fiber diameter
obtained for each tested polyurethane was approximately 200 nm,
whereas the largest was approximately 1000 nm (PU 93A) to approxi-
mately 2500 nm (PU 45D) (Fig. 51). No clear correlation was observed
between the bulk PU's hardness and the spinnability range or the

103



I topianiak et al.

obtained nanofiber sizes. The observed increase in nanofiber size with
increasing polymer concentration is typical for the SBS process and has
been extensively reported in the literature (Lou et al,, 2013; Oliveira
et al.,, 2011; Parize et al., 2016; Shi et al., 2013; Singh et al., 2019).
Moreover, it confirms our previous results showing that the increase in
the PU concentration leads to an increase in the mean nanofiber size
(Lopianiak et al,, 2020). Furthermore, nanofiber sizes typically range
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from 100 nm to several micrometers (Daristotle et al., 2016; Silva et al,,
2023). However, only fibers with sizes of up to 1 pm are considered
nanofibers (Kenry and Lim, 2017). Thus, in this study, we use the term
“nanofibers” for all tested nanofibrous materials ranging from 200 to
1000 nm.

Subsequently, the PU solution volumes used in a single blow spin-
ning process of each PU nanofibrous material were chosen to obtain

Fig. 1. Scanning electron microscope (SEM) images of polyurethane nanofibers produced from a) 75A, b) 80A, ¢) 93A, d) 45D, and e) 75D polyurethanes.
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materials with designed thicknesses in the 200-300 pm range (see
Table 1). Thus, sample comparability was achieved.

The SEM images of the surface morphologies of the analyzed mate-
rials are shown in Fig. 1. All the images show porous nanofibrous
structures of the blow spun PU materials, indicating proper fiber for-
mation within the determined range of polymer concentrations. Nano-
fibers are arranged randomly, with scarce defects in a nodus- and stains-
shape, typical for materials produced by the solution blow spinning
method.

The nanofiber size and mat thickness measurements are shown in
Fig. 2. The mean nanofiber diameters obtained for the produced mate-
rials were in the designed range, that is, 200, 500, and 1000 nm, as
shown in Fig. 2a, and the precise results are shown in Table 1. Moreover,
to maintain the similarities in the nanofibrous mat samples for tensile
properties tests, the mat thicknesses were designed to range from 200 to
300 pm. All the tested PU nanofibrous material samples maintained their
thicknesses at the designed level after SBS production, as shown in
Fig. 2b and Table 1.

It is widely acknowledged that the SBS technique allows the pro-
duction of highly porous materials with a porosity of up to 0.95 (Tutak
el al., 2013). The obtained results indicated differences in the material
porosity depending on the mechanical properties of the bulk PUs. The
mats’ porosities (I'ig. 2¢) ranged from about 0.56 for PU 75A to about
0.87 for PU 75D. The highest porosity value (approximately 0.87) was
obtained for PU 75D. Lower values (approximately 0.7) were obtained
for PU 93A. The remaining PUs materials’ porosity values were about
0.55-0.65 (see ). The porosity differences between the materials with
varying nanofiber diameters produced from the 80A, 93A, and 75D PUs
were statistically insignificant. For PU 75A, the porosity of the 500 nm
mats was significantly lower than that of the 200 nm mats (p < 0.05),
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and for PU 45D, a similar dependence was observed for the 1000 nm
mats in comparison to the 200 nm and 500 nm mats (p < 0.05). The
porosity differences were the first structural differences among the
tested properties in the SBS PU nanofibrous materials owing to the dif-
ferences in bulk PU hardness on the Shore scale.

The difference in material porosity also resulted from the nanofiber
packing density. Fibrous materials produced from harder PUs (45D and
75D) are expected to be more loosely packed than those made from less
hard PUs (75A, 80A, and 93A). The results showed no clear correlation
between the bulk PU hardness and fibrous material porosity; however,
the hardest PU (75D) resulted in the most loosely packed and high-
porosity nanofibrous material.

Fourier transform infrared spectroscopy (FTIR) allowed for the
determination of the presence of the characteristic functional groups in
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the produced nanofibrous materials, which indicates that the SBS pro-
cess did not affect the PUs composition (Fiz. 3). We identified the
presence of the signal derived from the carbonyl (C=0) group around
1700-1750 cm ! indicating that the density of urethane linkages de-
creases with the increase of the polymer hardness. In general, the higher
concentrations of urethane linkages typically lead to increased tensile
strength, which corresponds with the Shore hardness defined by tested
PUs producer and with results of the tensile strength test presented
below (Fig. 4b) for nanofibrous materials built with those polymers, A
peak close to 3325 cm-! position signifies N-H stretching bonds. How-
ever, the signal intensity in this position did not vary among the tested
samples, Lastly, the C-O stretching bonds representing ether or ester
linkages appeared around the 1060 cm ' position. In general, those
bonds correspond with the flexibility of the PUs, but in the presented
case, the intensity and shape of those peaks remain constant among the
tested PUs. The identified characteristic groups described above and
those with peaks corresponding with -CHp (2940 and 2865 cm ™)
stretching and other modes of -CHg vibrations (1530 and 1470 em ') are
characteristic of PUs (Asefnejad et al, 2011; Bandekar and Klima,
1991).

The tensile properties of nanofibrous PU materials are shown in
Fig. 4. The Young's modulus values measured for the 75A, BOA, 93A,
and 45D PUs mats did not exceed 3 MPa (regardless of the fiber diam-
eter) (Fig. 4a). Moreover, for 75A, 80A, and 93A PUs mats these values
decreased with increasing nanofiber size (Supplementary Table 51). For
the C45D PUs materials, Young's modulus values did not differ for the
200 nm and 500 nm mats but decreased for mats with fiber diameters of
1000 nm. For the 75D PU, the Young's modulus values were in the range
of 6.7-22.6 MPa. In addition, a trend of increasing Young's modulus
with increasing concentration was observed. Young's modulus results
indicated that the stiffest materials were produced from 75D PU. In
contrast, all other tested nanofibrous materials (produced from 75A,
80A, 93A, and 45D PUs) showed similar high flexibility and bulk poly-
mer mechanical praperties.

The results shown in Fig. 4b indicate that the most resistant to
deformation are fibrous materials produced from 75A PU, and the least
resistant are materials with diameters of 200 nm and 500 nm made from
C75D PU. The tensile strengths of the materials produced from 80A,
93A, 45D, and 1000 nm 75D PU exhibited intermediate values
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(Supplementary Table S1). For materials produced from the softest PUs
(754, 80A), resistance to deformation decreased with increasing fiber
diameter, showing the expected increase in tensile strength with
decreasing nanofiber size, as reported by Papkov et al. (2013)
(Supplementary Table 51), Reverse dependence is observed for mate-
rials produced from the hardest PU (75D); tensile strength significantly
increases with diameter increasing, from 1.88 + 0.44 MPa for 200 nm
mats by 2.67 £ 1.90 MPa for 500 nm mats until 6,53 - 1.26 MPa 1000
nm mats, For materials produced from 93A to 45D PUs, no specific
relationship between fiber diameter and tensile strength was observed
(Supplementary Table S1).

The greatest elongation during the tensile test (approximately 2.00
mm/mm) was observed for the materials produced from 75A PU
(¥ig. 4e). The smallest elongations (0.30-0.60 mm/mm) were observed
for materials made from 75D PU. Again, such behavior was expected
because 75A is the softest PU from the tested group, while 75D is the
hardest.

Again, the results of the tensile tests are shown in Fig. 4, and in
summary, they indicate that the materials produced from 75D PU had
the lowest tensile strength. Simultaneously, the 75D PU was the stiffest
on the Shore scale (among the evaluated PUs). The remaining PUs (75A,
80A, 93A, and 45D) exhibited similar mechanical properties with a
slight superiority of 75A in tensile strength and elongation at break. The
results indicated that when the size of a single nanofiber and the size of
the nanofibrous mat sample were maintained, the tensile properties
depended on the hardness of the polymer used; however, the effect was
most prominent when comparing polymers on the edges of the hardness
spectrum.

In general, healthy human blood vessels exhibit Young's modulus
value of about 2-6 MPa for a typical artery (Ebrahimi, 2009); however,
the result may vary depending on the mode of stretching (circumfer-
ential or longitudinal) and range up to 16.8 MPa for internal mammary
artery and 23.7 MPa for saphenous vein when measured longitudinally
(Camasao and Mantovani, 2021). Similarly, the tensile strength and
elongation at the break of the mentioned blood vessels depend on the
mode of measurement, and for longitudinal elongation, the stress at
break and elongation at break reach 4.3 MPa and 59 %, respectively, for
internal mammary artery and 6.3 MPa and 83 % respectively for the
saphenous vein (Camasao and Mantovani, 2021). Thus, the results

Fig. 4. Tensile properties of polyurethane nanofibrous materials: a) Young's modulus (n = 15), b) tensile strength (n = 15), and ¢) elongation at break (n = 15).
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presented in I'ig. 4 suggest that the proposed group of PUs in the form of
nanofibrous materials demonstrates the potential for use as a scaffolding
material for TEVGs in terms of mechanical similarity to native human
blood vessels. However, meticulous design and validation of cylindrical
forms of such scaffolds remain imperative.

Furthermore, the influence of PU hardness on the surface properties
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of nanofibrous materials on platelet adhesion was evaluated. Repre-
sentative SEM images of the surfaces of the analyzed nonwovens after
contact with whole blood are shown in I'iz. 5. Platelets were observed on
the surfaces of all the tested materials. They vary in shape from discoid
and spherical, through spherical with filopodia, to flat and spread. We
also observed the presence of single platelet aggregates. Various

\
N

Fig. 5. SEM images of polyurethane nanofibers after contact with whole blood a) 754, b) 80A, ¢) 93A, d) 45D, and e) 75D polyurethanes. Platelets that adhered to

the surface of the nanofibrous material are colored purple.
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morphologies indicate different levels of platelet activation (Shin et al.,
2017). The platelets present on the materials showed both an inactivated
form, loosely attached to the surface, and an activated, strongly adhered
form. Small aggregates were also observed. Analysis of the SEM images
showed that the greater the diameter of the nanofibers, the more
spherical and flattened the platelets on the material surface. No specific
correlation was observed between the type of PU, that is, PU hardness or
nanofiber size, and the number and size of the platelet aggregates.

Additionally, the number of platelets per unit of the sample surface
(mm?) of nanofibrous PU materials (including single platelets and ag-
gregates) and material coverage with platelets were determined. The
average percentage of area occupied by platelets was less than 1 % for all
analyzed PUs and nanofiber sizes (I'ig. 6a). There were no significant
differences among the results as a function of nanofiber size for a single
type of bulk polymer or among groups of nanofibrous PU materials
produced from different PUs. Moreover, the average number of objects
(platelets) on the material ranged from 700 to 1600 platelets/mm?
(Fig. 6b). Again, there were no significant differences among the results
as a function of nanofiber size for a single type of bulk polymer and
among the groups of nanofibrous PU materials produced from different
PUs.

Such low plate adhesion proves the high PU hemocompatibility of
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the nanofibrous materials produced in the present study, regardless of
the type of bulk polyurethane and the resulting fiber size (Ding et al.,
2015; Fedel et al, 2009; Weber et al., 2018). Furthermore, for
medical-grade PUs such as ChronoFlex C, the hemocompatibility of each
tested polymer remained unchanged during the nanofiber formation
process in the SBS system. Thus, SBS is a promising technique for effi-
ciently producing PU nanofibrous structures with potential applications
in TEVG or scaffolds for vascular tissue engineering.

Nanomaterials are utilized in both industrial and medical fields to
enhance the performance and durability of various tools and materials.
In industrial applications, nanomaterials such as TiN and TiAIN coatings
on high-speed steel (HSS) tools improve wear resistance, reduce friction,
and extend the lifespan of the rools by minimizing wear and preventing
crack propagation, These coatings are crucial for maintaining tools’
hardness and edge quality during machining operations (Khan and
Jamshed, 2023), Similarly, in the medical field, nanomaterials like zir-
conia are used in dental frameworks for their flexibility and wear
resistance, ensuring long-lasting dental applications. When designing
the TEVGs, the structural and mechanical properties remain crucial.
However, determining and medifying the surface properties with
nanocoating, like polydopamine or its analogs, should be a future di-
rection for nanofibrous TEVG development.
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4. Conclusions

In this work, we assessed the influence of the Shore hardness of bulk
polyurethane on the tensile properties of nanofibrous materials pro-
duced by solution blow spinning. The results showed that the bulk
polymer’s Shore hardness affected the nanofibrous products’ porosity
and tensile properties. The differences among the tested samples were
the most prominent when we compared nanofibrous materials produced
from the softest and hardest polyurethane from the tested range. The
producer markets all the polyurethanes tested in this study as hemo-
compatible polymers. Testing the stability of the hemocompatibility,
partially described by the platelet adhesion, of ChronoFlex C poly-
urethanes upon their processing into nanofibrous mats proved that the
mechanical properties of bulk polyurethane and nanofiber diameter did
not influence material platelet adhesion resistance. Thus, all nano-
fibrous materials from medical-grade polyurethanes retained the
platelet adhesion resistance of the bulk polyurethanes used as raw ma-
terials in the solution blow spinning process. These results could
significantly impact the development of tissue engineering, especially
tissue-engineered vascular grafts. Based on the presented results, when
selecting a polymer for a desired application, the properties of the
produced material should be considered instead of the properties of the
bulk polymer.
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PROPERTIES OF POLYURETHANE FIBROUS MATERIALS
PRODUCED BY SOLUTION BLOW SPINNING

Iwona Lopianiak®, Michal Wojasinski. Beata Butruk-Raszeja

Warsaw University of Technology, Faculty of Chemical and Process Engineering,
Waryrnskiego |, 00-645 Warsaw, Poland

The study aimed to produce nano- and microfibrous materials from polyurethane (ChronoFlex®C75A/
C75Din 1,1,1,3,3,3-hexafluoro-2-propanol) by solution blow spinning. Experiments were carried out
in order to determine the impact of solution blow spinning parameters on fibre diameter and quality of
produced materials. The following properties of produced fibre scaffolds were investigated: fibre size,
porosity and pore size, wettability, and mechanical properties. The results confirmed that produced
nano- and microfibrous materials could be potentially used as scaffolds in three-dimensional cell and
tissue cultures.

Keywords: nano- and microfibres, 3D cell culture, solution blow spinning, polyurethanes, scaffolds

1. INTRODUCTION

A monolayer covered with medium is the most popular method of cell culture. It has many advantages, such
as optimal growth conditions, good availability of biological material, and high repeatability of results.
Unfortunately, this method of cell culture can lead to changes in cell morphology, physiology, proliferation,
and expression of cell genes and proteins (Bhattacharya et al., 2013; Kitel et al., 2013).

Three-dimensional (3D) cell culture involves growing cells on synthetic supports called scaffolds. The
main role of scaffolds for 3D cell culture is to provide cells with an environment close to in vive conditions
(Edmondson et al, 2014). Scaffolds are usually made of highly porous biomaterials and act as templates
for cell culture or tissue regeneration. They replace the extracellular matrix (ECM), which creates a three-
dimensional network of macromolecules supporting cells and mediating the transmission of signals between
them (Theocharis et al., 2016). The highly porous structure of scaffolds ensures cells to penetrate the
scaffold and provides nutrient transport (Edmondson et al, 2014; Kim, 2005). Thereby, cell-cell, cell-ECM
interactions, and cell morphology are close to cell behaviour in vivo, Tissue engineering techniques use
scaffolds to regenerate various types of tissues, among others: bone, cartilage, ligaments, skin, blood
vessels, nerves, and muscles (Chanjuan and Yonggang, 2016). Many of human tissues obey hierarchical
structure (from micro- to nanoscale). Therefore, it is important to provide nano- and microstructures (or
not unitary structures) for 3D cell culture and tissue engineering (Jun et al., 2018).

It is not possible to produce a universal scaffold enabling the growth of any tissue. The most commonly
used materials for producing scaffolds are polymers. They are distinguished by various properties that can
be specifically selected depending on the type of tissue they are to replace (Yamamoto et al., 2014). There
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are many types of scaffolds and fabrication methods (Behrens et al., 2014; Borden et al., 2014; Hutmacher
et al.,, 2014; Khan et al., 2009; Kurzydlowski and Lewandowska, 2010; Singh et al., 2016; Subbiah et
al., 2005).

In this paper, the method for production of nano- and microfibrous structures as potential scaffolds for
three-dimensional cell culture has been presented and described. Also, the impact of selected process
parameters on the properties of the final product has been analysed.

2. MATERIALS AND METHODS

2.1. Materials fabrication

Nano- and microfibrous structures were produced from polyurethanes ChronoFlex C75A (C75A) and
ChronoFlex C75D (C75D) (AdvanSource Biomaterials). Nanofibrous (nanofibres) means that average
fibre diameter of produced material was less than 1 pm, while microfibrous (microfibres) means that
average fibre diameters in the material was greater than 1 pm. Two types of materials produced from
polymers differing in hardness (75A and 75D in Shore scale) were examined. Polymers were dissolved
in 1,1,1,3,3,3-hexafluoroisopropanol (> 99.0%, TCI Chemicals). Polymer solutions were prepared in
concentrations 2, 3, 4, 6, 6.5, 7, 7.5, 8 and 8.5% w/w for C75A polymer and 2, 3, 4, 7, 7.5, 8, 8.5 and
9% w/w for C75D polymer; the solutions were stirred overnight prior to the spinning process.

Fibrous materials were fabricated using solution blow spinning (SBS) process. SBS setup is shown in
Fig. 1. The main part of this setup is the concentric nozzle system. The polymer solution was supplied
through the inner nozzle, while the compressed gas (air) was supplied through the outer nozzle. The
polymer solution flow rate was controlled with the syringe pump (KDS 100, KDS Scientific Inc., USA).
The driving force of the SBS process is a high-speed compressed dry airflow. The polymer solution was
formed by the compressed air and dragged towards the collector. The working distance was fixed at 30 cm,
and the speed of the collector was 3000 rpm.

Polymer solution Collector

N ~
\O

] Injection pump \

Concentric
nozzles

Compressor

Fig. 1. Solution blow spinning setup

Materials were fabricated at polymer solution flow rates: 10, 15, 20, 25, 30, 40, 50 ml/h and at gas
pressures: 0.1, 0.125, 0.15, 0.175, 0.2 MPa. Various combinations of polymer concentration, gas pressure,
and polymer solution flow rate permitted to find the best parameters to produce materials with a minimum
number of defects. We obtained mainly nanofibers with 2% polymer solution used, and mainly microfibers
for blow spinning of 8% polymer solution.
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2.2. Scaffold characterization
2.2.1. Fibre diameter, pore size, porosity

Samples (n = 3) of each produced material were coated with a 15 nm layer of gold using a sputter coater
(K550 Emitech, Quorum Technologies) and subjected to scanning electron microscopy (SEM, Phenom
G1, PhenomWorld). Samples were photographed in 200x, 600x, 5000x or 7500x magnification. Images
were used for fibre diameter (n = 100 fibre diameters were measured for each material), and pore size
(n = 50 pore sizes were measured for each material) measurements using Fiji software (Schindelin et al.,
2012) and for sample surface evaluation. Average fibre diameter and average pore size were determined as
an arithmetic mean value of all measurements. The porosity of the materials, 77, was determined using the
formula:

D i A (1)
Pp
where: il
- 2
Ps 5.6 (2)

pp = 1200 l\'g/m3 (Padsalgikar, 2017).

To determine density and then porosity of the produced materials, three square-shaped samples of each
material (n = 3) with dimensions of about 1 cmx1 cm were used. Their dimensions were accurately
measured, and the average area (S) was calculated. Each sample was weighed (m) on an analytical balance,
and then a narrow strip (n = 1) was cut, glued vertically to the SEM microscope stub and images (n = 5
for each sample) at 300x magnification were taken. Images were used to determine the thickness () of
materials using Fiji software, n = 25 measurements of material thickness were made. Results are presented
as a mean value +=SD.

2.2.2. Number of surface defects

SEM material images (n = 5) in magnification of 200x were used to count the number of surface defects.
Nodules, spindles, and stains were defined as defects. Various surface defects are shown in Fig. 2. Defects
were counted from the central part of the image, and the top and right edge.

Fig. 2. Defect classification scheme
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2.2.3. Wertability

Material wettability was measured using a drop shape analyser (DSA—-100s, KRUSS) controlled by Kriiss
ADVANCE computer software. The contact angle between liquid and solid was measured. Samples (n = 3)
of each material were glued to a glass slide, and then a drop (5 pl) of distilled water was placed on it. The
contact angle of n = 10 drops was measured for each sample. Results are presented as a mean value +SD.

2.2.4. Mechanical properties

Materials were analysed in the form of a 5 mm width and a 5 cm long flat samples. They were placed in the
holders of the Instron 3345 testing machine and stretched at a rate of 5 mm/min following ASTM D638-
02a. Computer software enabling control of the testing machine automatically determined the Young's
Modulus, elongation at break, and ultimate tensile stress for a porous sample. n = 5 samples of each
material were analysed. Results are presented as a mean value =SD.

Ultimate tensile stress for porous sample, o, Was determined using the formula:
Fmax
Cpor = ————— 3
por A{ - U) J
Young's modulus, E, was determined using the formula:

. Tpor _ AL

= = E—L—“ (4]

3. RESULTS

3.1. Best process parameters
3.1.1. Fibre diameter

Fibre diameter measurement results for various concentrations of polymer solutions are shown in Fig. 3.
45

4.0

£as

a0

2.5

: 23,
6 L3

0 1 2 3 4 S5 6 7 8 9 10
Polymer concentration [%]

o C75A aC75D

ibre diameter

F
o
i

Fig. 3. Average fibre diameter (n = 100) in the function of polymer solution concentration

The study aimed to produce two types of fibrous materials: microfibrous with average fibre diameter
d > 1 pm and nanofibrous with average fibre diameter ¢ < 1 pm (d ~ 0.25 pm). Based on the diameter
measurement, polymer concentrations of 2% (C75A) and 3% (C75D) were selected for further fabrication
and analysis of nanofibres. Simultaneously polymer concentration of 8% (C75A and C75D) were selected
for further fabrication and analysis of microfibres.
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3.1.2. Number of surface defects

The conducted tests revealed that two parameters, namely compressed air pressure and polymer solution
flow rate, exerted a significant impact on the number and the size of surface defects. In the case of samples

with a very large number of defects, difficult to count, the sign co was used.

In the case of microfibrous materials, it was not possible to produce materials at a compressed air pressure
below 0.1 MPa due to the very high viscosity of polymer solutions. The results of the analysis of surface

defects are shown in Table 1.

Table 1. Number of surface defects obtained at different compressed air pressure and different polymer solution

flow rates
Number of defects
C75A 2% | C75D 3% | C75A 8% | C75D 8%

0.05 46 26 - -

0.075 38 14 - -

Compressed air pressure [MPa] 0.1 34 i 39 37
0.125 48 23 35 52

0.15 51 29 38 50

0.175 46 42 39 =]

0.2 o0 34 50 )

10 45 41 39 43

15 32 33 32 36

Polymer solution flow rate [ml/h] 20 Ead 32 45 45
25 36 46 48 40

30 37 36 35 37

40 47 42 32 o

50 46 32 31 o0

In addition to the number, the defect sizes were also taken into account. A detailed analysis of all surface
images, together with the number of defects, allowed to find the optimal values of compressed air pressure
and polymer solution flow rate. The results of the analysis are shown in Table 2.

Table 2. The parameters selected to produce fibrous materials with the desired properties

Type of polymer
Process parameters C75A C75D
nanofibres microfibres nanofibres microfibres
Polymer solution concentration [%] 2 8 3 8
Compressed air pressure [MPa] 0.1 0.1 0.1 0.1
Polymer solution flow rate [ml/h] 30 30 30 30
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3.2. Pore size and porosity

Results of porosity and pore size measurements are shown in Figs. 4. and 5.

0.9 O nanofibres @ microfibres

A

0.8
0.7 T
0.6
0.5
0.4 0.677 0.822
0.3
0.2
0.1
0.0

Average material porosity [-]

C75A C75D

Fig. 4. Porosity measurement results (n = 3)

45 O nanofibres m microfibres

35

25
20
15
10

Average pore size [um]

0 34 .
C75A C75D

Fig. 5. Pore size measurement results (n = 50)

The porosity of nanofibres produced from C75D is higher than that of microfibres. This is because when
the average fibre size is reduced, the specific surface area of the material increases and thus its porosity. In
the case of C75A, the porosity of nanofibres is similar to the porosity of microfibres. No change in material
porosity can explain its high elasticity. Stretched elastic nanofibres shrink after removal from the collector,
which reduces the pore volume, and slightly increases the diameter of fibres, leading to a decrease of the
material porosity.

Regardless of the type of polymer, the values of pore sizes for nanofibrous and microfibrous materials
were similar. The average pore size in microfibrous materials is about ten times larger than in nanofibrous
materials. The relationship observed for the average fibre diameter is visible in a similar way for the pore
sizes (both characteristics take values about 10 times higher for microfibrous materials). Thus, increasing
the fibre size results in the expected increase in pore size in the produced materials (Eichhorn and
Sampson, 2005).

3.3. Wettability

The results of wettability analysis are shown in Fig. 6.
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140 @ nanofibres @ microfibres
120

100

126.9

Wettability []

C75A C75D
Fig. 6. Wettability test results (n = 10)

The values of contact angles do not differ significantly for all four material variants. Based on the obtained
contact angle values it can be stated that the produced fibrous materials are hydrophobic. In order to
use materials as scaffolds in a three-dimensional cell culture, their surface should be modified (Safinia et
al., 2005).

3.4. Mechanical properties

The analysis of the mechanical properties is shown in Table 3.

Table 3. Mechanical properties of fabricated materials

Polymer Young's Elongation Ultimate tensile stress
Polymer solution modulus at break for porous sample
concentration +=SD [MPa] +SD [Y%] +SD [MPa]
o 9+0. = . 4. i
CT5A 2 29+04 634+73 3+04
8% 0.6=+0.1 156 173 2302
Yo 4. 4 21 - 2 §
C75D 3% T7+0 73429 4+02
8% 64.1 = 10.1 202+ 2.0 58+06

In general, materials produced from C75A polymer have a lower Young’s modulus values than materials
made of C75D polymer. Therefore, materials produced from C75A polymer are more flexible than materials
produced from C75D polymer. This was also reflected by the values of the elongation at break. Samples
made from C75A achieve much higher elongation at break values than samples fabricated from C75D.

The highest value of ultimate tensile stress for porous samples for C75D 8% material exhibits the best
mechanical properties. C75D 3% materials are the least resistant to stretch. In the case of elastic materials
(produced from C75A), better mechanical properties were exhibited by nanofibrous materials. In general.
all produced materials present mechanical properties appropriate for use in biomedical applications.
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4. CONCLUSIONS

The selection of appropriate process parameters allowed the production of fibres of the desired size and
required quality (the smallest number and size of defects). The research showed that the concentration of
the polymer solution had a significant impact on the size of fibres. The average fibre diameter increased
when the polymer solution concentration increased.

The analysis of the surface of produced samples proved that compressed air pressure and polymer solution
flow rate strongly influenced the quality (number and size of defects) of fibrous materials. During the tests,
it was shown that high concentration (high viscosity) of polymer solutions required a higher driving force
(compressed air pressure) of the process.

A detailed SEM image analysis of the surfaces allowed to find optimal values of compressed air pressure
and polymer solution flow rate. The application of the selected process parameters minimized the size and
amount of all types of surface defects and ensured the highest efficiency and the least energy consumption
of the process while maintaining its stability. Regardless of the concentration of the polymer solution and
the type of polymer, the following process parameters were selected: compressed air pressure of 0.1 MPa
and polymer solution flow rate of 30 ml/h.

The nanofibrous material pore size was about ten times smaller than the microfibrous material pore size
for samples made of both types of polymers. It shows that the fibre size of the produced materials strongly
influenced the pore size. The porosity of nanofibrous materials produced from C75D polymer was higher
than that of microfibrous materials produced from the same polymer. This is what was expected because
as the pore size decreased, the surface area of the material increased and thus its porosity.

The contact angles of all produced fibrous materials are similar for every type of material and amount to
about 120°. Thus, the fabricated fibrous materials are hydrophobic.

Analysis of Young’s modulus and elongations at break of the samples showed that microfibrous materials
made from C75A polymer were more flexible than materials made from C75D polymer, which confirmed
that the mechanical properties of materials strongly depended on the initial hardness of the polymer.
Similar ultimate tensile stress for all types of mats suggested that change in the diameter of the fibres in
the materials did not affect their mechanical properties,

This work developed a method for producing fibrous materials, which can be used as scaffolds in three-
dimensional cell cultures. It has been shown that it is possible to minimize structure defects and change the
diameter of the fibres from about 0.2 pun to about 3 um. Production of two types of nonwovens, with micro-
and nanofibres, significantly broadens the spectrum of potential applications of the presented materials.

This work was supported by the National Centre for Research and Development in the LIDER progranme
and research grant: “BioGraft — biomimetic vascular prostheses of small diameters”, Project Contract
No. LIDER/18/0104/L-5/16/NCBR/2017.

SYMBOLS

A sample cross-section area, m”

E Young’s Modulus, Pa

Fax  maximum force acting on the sample, N
L sample deformation, m
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Lo initial length of sample, m
AL  change of sample length, m

m sample mass, kg

n number of measured values, —
v i

S sample area, m-

Greek symbols

& sample strain, —
7 sample porosity, —
o sample thickness, m

ps  sample density, kg/m®
Pp polymer density, kg/m?
Tper  Ullimate tensile stress for porous sample, Pa
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tpm) on the fiber alignment and diameter were investigated. The !
results showed that fiber alignment was influenced by the rotation i
speed of the collector, and such alignment was possible when the |
fiber diameter was within a specific range. Homogeneously oriented !
fibers were obtained only for a fiber diameter >500 nm. Moreover, ‘. """ e
the changes in fiber orientation and fiber diameter (resulting from J
changes in the rotation speed of the collector) were more ;
noticeable for materials with an average fiber diameter of 1000 |
nm in comparison to 500 nm, which suggests that the larger the

fiber diameter, the better the controlled architectures that can be

obtained. The porosity of the produced scaffolds was about 65—70%, except for materials with a fiber diameter of 1000 nm and
aligned fibers, which had a higher porosity (76%). Thus, the scaffold pore size increased with increasing fiber diameter but decreased
with increasing fiber alignment. The mechanical properties of fibrous materials strongly depend on the direction of stretching,
whereby the fiber orientation influences the mechanical strength only for materials with a fiber diameter of 1000 nm. Furthermore,
the fiber diameter and alignment affected the pericyte growth. Significant differences in cell growth were observed after 7 days of cell
culture between materials with a fiber diameter of 1000 nm (cell coverage 96—99%) and those with a fiber diameter of 500 nm (cell
coverage 70—90%). By appropriately setting the SBS process parameters, scaffolds can be easily adapted to the cell requirements,
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which is of great importance in producing complex 3D structures for guided tissue regeneration.
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B INTRODUCTION

The main role of scaffolds in tissue engineering is to provide
structural support for cells, facilitate cell proliferation, sustain
the mechanical properties of the replaced tissue, and create
space for tissue regeneration. Due to their complex role,
scaffolds are required to meet specific architectural and
mechanical demands.'™ Among the various scaffolds that
can be selected for tissue engineering applications, fibrous
scaffolds have attracted the attention of researchers owing to
their unique topographical features. Fibrous constructs
resemble the topography of an extracellular matrix (ECM),
which provides a native microenvironment for cell adhesion,
proliferation, differentiation, and migration."*’" Furthermore,
the ECM maintains the structure of the tissue and ensures its
mechanical resistance, which is especially important when
replacing tissues exposed to high forces, such as blood vessels.
The ECM of blood vessels is formed by structural proteins
(mainly collagens, elastin, and glycoproteins), the contents of
which vary depending on the type of vessel. In addition to
© 2024 The Authors. Published by
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proteins, the vascular ECM constitutes a depot of resident
growth factors and cytokines that regulate cell behavior.” ™"
Pericytes play crucial roles in angiogenesis and vascular
development. Together with endothelial cells (ECs) and
smooth muscle cells (SMCs) they build blood vessel walls
and ensure proper morphogenesis and homeostasis.© Many
layers of SMCs that build the tunica media are circum-
ferentially wrapped around the ECs monolayer, providing
vessel stability and regulating the blood flow. In contrast to
SMCs, pericytes are directly embedded in the basement
membranes of smaller vessels. Direct contact with ECs plays a
crucial role in maintaining barrier function, cell—cell
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communication, and signal transmission along the length of the
blood vessel."* ™' The complex and diverse characteristics of
pericytes simultaneously stabilize hemodynamic processes,
transmit signals along the vessel, and regulate blood flow,
making them multifunctional and extremely important
components of the circulatory system.

As each type of cell has different requirements regarding the
matrix architecture, designing a suitable structure of scaffold is
crucial to provide appropriate conditions for tissue recon-
struction."™"” The type of bulk polymer from which the
scaffolds are made also influences their properties. Due to their
high mechanical strength and degradation rate, PUs are
attractive materials for tissue englneenng applications,
especially in vascular graft designing.' " Solution blow
spinning (SBS) is an emerging technique for fiber production
that allows the fabrication of morphologically various well-
controlled fibrous architectures that are increasingly used in
tissue engineering. *' The properties of fibrous materials
produced using this method can be easily :usmmlzed to
meet the requirements of tissue engineering applications. 25
Heart, bone, skin, and vascular scaffolds have been widely
produced using §Bg.2024-29

Several studies have been performed to define the influence
of SBS process parameters, such as the polymer solution
concentration, gas pressure, polymer solution flow rate,
rotation speed of the collector, working distance, and nozzle
design, on the fiber and fibrous material properties.”””" It was
concluded that there are dependent characteristics for each
parameter (e.g, solution concentration influences fiber
diameter and pore size,” mcreasmg the collector rotational
speed results in fiber orientation,” and reducing the working
distance reduces the porosity of the material™), although the
final properties of the fibrous scaffold result from the utilized
polymer and the overall combination of all process parameters.

In this study, three types of fibrous PU materials with
different fiber diameters (200, 500, and 1000 nm) were
produced using the SBS method. Each of them was
manufactured at rotation speeds of 200, 400, 1000, 5000,
10000, 15000, 20000, and 25 000 rpm while maintaining the
remaining process parameters constant. The main goal was to
provide a comprehensive assessment of the influence of the
rotation speed of the collector in the SBS process on PU fiber
alignment depending on the fiber diameter as well as to
evaluate the effect of the change in fiber alignment on the fiber
diameter. Furthermore, the pore size, porosity, and mechanical
properties of the fibrous materials with aligned and nonaligned
fibers were compared, and the influence of fiber alignment and
diameter on pericyte growth was evaluated.

B MATERIALS AND METHODS

2.1. Polymer Solutions Preparation and Fibrous Scaffold
Fabrication. The fibrous PU materials were produced from medical-
grade PU ChronoFlexC75A {AdvanSource Biomaterials). To prepare
polymer solutions, bulk PU was dissolved overnight in 1,1,1,3,3,3-
hexafluoro-2-popanol (>99.0%, TCI Chemicals) using a magnetic
stirrer at 25 °C. In this study, fibers were produced from PU solutions
with concentrations of 2, 4, and 5% (weight/weight). The given
concentrations were chosen to obtain materials with average fiber
diameters of approximately 200, 500, and 1000 nm. Fibrous materials
were produced using the SBS method as described in detail
elsewhere. Briefly, PU solutions were p].n'nd in syringes and
sprayed onto a rotating collector by using a concentric nozzle system.
The nozzle system consisted of an inner nozzle with an inner diameter
of 1.1 mm and an outer nozzle with an inner diameter of 4 mm. The
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nozzle lengths were 25 and 23 mm, respectively. The tip of the inner
nozzle was protruded ahead of the tip of the outer nozzle by 2 mm,
The polymer solution supplied through the inner nozzle is spun using
a stream of compressed air supplied through the outer nozzle of the
concentric nozzle system. The compressed air draws out the polymer
solution from the inner nozzle and directs the polymer stream toward
the rotating collector. The collector was mounted on the speciﬁc
holder to move back and forward perpendicular to the fiber's
production direction, and the collector rotation was driven by an
electric motor. A simple brush electric motor with a rotational speed
in a range of 100—2000 rpm and with an operating voltage range of
1=7 V was used for production materials with a rotation speed of the
collector 200=1000 rpm and brush electric motor for car models
(Rally special 3, 17T super racer) with rotational speed up to 29 300
rpm and with operating voltage range of 3.7-9.6 V was used for
production of the materials with a rotation speed of the collector
5000—25000 rpm. Both motors were mounted on the same holder
and connected to the collector pin. An appropriate nozzle-collector
distance allows the solvent to evaporate from the polymer solution
and collect fibers on the collector.

All materials were produced using the following process
parameters: polymer solution flow rate of 30 mL/h, air pressure of
0.1 MPa, and working distance (between nozzle system and collector)
of 30 em for 120 min (200 nm), 30 min (500 nm), or 20 min (1000
nm) to obtain materials with a thickness of 300 ym. To investigate the
influence of the rotation spczd of the collector on fiber a|ignml:‘nt,
fibrous materials were produced at eight different rotation speeds:
200, 400, 1000, 5000, 10000, 15000, 20 000, and 25 000 rpm. The
materials were collected on a cylindrical collector with a diameter of
12 mm, cut open, and analyzed as flat samples.

2.2, Scaffolds Characterization. 2.2.1. SEM Analysis. Material
surface analysis was performed using scanning electron microscopy
(SEM) (Phenom Gl, Phenom World). To measure the fiber
diameter, pore size, and fiber alignment, square samples with
dimensions of 5 X 5 mm were glued to SEM stubs with conductive
carbon adhesive tape and covered with a 15 nm thick gold layer using
a sputter coater (K550 Emitech, Quorum Technologies). The
samples were analyzed along the direction of wrapping the fibers on
the collector, which was simultaneously the fiber alignment direction
for the aligned materials (Figure 1), Images were taken at 600X,
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Figure 1. Schematic diagram of fibrous materials with nonaligned and
aligned fibers and directions for analysis and measurements, Created
in BioRender.com.

1000x, and 5000x magnification. To perform the material thickness
analysis, samples with dimensions of 10 X 10 mm were glued upright
to SEM stubs with conductive carbon adhesive tape and covered with
a 15 nm thick gu]d layer using a sputter coater. Images were taken at
300% magnification.

2.2.2. Fiber Diameter and Pore Size. SEM images at 5000x
magnification were used to measure the fiber diameter and pore area.
The n = 100 fiber diameters and 1 = 100 pore areas of each sample
were measured using the Fiji (Image]) software.’® The diameter of
each analyzed fiber was measured using the Straight tool. Only the
fiber diameters in the SEM images in the foreground were measured.
The fiber diameter measurement results are presented as the average
fiber diameter + SD. To measure pore areas, the pores in the
foreground of the SEM images were visualized with a Threshold tool
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Figure 2. SEM images of fibrous materials with an average diameter of 200 nm produced at collector rotation speeds of (A) 200 rpm, (B} 400 rpm,
(C) 1000 rpm, (D) 5000 rpm, (E) 10000 rpm, (F) 15000 rpm, (G) 20000 rpm, and (H) 25000 rpm at a magnification of 600% and 5000%.

and then the pore surfaces were measured with a Wand tool. To
determine the pore size, the circular sha})e of the pores was assumed.
The pore area (A;) measurement results were used to determine the
pore size (d,) according to the following equation:

=

a

h )
The pore size measurement results are presented as average pore size
+ SD.

2.2.3. Fiber Alignment. SEM images at 1000X magpnification were
used to determine the fiber alignment depending on the rotational
speed of the collector in each material. For this purpose, n = 150 fiber
angle deviations from the alignment direction were measured using
Fiji (Image] ) software. A line perpendicular to the bottom edge of the
image was assumed to be the alignment direction. The angles between
fiber and aJignmEnl direction line were measured using a Straighl tool.
It was presumed that an angle deviation of <30° indicated preferably
oriented (aligned) fibers. The results are presented as the average
fiber deviation angle + SD.

2.2.4. Material porosity. The gravimetric method was used to
determine the material porosity. For each type of analyzed material, n
= 3 samples with dimensions of 10 X 10 mm were weighed on an
analytical balance to determine the sample mass (m;. Photographs of
the samples were taken, and their surface areas (A;) were determined
using Fiji (Image]) software. The SEM images (n = 5) of each sample
cross-section at 300X magnification were used to determine the
sample thickness. Subsequently, n = 6 thickness measurements were
performed for each SEM image and the average thickness (6,) was
determined. The scaffold density (p,) was calculated by using the

following formula:

o i
YAS, (2)
The porosity (z) was determined accurding to the equation:
eg=1-= -&
% (3)

where the polymer density is p, = 1.2 g/cm®."” The results are
presented as the average material poresity + SD.

2.2.5. Mechanical Properties. A static tensile test was performed
using an Instron3345 instrument equipped with a 50 N static load
cell. The materials were subjected to mechanical tests along and
across the direction of wrapping the fibers on the collector as
p d in Figure 1. R gular samples with dimensions of 70 X 5
mm (n = §) were cut from each material in both directions and placed
in the pneumatic jaws of the Instron machine. The distance between
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the jaws and the initial sample length was set at 5 cm. The samples
were stretched at a rate of 5 mm/min until they broke. Dedicated
Bluehill software automatically determined the Young's modulus,
elongation at break, and maximum tensile stress for each sample. The
results are presented as average values + SD.

2.3. Pericytes Culture and Seeding. Human pericytes from
placenta tissue (hPC—PL, Promocell, Germany) were thawed
according to the manufacturers’ instructions and cultured in
supplemented pericyte growth medium (Pericyte Growth Medium
2, Promocell, Germany) at 37 °C in a $% CO, humidified
atmosphere, in cell 75 cm® cell culture flasks (TPP Techno Plastic
Products AG, Switzerland). The medium was changed every 2 days,
Accutase solution (Promocell, Germany) was used to harvest cells.
Cells at passage 5 were used in the experiments. The experiment was
repeated 3 times.

For each type of analyzed material, n = 2 round samples were
sterilized with 70% ethanol for 20 min and washed with sterile PBS (3
X 5 min). Sterile samples were mounted on cell culture inserts
(Scaffdex, Sigma-Aldrich, Munich, Germany) and placed in 48-well
plates, Before cell seeding, the samples were incubated in the medium
for 1 h at 37 °C. Then, a pericyte suspension in growth medium (3 x
10* cells/sample) was added to each well with the sample, Well plates
were incubated at 37 “C in a humidified atmosphere containing 5%
CO2 for 1, 3, and 7 days. Culture media were changed 24 h after
seeding and every s!.‘cund dﬂy I}lElEiﬁel’.

2.4. Cell Adhesion Analysis. After each culture period, cells
growing on fibrous samples were fixed at 4 °C for 15 min in 4%
buffered paraformaldehyde (Roth GmbH, Karlsruhe, Germany).
Afterward, the samples were washed with PBS (3 X 5 min), and
the cells were permeabilized with 0.2% Triton X-100 (Sigma-Aldrich)
in PBS (8 min). After washing with PBS (3 X 5 min), a staining
solution containing 1% Alexa488-phalloidin (Invitrogen, Therma
Fisher) and 0.1% Hoechst 33342 (lavitrogen, Thermo Fisher) was
used to stain F-actin filaments and nuclei, respectively. Finally, the
samples were washed with PBS (3 X 5 min) and prepared for
fluorescence imaging.

Images of each sample (n = 3 images per sample) at 10x
magnification were obtained using a Zeiss Axio Observer Z1
fluorescence microscope (Zeiss, Jena, Germany). Cell coverage was
measured on each image using Fiji (Image]) software. The results are
presented as the average cell coverage, + SD.

2.5. Statistical Analysis. The statistical significance of the
differences was analyzed using single-factor analysis of variance
(ANOVA) for p £ 005, with posthoc Tukey's test (Orig.inPP.O
2021b).

ps://doiorg/10,1021 facs 4£00051
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Figure 3. SEM images of fibrous materials with an average diameter of S00 nm produced at collector rotation speeds of (A) 200 rpm, (B) 400, (C)
1000, (D) 5000, (E) 10000, (F) 15000, (G) 20000, and (H) 25 000 rpm at a magnification of 600X and $000X.

Figure 4. SEM images of fibrous materials with an average diameter of 1000 nm produced at collector rotation speeds of (A) 200 rpm, (B) 400
rpm, (C) 1000 rpm, (D) 5000 rpm, (E) 10 000 rpm, (F) 15000 rpm, (G) 20 000 rpm, and (H) 25 000 rpm at a magnification of 600X and S000X.

Table 1. Results of Fiber Alignment and Fiber Diameter M ts (AVR + SD)
Deviation angle (deg) Fiber diameter (nm)
Rotation speed of collector (rpm) 200 nm 500 nm 1000 nm 200 nm 500 nm 1000 nm
200 47 £23 37+21 40 £ 21 250 + 58 585 + 193 979 % 337
400 46 + 22 40 + 18 34+ 18 255 + 63 548 + 185 1126 + 370
1000 $3+20 42120 46 + 20 214 £ 45 628 + 195 1127 % 370
5000 43+ 22 37+ 19 34 +19 236 + 68 546 + 160 1014 + 305
10000 44 =20 34+ 24 24 + 16 225 + 65 514 + 167 916 + 278
15000 47 21 28+ 19 24 +15 223 + 65 547 £ 153 895 + 254
20 000 41 £20 28+ 18 25+ 17 258 £ 72 471 £ 129 924 + 296
25000 39+ 19 24+ 18 20 % 13 253+ 79 435 + 116 818 + 217

B RESULTS

3.1. Fiber Alignment. First part of this study, the influence
of the rotational speed of the collector on the fiber alignment
of materials with different average fiber diameters was
evaluated. SEM images of fibrous materials with average fiber
diameters of 200, 500 and 1000 nm, produced with different
collector rotational speeds (200, 400, 1000, 5000, 10000,
15000, 20 000, and 25 000 rpm) are presented in Figures 2—4.
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Additionally, in Figure 5(A), the results of the fiber alignment
measurements are shown.

Representative SEM images of materials surface morphology
(Figures 2—4) show typical morphology of fibrous PU
materials produced by SBS method, characterized by the
presence of fibers and single defects in the form of
stains.”***** There were no significant differences in the
fiber alignment, depending on the rotation speed of the
collector in materials with an average fiber diameter of 200 nm
(Figure 2). Differences in fiber alignment appeared in the SEM

https://doiorg/10.1021/acsbiomaterials. 4c00051
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images of the materials with average fiber diameters of 500 and
1000 nm. At low rotation speeds (200, 400, 1000, and 5000
rpm), the fibers were randomly oriented regardless of the
average fiber size. However, with an increase in the rotation
speed to 10000, or 15 000 rpm, a more uniform arrangement
of fibers was observed, whereas at rotation speeds of 20000
and 25 000 rpm, homogeneously oriented (aligned) fibers were
visible (Figures 3 and 4).

The results of the qualitative analysis of the surface of each
material were quantitatively confirmed by measuring the fiber
deviation angles from the preferred orientation direction
(Table 1, Figure 5(A)). The deviation angles obtained for
materials with an average fiber diameter of 200 nm were about
40—-50" regardless of the rotation speed of the collector. The
fiber deviation angles obtained for materials with average fiber
diameters of 500 nm and 1000 nm produced at rotation speeds
in the range of 200—5 000 rpm were in the range of 30-45°,
whereas increasing the rotation speed above 10000 rpm
allowed us to obtain deviation angles below 30°. Lower
deviation angles were obtained for materials with an average
fiber diameter of 1000 nm in comparison with 500 nm for the
same rotation speed of the collector.

The fiber deviation angle distributions in the form of
histograms are presented in Figure S1. The graphs show a
noticeable change in the fiber alignment for materials with an
average diameter of 500 and 1000 nm and no change for
materials with an average fiber diameter of 200 nm. For the
analyzed materials with diameters of 500 nm and 1000 nm, the
change in fiber alignment occurred when the rotation speed of
the collector was 10000 rpm or more. Statistical analysis
showed no significant differences in the fiber alignment for
materials with an average fiber diameter of 200 nm, regardless
of the rotation speed. Furthermore, significant changes in the
fiber alignment for materials with average fiber diameters of
500 and 1000 nm produced at rotation speed 5000 rpm and
25000 rpm (p < 0.001) were observed. A fiber deviation angle
<307 indicating aligned (homogeneously oriented) fibers has
been achieved at a rotational speed =15 000 rpm for materials
with an average fiber diameter of 500 nm, and >10 000 rpm for
materials with an average fiber diameter of 1000 nm. Thus, in
further analysis, materials with average fiber diameters of 500
nm and 1000 nm produced at rotation speed of 5000 and
25000 rpm were considered as nonaligned and aligned,
respectively.

Additionally, in Figure S2 the results of fiber thickness
measurements depending on the rotation speed of the
collector are shown. Moreover, representative SEM images
used for material thickness determination are presented in
Figure S3. The average thickness of the materials is in the
range of 250-350 um regardless of the collector rotation
speed.

3.2. Fiber Diameter. The results of the evaluation of the
influence of the rotation speed of the collector on the fiber
diameter are presented in Figure 5(B). For materials with an
average fiber diameter of 200 nm, no significant differences in
the fiber diameter were observed, whereas for materials with
average fiber diameters of 500 and 1000 nm, a slight decrease
in the fiber diameter was observed with an increase in the
rotational speed of the collector. The results of the fiber
diameter measurements are presented in Table 1.

The fiber diameter distributions in the form of histograms
are presented in Figure S4. For materials with average
diameters of 500 and 1000 nm, the distributions became
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Figure 5. (A) Fiber alignment, AVR + SD, 150; (B) fiber diameter,
AVR + SD, 100; the square in the middle of the box of the box plot
indicates the mean value, the box indicates the interquartile range
(IQR) (25th—75¢th percentile), and the whiskers indicate the range
within 1.5IQR (5th—=95th percentile). For materials with an average
fiber diameter of 200 nm the cha.nge of collector rotational speed did
not significantly influence an average fiber alignment as well as fiber
diameter. However, there is a remarkable difference in the fiber
alignment obtained for 5000 rpm and 25000 rpm for materials with
an average fiber diameter of 500 nm and 1000 nm (p < 0.001).
Furthermore, for materials with an average fiber diameter of 500 nm
and 1000 nm significant decrease in fiber diameter was noticed,
whereas a more significant decrease was observed for materials with
an average fiber diameter of 1000 nm (p < 0.05 and p < 0.001 for
materials with an average fiber diameter S00 and 1000 nm,
respectively),

narrower as the rotation speed of the collector increased.
Moreover, a slight shift in the distributions toward smaller
diameters was observed. For materials with an average fiber
diameter of 200 nm, no change in the fiber diameter
distribution was observed regardless of the rotation speed.
For materials with an average fiber diameter of 500 nm and
1000 nm, significant decrease in fiber diameter was noticed
with increasing rotation speed, whereby a more significant

hitps://dei.org/10,1021 /aeshi lals 4600051
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decrease was observed for materials with an average fiber
diameter of 1000 nm (p < 0.05 and p < 0.001 for materials
with an average fiber diameter 500 and 1000 nm, respectively).

In the next part of this study, the properties of fibrous
materials with diameters of 500 and 1000 nm with nonaligned
(NA) and aligned (A) fibers were compared. The materials
were produced with collector rotational speeds of 5000 and
25000 rpm for nonaligned and aligned fibers and marked as
500_NA, 500_A, 1 000_NA, and 1 000_A, respectively.

3.3. Porosity and Pore Size. The results of the pore size
and porosity measurements are shown in Figure 6 and Table 2.

107 **ps0.001 w00 8)
] r »
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Figure 6. Scaffold (A) pore size and (B) porosity depending on the
fiber diameter and alignment, AVR + 5D, n = 50; the square in the
middle of the box of the box p]ul indicates the mean value, the box
indicates the interquartile range (IQR) (25th—75th percentile), and
the whiskers indicate the range within 1.5IQR (5th—95th percentile).
An increase in pore size value was observed only for aligned fibers
with an average fiber diameter of 1000 nm (p < 0.001). There were
no significant changes in material porosity regardless of fiber diameter
and alignment.

The pore size (Figure 6(A)) of the fibrous scatfolds increased
with the fiber diameter. Moreover, for materials with an
average diameter of 1000 nm, fiber alignment influenced the
pore size. For scaffolds with aligned fibers (d = 1000 nm), the
pore size values were significantly lower (p < 0.001). No
significant changes in the pore size were observed for the
materials with an average fiber diameter of 500 nm. Moreover,
there were no significant changes in material porosity (Figure
G(B)). The average porosity of the scaffold was >65%,
regardless of fiber diameter and alignment.

3.4. Mechanical Properties. Fibrous materials were
subjected to static tensile tests in two directions: along and

across the direction of wrapping the fibers on the collector,
hereinafter referred to as directions: along and across. The
results presented in Figure 7 indicate distinct differences in the
mechanical properties of the samples depending on the
stretching direction. The measured mean values of the
mechanical properties of the materials are listed in Table 2.

The Young's modulus (YM) measurement (Figure 7(A))
showed a significant difference in material elasticity depending
on the stretching direction. The YM values obtained for
materials stretched across the direction of wrapping fibers on
the collector (independent of fiber alignment and diameter)
are decidedly lower than those obtained for materials stretched
along. Moreover, a significant reduction in the YM value was
observed for samples with nonaligned fibers in comparison to
aligned fibers (p < 0.001) only for materials with an average
fiber diameter of 1000 nm stretched along. In the remaining
variants, the fiber alignment did not significantly affect the
elasticity of the material.

The elongation at break values (Figure 7(B)) was greater for
more elastic materials (lower YM values), but no meaningful
differences were observed regardless of the stretching
direction, fiber diameter, or alignment.

The maximum tensile stress values (Figure 7(C)) were
higher for materials stretched along regardless of the fiber
diameter and alignment. In these samples, a significant increase
(p < 0.05) in the maximum tensile stress was observed for the
aligned materials with an average fiber diameter of 1000 nm.

3.5. Cellular Response. To investigate cell-material
interactions depending on fiber diameter and alignment,
pericytes were cultured on nonaligned and aligned materials
with fiber diameters of 500 and 1000 nm. Images of the cells
growing on the respective materials after 1, 3, and 7 days are
presented in Figure 8. The cell-coverage measurement results
are presented in Figure 9 and Table 3.

At day 1 postseeding, pericytes attached to aligned materials
with an average fiber diameter of 500 nm were more elongated
than cells attached to aligned materials with an average fiber
diameter of 1000 nm. Cell coverage after | day of cell culture
was similar for all of the analyzed materials. After 3 days of cell
culture, pericytes growing on aligned materials (500_A, 1
000_A) were more elongated in shape than cells growing on
nonaligned fibers (500_NA, 1 000_NA), and the cell coverage
was likewise slightly higher for aligned materials. There were
no significant differences in cell coverage after 1 and 3 days of
cell culture, regardless of the type of material. Independent of
fiber diameter, after 7 days of cell culture, pericytes were
elongated, homogeneously oriented, and formed a firm layer
on the aligned materials. In contrast, some empty areas that
were not fully colonized by cells were visible on the nonaligned

Table 2. Results of Pore Size, Porosity, and Mechanical Parameters Measurements (AVR + SD)

500 NA

Pore size (prm) 26415

Porosity (%) 67 +3
Young's modulus (MPa) along 6.6 + 2.0
across J 207

Elongation at break (%) along 123 + 23
across 216 + 39
Maximum tensile stress (MPa) along 14.1 £+ 2.0
ACTOSS 80 + 04
4393

Sample

500 A 1.000_NA 1000 A

18 + 11 72+ 45 51 + 40
76+ 6 69 + 4 66 + 1
6.5 £ 0.8 43 Ll 7.5+ 035
0.8 + 00 08 +02 08+ 0.1
85 + 36 143 + 28 141 + 30
215 + 11 250 + 49 227 £ 11
123 + 53 134 + 1.1 203 + 42
5503 54+ 04 48 +03

132
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square in the middle of the box of the box plot indicates the mean value, the box indicates the interquartile range (IQR) (25th—75th percentile),
and the whiskers indicate the range within 1.5IQR (5th—95th percentile). For materials with an average fiber diameter of 1000 nm stretched in a
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along direction, a significant reduction in Young’s modulus value was observed for samples with ligned fibers in comparison to aligned (p <
0.001); Samples elongation at break values were greater for more elastic materials (lower YM values), however, there were no meaningful
differences regardless of stretching direction, fiber diameter, or ali For samples stretched in the along direction, a significant increase (p <

0.05) of maximum tensile stress was observed for aligned materials with an average fiber diameter of 1000 nm.

materials. Moreover, on nonaligned samples, pericytes were considerable process differences prevent direct comparisons or
randomly oriented and single, not fully elongated cells were extrapolations between these methods.

observed. However, the cell coverage (after 7 days of cell In this study, a comprehensive assessment of the impact of
culture) was similar (>89%) for aligned materials with a fiber the rotation speed of the collector during the SBS process on
diameter of 500 nm and both aligned and nonaligned fibers the fiber morphology and the physical and mechanical
with a diameter of 1000 nm. Moreover, there was notably properties of the scaffold, depending on the fiber diameter, is
lower cell coverage (68%) on nonaligned materials with fiber presented. Furthermore, we evaluated the cell-material

diameter of 500 nm compared to other types of analyzed

interactions depending on the fiber diameter and their
materials (p < 0.01 and p < 0.001).

alignment. The rotation speed of the collector is one of the
SBS process parameters that affects fiber morphology.

4. DISCUSSION According to literature, uniformly arranged fibers are acquired
Although the infl e of process parameters on the properties in the SBS process by increasing the rotation speed of the
of fibers produced by electrospinning has been extensively collector.””**** In our previous study, we evaluated the
investigated,” ' relatively little is known about how the SBS influence of the polymer solution concentration, compressed
process parameters affect the characteristics of the produced gas pressure, and polymer solution flow rate on the fiber
fibers. Although electrospinning and SBS are similar methods, diameter and number of defects on the scaffold surface.™
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Figure 8. Pericyte adhesion on aligned (A) and nonaligned (NA)
fibers of materials with an average fiber diameter of 500 and 1000 nm,
after 1, 3, and 7 days in magnification 10X.
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Figure 9. Pericyte coverage of the analyzed materials; the square in
the middle of the box of the box plot indicates the mean value, the
box indicates the interquartile range (IQR) (25th—75th percentile),
and the whiskers indicate the range within 1.SIQR (5th—95th
percentile). Cell coverage after 1 day of cell culture was similar for all
analyzed materials; There were no significant differences in cell
coverage after 1 and 3 days of cell culture, regardless of the type of
material. The cell coverage (after 7 days of cell culture) was >89% for
aligned materials with a diameter of 500 nm and aligned fibers and
1000 nm for both aligned and nonaligned samples. There was a
notably lower cell coverage (68%) for nonaligned materials with fiber
diameter of 500 nm compared to other types of analyzed materials (p
< 0.01 and p < 0.001).

Here, we investigated the impact of the rotation speed of the
collector on the PU fiber alignment with respect to the fiber
diameter.

We successfully produced ~300 um thick fibrous materials
with average fiber diameters of 200, 500, and 1000 nm using 8
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Table 3. Results of Cell Coverage Measurements, AVR +
SD

Cell coverage (%)

500 _NA 500 A 1 000_NA 1000_A
Day 1 105 14+ 13 1311 10+ 4
Day 3 29+ 10 40+ 19 3410 40+ 8
Day 7 68 + 15 89+9 96 + 3 9+ 1

different rotation speeds of collector. After evaluating the fiber
alignment, we observed that the fiber diameter limits the
possibility of obtaining parallel polyurethane fibers (Figure 2,
Figure S(A-B)). For materials with an average fiber diameter of
200 nm, no change in fiber alignment was observed with an
increasing rotation speed, and the change in rotation speed did
not influence the average fiber diameter. The fiber deviation
from the alignment direction was 40—45° for all analyzed
rotation speeds of the collector, which is characteristic of
nonaligned, randomly distributed polyurethane fibrous materi-
als produced by the SBS method. A similar effect was reported
by Pimenta et al,”” who produced poly(e-caprolactone)
(PCL) fibers with an average diameter of approximately 200
nm at rotation speeds of 200 and 750 rpm. The authors did
not observe the influence of the rotation speed of the collector
on the fiber diameter, and changing the rotation speed did not
affect the fiber alignment. In contrast, Simbara et al.” obtained
aligned PCL fibers with an average diameter of approximately
300 nm at a rotational speed of 300 rpm. In general, there are
only a few reports showing the modeling of fiber alignment in
spinning processes such as solution blow spinning. Sinha-Ray
et al. showed that by increasing the collector movement in
their model, the fibers were collected on a moving screen, and
the placement of the fibers became ordered.”" They confirmed
their results further for a wider range of collector speeds and
published them in a book.”” Thus, the presence of fiber
alignment was partially predicted numerically in the work of
Sinha-Ray et al. and Yarin et al,, where the fiber sizes varied
from 300 nm to 2 mm.

The results obtained in this study showed that increasing the
rotation speed of the collector during the production of
materials with an average fiber diameter of >500 nm resulted
in a decrease in the average fiber deviation from the alignment
direction values down to 20—25°. A significant change in the
fiber alignment for materials with an average fiber diameter of
500 and 1000 nm was observed when the rotation speed was
25 000 rpm. According to the SEM images and fiber alignment
measurements, materials with diameters >500 nm, produced at
rotation speeds of S000 and 25000 rpm, were clearly
distinguishable as nonaligned and aligned (homogeneously
oriented), respectively. Moreover, the change in fiber
orientation resulted in a slight decrease in the average fiber
diameter values for materials with average fiber diameters of
500 and 1000 nm. A significant decrease in fiber diameter was
noticed when the rotation speed was 25 000 rpm, whereas the
change was more significant for materials with an average fiber
diameter of 1000 nm. Additionally, fiber alignment as well as
fiber diameter distributions for materials with average fiber
diameters of 500 and 1000 nm became narrower when the
rotation speed of the collector increased. The observed
relationship may result from the fact that as the collector
rotational speed increases the fibers are wound onto the
collector faster, resulting in their stretching, which is observed
as a decrease in diameter. Moreover, at higher rotational

https/doiorg/10.1021/acsbiomaterials. 400051
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speeds, fibers with larger diameters may deposit on the
collector worse due to greater inertia in relation to the
centrifugal force of the collector.

Crzarnecka et al. performed a correlative analysis of fiber size
as a function of polymer concentration and rotational speed of
the collector for PCL fibers produced in SBS.* Although the
slight correlation between fiber size and rotational speed is
visible for the largest fibers (about 500 nm for polymer
concentration of 9%w/w) appeared, and the mean fiber size
drops slightly with rotational speed, the authors explicitly
stated that “No significant influence of collector rotational
speed on average fiber diameter was found”." Furthermore, as
described by Gonzalez-Benito et al,*’ thinner poly(ethylene
oxide) fibers were produced by increasing the rotation speed of
the collector. Additionally, their results showed that together
with a decrease in the average fiber diameter, the fiber size
homogeneity increases (diameter distribution narrows), which
was also observed in this study (Figures 51 and 54). Variations
in fiber orientation and diameter were more noticeable for
materials with an average fiber diameter of 1000 nm in
comparison to 500 nm, which suggests that the greater the
fiber diameter, the better control over the produced
architectures is achievable. The results confirmed that it is
possible to obtain aligned fibers by the solution blow spinning.
However, this is the preferred direction, not the ideal
alignment.

Concerning the mechanical properties of fibrous scaffolds
(Figure 8), the obtained results showed that they strongly
depend on the direction of stretching, whereas fiber orientation
influences the mechanical strength more strongly for materials
with a fiber diameter of 1000 nm. The elasticity of scaffolds
stretched in the along direction was lower than scaffolds
stretched across (Young's modulus values 4.3-7.5 and 0.8—1.7
MPa for samples stretched along and across fibers,
respectively), while the opposite was observed for the
mechanical strength. Fiber alignment significantly influences
the mechanical properties of materials with an average fiber
diameter of 1000 nm, stretched only along (parallel to aligned
fibers). Aligned samples were less elastic (Young's modulus
values: 4.3 and 7.50 MPa for nonaligned and aligned fibers)
but showed greater tensile strength than nonaligned materials
(maximum tensile stress values were 13 and 20 MPa for
aligned and nonaligned materials, respectively). For materials
with an average fiber diameter of 500 nm stretched in both
directions, the fiber alignment did not influence the mechanical
strength. In our previous study,’ we observed similar
dependences in Young's modulus and tensile stress values for
PLLA and PU nanofibers tested in two directions: parallel and
perpendicular to fibers orientation. Moreover, Simbara et al.**
also reported an increase in stress values for samples stretched
along the oriented fibers. These results suggest that the
method of fiber formation has the greatest influence on the
mechanical properties of the fibrous materials.

In our study, the fibers were wrapped around the collector,
which means that regardless of the rotation speed, the
topography of the scaffold was formed by fibers arranged
more or less uniformly along the collector. The highest
mechanical strength of the materials stretched parallel to the
aligned fibers seems to result from a larger number of fibers
arranged in this direction. Presumably, this larger number of
fibers arranged in one direction reduced the ability of the
material to return to its original shape, which was observed as a
decrease in the elasticity of the material. The difference in the
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mechanical properties of the aligned and nonaligned scaffolds
was only observed when the fiber diameter was 1000 nm,
which confirms the previous conclusion that by increasing the
fiber diameter, materials with a better—cuntrolled architecture
can be obtained. Simbara et al.* compared the mechanical
resistance of aligned and nonaligned fibrous scaffolds in two
directions. Their results also suggested that material strength
strictly depends on the direction of stretching, much more than
on fiber alignment.

The properties of scaffolds should be adjustecl accordmg to
the requirements of the tissue to be replaced.' This study
aimed to produce polyurethane (PUs) scaffolds for potential
vascular engineering applications. The results of mechanical
tests showed similarities to autologous vessels (eg the elastic
modulus values of human arteries are 1—8 MPa™"""). The high
porosity and adequate pore size of the scaffolds are other
important factors t?lat enable tissue reconstruction. In a study
by Pimenta et al,” vascular scaffolds with a porosity of 50—
75% and pore sizes of 7—30 pm were successfully populated
with cells. The porosity of the produced scaffolds was about
65—70%, with the exception of materials with a fiber diameter
of 1000 nm and aligned fibers, which had a higher porosity
(76%). The scaffold pore size increased with increasing fiber
diameter but decreased with increasing fiber alignment (26 ym
for nonaligned versus 18 um for aligned materials with a fiber
diameter of 500 nm, and 72 ym for nonaligned and 50 pm for
aligned materials with a fiber diameter of 1000 nm). This
porosity range seemed appropriate for vascular regeneration.

In addition to providing mechanical support, the scaffold
architecture is a topographic guide for cells.”' In vascular
applications, the topography of the prosthesis should be
layered to reproduce the structure of a native vessel, and the
architecture of each layer should satisfy the requirements of
distinct cell types.™ Pericytes are known to exhibit character-
istics similar to SMC and play an important role in blood
vessel formation,""'” but their structural demands for effective
scaffold colonization are not fully known. Therefore, we
evaluated the influence of fiber alignment and diameter on the
human pericyte growth. The presence of slightly elongated
cells after 24 h of culture suggested that pericytes readily
adhered to the PU scaffolds, although the fiber diameter and
alignment did not affect cell coverage within the first 3 days of
culture (30—40% for all analyzed materials). However, changes
in cell morphology were observed after 3 days of culture,
whereby pericytes grown on aligned fibers were more
elongated and their mutual alignment was more uniform.
Significant differences in cell growth and morphology between
aligned and nonaligned materials were observed after 7 days of
cell culture. Pericytes on aligned scaffolds were elongated,
homogeneously oriented, and created dense layers, whereas
nonaligned materials were not fully covered by the less
elongated cells. Regarding fiber diameter, cell coverage was
significantly higher on materials with a fiber diameter of 1000
nm (96—99%) in comparison to 500 nm (70—90%). The
results demonstrated that fibrous PU scaffolds supported the
pericyte growth. Moreover, pericyte proliferation was better on
scaffolds with larger average fiber diameters, which is also
characteristic of SMCs, as shown in our previous study.™

In this work, we examined the influence of fiber alignment
on pericyte growth, and the results showed that the tested cells
(pericytes) grow better on aligned fibers. The mechanism by
which some cell types grow better on aligned fibers is not fully
understood. Davidson et al. stated that mechanical intercellular

hitps://doiorg/10,1021 acsbiomaterlals 400051
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communication between cells ensures stable cell—cell con-
nections and proper tissue formation. Aligned fibers are one of
the factors supporting mechanical intercellular communication.
Aligned topography may promote contact guidance cues and
enhance force transmission between cells, which enable cell
directional extension and migration toward each other.™
Additionally, Fee et al. examined the influence of fiber
alignment on genes expression. Performed analysis showed
that the fibers alignment results in “upregulated gene
expression in fibroblasts, especially the genes associated with
actin production, actin polymerization and focal adhesion
formation”."" Jia et al. described that fiber alignment increases
mechanical properties, morphological orientation and protein
promotion of smooth muscle cells,”” Mural cells such as
smooth muscle cells and pericytes are characterized by similar
phenotypes; thus, the better growth of pericytes on aligned
fibers observed in this work may arise from better mechanical
intercellular communication and gene/protein expression.

5. CONCLUSIONS

This study aimed to evaluate the influence of the collector
rotational speed on the physical and mechanical properties of
PU scaffolds produced using the SBS method. The results
showed that obtaining aligned PU fibers is limited by the fiber
diameter, as homogeneously oriented fibers were achieved only
for fiber diameters of >500 nm. Moreover, variations in fiber
orientation and fiber diameter were more noticeable for
materials with an average fiber diameter of 1000 nm in
comparison to 500 nm, which suggests that a greater fiber
diameter enables better control over the scaffold. The
mechanical properties of the produced materials strongly
depend on the direction of stretching, but the orientation of
the fibers influences the mechanical strength only for materials
with a fiber diameter of 1000 nm. The results further
demonstrated that pericyte growth was improved on scaffolds
with aligned fibers and the largest average fiber diameter (1000
nm) in the tested range.

In summary, by appropriately setting the SBS process
parameters, scaffolds can be easily adapted to the cell
requirements, which is of great importance in the production
of complex 3D structures for guided tissue regeneration.
Obtained results can be used for controlled design and
production of scaffolds that act as a guide for the favorable
regeneration of tissues. Materials with aligned fibers can be
produced in tubular form as guiding scaffolds for vascular
vessels regeneration.
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Figure S3 Representative SEM images of cross-sections of materials produced at collector rotation
speeds of (A) 200 rpm, (B) 400 rpm, (C) 1 000 rpm, (D) 5 000 rpm, (E)10 000 rpm, (F) 15 000

rpm, (G) 20 000 rpm, and (H) 25 000 rpm at a magnification of x300.
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Abstract

Smocth muscle cells

This study aimed to analyze the growth of two types of blood vessel building cells: endothelial cells (ECs) and
smooth muscle cells (SMCs) on surfaces with different morphology. Two types of materials, differing in morphology,
were produced by the solution blow spinning technigue. One-layer materials consisted of one fibrous layer with
two fibrous surfaces, Bi-layer materials consisted of one fibrous-solid layer and one fibrous layer, resulting in two
different surfaces, Additionally, materials with different average fiber diameters (about 200, 500, and 900 nm) were
produced for each group. It has been shown that it is possible to obtain structures with a given morphology by
changing the selected process parameters (working distance and polymer solution concentration). Both
morphology (solid versus fibrous) and average fiber diameter (submicron fibers versus microfibers) of scaffolds
influenced the growth of ECs. However, this effect was only visible after an extended period of culture (6 days). In
the case of SMCs, it was proved that the best growth of SMCs is obtained for micron fibers (with an average
diameter close to 900 nm) compared to the submicron fibers (with an average diameter below 900 nm).

Keywords: One-layer vascular graft, Bi-layer vascular graft, Solution blow spinning, Polyurethane, Endothelial cells,

Introduction

Cardiovascular diseases (CVDs), classified as civilization
diseases, are currently the major cause of death globally
[1]. Among them, coronary heart disease and peripheral
arterial disease are the most common and dangerous for
human life [2]. In advanced stages, these diseases lead to
heart attacks or strokes caused by the complete clogging
of the blood vessels. Coronary artery bypass grafting is
one of the treatment methods of advanced ischemic
heart disease. Patients’ autologous blood vessels (e.g., sa-
phenous veins) are currently the most frequently used as
bypasses [3, 4]. However, in many cases, the poor
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condition of the patient’s vein makes it impossible to use
for transplant. Moreover, there are problems with the
long-term patency of the transplanted blood vessel,
which necessitates the need for further surgical interven-
tions [5, 6]. The low availability of autologous blood ves-
sels and problems after implantation generate the need
to look for other solutions to save patients’ health and
life [7]. An alternative solution is synthetic polymer
prostheses that imitate the structure, functions, and
properties (mechanical and morphological) of native ves-
sels [8, 9]. Meaning that prostheses’ porous structure
and appropriate mechanical properties should provide
proper conditions for cells to infiltrate the prosthesis,
proliferate and grow [10, 11].

Two types of cells: endothelial cells (ECs) and smooth
muscle cells (SMCs), build native blood vessels. Mimick-
ing the blood vessel layered structure is an essential
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aspect during vascular prostheses designing. The inner
layer should promote the formation of the endothelium,
enable oxygen and nutrients transport, and prevent the
migration of cells through this layer. In contrast, the
outer layer should allow the migration of SMCs inside
the prosthesis structure [12].

Previous studies show that among the numerous fac-
tors determining the proper development and activity of
cells, one of the most important is the surface morph-
ology. In the case of fibrous materials, the fiber diameter
and the pore size seem to be crucial. According to the
results presented by other authors, fibers with diameters
<1 pm are optimal for endothelial cells' growth. Ju et al.
showed that endothelial cells growing on nanofibers
(approx. fiber diameter = 270 nm) presented numerous
actin fibers and formed stronger focal adhesion contacts
than those growing on microfibers [12]. Similar results
were presented by others [13]. The diameter of the fibers
also influences the development of SMCs. It has been
shown that increasing fiber diameter reduced SMC pro-
liferation and increased SMC infiltration [14]. In turn,
studies have shown that reducing the diameter of the fi-
bers accelerates the proliferation and maturation of
SMCs [15]. Finally, pore size is crucial parameter during
neotissue formation[16]. The answer to these diverse
needs is the creation of layered prosthesis in which the
properties of the inner and outer layers are different, in
order to better support the development of a specific
type of cells.

Work by Goins et al. review techniques used in the
production of layered vascular prostheses [17]. Tech-
niques for fabrication of layered prosthesis are mainly
based on electrospinning (ES) [18-21]. In addition, vari-
ous processes combining ES and other techniques have
been proposed: melt electrowriting [22], knitting [23],
phase separation [24]. Compared to ES, solution blow
spinning (SBS) technique is distinguished by several ad-
vantages, i.e. a simpler system, not requiring the use of
electric voltage, and higher production efficiency, which
is especially important in the case of multi-layer struc-
tures production with a thickness of up to several hun-
dred micrometers. So far, it has been proposed to
modify the internal prosthesis by applying the blow spun
fibers [25]. Also, layered prosthesis produced by SBS
combined with dip spinning [26] were produced.

In this paper, one- and bi-layer fibrous materials with
different fiber diameters were fabricated using only one
technique - SBS. In contrast to the above-mentioned
works, based on ES or mixed techniques, we propose a
simple SBS-based process that allows to control the crit-
ical parameters of the manufactured prosthesis, i.e. the
average diameter of the fibers, the number and thickness
of layers in the prosthesis’ wall. Obtaining the appropri-
ate product is possible thanks to the change of basic
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process parameters, ie. working distance, concentration
of the polymer solution. The presented technology is the
subject of a patent. Medical-grade polyurethane was
used as a polymer of choice, due to its relatively high
hemocompatibility.

Three groups of materials differing in average fiber
diameter (about 200, 500 and 900 nm) and two groups
of materials with different structures (one-layer and bi-
layer) were produced. One-layer (1L) scaffolds consisted
of one fibrous layer. Bi-layer (2L) scaffolds consisted of
one fibrous-solid layer and one fibrous layer. After char-
acterizing the physical and mechanical properties of the
obtained structures, the influence of surface morphology
on the growth of ECs and SMCs was examined. ECs
were seeded on the surface marked as inner (IS, col-
lector side). The opposite surface, labeled as the outer
(OS), served as the surface for SMCs growth, The ana-
lysis of cell growth allowed for selecting the most favor-
able surfaces for the growth of both types of cells, which
will allow for the appropriate design of the structure of
the blow-spun vascular prosthesis.

The main goal of this study was to analyze the various
morphological types of surfaces obtained with the SBS
technique. In particular, we focused on the influence of
morphology on the growth of ECs and SMCs. The pre-
sumed result was the selection of materials that present
high coverage of ECs and high infiltration of SMCs. The
selected surfaces will enable further, more detailed worl,
ie. cell cultures in flow, analysis of specific cell activity
markers.

Materials and methods

Scaffold fabrication

Polyurethane (ChronoFlex C75A, AdvanSource Biomate-
rials) nano/microfibrous materials in the form of cylin-
drical scaffolds were produced in the SBS process,
described in detail elsewhere [27]. Here, 1,1,1,3,3,3-hexa-
fluoro-2-propanol (>99.0%, TCl Chemicals) was used as
a solvent. Polymer solutions were prepared overnight in
concentrations of 2, 4, and 5% w/w. To produce nano/
microfibrous materials, each polyurethane solution was
supplied through the inner nozzle of the concentric noz-
zles system in the SBS apparatus with a constant flow
rate of 30 ml/h. Simultaneously, the airstream was sup-
plied through the outer nozzle of the SBS nozzles system
with a pressure of 0.1 MPa. Fibers were produced by
shear-drag elongation of the polymer solution by the
stream of air on the distance between the nozzles system
and the surface of the collector (working distance).
Nano/microfibrous materials were prepared as one-layer
materials and bi-layer materials. One-layer scaffolds
were produced using a 30 em working distance. Bi-layer
scaffolds were produced by changing working distance
during the process. The first layer was produced using a
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10 em working distance and by blowing 20% of the total
polymer solution volume. The second layer was pro-
duced using a 30 cm working distance and by blowing
80% of the total polymer solution volume. The volume
of polymer solution for the scaffold production was ad-
justed to fabricate cylindrical scaffolds with wall thick-
ness in the range from 300 to 500 pm. Detailed process
parameters are presented in Table 1. The rotating cylin-
der (cylinder diameter: 3 mm, length: 120 mm, rota-
tional speed: 3 000 rpm) was used as a collector.
Cylindrical samples were pulled off the collector and
kept in ventilated containers overnight to ensure
complete solvent evaporation. For microscopic analyzes
and cell culture, cylindrical samples were cut open and
flattened. The inner surface of the cylinder (from the
collector side) was marked as IS, while the opposite
outer surface was marked as OS.

Scaffold characterization

Fiber diameter, pore size

Rectangular samples were subjected to scanning electron
microscopy (SEM, Phenom G1, PhenomWorld). Samples
were coated with a 15 nm layer of gold/palladium alloy
(80/20 at%) using a sputter coater (K550 Emitech,
Quorum Technologies). Ten randomly selected spots
were photographed with 5000x magnification, and the
images were used for fiber diameter and pore size mea-
surements. All measurements were performed using Fiji
software [28]. Results are presented as fiber size distribu-
tions (1 = 100), mean fiber diameter, standard deviation,
minimum and maximum fiber diameter. Pore sizes were
measured using the same images, and mean pore size
(n = 100) + standard deviation is reported. Microscopic
analysis was performed for both surfaces of cylindrical
scaffolds (OS and 1S).
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Surface wettability

Materials in the form of cylinders were cut open to ob-
tain flat mats. Both the inner (IS) and outer (OS) sur-
faces were subjected to wettability analysis. Samples
were glued to a glass slide, and a drop of distilled water
(5 pl) was placed on a clean and dry surface. The contact
angle was measured automatically using Kruss DSA 100
software; the measurement was performed in at least 10
randomly selected spots on analyzed material, Each ma-
terial variant was tested in triplicate (n = 30).

Porosity

The porosity of all types of polyurethane cylindrical scaf-
folds was measured using the gravimetric method, de-
scribed in detail elsewhere [29]. In general, the thickness
of each sample (1 = 25) was measured based on the SEM
images of scaffolds cross-section (1 = 5), and then the vol-
ume of the sample (V,) was calculated (inner diameter of
the scaffold was 3 mm). Each sample (i = 5) was weighted
(m,), and the apparent density (p,,) for all samples was
calculated using the following equation: p,y, =m, - V™'
[g/em®]. Then, the scaffold porosity (g, # = 5) was calcu-
lated using the following equation: e=1 - pyp - pp )
where p,, — polyurethane density (1.2 g/em?) [30].

Mechanical properties

Cylindrical samples (3 mm inner diameter, 70 mm
length) of fibrous scaffolding materials underwent a uni-
axial stretching test according to protocols established
based on ASTM standards (Designation: D 882-02 and
D 638-02a). The experiment was conducted using an
Instron 3345 model with pneumatic jaws within 50 mm
of each other., The 10 mm long tips of samples were
placed in the pneumatic jaws of the testing machine, so
that the central part of the sample (50 mm length) was
stretched with crosshead speed 5 mm - min™' at room

Table 1 Parameters of the SBS process applied during material fabrication, The numbers in brackets correspond to the volumes of
polymer solution used to produce the first and the second layer in bi-layer scaffolds

.Number oi-

Samplé Polymer soiution Polymer solution volume (1st .I”ayer;’. .Wu.rk.iﬁg él.i-stance i-‘l-s‘t .l.ayer-izrir.i
concentration [% w/w] layers [-] 2nd layer) [ml] layer) [em]

CI5AL 2 1 20 30

200

C75A_1L_ 4 1 5

500

C75A L. 5 1 5

900

C75A_2L_ 2 2 20 (4/16) 10/30

200

CI5A 2L 4 2 5 (144}

500

C75A_2L_ L 2 5 (1/4)

900
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temperature and humidity. Load-strain curves were re-
corded, as were the maximum load and strain at rupture.
It is emphasized that according to porosity measure-
ments and SEM images, only a fraction of each sample
thickness is occupied with fibers (1-g), which implies
that the applied load is supported by only such a fraction
of the sample’s thickness. This effect was accounted for
in the data processing for maximum stress calculation.
For each type of scaffold, results of Young's modulus,
elongation at break, and tensile strength are presented
as mean values + standard deviation (n = 5).

Cell culture

All materials before culture were placed in a 1% v/v anti-
biotic/antimycotic  solution (100 U/ml penicillin G,
100 pg/ml streptomycin sulfate, and 0.25 pg/ml ampho-
tericin B) diluted in sterile phosphate-buffered saline
(PBS) for 24 h at 4 °C for sterilization. Then, scaffolds
were washed three times with sterile deionized water on
a roller for 5 min each time.

ECs (ATCC) were cultured at 37 °C in a 5% CO, hu-
midified atmosphere using MCDB-131 medium with
phenol red and supplemented with 10% fetal bovine
serum (ATCC), 1% penicillin-streptomycin (Gibco), 10
mM L-glutamine (Gibco), 1 pg/ml hydrocortisone
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(Sigma-Aldrich) and 10 ng/ml endothelial growth factor
(Life Technologies).

SMCs (Lonza) were cultured in an incubator (37 °C,
5% CO, humidified atmosphere). Cells were grown in
Smooth Muscle Cell Growth Medium 2 (PromoCell),
supplemented with fetal calf serum (0.05 ml/ml), epider-
mal growth factor (0.5 ng/ml), basic fibroblast growth
factor (2 ng/ml), insulin (5 pg/ml).

Sterile scaffolds were placed in the 24-well plates,
mounted with inserts, and incubated with medium for
1 h at 37 °C. Cells (ECs or SMCs) were harvested,
seeded on the material at the seeding density of 1 x
10° cells/ml, and cultured at 37 °C in a 5% CO5 hu-
midified atmosphere. Cultures with different types of
cells were carried out on different surfaces of the
scaffolds (Fig. 1). ECs were cultured on the inner sur-
face of scaffolds (IS), whereas SMCs were cultured on
the outer surface (OS).

Cell viability

ECs viability was tested using alamarBlue™ assay
(Thermo Fisher Scientific) according to the manufac-
turer’s protocol. Cells were seeded on materials’ surfaces
as described above. Cells cultured in wells with no ma-
terial (seeding density = 1 x 10° cells/ml) were used as a
control for viability calculation. After 1 d and 7 d of

IS
. . ol
one-layer (1L) 0s
scaffolds
e 0s
® = _<
IS
IS
- — o
bi-layer (2L) 0s
scaffolds
.~ 0s
o — ([
IS
@ endothelial cell
“wa. smooth muscle cell
@ surface composed of fibers
o surface composed of film and fibers
Fig. 1 Scheme presenting the idea of the study. Blow spun scaffolds were manufactured using different process parameters, which resulted in
obtaining two types of materials (1L and 2L). Next, two types of cells were cultured on the opposite surfaces of the scaffolds: endothelial cells
(ECs) were seeded on the Inner surface (IS), smooth muscle cells (SMCs) were seeded on the outer surface (05). Created with BioRender.com
L

~
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culture, the medium was removed from wells, and
500 pl of alamarBlue ™ working solution (alamarBlue™
reagent 10x diluted in fresh DMEM without phenol red)
was added (500 pl/well). Materials were incubated for
4 h at 37 °C in a 5% CO; humidified atmosphere (pro-
tected from light). Following incubation, 100 pl of ala-
marBlue™ solution was transferred in triplicate to a 96-
well plate (black), and fluorescence (Ex. = 550 nm, Em.
= 590 nm) was measured. Samples were washed with
PBS (3x, 5 min on a plate shaker), incubated with fresh
DMEM, and used for further viability measurements.
Viability results are presented as the percentage of posi-
tive control according to the equation:

Viability (%) = (FI sample_, /FI control,.;)
e [00%,

where:

FI sample — fluorescence intensity of the sample after
“n” days of culture,

FI control - fluorescence intensity of the control after
1 day of culture.

LDH release

LDH release during ECs culture was evaluated using
CyQUANT™ LDH Cytotoxicity assay (Thermo Fisher
Scientific) according to the manufacturer’s setup. ECs
were seeded on the materials as described above. After 1
d, 3d, and 7 d of culture, 50 pl MCDB-1 medium from
over the material was transferred to 96-well plate tripli-
cate, and LDH reagent (Substrate Mix) was added. After
30 min of incubation at room temperature, stop solution
was added, and absorbance (490 nm and 680 nm) was
measured. The medium was changed 24 h before the
test each time. The LDH release was calculated as a per-
centage of LDH released from control, according to the
equation:

LDH release (%) = (Abs sample,_,,/Abs control,;)
e 100%.

where:

Abs sample — absorbance of the sample after "n” days
of culture,

Abs control - absorbance of the control after 1 day of
culture.

Collagen secretion

Collagen I alpha 1 ELISA Kit (ab210966, Abcam) was
used to measure collagen secretion during SMCs cul-
ture, SMCs were seeded as described above. On the
given day of culture (D1, D5, D7, D10, D14), the
medium was collected from the materials, centrifuged at
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2000 x g for 10 min, and diluted 1: 4 with Sample Dilu-
ent. Solutions were stored at -20 °C until samples from
all time points were collected. The test was performed
according to the manufacturer's instructions. Briefly,
50 pl of the sample and 50 pl of the Antibody Cocktail
were added to a well of a 96-well plate and incubated for
1 h at RT. After this time, each well was washed 3 x
350 ul 1X Wash Buffer. Then 100 pl of TMB Develop-
ment Solution was added to each well, incubated in the
dark for 10 min. Finally, 100 pl of Stop Solution was
added to each well, and the plate was shaken for 1 min.
Absorbance was measured at 450 nm. The amount of
released collagen was calculated based on the standard
curve equation prepared from the standards provided in
the kit.

Cell adhesion

The number of surface-adhered cells was calculated
using a confocal microscope (LSM 880, Zeiss)
equipped with ZEISS ZEN software (Zen 2). After a
given time of culture, samples were washed with PBS
(4x, 5 min on a plate shaker) and fixed with 4% w/v
paraformaldehyde (Sigma-Aldrich, 500 pl/well). Plates
were incubated at 4 °C for 24 h and washed with
PBS (3x, 5 min on a plate shaker). Then cells were
permeabilized by adding 500 pl/well of 0.2% Triton
X-100 for 8 min. Materials were washed with PBS
(4%, 5 min on a plate shaker). Next, materials were
incubated with AlexaFluor 488 (300 pl/well, Thermo-
Fisher Scientific) for 1 h in the dark, washed with
PBS (4x, 5 min on a plate shaker), and incubated
with 300nM DAPI (300 pl/well, ThermoFisher Scien-
tific) at room temperature for 6 min in the dark. Fi-
nally, samples were washed with PBS (4x, 5 min on a
plate shaker), placed on microscope slides with a drop
of glue (ProLong Diamond Antifade Mountant, Invi-
trogen), covered with cover slides and observed using
the confocal microscope. Cell nuclei were stained
with DAPI dye. Images in magnification 20x were
taken for each type of sample (1 = 6). Cell number
per mm” and cell coverage (calculated as the ratio of
the area occupied by the cells to the area of the sam-
ple) were counted using Fiji software [28] based on
the number of visible nuclei (cell number) or area of
actin-stained cells (cell coverage). SMCs infiltration
was calculated from CLSM images using Zeiss soft-
ware and z-stacking function.

Statistical analysis

Statistical significance of differences was analyzed using
single-factor analysis of variance (ANOVA) for p < 0.05
with post hoc Tukey’s test (OriginPRO 2020b).
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Results

Scaffold characterization

Morphology

Figure 1 summarizes the idea of the study. All materials
were obtained in the form of cylindrical scaffolds in
which the inner (collector side, IS) and outer (OS) sur-
faces were distinguished. Cells were grown on different
sides of the scaffold surfaces, depending on the cells ana-
lyzed: ECs on the inner surface and SMCs on the outer
surface, ECs were cultured on six types of material, dif-
fering in morphology (one-layer and bi-layer) and an
average fiber diameter (designated as C75A_1L_200,
C75A_11_500 and C75A_1L_900, C75A_21._200, C75A _
2L_500 and C75A_2L_900). As the outer surface (OS)
for 1L- and 2L-type materials were produced in the
same way, SMCs were cultured only on three types of
material differing in average fiber diameter (designated
as C75A_200, C75A_500, and C75A_900).

Materials were made in two morphological variants: a
one-layer (1L) and a bi-layer (2L) and Table 2 lists the
material variants analyzed in the study. A homogeneous
fibrous structure in cross-section characterized 1L-type
materials - both surfaces (IS and OS) consisted of fibers
of similar morphology. A structure variety in cross-
section characterized 2L-type materials - the outer layer
(OS) was made of fibers, while the inner surface (IS) was
made of mixed fibrous and solid areas. Bi-layer scaffolds
were obtained in one two-step SBS process. It was pos-
sible thanks to the use of the variable nozzle-collector
working distance: shorter (10 cm) during the production
of the first layer and longer (30 cm) during the produc-
tion of the second layer. Additionally, three different
polymer concentrations were used to obtain three differ-
ent size groups of fibers within each material group. The
concentrations of polymer were selected to obtain fibers
with an average diameter in the range of 200-300 nm
(1L_200, 2L._200), 500-600 nm (1L_500, 2 L_500), and
900-1000 nm (1L_900, 2L_900).

Figures 2 and 3 show the morphology of 1L-type and
2L-type materials. It was possible to produce fibers in
the assumed diameter ranges: 200-300 nm for a polymer
concentration of 2% w/w, 500-600 nm for a

Table 2 Material variants analyzed in the study

Page 6 of 17

concentration of 4% w/w, and 900-1000 nm for a con-
centration of 5% w/w. In the case of 1L-type materials,
the inner surface was characterized by the presence of
local defects in the form of solid, non-fibrous areas. The
number of such defects was higher on materials made
from the lowest polymer concentration (C75A_1L_200).
The number of defects on the outer surface of the mate-
rials was much smaller. Figure 2 also shows a cross-
section of the obtained materials. It can be noticed that
the materials show a homogeneous fibrous structure
along the cross-section, while local defects in the form
of solid areas appear on the inner surface. In the case of
2L materials (Fig. 3), the inner surface mostly showed a
solid structure (film), with local areas composed of fibers
with the average diameters depending on the polymer
concentration used in the process. The outer surface
was made of fibers, and it appears to have the same
structure as both surfaces in the case of 1L-type mate-
rials. SEM images of the cross-sections show a change in
the structure along the cross-section - on the inner sur-
face, there is a thin layer of solid film, then the material
changes into a fibrous structure. For both types of scaf-
folds (1L and 2L), the material thickness is similar, and
it remains in the 300 - 500 pm range.

Figure 4A presents histograms of fiber diameter distribu-
tion. As expected, the average fiber diameter increases as
the polymer solution concentration increases. Also, the aver-
age fiber diameter obtained for the different polymer solu-
tion concentrations was statistically different (» < 0.001). For
one-layer structures, these values are respectively: 232 + 89
nm (C75A_1L_200), 524 + 15 nm (C75A_11,_500) and 936
+ 302 nm (C75A_5_1L_900). The average fiber diameters
obtained for bi-layer structures are similar: 245 + 90 nm
(C75A_2L_200), 572 + 140 nm (C75A_2L_500), 987 + 287
nm (C75A_2L_900). No statistically significant differences
were found between the average fiber diameter for analo-
gous materials from the 1L- and 2L-type group.

As the polymer solution concentration increases, the
values of minimum (d,;,) and maximum (d..,) diam-
eter also increases. Narrow diameter distributions were
obtained from the polymer solution with the lowest con-
centration (2% w/w). This result was obtained for both,

Sample Polymer solution concentration [% w/w] Number of layers [-] Inner surface (IS) Outer surface (OS)
C75A 11200 2 1 fibers fibers
C75A_11L_500 4 1 fibers fibers
C75A11._%00 5 1 fibers fibers
C75A_21_200 2 2 film/fibers fibers
C75A_21L_500 4 2 film/fibers fibers
C75A_21_900 5 2 filmy/fibers fibers
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inner surface (IS) outer surface (0S) cross-section
mag. ~500x mag. ~ 5000x mag. ~ 500x

C75A_11_200

C75A_1L_500

C75A_1L_900

Fig. 2 Morphology of one-layer (1L) scaffolds

one-layer and bi-layer structure. d,,, values were re-
spectively 97 nm (C75A_1L_200) and 81 nm (C75A_2L_
200). dna values were 493 nm (C75A_1L_200) and 636
nm (C75A_2L_200) respectively. Samples obtained from
a 4% w/w polymer solution were characterized by a
wider range of fiber diameters. d,,;, values were 158 nm
(C75A_1L_500) and 310 nm (C75A_2L 500). dpa
values were 1133 nm (C75A_1L_500) and 1054 nm
(C75A_2L_500). The widest diameter distribution was
obtained for the material obtained from a 5% w/w poly-
mer solution. d,;, values were 434 nm (C75A_1L_900)
and 399 nm (C75A_2L_900). d, values were 1705 nm
(C75A_1L_900) and 1829 nm (C75A_2L_900).

Figure 4B presents pore size distribution. There were no
significant differences between one- and bi-layer struc-
tures. As expected, the average pore size increases as the
average fiber diameter increases, however only for the
group with the lowest average fiber diameter, the average
pore size was significantly different from other groups
(p < 0.001). For materials with an average fiber diameter
of about 200 nm, the average pore size was approximately
2 pm (C75A_1L_200: 22 + 0.9 pm, C75A_2L_200:
2.2 + 0.7 pm). For these materials, the minimum pore size

was slightly above 1 pm (C75A_1L_200: 1.1 pm, C75A_
2L_200: 1.1 pm). The maximum pore size was less than
10 pm (C75A_1L_200: 6.6 pum, C75A_2L_200: 4.8 pm).
For materials with average fiber diameter in the 500-600
nm range, the average pore size was approximately 5 pum
(C75A_1L_500: 48 + 2.5 pum, C75A_2L_500: 46 +
1.9 pm). The minimum pore size was above 1 pum (C75A_
1L_500: 1.3 pm, C75A_2L_500: 1.7 um).

The maximum pore size has exceeded the value of
10 pm (C75A_1L_500: 12.0 pm, C75A_2L_500: 10.0 pm).
Similar pore size values were obtained for materials with
the highest average fiber diameter (900-1000 nm). The
average pore size or those materials was also approxi-
mately 5 pm (C75A_1L_900: 5.2 + 2.4 pm, C75A_2L_900:
54 + 2.6 pm). The minimum pore size was slightly above
1 pm (C75A_1L_900: 1.0 um, C75A_2L_900: 1.3 pm). The
maximum pore size exceeded the value of 10 um (C75A _
1L_900: 13.6 pm, C75A_2L_900: 12.7 um).

Surface wettability

The results of water contact angle (WCA) measurement
are shown in Table 3. All analyzed surfaces were hydro-
phobic (WCA>90°).
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C75A_2L_200

C75A_2L_500

C75A_2L_900

Fig. 3 Morphology of bi-layer (2L) scaffolds

The outer surface (OS) showed similar wettability
values for all tested variants (above 120°). There were no
statistically significant differences in the WCA values for
analogous materials from the 1L- and 2L-type groups.
This was expected since the outer surface is produced in
the same way in both groups. There was no relationship
between the value of WCA and the average diameter of
the fibers building the surface - similar values were ob-
tained for both surfaces composed of micron and submi-
cron fibers.

In the inner surface (IS) case, higher WCA values were
obtained for 1L-type scaffolds than the 2L-type. However,
the differences were not statistically significant (p > 0.05).

For each analyzed material, the WCA values obtained
for IS were lower than those obtained for OS.

Mechanical properties

The results of mechanical properties analysis are shown
in Fig. 4. Materials were analyzed in the form of cylin-
ders with an inner diameter of 3 mm. It has been shown
that both the morphology type and fiber diameter affect
the mechanical properties of the materials. In both cases,
1L-type and 2L-type materials, the Young's modulus
(Fig. 4C) value decreased with an increase of average

fiber diameter. The highest Young's modulus value was
obtained for materials composed of fibers with the low-
est diameter (1.8 + 0.3 MPa for C75A_1L_200, 1.9 +
0.2 MPa for C75A_2L_200). The values were statistically
significantly different (p < 0.05) from the values obtained
for other materials.

An inverse relationship was observed for the elong-
ation at break values (Fig. 4D). Higher values were ob-
tained for materials with higher average fiber diameter.
Comparison of 1L-type and 2L-type materials shows that
in most cases, values of elongation are higher for 1L-
type materials. The exceptions are materials with the
smallest average fiber diameter (C75A_200), where this
relationship was inverse. The elongation values are about
300% for materials with average fiber diameter in the
500-1000 nm range and about 150% for materials with
average fiber diameter in the 200-300 nm range.

A similar relationship presented itself for the tensile
strength values (Fig. 4E). The values increased with the in-
crease in the fiber’s average diameter. This relationship was
observed in both the 1L- and 2L-type groups. The highest
values were obtained for materials composed of micron fi-
bers (3.5 + 0.3 MPa for C75A_1L_900, 3.1 + 0.4 MPa for
C75A_21._900). There were no statistically significant
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Fig. 4 Fiber diameter (A) and pore size distribution (B). In the case of 2L-type materials, the values refer to the fibrous areas on the outer surface.

ns — not significant, ***p < 0,001 vs. each other group. Mechanical properties of the analyzed materials: Young's modulus (C), elongation at break
(D), and tensile strength (E). MV£SD, n = 5, *p < 005, **p <001, ***p <0.005
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differences in the tensile strength values between the analo- ~ samples. The viability values ranged from 66% (C75A_

gous materials from the 1L- and 2L-type groups. 2L_900) to 78% (C75A_2L_200). No relationship be-
tween surface morphology and the viability of the cells

Endothelial cells growth was observed.

Endothelial cells viability After 7 days of culture, cell viability for most tested

ECs viability (Fig. 5A) after 1 day of culture on scaffolds’ materials increased compared to the 1 day of culture.
inner surface (IS) was similar for all types of analyzed Only for C75A_2L_200, the viability decreased. The
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Table 3 Water contact angle values measured for inner (IS) and
outer (O5) surfaces of the materials. MV+SD, n = 30
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viability values were in the range from 68% (C75A_2L_
500) to 89% (C75A_2L._200).

After 1 day of culture, the amount of LDH released
by cells growing on materials was lower than the
amount of LDH released by the control (Fig. 5B). The
lowest values were obtained for the 1L-type materials.
The percentage of LDH release was in the range of
60-80%. In the case of 2L-type materials, this ratio
was >80%.

Sample 0S water contact angle [7] IS water contact angle []
C75A_1L_200 122 42 10923
C75A_1L_500 12744 12123
C75A_1L_900 1303 12026
C75A_2L_200 12324 9145
C75A_2L_500 12147 1004
C75A_2L_%00 125¢3 109214
A 0

Cell viability [%]

g

g

8 & 8

Cell number [cells/mm*2]

:

Fig. 5 Endothelial cell viability (A) and LDH assay (B} after 1 day and 7 days of ECs cuiture. MV4SD, n = 3. Smooth muscle cell number (C) and
cell coverage (D) obtained on the outer surface (OS) of the analyzed materials after 7 days of SMCs culture. SMCs infiltration depth after 1 and 7
L days of culture (E). Collagen secretion after 1, 5, 7, 10 and 14 days of SMCs culture (F). MV£SD, n > = 3, *p < 0.05, **p < 001, **p < 0005

C75A_200

=
C75A_500  C75A_900
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After 7 days of culture, the amount of released LDH
was on a similar level for all 1L-type materials, and the
values were slightly below 100%. For the 2L-type mate-
rials, the LDH release was, in most cases, smaller; how-
ever, the differences were not statistically significant (p >
0.05).

Endothelial cells adhesion

Figure 6 shows ECs growing on the inner surface (IS) of
the analyzed materials after 1, 3, and 6 days of culture.
The number of cells per mm® and cell coverage are
shown in Fig. 7.

After 1 day of culture, all analyzed materials pre-
sented surface-adhered cells with normal morphology.
Cell growth was homogeneous — there were no areas
with significantly fewer or more cells noticed. In the
case of 1L-type materials, the number of cells per
mm? decreased with the increase of the average fiber
diameter and was: 364 + 103 cells/mm?® for C75A_
1L_200, 290 + 63 cells/mm” for C75A_1L_500 and
233 + 188 cells/mm” for C75A_1L_900 respectively.
The same relationship was observed for 2L-type mate-
rials. The number of cells per mm?® was: 431 + 86
cells/mm” for C75A_21_200, 290 + 139 cells/mm” for
C75A_2L 500, and 227 + 193 cells/mm?® for C75A_
2L_900 respectively. Again, the differences between
the individual material variants were not statistically
significant (p > 0.05). The values of cell coverage
were similar for all tested surface variants and were
smaller than 0.2. In the case of 1L-type materials,
they were 0.19 + 0.05, 0.19 + 0.02, 0.14 + 0.03 re-
spectively for C75A_1L_200, C75A_1L_500, and
C75A_1L_900. For 2L-type materials, the cell cover-
age was similar: 0.19 + 0.05, 0.18 + 0.06, 0.16 + 0.03
for C75A_2L_200, C75A_2L_500, and C75A_2L_900
respectively.

After 3 days of culture, the number of cells per
mm? increased for all materials. On 1L-type materials,
there was a decrease in the number of cells and the
cell coverage with the increase in the average fiber
diameter clearly visible. The number of cells per mm*
was: 757 + 131 cells/fmm?, 580 + 169 cells/mm’, 497
+ 258 cells/mm® corresponding to C75A_1L_200,
C75A_1L_500, and C75A_1L_900. The cell coverage
was respectively: 0.48 + 0.04, 0.37 + 0.09, and 0.27 %
0.12 for C75A_1L_200, C75A_1L_500, and C75A_1L_
900. The relationship was different for 2L-type mate-
rials, The number of cells per mm® was similar for all
three types of materials and amounted to: 600 + 313
cells/mm?®, 617 + 289 cells/mm?, 603 + 439 cells/
mm?, respectively for C75A_2L_200, C75A_2L_500,
and C75A_2L_900. The values of cell coverage were
also similar for all materials but showed great differ-
entiation - there were areas with a large number of
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cells as well as areas without them. The values of cell
coverage were slightly below 0.5 and amounted to:
048 + 0.26, 049 + 0.28, and 038 + 0.20 for C75A_
2L._200, C75A_2L_500, and C75A_2L_900,
respectively.

After 6 days of culture, the differences in cell
growth on individual materials were clearly visible.
The highest cell coverage was obtained on the sur-
faces C75A_2L_200 (0.57 + 0.15) and C75A_2L_500
(0.66 + 0.09). Microscopic observations confirmed
uniform cell growth on these surfaces. On 1L-type
surfaces, the decrease in cell number and cell cover-
age with the increase of average fiber diameter was
still maintained. The values of the number of cells
per mm® were: 804 + 208 cells/mm?®, 744 + 147 cells/
mm? 585 + 158 cells/mm® for C75A_1L 200, C75A_
1L_500, and C75A_1L_900, respectively. The cell
coverage was: 0.46 + 0.13, 037 + 0.07, and 027 +
0.07 for C75A_1L_200, C75A_1L_500, and C75A_1L_
900, respectively.

Smooth muscle cells growth

Smooth muscle cells adhesion and infiltration

Figure 8 shows SMCs growing on the outer surface (OS)
of the analyzed materials after 7 days of culture. The
number of cells per mm” and cell coverage are shown in
Fig. 5C and D. As the outer surface (OS) for 1L- and 2L-
type materials were produced in the same way, SMC cul-
ture was performed only for materials differing in aver-
age fiber diameter (designated as C75A_200, C75A_500,
and C75A_900).

Analysis of SMCs growth on the materials’ outer sur-
face (OS) after 7 days of culture showed a significantly
higher number of cells on the C75A_900 materials. The
number of cells per mm® was: 691 + 270 cells/mm?, 422
+ 104 cells/mm® and 1172 + 61 cells/mm® for C75A_
200, C75A_500, and C75A_900, respectively. The cell
coverage values were: 0.19 £ 0.10, 0.10 + 0.02, and 0.39
+ 017 for C75A_200, C75A_500, and C75A_900,
respectively.

Figure 5E shows infiltration depth after 1 and 7 days
of culture. Both after 1 and 7 days of culture, the infiltra-
tion depth was significantly higher for the C75A_900
material and amounted to 133 + 15 pum and 148 +
16 pm after 1 and 7 days of culture, respectively. For
each of the tested materials, the infiltration depth after 7
days of culture was greater than the value achieved after
1 day.

Collagen secretion

The analysis of collagen secretion during the 14-day cul-
ture showed that during the first 10 days, the amount of
secreted collagen increased for all analyzed material vari-
ants (Fig. 5F). On the 14th day of culture, the amount of
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A)t=1day

B) t = 3 days

C75A 1L

CISA_2L

C75A _1L

c75A_2L

of the analyzed materials after 1 (A), 3 (B), and 6 (C) days of culture. Scafe bar: 100 pm

Fig. 6 £Cs adhesion on the inner surface
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Fig. 7 Endothelial cell number and cell coverage obtained on the analyzed materials’ inner surface (15) after 1, 3, and 6 days of ECs culture. MV+

collagen decreased compared to day 10. On individual
days, the differences between the material variants were
minor and, in most cases, were not statistically signifi-
cant. Only on the first day of culture, statistically signifi-
cantly higher (p <0.05) collagen secretion was obtained
on the C75A_500 material (2.82 + 0.08 ng/ml) vs.
C75A_200 (1.72 + 0.02 ng/ml). In the case of all ana-
lyzed materials, the highest values of secreted collagen
were achieved on the 10th day of culture, and they were:
3.84 + 0.08 ng/ml, 3.76 + 0.67 ng/ml, and 3.98 + 0.11

ng/ml, respectively, for C75A_200, C75A_500, and
C75A_900.

Discussion

The presented work aimed to determine the influence of
the structure of fibrous scaffolds on the growth of two
types of cells building blood vessels: ECs and SMCs. The
materials were produced by the SBS technique using a
medical-grade polyurethane solution. Design of the pro-
duction process aimed at fabrication of one-layered and
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C75A_S00

ed materials

bi-layered cylindrical scaffolds in one process, advanta-
geous to other — two-step approaches [31, 32]. The pro-
duced materials in the form of cylinders were cut open,
and two surfaces were separately analyzed. The growth
of ECs was analyzed on the inner (collector side) surface,
whereas the SMCs growth was analyzed on the outer
surface.

Two types of material were prepared, differing in the
morphology of the inner surface and the cross-section
structure. The first type were fibrous materials of
homogenous cross-section structure, designated as one-
layer (1L). Scaffolds were produced with a constant
nozzle-collector working distance of 30 cm. The second
type of materials presented variable structure. The inner
surface consisted of non-fibrous (solid) areas and fibrous
areas. Such a structure was obtained by reducing the
nozzle-collector working distance (10 c¢cm) during the
production of the first inner layer. The second, fibrous
outer layer, was produced with an increased nozzle-
collector distance (30 cm). In this way, materials of vari-
able structure, designated as bi-layer (2L), were obtained.
Within each type, 3 groups of materials were produced,
differing in the range of fiber and pore size. The first
group obtained from the 2% w/w polymer solution was
characterized by an average fiber diameter in the range
of 200-300 nm and average pore size of approximately
2 pm. The second group obtained from the 4% w/w so-
lution was characterized by an average fiber diameter in
the range of 500-600 nm and average pore size of ap-
proximately 5 um. The third group obtained from a 5%
w/w solution was characterized by an average fiber
diameter in the range of 900-1000 nm and average pore
size of approximately 5 um. This evident influence of
polymer solution concentration on fiber size and, conse-
quently, on pore size was expected, as previously re-
ported in the body of research concerning the solution
blow spinning process [33-36]. Dependence of average

fiber diameter on polymer concentration in solution
allowed for the design of scaffolds for this study.

The culture of ECs was carried out for a week with ob-
servations after 1, 3, and 6 days of culture. The results
showed that cell growth was similar on all types of mate-
rials after the first day of culture, regardless of the
morphology. The fraction of the area occupied by the
cells was approximately 0.2. After 3 days of culture, the
number of cells on all materials increased, which con-
firmed the proper cell growth. There was also variation
in the surface area occupied by cells depending on the
type of material. In the group of 1L-type materials, a de-
crease in the number of cells was observed, along with
an increase in the average fiber diameter. The same rela-
tionship was observed for the cell coverage. However, in
the group of 2L-type materials, there was no difference
in the number and cell coverage depending on the aver-
age diameter of the fibers. What is more, it was observed
that the growth of cells was uneven - large standard de-
viations characterized both tested parameters. Micro-
scopic analysis showed that the cells were mainly
growing on fiber-free areas composed of a solid polymer
film. The fibrous areas were characterized by a much
smaller number of cells. After 6 days of culture on
1L-type materials, the relationship mentioned earlier
was maintained - both the mean number of cells and
the cell coverage increased as the average diameter of
the fibers decreased. Greater differentiation appeared
in the group of 2L-type materials. Statistically signifi-
cant differences were obtained in both the number of
cells and the cell coverage. The highest values were
obtained for materials with average fiber diameter in
the range of 200-300 nm and 500-600 nm. For these
materials, the values of cell coverage exceeded 0.6.
For 2L-type materials with the largest average fiber
diameter (900-1000 nm range), the smallest cell
coverage (approximately 0.2) was observed.
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In the case of SMCs, the growth on the surface
marked as outer was analyzed. It was assumed that this
surface should be fibrous to promote SMCs infiltration
and blood vessel formation. Therefore, in the case of the
outer surface, mixed structures composed of solid and
fibrous areas were not analyzed. As in the case of ECs,
the growth of SMCs was investigated on surfaces with
an average fiber diameter ranging from 200 to 300 nm,
500-600 nm, and 900-1000 nm. The results clearly indi-
cated that the best growth after 7 days of culture was
obtained on the fibers with the largest diameters studied
(900-1000 nm). The highest cell infiltration depth was
also obtained for these materials, which can be attrib-
uted to the largest pore sizes among tested materials. At
the same time, there were no significant differences in
the amount of collagen secreted by SMCs growing on fi-
bers of different diameters.

The study showed that the morphology of the mate-
rials significantly influences the rate of monolayer for-
mation by ECs. The study aimed to select the inner
surface of cylindrical blow spun scaffolds to obtain a fast
rate of endothelial monolayer formation. In particular,
the research aimed to compare one-layer structures
made of fibers alone with bi-layer structures made of fi-
brous and solid areas.

Many studies show that cell growth is strongly
dependent on the surface roughness, and in the case of
fibrous materials, on the average diameter of the fibers.
The nature of this relation depends on the type of cells.
In the case of ECs growing on the surface of vascular
prostheses, the main goal is to increase adhesion and
create a monolayer on the prosthesis surface without the
cells infiltrating the material. It has been shown that the
increase of roughness at the nanoscale promotes adhe-
sion of ECs [37]. A similar study was carried out for
polylactide materials, which showed better growth of
ECs on solid surfaces than fibrous ones [38]. Xu et al.
suggests that the best solution in the case of vascular
prostheses may be mixed structures created by combin-
ing solvent casting and electrospinning techniques. Most
studies suggest better adhesion of ECs to nanofibers
compared to microfibers. However, there are studies in-
dicating the opposite relationship [39].

In the case of SMCs growth, many studies show that
better growth is achieved on surfaces with higher rough-
ness and larger average fiber diameter. Ju et al. showed
that SMCs need fibers with an average diameter > 1 pm
for proper development and infiltration [12]. Han et al.
showed that increasing the fiber diameter increases the
infiltration of SMCs but reduces their proliferation [14].

It is worth mentioning that the morphology, particu-
larly the roughness and the size of the fibers, also has a
significant impact on the adhesion of blood components,
particularly platelets [40], which is of crucial importance
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in the case of vascular prostheses. That is why it is es-
sential to select the appropriate morphology in the de-
sign of modern, biocompatible vascular prostheses. The
presented results clearly indicate that in the case of fi-
brous vascular prostheses, multilayer structures com-
posed of fibers of various sizes and solid non-fibrous
areas are a promising solution. We proved that the best
growth of SMCs is obtained for micron fibers (with an
average diameter in the 900-1000 nm range) compared
to the submicron fibers (with an average diameter below
900 nm). In the case of ECs, it seems that mixed struc-
tures composed of fibrous and solid areas are the best
solution. Therefore, the best solution is a prosthesis con-
sisting of a microfiber outer layer and a mixed inner
layer containing fibrous and solid areas. Such a mixed,
multilayer structure can be obtained using the SBS tech-
nique by appropriate selection of the process parameters
(concentration of the polymer solution, working distance
of the nozzle-collector). The solid regions promote the
adhesion of ECs and accelerate the formation of the
monolayer. On the other hand, the outer surface com-
posed of micron fibers promotes the growth and infiltra-
tion of the SMCs.

Conclusions

Fibrous structures with different morphology were ob-
tained using SBS technique. The materials differed in
the average diameter of the fibers and the number of
layers. The study investigated the effect of surface
morphology on the growth of ECs and SMCs. In the
case of ECs, we compared cell growth on fibrous sur-
faces (1L-type) with different average fiber diameters
and mixed surfaces (2L-type) composed of solid and fi-
brous areas. ECs showed a higher cell coverage on mixed
surfaces. These differences between surfaces became
clearly visible after 6 days of culture. In the case of
SMCs, better growth was shown on micron fibers com-
pared to submicron fibers.
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Abstract

Background In this study, two types of polyurethane-based cylindrical multilayered grafts with internal diam-

eters <6 mm were produced by the solution blow spinning (SBS) method. The main aim was to create layered-wall
prostheses differing in their luminal surface morpholegy. Changing the SBS process parameters, i.e. working distance,
rotational speed, volume, and concentration of the polymer solution allowed to obtain structures with the required
morphologies. The first type of prostheses, termed Nano, possessed nanofibrous luminal surface, and the second
type, Micro, presented morphologically diverse luminal surface, with both solid and microfibrous areas.

Results The results of mechanical tests confirmed that designed prostheses had high flexibility (Young's modulus
value of about 2.5 MPa) and good tensile strength (maximum axial load value of about 60 N), which meet the reguire-
ments for vascular prostheses. The influence of the luminal surface morphology on platelet adhesion and the attach-
ment of endothelial cells was investigated. Both surfaces did not cause hemolysis in contact with blood, the percent-
age of platelet-occupied area for Nano and Micro surfaces was comparable to reference polytetrafluoroethylene
(PTFE) surface. However, the change in morphology of surface-adhered platelets between Nano and Micro surfaces
was visible, which might suggest differences in their activation level. Endothelial coverage after 1, 3, and 7 days of
culture on flat samples (2D model) was higher on Nano prostheses as compared with Micro scaffolds. However, this
effect was not seen in 3D culture, where cylindrical prostheses were colonized using magnetic seeding method.
Conclusions We conclude the produced scaffolds meet the material and mechanical requirements for vascular pros-
theses. However, changing the morphology without changing the chemical modification of the luminal surface is not
sufficient to achieve the appropriate effectiveness of endothelialization in the 3D model.

Keywords Multilayered small-diameter vascular grafts, Hemocompatibility, Endothelial cells, Solution blow spinning,
Nanofibers, Magnetic seeding
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Introduction

Cardiovascular diseases (CVD) were responsible for 32%
of all deaths worldwide in 2019 [1]. In advanced stages
of CVD, the only choice is the surgical intervention, in
which damaged arteries are replaced with autologous
vessels or synthetic prostheses. However, the clinical
success of this procedure is limited by low availability of
autologous blood vessels. Also, commercially available
synthetic grafts made of expanded polytetrafluoroeth-
ylene (ePTFE) or polyethylene terephthalate (PET) with
diameters <6 mm frequently fail. The poor patency rate
of synthetic prostheses [2—-5] compels researchers to look
for new approaches and solutions.

Although intimal hyperplasia or inflammatory com-
plications may negatively affect the patency of the arti-
ficial vessels upon implantation, the main reason for
prosthetic graft failure is occlusion caused by throm-
bosis [2-5]. In physiological conditions, the lumen of
the blood vessel is covered with endothelial cells (ECs),
which actively counteract the processes of platelet aggre-
gation and blood coagulation through the synthesis and
secretion of various bioactive substances e.g.: nitric
oxide, heparan sulphate, prostacyclin [6]. In addition,
intact endothelial monolayer inhibits the proliferation
of smooth muscle cells (SMCs), limiting the risk of inti-
mal hyperplasia. Implantation of synthetic grafts with-
out this endothelium barrier may lead to surface protein
adsorption followed by platelet adhesion, activation,
and aggregation. Several strategies have been proposed
towards quick endothelialization of prosthesis’ lumi-
nal surface. One of them is in vitro endothelialization,
Le. colonization of the prosthesis with the patient’s cells
before the implantation procedure. Another approach,
in situ endothelialization, is based on colonization with
ECs in the patient’s body, which is possible through
transanastomotic growth, transmural infiltration, and
endothelialization with endothelial progenitor cells cir-
culating in bloodstream [7].

Regardless of the approach chosen, the surface of the
prosthesis must enhance the adhesion and proliferation
of ECs, to enable restoration of a functional endothelium
and, as a result, to reduce clotting processes. The litera-
ture proposes various strategies to improve EC attach-
ment. One of them is based on the modulation of the
surface topography e.g. by adding nanostructures to the
lumen surface. This strategy assumes that introduction of
nanostructures, e.g. nanofibres, increases surface to vol-
ume ratio and provides more binding sites for cell adhe-
sion and biomolecule adsorption [8].

The ideal small-diameter vascular grafts (with diam-
eter <6 mm) should mimic the layered structure of the
native blood vessels and exhibit comparable mechanical
properties. This leads to the idea of a layered prosthesis,
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where the inner surface is designed to provide an envi-
ronment and topography suitable for reconstructing
the endothelial layer, whereas the outer layers are tai-
lored to fulfill other, specific purposes, i.e. ensuring
appropriate mechanical properties and suitable poros-
ity to enable the ingrowth of capillaries. To date, elec-
trospinning has been the most universal and popular
method of manufacturing fibrous vascular prostheses
[9]. This technique enables the production of prosthe-
ses containing both micro- and nanofibers, as well as
layered prostheses containing fibers of various sizes
[10]. Nonetheless, electrospinning has a number of lim-
itations related to high voltage requirements, low pro-
duction rate, and limited number of suitable solvents
[11]. Our group has developed an alternative technique
for fabrication of fibrous vascular prosthesis, namely
the solution blow spinning (SBS) method [12, 13]. The
SBS system is similar to the electrospinning system
but does not require the presence of an electric field.
The driving force of the process is the pressure of the
working gas, which is fed to the nozzle together with
polymer solution. The pressure forms fibers at the out-
let of the nozzle and deposit them on the rotating col-
lector. SBS has several advantages over electrospinning,
including low cost, easiness to scale and control of the
parameters, as well as no need for high voltage [14, 15].

Vascular grafts can be made of natural or synthetic
polymers. Of the synthetic materials, PET or ePTFE
were originally used. These materials are still the most
commonly used in clinical practice for peripheral vessel
replacement, but they have some disadvantages. Most
importantly, their surface does not promote cell adhesion
and they are quite resistant to chemical modifications.
This is a significant disadvantage because the majority of
synthetic polymers require surface modification in order
to improve their biological properties. PUs are a chemi-
cally diverse group of polymers that are often studied in
the context of biomedical applications. Heart valve, car-
tilage, skin, blood vessel and bone scaffolds have been
successfully produced from PUs [16-23]. The versatil-
ity of PU-based scaffolds arises from material bio- and
hemocompatibility, its easy processing, and appropriate
mechanical properties [24]. Furthermore, the mechani-
cal properties of PUs, including elasticity, strength, hard-
ness, and resiliency, are easily controllable by changing
the ratio of soft and hard segments. [25, 26]. Moreover,
PUs present attractive biological properties probably due
to the fact that urethane bond is similar to the peptide
bond. Cells, including ECs, are able to adhere to the PU
surface, even without the application of chemical modi-
fications. This makes it possible to study the influence of
the topography (fiber diameter etc.) on the cell-surface
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interactions. In this study, medical grade Chrono-
Flex PU was selected because of its reportedly high
athrombogenicity.

In our previous study, we evaluated the influence of
fibrous surface morphology on endothelial and smooth
muscle cell (SMC) growth [27]. We have shown that both
morphology (solid versus fibrous) and average fiber diam-
eter (submicron fibers versus microfibers) of scaffolds
influenced the growth of ECs. Here, we designed layered
cylindrical prostheses that differ in the morphology of
the luminal surface. The aim of the present work was to
compare two types of prostheses with multilayered walls.
The outer layer is made of aligned microfibers, with an
average diameter of about 1000 pm, which are intended
to support the SMCs development. The middle layer with
total layer thickness of about 500 pum, containing non-
aligned microfibers with an average diameter of about
1000 pm is expected to give the prosthesis adequate
flexibility and mechanical strength. Finally, the internal
layer is composed of dense microfibers presenting with
two morphological types of luminal surface. This layer is
designed to support the attachment of ECs by ensuring
the appropriate topography, either a mixed solid/micro-
fiber structure or a nanofiber structure. The prosthesis
termed “Micro” has a luminal surface composed of solid
areas (flat, film-like surfaces without fibrous structures)
and microfibers, while in the prosthesis termed “Nano”
the luminal surface is composed of nanofibers. Following
the fabrication of the prostheses, their physical proper-
ties were characterized. Further, hemocompatibility of
the distinct luminal morphologies was compared using
human platelets, and two cell seeding models were used
to evaluate the growth of ECs on Nano versus Micro
surfaces.

Materials and methods

Vascular prostheses fabrication

Prostheses were produced from medical grade polyu-
rethane solution by SBS method, as described else-
where [12, 27]. Briefly, polyurethane ChronoFlex®C75A
(Advanced Biomaterials, USA) was dissolved overnight
in 1,1,1,3,3,3-hexafluoro-2-propanol  (>99%Fluorochem
Ltd, UK) on magnetic stirrer. The polymer solution was
transferred into syringe and fed to the inner nozzle of
concentric nozzle system. The polymer solution flow rate
was controlled by syringe pump. The inner diameters
of inner and outer nozzles were 1.1 and 10 mm, respec-
tively. Fibers were collected on rotating collector, 6 mm
in diameter and 12 cm in length, mounted 10-30 cm
away from the tip of inner nozzle. Prior to the SBS pro-
cess, the collector was covered with a thin layer of 10%
w/v poly(ethylene) glycol 2000 (Sigma Aldrich, Germany)
solution in distilled water in order to simplify removal
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of the prosthesis from the collector surface. After the
prosthesis deposition and its immersion (together with
the collector) in distilled water for 2 min, the prosthesis
was gently slid off the collector. The slight shrinking of
the prostheses after the removal resulted in a final inner
diameter of 5 mm.

Two variants of layered prostheses were produced:
(a) Nano and (b) Micro. As shown in Fig. 1A, Nano
prosthesis consists of the following layers: nanofibers
(luminal), dense microfibers, microfibers, and aligned
microfibers (outermost). Micro prosthesis consists of the
following layers: dense microfibers (luminal), microfib-
ers, and aligned microfibers (outermost). The SBS pro-
cess parameters used for producing individual layers are
shown in Table 1.

Morphology of the prostheses

The prostheses were cut open and flat samples with
dimensions 0.5 x 0.5 cm were glued to the SEM stubs
with conductive carbon adhesive tape. Samples of inter-
nal (m=3) and external surfaces (n=3) were prepared.
To characterize cross-sectional sample’s morphology,
samples of prostheses 0.5 ¢cm in length (n=3 for each
type) were glued upright to SEM stubs. The samples were
then coated with 15 nm of gold using sputter coater (K550
Emitech, Quorum Technologies). Images of every sam-
ple (n=10) were taken at magnifications x 200, x 600,
and x 5000 using scanning electron microscopy Phenom
G1 (Phenom World). SEM images were used to deter-
mine fiber diameter, pore size, and prostheses thickness.
To determine the percentage of fibrous area on the inter-
nal luminal surface of Micro prostheses, the percentage
of fibrous surface was measured in n=20 SEM images.
In every sample, #=100 fiber diameters were measured
using Fiji software. For nanofibrous internal surface of
Nano prostheses, pore size was determined using SEM
images of luminal surface at magnification x 5000. For
this, the threshold tool (Fiji software) was used to deline-
ate the most surface pores and the area of n=100 pores
was measured using Fiji software The pores were approx-
imated to be circular in shape and the pore size (diam-
eter) was determined using the circle area formula.

3D view of cylindrical structures was provided by a
stereoscopic microscope Leica M205 C (Leica Microsys-
tems GmbH).

Porosity was determined individually for every pros-
thesis. Two prosthesis ends, 1 cm in length were cut off
and weighted on analytical lab scale. Afterward, the sam-
ples (m=2 for each prosthesis) were glued upright to
SEM stubs and coated with 15 nm of gold as described
above. SEM images (n=6) at magnification 200 x were
taken, and #=30 wall thickness measurements were
made for each sample to determine individual layers’

171



topianiak et al. Journal of Biological Engineering (2023) 17:20 Page4of 17

A) Nano Micro

aligned microfibers

‘ \ microfibers

dense microfibers

nanofibers

B) Nano Micro

aligned microfibers

microfibers

dense microfibers |

) Nano Micro D)

Fig. 1 A Layers arrangement in Nano and Micro prosthesis, (B) Cross section of Nano and Micro prosthesis'wall, (C) stereoscopic image of Nano
and Micro prosthesis, (D) macroscopic image of prostheses (Nano and Micro mix)

Table 1 SBS process parameters applied for each layer in Nano and Micro prostheses. The layer that is present in a given prosthesis
type is marked with “+, a layer that is absent Is marked with "-*

Layer Nano Micro Polymer Solution Collector-nozzle tip Collector Solution flow  Air flow
conc. [%,,,,] vol.[ml] distance [cm] rotational speed rate [mi/h] rate [MPa]
[rpm]
nanohbers + 2 3 50 3000 30 0.1
dense microfibers + + 5 6 10 3000 30 01
microfibers b + 5 20 30 3000 30 01
aligned microfibers + + 5 - 30 20000 30 0.1

thickness and total wall thickness. The results (sample  polyurethane ChronoFlex“C75A, p, = 1.2g/cm? (28], S,

weight (m,) and total wall thickness (35)) were averaged is a sample’s side surface determined using for-

and used to determine prostheses porosity (g) using for- mula Sg = 2n(r +3)L, where r is a prosthesis inner

i rﬁ)
p

mula = *100%, where p, is a density of
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radius, r=0.25 cmand L s a sample length L=1 cm. The
resulls ure presented as mean vadue £ 503,

Mechanical properties

Prostheses of 5 cm in length {# — 5 for each type) were
placed in the preumatic jaws of the testing machine
Instron 3345 equipped with 50 kN static load cell. Pros-
theses were slrelched al the rale of 10 mm/min unlil Lhe
break. Dedicaled Bluehill soflware aulomalically deler-
mined maximum load, elongation al break, Young's mad-
wlus, and uliinmale tensile steess. The results are presenled
as a mean value £5I,

Leakage and delamination tests

The leakage test was carried out as follows: prosthescs
of 4 cm length {#—3 for cach type) were mounted in
a closed flow systemn connected to a peristaltic pump
Zalipm PPIB-053A (Zalipoy and (0.9% NaCl solution was
circulated in the system (through the prosthesis) for
I hoat a How rate of 20 ml/min. During the test, sam-
ples were checked lor any signs of leakage through the
prostheses walls, Aller the leakage test, prostheses were
dried al 20 “C Tor 24 h, Then, Lhe samples were plued
Lo SEM stubrs wilh conductive carbon adhesive tape amd
covered willt 15 rum laver of gold. Malerials cross-see-
Lions were analyeed wsing scanning elecleon microscopy
Phenom G1.

‘Lhe above-deseribed How system was also used to test
the permeability of the prostheses” wally in contact with
bloed. Freshly drawn whole blood was connected to the
flow system and the prostheses were perfused for 1 h at
a flow rate of 2] ml/min. During that time, macroscopic
obrervations were carried out to assess whether there s
any blood leakage through the prosthesis’ wall,

Additionally, a static delamination test was carried out.
Prostheses of 1.5 om length {1 — 3 for cach type of pros-
theses and for each timepoint) were prepared and placed
in L5 ml Eppendorf™ test tubes fully filled with 0.9%
NaCl solution, Test tubes were closed and placed in an
incubaior al 37 “Cior 7, 14, or 20 days. Afler this lime,
the prosiheses were dried al 20 °C lor 24 b and invesii-
galed using scanning electron microscopy Phenom G1.

Hemocompatibility of materials

Blood tests were performed vsing fresh human blood
from healthy volunteers. Blood was collected in 1.8 ml
test tubcs containing citrate (B Vacotainer, Tranklin
Lalces, WT, USAD

Static platelet adhesion

For static analysis, round shape samples (#=2 lor each
type of material} were placed in 24-well plate with the
luminal surface of the prosthesis facing up. o order to
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slabilize and flallen the material, each sample was placed
in CellCrown (Sigma Aldrich) inserls, Subsequently,
S0 pl ' 0.9% Mall selulion In ullrapure waler was added
Lo wells with samples and plale was Incubated w 37 2C [or
30 min. Then, NaCl solution was removed and 200 pl of
platclet-rich plasma {PRP} was added o every well con-
taining the samples. PRP was prepared using two “slow”
centrifugations: 150 g for 14 min {first centrifugation)
and 150 g for 12 min {sccond centrifugation). ‘Lhe plate-
let density in PRE was 1x 10° plateletsipl. Plate with
materials was incubated at 37 *C for 40 min. Next, PRP
was remeoved, and samples were thoroughly rinsed with
0.9% NaCl to remove blood residues. Tinally, samples
were prepared for SCM analysis. Briefly, materials were
incubated in 4% paraformaldehvde for 24 hoat 4 "CL Next,
the samples were dehvdrated by 10 min immersion steps
in B0, 60, 70, &0, 90, and 100% ethanal solution (THOH),
and for 20 min in 122 hexamethyldisilazaneethanal
[TTVITIS:FLOTT), 2:1 1TIDMSFIOTT and 100% FIDMS solu-
Lion, Finally, Uwe samples were glued 1o SEM siubs wilh
cordluctive cabon adhesive tape (luminal surlace of
prostheses up) and covered with 15 nm laver of gold. The
% ol platelel-coated area was counted [rom SEM images
of every sample, taleen al 3000 x magnification. Addition-
ally, pictires at magn, = 5000 x were taken in order to
present the morpholegy of surface-adhered platelets in
detail, ‘Lhe platelet adhesion assay was done in triplicate,
with change of blood donor cach time. For every sample
# =10 SEM images were taken, ‘Lhe average values for all
materials were caleulated from 6 images (10 images x 3
experiments x 2 samples),

In this assay, PTIT was cut from vascular prosthesis
{FlowLine Bipore, Jotec) and used as a reference material
that induces low platelet adherence.

Hemolysis
Bound samples with diameter of 14 mun (#=23 for cach
type of prosthesis) were placed in 48-well plate with the
luminal surface of the prosthesis facing vp. '[o separate
erythrocytes from plasma, fresh blood was centrifuged
at 700 g for 5 min and plasma was removed from blood
tubes, Then, erythrocytes were diluted 200 in ultracold
PBS and 300 pl of erythrocyte suspension was added to
wells with materials. PBS was used as a negative contral
and 0.2% TritonX-100 as a positive control. Triplicate
samples were placed on a shaker at 300 rpm for 1 1, al
37 °C. Afllerward, 600 pl of solulion from every well was
centrifuged al 700 g for 1 min, and 200 ul of supernatant
wis ransferred Lriplicale 1o 96-well plale. The absarl:
ance al 340 o was messured using o plale reader Epoch
Biciek (Riolon).

Hemolvsis rate was caloulated using the lollowing
formula:
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As — Aoy

HR= ———
Acp — AN

# 100%

where: A — sample absorbance, A, — mean positive con-
trol absorbance, C— mean negative control absorbance.
Results are presented as mean hemolysis rate == SD.

Endothelial cell culture

Human umbilical vein endothelial cells (HUVECs) were
isolated from freshly collected umbilical cords (kindly
provided by the Dept. of Gynaecology, University Hos-
pital Erlangen) and grown in supplemented endothelial
cell growth medium (EGM-2, Promo Cell, Germany).
Accutase solution was used for cell harvesting. Cells from
passages | or 2 were used in experiments. All experi-
ments were repeated 3 times, in each experiment the
material was used in duplicate. The use of human mate-
rial was approved by the local ethics committee at the
University Hospital Erlangen (review number 14-85_3-B
from 01.02.2022).

Static cell seeding on flat materials - 2D model

Flat samples were cut off from cylindrical grafts, steri-
lized with 70% ethanol, washed with sterile PBS, and
placed in 24 well cell culture inserts. Then, materials were
seeded with HUVECs (5% 10" cells/sample) and incu-
bated at 37 °C for 1, 3, and 7 days. Culture media were
changed 24 h after seeding and then every second day.

To analyze cell viability, Alamar Blue assay was per-
formed according to manufacturer’s protocol. Briefly,
after 1, 3, or 7 days of cell culture, materials with cells
growing on the surface were transferred to a new 24-well
plate and gently washed with sterile PBS. Then Alamar
Blue working solution was added to each well (500 pl/
well) and incubated with samples at 37 °C for 18 h in the
dark. The fluorescence of the Alamar Blue solution was
measured at Ex./Em=550/590 nm using a plate reader
(SpectraMax iD3, Molecular Devices).

Magnetic cell seeding on cylindrical prostheses - 3D model
Cell seeding was also performed on cylindrical vascu-
lar prostheses. For this, all materials were cut to equal
length of 5 cm. Samples were sterilized with 70% etha-
nol, washed with sterile PBS, and placed in transparent
cell culture tubes. 1% agarose solution was used to fix the
prostheses in a vertical position inside the cell culture
tubes. Before cell seeding prostheses were preincubated
with EGM-2 medium for at least 1 h.

HUVECs were seeded on the lumen of the pros-
theses using magnetic seeding technique. Cells were
pre-incubated with superparamagnetic iron oxide
nanoparticles (SPIONs) in cell culture flasks for 24 h
at 37 °C as described before [29]. After incubation,
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the SPION-loaded cells were harvested and counted.
HUVECs were suspended in the culture media and trans-
ferred into the luminal space of each prosthesis (1 x 10°
cells/prosthesis). Immediately after transferring the cell
suspension, the scaffolds were exposed to a radially sym-
metric magnetic field for 15 min using the VascuZell
endothelizer (Vascuzell Technologia S.L., Madrid, Spain).
'The cell culture tubes with prostheses were then carefully
removed from the endothelizer and placed in the incuba-
tor for 1, 3, or 7 days. The culture medium was changed
24 h after seeding and then every second day.

Cell staining and image analysis

After the given cell culture period, cells growing on the
lumen surface were fixed with 4% buffered paraformal-
dehyde (Roth GmbH, Karlsruhe, Germany) and permea-
bilized with 0.2% Triton X-100 (Sigma-Aldrich, Munich,
Germany) in PBS. F-actin filaments were stained by
Alexa488-phalloidin (Invitrogen, Thermo Fisher) and
visualized using fluorescence microscope Zeiss Axio
Observer Z1 (Zeiss, Jena, Germany) at 10 x magnifica-
tion. To observe cells growing inside cylindrical prosthe-
ses, the materials were cut along the longitudinal axis,
pressed to the glass slides, and then visualized using mul-
tiple mode (2 x5). Cell counting was performed using
the Image] software (Fiji, version 1.47v).

Data analysis and statistical analysis

2D cell culture model and platelet adhesion assay

Cell coverage was calculated in 6 circular samples with a
diameter of 11 mm (2 replicates x 3 independent experi-
ments). For each sample, at least 3 microscopic images
(magnification=10x) were taken in randomly selected
places and the cell coverage was calculated for every
image. The average coverage was then calculated for each
sample and the resulting boxplot was based on these
6 average values for all 6 samples. A boxplot in a%-b%
range indicates that in a given group of materials, there
was at least one sample with a% coverage and at least one
sample with b% coverage.

3D cell culture model

Cell coverage was calculated in 5 cylindrical samples
(diameter 6 mm, length 5 ¢m) from 3 independent exper-
iments). For each sample, at least 2 multi-tile scan micro-
scopic images (magnification=10x) were taken. Each
“tile” represents the standard analysis area at 10 x and the
multi-tile scans covered the surface of 2 tiles (prosthesis
circumference) x 5 tiles (prosthesis length), correspond-
ing to an area of approx. 1.3 mm x 4.5 mm. For each sam-
ple, 2 multi-tile scans were performed and the results
were averaged. Based on 5 averaged values for all 5 sam-
ples a boxplot was plotted in a%-b% range, indicating
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that in a given group of materials, there was at least one
sample with a% coverage and at least one sample with b%
coverage.

The results of the other measurements (mechanical
analysis, delamination assay, hemolysis) were presented
as mean values & SD. Statistical significance of differences
was analyzed using single-factor or two-factor analysis of
variance (ANOVA) for p <0.05 with post-hoc Tukey's test
(OriginPRO 2020Db).

Results

Morphology of prostheses

In the first part of this study, we produced and compared
two types of vascular prostheses. The wall of prostheses
consisted of several layers, each of which should fulfill
specific functions. A schematic diagram comparing the
arrangement of layers in the respective types of prosthe-
ses is shown in Fig. 1A, while Fig. 1B shows SEM pictures
of their wall cross-sections. Essentially, the two scaffold
types differed by the presence of nanofibrous layer on
the luminal side of the Nano prosthesis. Our earlier stud-
ies have shown that prostheses made only of microfib-
ers are leaky. Therefore, we decided to include a layer of
densely arranged microfibers in both types of prostheses.
This layer, whose thickness was about 10% of the total
wall thickness acted as a sealing. The thickness of this
layer was selected as a result of our previous work (data
not shown), and the prostheses’ permeability was tested
in a flow system using saline (see below). The next layer
to the outside is a layer of loosely arranged microfibers,
intended mainly to ensure appropriate mechanical prop-
erties of the prostheses (e.g., flexibility) and to achieve

A) B)
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the desired wall thickness. This is the thickest layer of the
graft, constituting about 80% of the total wall thickness.
The thin outermost layer, representing about 10% of the
total wall thickness consists of circumferentially aligned
fibers and is designed to promote attachment of SMCs.
Figure 1C and Fig. 1D show microscopic (stereoscopic
microscopy) and macroscopic photos of prostheses. The
macroscopic appearance of both types of prostheses was
similar.

The evaluation of fiber diameter on internal surfaces of
both types of prostheses is presented in Fig. 2. Average
fiber diameters of luminal surfaces of Nano and Micro
prostheses were 262+ 68 nm and 991+ 251 nm, respec-
tively. Additionally, pore size measurements were per-
formed on the luminal surface of prostheses. Average size
of pores was 2.540.9 um for Nano and 3.7+ 1.7 pm for
Micro scaffold. It must be noted that in Micro prosthe-
sis, the fibrous areas covered only about 14% of luminal
surface.

The described SBS process allowed to obtain prosthe-
ses with comparable properties, but with differing lumen
topography. The luminal surface of Nano prostheses was
characterized by nanofibers with single defects (beaded
fibers) present on the surface (as indicated by the arrows
in the Fig. 2B), while the luminal surface of Micro pros-
theses had a more heterogenous structure, includ-
ing areas of smooth solid surface with pores and small
fibrous areas with large, flattened fibers.

Mechanical properties of prostheses
As shown in Fig. 3A, the mechanical properties of
Nano and Micro prostheses were similar. No significant

Fig. 2 A Fiber diameter distribution and (B} internal surface merphology (arrows indicate defects present on the surface) for internal surface of

Nano and Micro prostheses
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differences regarding wall thickness were observed
between the two types of prostheses. The total wall thick-
ness was 698+44 pum for Nano and 680+45 pm for
Micro scaffolds. The thickness of innermost nanolayer
for Nano prostheses was 9+ 2 pm, whereas the thickness
of dense microfibers' layer was 88+9 pm for Nano and
97 £12 pm for Micro.

In accordance with this, no significant differences were
detected in mechanical properties of the prostheses. Both
types presented elastic behavior with high elongation at
break values. Porosity was similar and equaled 43+ 10%
for Nano and 40 4 8% for Micro. Young's modulus values
for Nano and Micro prostheses were 2.5+0.2 MPa and
24+0.1 MPa, respectively, while the respective maxi-
mum load values were 58.34+3.8 N and 61.2+3.2 N. Ulti-
mate tensile stress for porous sample was 10.9+ 1.8 MPa
for Nano and 10.0+0.8 MPa for Micro prostheses. Elon-
gation at break value was lower for Nano (407 4 46%)
than for Micro prostheses (478 +30%), but the difference
was not statistically significant. Figure 3B shows a typi-
cal load-extension curve. The shape of the curve is simi-
lar for both types of prostheses. The first change-point
(marked as “*") in the curve is related to the rupture of
the two outer microfibrous (aligned and non-aligned)
layers of the prosthesis. The test ended when the remain-
ing layer (dense microfibers) was ripped up (the second
change-point marked as “#").

Prosthesis leakage and delamination test

During 1 h contact between Nano or Micro prostheses
and 0.9% NaCl solution in flow system, no soaking or
leakage was observed. No leakage was also observed dur-
ing blood contact analysis in flow system. Additionally,
no delamination of layers was observed either after 1 h
contact with 0.9% NaCl solution in a flow system during
dynamic delamination test, or after 30 days of incubation
in 0.9% NaCl (static delamination test). Representative
SEM images of Nano and Micro prostheses, showing
their cross-sections after 30 days of static incubation
in 0.9% NaCl solution, are presented in Fig. 4A. Cross-
section SEM images of Nano and Micro prostheses after
dynamic (1h) and static (7 and 14 days) analysis are pre-
sented in supplementary data. Figure 4B presents the
results of wall thickness measurements before and after
7, 14, and 30 days of static delamination. No significant
changes in wall thickness were observed, regardless of
duration of the test and the type of prosthesis.

Biological evaluation

The detailed characterization of produced scaffolds dem-
onstrated that Nano and Micro prostheses differ only in
their luminal surface morphology. In the second part of
this study, we, therefore, evaluated the influence of this
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structural difference on hemocompatibility and endothe-
lial cell attachment to the produced scaffolds.

Platelet adhesion

The luminal surface of the materials after the plate-
let adhesion test is shown in Fig. 5A. The percentage of
the platelet-occupied area is shown in Fig. 5B. The aver-
age values obtained for all tested materials were similar
and no statistically significant differences were detected
(p>0.05 for all pairs). However, SEM images pointed to
the differences in the morphology of the adherent plate-
lets. On the Nano surfaces, platelet aggregates formed
strongly flattened structures. There was a relatively large
variation in platelet coverage between samples, ranging
from 1 to 19% and the average value of platelet coverage
was 8.6 %. In the case of Micro materials, a different mor-
phology of the adhered platelets was observed. The cells
formed relatively large aggregates, which had a spheri-
cal, rounded form. Highly flattened aggregates were rare.
The variation in platelet coverage values between the
samples was similar to Nano, in the range of 2-17% and
the average value of platelet coverage was 6.2%. The aver-
age platelet coverage values for both types of prosthe-
ses were close to those observed on the surface of PTFE
(7.0%). In the case of PTFE, the adherent platelets formed
highly flattened layer and no spherical aggregates were
observed.

Hemolysis

The results presented in Table 2 demonstrated that
hemolysis rate upon blood contact with Nano or Micro
prostheses was < 1%. The produced prostheses thus do
not cause blood hemolysis.

Endothelial cell culture

Static seeding on flat materials - 2D model

The results of cell culture on flat samples (the 2D model)
are shown in Fig. 6. Microscopic analysis showed that the
cells showed the correct morphology and adhered to the
surface of the fibers (Fig. 6A). Starting from the first day
of culture (D1) a higher percentage of cell-covered area
(Fig. 6B) was detected on Nano surfaces, but the differ-
ences were not statistically significant. Cellular coverage
for the Nano surface was in the range of 5-30%, with an
average value of 20%. For Micro surfaces, cellular cover-
age values ranged from 5 to 20%, with an average of 13%.
A similar relationship was obtained on the third day of
culture (D3). In the case of Nano surfaces, the cellular
coverage values were higher and ranged from 25 to 65%,
with an average value of 42%. For the Micro surface, the
values ranged from 20 to 55%, with an average value of
35%. On the 7th day of culture (D7), the differences
between the cellular coverage values for Nano and Micro
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Fig. 4 A Prostheses cross-section SEM images after 30 days of static delamination tests, (B) Prostheses wall thickness before and after static

delamination test

surfaces increased and were in the range of 60-85% and
20-65%, respectively. The average endothelial cell cover-
age was 73% for Nano and was significantly larger than
for Micro samples (43%, p<0.05).

Cell viability analysis (Fig. 6C) confirmed the micro-
scopic observations. At each time point, the fluorescence
value was higher for Nano than Micro surfaces.

Magnetic seeding on cylindrical material - 3D model

The results of cell seeding in the 3D cylindrical scaffolds
are shown in Fig, 7. Both, morphology of the ECs (Fig. 7A)
and the cell coverage values (Fig. 7B) indicate that no
significant differences were observed between Nano
and Micro prostheses. It is worth emphasizing that cell
growth was highly heterogeneous, especially in the later

days of culture. On the 7th day of culture, both types of
prostheses showed areas of cells forming monolayer-like
spots, but there were also areas without any adherent
cells. Generally, in both cases, the cellular coverage values
were significantly lower than in the 2D culture, being in
the range of 5%—30% for Nano and 5%- 25% for Micro
prostheses. There were also large differences in the values
obtained between multiplicate experimental samples.

Discussion

Previous studies on small-diameter vascular grafts have
revealed that layered structure of vascular prostheses
significantly improves their mechanical properties and
better mimics the structure and functions of native
blood vessel [30]. Each layer of such prosthesis should
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Fig. 5 A Morphology of surface-adhered platelets (magn.=5 kx) and (B} percentages (n=+6) of platelet-accupied area for Nano and Micro surfaces.

PTFE was used as a low-thrombogenic reference material

fulfill certain requirements to enable vessel multifunc-
tionality including anti-thrombogenic function, inhibi-
tion of intimal hyperplasia, reduction of inflammation,
and enhancement endothelialization after implantation.

Table 2 Hemolysis rate of Nano and Micro prostheses

Nano Micro

Hemolysis rate [3 of positive control] 04401 0.140.1

Many research groups have previously developed
multilayered prostheses, however, most commonly each
layer was produced by a different method and often
from different polymers. For instance, Yuan et al. cre-
ated prostheses in which inner, middle, and outer layers
were produced by ink printing, wet spinning, and elec-
trospinning, respectively. The authors claimed that only
the combined use of the 3 methods allowed for the pro-
duction of prostheses with the desired wall thickness
and mechanical properties [31]. By combining E-jet
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Fig. 6 Cell culture with flat materials: (A) HUVECs growth, (B) cell coverage and (C) cell viability after 1,3 and 7 days of culture (n=6)

3D printing and electrospinning methods, Huang et al.
produced tri-layered prostheses, which exhibited bet-
ter mechanical properties in comparison to electrospun
monolayer grafts [30]. Generally, fibrous constructs are
very popular in vascular engineering, due to their 3D
structure properties mimicking extracellular matrix.
Moreover, they offer the possibility to customize fibrous
scaffold surface properties (fiber diameter, fiber align-
ment, material porosity) during production, depending
on the requirements of the selected cell type [32].

In this study, multi-step solution blow spinning of med-
ical grade PU enabled us to produce two types of layered
fibrous vascular prostheses that differ in their luminal
surface morphology. Both types of prostheses were made
of three main layers. The outer layer, identical to the
Micro and Nano type, was made of microfibers with an

average diameter of 1 pm. This layer was designed to sup-
port the development of SMCs that build the walls of
native blood vessels. In our previous studies, the growth
of SMCs on fibers with average diameters in the range
of 200, 500, and 900 pm was analyzed [27], showing that
SMC growth on fibrous scaffolds with fiber diameters
of ~1 pum is improved in comparison to smaller diame-
ters. In addition, other studies suggested that not only the
size but also the orientation of fibers supports the pro-
cess of SMC attachment and growth [33, 34]. Based on
those results, the outer surfaces of both types of prosthe-
ses were designed to contain homogeneous, circumfer-
entially oriented microfibers with average fiber diameter
of ~1 pm.

A similar diameter was selected to produce a middle
layer of the prostheses, composed of loose, non-aligned
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microfibers. The main task of this~560 pm thick inter-
mediate layer was to ensure the appropriate mechanical
properties, which are an important factor determining
the success of grafts upon implantation. In vivo, blood
vessels are constantly exposed to pulsatile pressure and
undergo constant deformation [35], so the prostheses
should be produced from highly elastic materials. Fur-
thermore, differences in mechanical properties between
the implanted prosthesis and the native vessel can lead to
aneurysm formation [36] or anastomotic intimal hyper-
plasia [37]. Mechanical properties of small-diameter vas-
cular grafts should therefore be similar to properties of
native vessels, which they are intended to replace (e.g.
coronary artery), or to the commonly used autografts,
such as saphenous vein, with longitudinal elastic modulus
about 24 MPa and ultimate tensile stress about 6 MPa, or
internal thoracic (mammary) artery, with longitudinal
elastic modulus about 17 MPa and ultimate stress about
4 MPa [38]. In this study, maximum load values of about
60 N and ultimate tensile stress values of about 10 MPa
confirmed high mechanical strength of the produced
scaffolds. The prostheses had Young's modulus values
of about 2.5 MPa, which proves their elasticity. It must
be noted that Young’s modulus of electrospun polyure-
thane prostheses strongly depends on the type of poly-
mer used, e.g. values reported for Cardiomat were below
1 MPa [39] and for Tecothane around 6 MPa [40]. Grasl
et al. reported electrospun Pellethane prostheses with an
average fiber diameter of about 900 nm and axial Young’s
modulus reaching 10 MPa [41].

The mechanical properties of prostheses change with
the change in the average diameter of the fibers that build
their walls [42]. As the morphology and thickness of the
intermediate layer were the same for Nano and Micro
prostheses, it was expected that their mechanical prop-
erties will be comparable. The additional nanofiber layer
in the Nano-type prostheses was only about 10 pm thick
and had therefore no significant effect on the mechanical
properties of the entire prosthesis.

Generally, porous structures that mimic extracellu-
lar matrix provide a suitable microenvironment for cell
growth and tissue regeneration. However, in the case of
vascular grafts, they pose a risk of leakage [43]. To over-
come this problem, a low-porosity, impermeable com-
pact layer made of densely arranged microfibers was
added during fabrication by changing the nozzle-collec-
tor working distance, so that the resulting final porosity
of the wall was about 40%. This approach allowed us to
effectively prevent the leakage as demonstrated in the
closed flow system perfusion tests.

The main goal of this study was to evaluate whether the
change in the morphology of the internal surface of the
prosthesis, without the change in its mechanical properties,
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has a significant impact on the adhesion of platelets and
ECs. Previous studies indicated that cell growth on unmaodi-
fied polymers including PU is at most moderate and that
chemical modifications of the surface, e.g. by introducing
peptides, are necessary in order to create a stable layer of
the endothelium [44, 45]. On the other hand, many studies
reported a strong influence of fiber diameter on cell adhe-
sion. Taking this into account, we analyzed the adhesion of
platelets and ECs on the internal surfaces of the prostheses.
‘The adhesion of blood platelets to the inner surface of the
prosthesis is an undesirable phenomenon that may lead
to the formation of a clot and thrombotic occlusion of the
prosthesis lumen. It is also known that the process of plate-
let adhesion can be influenced by the physical properties of
the surface, i.e. roughness [46], topography [47], sub-micron
texturing [48]. Studies of platelet adhesion to a solvent-
cast film coated with electrospun nanofibers made from
poly[acrylonitrile-co-(N-vinyl-2-pyrrolidone)] (PANCNVP)
[49] demonstrated that while the platelets did not adhere
to the surface of the film, they did adhere to the surface of
the nanofibers. In the micro range, however, Milleret et al.
reported that electrospun PU scaffolds with smaller fiber
diameters (<1 pm) reduce platelet adhesion [50]. Authors
stated that not only size of the surface features (e.g. fibers),
but also differences in roughness are very likely responsi-
ble for the differential platelet adhesion. Our study showed
that changing the morphology of the internal surface of
the prostheses within the range reported here had a negli-
gible effect on the total percentage of platelet-covered sur-
face. Interestingly, however, the change in luminal surface
maorphology did influence the morphology of the adherent
platelets. Nano-type surface promoted the strong flattening
of platelets and their aggregates, while on Micro-type sur-
faces mostly spherical clusters were formed. Such a differ-
ence in the morphology of the adherent platelets may affect
the level of their activation and, as a result, the probability
of thrombosis. In the context of thrombogenicity, it is worth
emphasizing that platelet adhesion to our PU prostheses
was overall comparable to the PTFE, which is considered
a low-thrombogenic material. The ChronoFlex PU used in
this study is also characterized by low platelet adhesiveness
and has been successfully used in the production of artificial
heart, among others.

One of the key aspects of successful small-diameter
vascular grafting is a rapid endothelialization of prosthe-
ses [7]. Endothelial monolayer lining the inner surface of
arteries, veins and capillaries constitutes a barrier between
blood and tissues [51]. Furthermore, vascular endothelium
controls and regulates blood flow. Also, an intact and tight
endothelium prevents platelet activation, adhesion, and
aggregation. This helps to maintain the patency of vascu-
lar graft after implantation [52]. In this study, we hypoth-
esized that changing the prostheses’ luminal surface

Page 14 0f 17

morphology by introducing layer of nanofibers would
enhance the EC attachment and ability to form mon-
olayer. Similar effect was previously reported by Chung
et al. who increased roughness of the smooth PU films
by grafting PU chains with different molecular weights
and chain lengths, showing that increased nanoscale sur-
face roughness enhances the adhesion and growth of ECs
[53]. Furthermore, studies of endothelial cell growth on
the surface of PLC/collagen fibers with diameters of 0.27,
1, 2.39, 445 pm showed that cells grown on 0.27 pm fib-
ers formed strong focal adhesion, whereas cells grown on
2.39 and 4.45 pm fibers presented a spindle-shaped mor-
phology with very few focal adhesion points [42]. In our
study, the process of cell colonization in 2D (flat samples,
cell seeding by sedimentation) was faster on Nano-type
surfaces. The difference in the percentage of cell-covered
area between the Micro and Nano prostheses was particu-
larly evident in the later days of the culture. After 7 days
of culture, the cellular coverage on the Nano surfaces was
in the range of 60-85% and the cell growth was relatively
uniform on the entire analyzed surface. On Micro sur-
faces, the cell coverage values were not only lower, but
the cell growth was also patchy and non-uniform. This is
certainly related to the greater heterogeneity of the surface
morphology of the Micro type, which likely translates into
non-uniform cell growth. To investigate whether nanofi-
brous surface morphology promotes endothelialization
of 3D constructs, we employed the magnetic cell seeding
method, which was successfully used to populate other
types of cylindrical biomaterials [29, 54]. However, the
obtained cell coverage values were overall lower than in
2D samples (30% after 7 days of culture) and did not sig-
nificantly differ between both Nano and Micro prostheses,
This trend was observed for both types of materials, for all
observation time points. The mechanisms of this effect are
unclear thus far but may be related to the differences in the
seeding process between 2 and 3D samples. In the case of
the 2D model, the cell suspension was applied to the upper
surface of the flat samples placed in CellCrown inserts and
incubated for 24 h, allowing the cells to sediment onto the
material under the influence of gravity. In the 3D model,
cylindrical samples placed in a vertical position in cell cul-
ture tubes were filled with cell suspension and exposed to
magnetic field for 15 min. Consequently, the period when
the cells had a chance to adhere to the luminal, cylindri-
cal surface of the prosthesis was much shorter in case of
3D samples that were subsequently placed in the incuba-
tor and remained in a vertical position during the whole
culture time. Thus, the cells that did not effectively attach
to the luminal surface during the 15 min exposure to the
magnetic field would have fallen to the bottom of the cul-
ture tube. Expectedly, gravity did not work in favor of cell
adhesion in vertically placed scaffolds leading to relatively
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poor attachment of endothelial cells to the cylindrical wall
of 3D model and explaining the differences in endothelial
coverage between 2 and 3D samples.

In summary, multilayered cylindrical prostheses pro-
duced from medical-grade PU by solution blow spinning
method, represent a promising alternative to autologous
vessels or synthetic polymers. While differing in luminal
surface morphology, the designed prostheses showed a
high elasticity, good mechanical strength, and a platelet
adhesion level comparable to PTFE. Changing the lumi-
nal surface morphology by adding a nanofibrous layer
significantly improved endothelialization of the flat sam-
ples. However, this morphological enhancement was
not strong enough to show a significant effect during
colonization of the entire cylindrical prostheses, which
is a more demanding process. Thus, in order to achieve
successful cell colonization of 3D cylindrical prosthe-
ses, it will be necessary to introduce additional chemical
modifications of their surface (such as introduction of
bioactive endothelial cell-selective adhesive molecules,
e.g. REDV, IKAV) to overcome current limitations and
improve endothelialization efficacy.

Conclusions

This study aimed to develop non-thrombogenic small-
diameter vascular grafts with appropriate mechanical
properties and to evaluate the influence of luminal sur-
face morphology on scaffold hemocompatibility and
endothelial cell attachment. Collectively, our data dem-
onstrate that multistep solution blow spinning method
allows to produce cylindrical structures with layers of tai-
lorable thickness and porosity, whose mechanical prop-
erties conform to small-diameter vascular grafts. The
developed prostheses did not cause hemolysis in contact
with blood and there was no significant difference in the
percentage of platelet-covered area for Nano and Micro
surfaces. Nanofibrous surfaces promoted stronger adhe-
sion of platelets and their aggregates, resulting in the
presence of flattened structures. On the contrary, Micro
surfaces were characterized by the presence of spherical
aggregates, which indicates their weaker adhesion. This
variation in surface-adhered platelets might indicate dif-
ferences in their activation level.

Endothelial coverage after 1, 3, and 7 days of 2D cul-
ture was higher on Nano prostheses. However, this effect
was not seen in 3D culture, where cylindrical prostheses
were colonized using magnetic seeding method. Taken
together, the produced scaffolds meet the material and
mechanical requirements for vascular prostheses, but
their biological properties must be further improved to
enhance endothelialization efficiency.
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