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Abstrakt

Kardiovaskularni onemocnéni patii celosvétové mezi hlavni pfi¢iny tmrti. Operacni
techniky, zahrnujici pfemosténi, nahrazeni nebo plastiku poskozené tkané€, potiebu;ji
vhodné $tépy pro tyto operace. Idealnim zdrojem jsou autologné ziskané Stepy, které vSak
vyzaduji dal$i invazivni pfistup a neni jich dostatek nebo nevyhovuji z hlediska anatomie.
Alogenni §tépy ze zemielych darcii nejsou ithned k dispozici pro akutni zasahy. Syntetické
nahrady vykazuji dobré vysledky u velkych tepen, ovSem v pro ndhradu cév malého
pruméru dochézi k jejich resten6zdm a mnohdy vyzaduji dalsi reoperaci. Vyuziti metod
tkanového inzenyrstvi pro modifikaci téchto nahrad osidlenim pomoci bunék miize
poskytnou lepsi vysledky. Déle decelularizované xenogenni tkané jsou slibné matrice pro
vyvoj tkanové wupravenych kardiovaskuldrnich S$tépl. Diky decelularizaci je
minimalizovéan jejich imunogenni komplex pifi zachovani vhodné stavebni struktury.
V kombinaci s rekolonizaci vhodnymi bunikami za pomoci kultiva¢nich bioreaktorti
mohou vzniknout nové funkéni kardiovaskularni ndhrady. Klicovymi prvky pii vytvoteni
kardiovaskularnich nahrad je endotelizace vnitiniho lumenu. Vliv smykového napéti
simulovaného v bioreaktoru ma pozitivni vliv na modulaci ristu endotelu v kombinaci
s vhodnym substratem. Bunky hladkého svalu zase vytvafeni mechanickou oporu a
zajiStuji vazokonstrikei a vazodilataci. Hydrodynamicka stimulace tlakem a natazenim
podporuje proliferaci hladkého svalu, pfip. diferenciaci kmenovych a stromalnich bun¢k
do fenotypu hladkého svalu. V rdmci prace byly vytvotfeny systémy pro automatizovanou
decelularizaci tkani a systémy pro dynamickou kultivaci bunék zajiStujici stimulaci
pomoci smykového napéti a cyklické tlakové stimulace. Tyto stimulace prokazatelné
podporovaly fenotypickou maturaci bunék, jejich proliferaci a diferenciaci. Na zaklade
vysledki byla vytvofena optimalizovana procedura, jeZ vyuzivala navrzené technologie
pro piipravu rekolonizovanych kardiovaskularnich zéaplat na bazi decelularizovaného
prase¢iho a ovciho perikardu, jez byly osidleny autolognimi stromalnimi buiikami
ztukové tkané. Vlivem mechanické stimulace doSlo k homogenni rekolonizaci
decelularizované tkdn¢ za 5 dni a byla nastartovdna diferenciace stromdlnich bun&k
smérem k hladkému svalu. Takto pfipravené zaplaty byly implantovany na umély defekt
a. carotis. Po explantaci a histologické analyze bylo prokazano, ze u rekolonizovanych

zaplat vznikla nova endotelova vrstva jiz po 1 mésici.

Klicova slova: Bioreaktory, decelularizace, dynamické kultivaéni systémy,

kardiovaskularni ndhrady, kompresni naméhani, rekolonizace butikami, smykové napéti



Abstract

Cardiovascular disease is one of the leading causes of death worldwide. Surgical
techniques, including bridging, replacing, or plasticizing damaged tissue, need suitable
grafts for these operations. The ideal source is autologously obtained grafts, which,
however, require another invasive approach, and there are not enough of them, or they do
not meet the optimal anatomical form. Allogeneic grafts from cadaveric donors are not
immediately available for acute interventions. Synthetic replacements show good results
in large arteries, but restenosis occurs in small diameter vessels and often require further
reoperation. The use of tissue engineering methods to modify these replacements by cell
colonization may provide their better patency. Furthermore, decellularized xenogeneic
tissues are promising matrices for the development of tissue-engineered cardiovascular
grafts. Due decellularization the immunogenic complex is minimized while maintaining
a suitable building structure. In combination with recolonization with suitable cells using
culture bioreactors, new functional cardiovascular replacements can be created.
Endothelialization of the inner lumen is a crucial element in the formation of
cardiovascular replacements. The effect of shear stress simulated in the bioreactor has a
positive effect on the modulation of endothelial growth in combination with a suitable
substrate. Smooth muscle cells, create mechanical support and provide vasoconstriction
and vasodilation. Hydrodynamic stimulation by pressure and stretching supports the
proliferation of smooth muscles, or differentiation of stem and stromal cells into a smooth
muscle cell phenotype. These simulations have been shown to promote phenotypic cell
maturation, proliferation and differentiation. Based on the results, an optimized procedure
was created, which used the proposed technologies for the preparation of recolonized
cardiovascular patches based on decellularized porcine and ovine pericardium, that were
recollonized by autologous stromal cells from adipose tissue. Due to mechanical
stimulation, decellularized tissue was homogeneously recolonized in 5 days and alo
stromal cell differentiation towards smooth muscle was maintained. These prepared
patches were implanted on an artificial defect of the carotid artery in animal model. After
explantation and histological analysis, it was shown that a new endothelial layer formed

in the recolonized patches after only 1 month.

Keywords: Bioreactors, decellularization, dynamic culture systems, cardiovascular

replacements, compressive stress, cell recolonization, shear stress



Seznam symbolu a zkratek

ANOVA Analyza rozptylu

ASC Mezenchymalni kmenové buiiky izolované z tukové tkané
BMP-4 Kostni morfogeneticky protein 4

CA Kalifornie

CD31 Diferenciacni marker endotelu

CNF Fibrilarni nanocelul6za

CNT Uhlikové nanotrubice

Co Kolagen

Co/FN Kolagen s navazanym fibronektinem
Co/LM Kolagen s navazanym lamininem
dH>O Destilovand voda

EC Endotelové buiky

ECM Extracelularni hmota

EPC Endotelidlni progenitorové bunky
FAK Fokélni adhezivni kindza

GA Georgia

HSVEC lidské endotelové bunky z v. saphena
LM Laminin

MWCNT Vicesténné uhlikové nanotrubice

NI National Instruments

NJ New Jersey

PBS Fosfatovy pufr

PCL Polykaprolakton

pCO2 Parcialni tlak oxidu uhli¢itého

PGA Kyselina polyglykolova

PGS poly-(glycerol-sebakat)

PLA Kyselina poly-mlécna

PLGA Poly-(laktid-ko-glykolid)

PLLA Kyselina poly-1-mlé¢na

pO2 Parciélni tlak kysliku

PPFC Planparalelni desky s uzkou pritocnou $térbinou
PrASC Mezenchymalni kmenové buiiky izolované z tukové tkdné prasete
PTFE Polytetrafluorethylen

PU Polyurethan

RhoA Ras homolog family member A

SDS Dodecylsiran sodny

SM Hladky sval

SM-1 Izoforma tézkého fetézce mysoinu
SM-2 Izoforma tézkého fetézce mysoinu
SM22-a Transgelin

SMC Bunky hladké svaloviny

SW Software

TGF- Transforming growth factor beta
UPS Neprerusitelny zdroj energie

VSMC Buiiky hladkého svalstva cév
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1 Uvod

Okluzivni arteridlni choroby, vcetné ischemické choroby srdec¢ni a perifernich
arterialnich onemocnéni, patii mezi nejéast&jsi pric¢iny umrti, jak v Ceské republice, tak i
celosvétoveé. Soucasné metody obnoveni cévniho zasobeni do postizené tkané spocivaji v
angioplastice, umisténi stentu nebo piemosténim, tzv. bypassem. Autologni cévy, zvlast
vena saphena magna, arteria thoracica interna a arteria radialis ptedstavuji standard pro
nahradu cév malého priiméru. V ptipad¢ nemoznosti jejich pouziti (napft. Spatny stav cév
pacienta) je mozné také vyuzit alogenni nebo xenogenni ndhrady, popf. i ndhrady
zumélych materidlii. Takovéto Stépy vykazuji uspokojivé dlouhodobé vysledky pro
nahrazeni tepen s velkym a stfednim primérem, ale pfi aplikaci na cévy malého priméru,
tj. mens$i nez 6 mm, jako jsou korondrni tepny, se zvysSuje riziko nezddoucich reakci. Na
poli tkanového inZenyrstvi se tak v soucasnosti vyviji bunééné nahrady zalozené na
scaffoldech ze syntetického, piip. pfirodniho polymeru, v nékterych ptipadech
ptfipravovaného z decelularizovanych tkédni. Pro vytvofeni kvalitni tkdn¢ je nutné pouziti
dynamickych kultiva¢nich systémd, jez zajist'uji fyziologické podminky pro proliferaci a

diferenciaci bunék tvoricich budouci tkan.

1.1 Stavba cévni stény
Krevni cévy (tepny i Zily) se skladaji ze tfi hlavnich soustfedné uspofadanych vrstev, jez

se oznacCuji tunica intima, tunica media a tunica adventitia (Obrazek 1).

The Structure of an Artery Wall

Tunica media

Tunica externa Tunica intima

Smooth muscle Endothelium

External elastic

membrane Internal elastic

membrane

Obrazek 1 - Stavba cévni stény (Blausen 2014)
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Tunica intima tvofi vnitini vrstvu cév. Obsahuje monovrstvu endotelidlnich bunék,
podeptenou vnitini elastickou vrstvou. U zdravych krevnich cév je vrstva endotelidlnich
bun¢k kontinuélni a semipermeabilni (Belanger 1990). Hlavni vyznam endotelu spoc¢iva
v zabranovani sraZzeni krve, zanétim a infekcim a zajistovani dalsi signalizace z vnitiniho
lumenu cévy smérem k bunkdm hladkého svalstva v tunica media (Beck a D'Amore
1997). Endotelové buiiky jsou podporovany tenkou vrstvou extraceluldrni hmoty zvanou
endotelialni bazalni membrana. Tato bazalni membrana je bohat4 na kolagen (Co) typu
IV a laminin (LM) a obsahuje acelularni vrstvu nazyvanou vnitini elasticka lamina
(lamina elastica interna). Z hlediska samotné mechanické odolnosti tvoii tato ¢ast pouze

minoritni podil (Wagenseil a Mecham 2009).

Tunica media je nejsilngjsi vrstva a obsahuje kontraktilni buniky hladkého svalstva cév
(VSMC — Vascular Smooth Muscle Cells), kter¢ jsou zodpovédné za cévni tonus. VSMC
jsou uspotadané do kruhu, jsou inervované a ptijimaji signaly z lumindlniho endotelu a z

krve.

v

VSMC jsou nejhojngj$im typem bunék ve sténé cév a tvoii svalovou vrstvu cév (hlavné
tepen). Spolecné s extracelularni hmotou (ECM) jsou rozhodujici pro udrzeni krevniho
tlaku a neustalého pritoku krve. Nejvice zastoupené proteiny ECM kolagen typu I a Il a
elastin dodéavaji cévam vynikajici pevnost v tahu a elasticitu. Zatimco kolagen udrzuje
strukturalni integritu cévy, elastin brani nadmérné dilataci cévy a piispiva k poddajnosti

cév (Tschoeke et al. 2008).

Tunica adventita je tvofena pievazné z fibroelastické pojivové tkané€ s longitudinalng
orientovanymi vlakny. Od tunica media je oddélena vnéjsi elastickou membranou
(Stegemann et al. 2007). Udrzuje integritu cévy a tvoii hlavni slozku jeji rezistence

(Belanger 1990).

1.2 Endotel a jeho diferenciace

Endotelové buniky uspofddané do jednovrstvé vystelky cév tvoii semipermeabilni
membranu pro prestup latek mezi krvi a hlubSimi vrstvami cévy, dale vSak také mayji
vyznamnou regulacni funkci. Schopnost endotelia reagovat na prutok krve byla objevena
pted vice nez 150 lety patologem Virchowem, ktery upozornil na heterogenni morfologii
endotelia podél arteridlniho stromu, ktera korelovala s vyvojem pritoku, kterym byly
buiiky ovlivnéné (Galbraith et al. 1998). To vedlo k dalSim studiim in vivo 1 in vitro

s cilem charakterizovat vliv pratoku na endotel. Mnoho studii upozornuje, Zze
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biomechanické sily vzniklé z prutoku ovliviiuje endotelovou strukturu a funkci, véetné
zvySené permeability pro makromolekuly, akumulaci lipoproteinti a zdnik a obnovu
bunék okolo vétveni a bifurkaci (Davies et al. 1984; Gimbrone et al. 2000; Lee et al.
2008).

Arteridlni strom, ktery se sklada z velkych elastickych a svalovych cév, je neustéle
vystaven hemodynamickym silam, které se méni v Sirokém rozsahu amplitudy, frekvence
a sméru. Hemodynamické sily se skladaji z tlaku pisobiciho kolmo na sténu nadoby,
cyklického napéti a smykového napéti piisobiciho paralelné ke sténé, coz vytvaii tieci
smykovou silu na povrch endotelu (Davies 1995). U velkych tepen je rozsah smykového
napéti v rozmezi 10 — 40 dyn/cm? a je umocnén pulzni charakteristikou priitoku, ¢imz
vzniké gradient smykového napéti o daném rozsahu (Langille et al. 1986). V oblastech s
jedineénymi morfologiemi, jako napf. zakfiveni a bifurkace, je trvaly laminarni tok
naruSen a vytvari oblasti odd€lenych toki, kde dochazi k recirkulaci, kterd se méni
v pribéhu kardidlniho cyklu. Tyto sekundarni toky modifikuji profil pivodniho
laminarniho toku, a proto ovliviiuji vysledné smykové namédhani plisobici na endotel

(Malek et al. 1999).

Modely in vitro 1 méfeni in vivo ukézaly, Ze hodnota smykového napéti v téchto oblastech
se pohybuje od negativnich hodnot az po nulu (v oblastech separace pritoku), az do
kladnych hodnot 40 dyn/cm?. Pii patofyziologiich, napf. zvy$eném krevnim tlaku, tato

hodnota miize jeste nartst (Nerem et al. 1998).

Okamzité¢ 1 dlouhodobé zmény toku krve vyvolavaji adaptaci velkych tepen. Tato
adaptace je zavisla na ptitomnosti neporusené endotlialni vrstvy (Langille a Donnell
1986). Céstecné je to zpaisobeno produkei endotelovych metaboliti, které fadime mezi
vazokonstriktory a vazodilatatory, které lokalné ptisobi na vaskularni napéti bun€k hladké
svaloviny uloZené hloubéji v cévé. Pii patologickych podminkéch se objevuje extrémni
adaptace, kdy remodelace spocivd v bunécéné proliferaci, apoptéze (programované
bunécné smrti), degradaci a syntéze bunécné matrix (Rajendran et al. 2013; Russo et al.

2018).

Mechanické sily, jako smykové napéti, tahové napéti a hydrostaticky tlak pfispivaji
k vytvareni vaskularniho systému endotelovymi builkami podobné jako chemické
mediatory — hormony, cytokiny a neurotransmitery (Yamamoto et al. 2003). Smykové

napéti je vytvofené proudénim krve a tkdnového moku a hraje vyznamnou roli pii
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angiogenezi, kontrole vaskularniho napéti a remodelaci cév. Bylo dokdzano, ze také
ovliviiuje endotelialni progenitorové buiiky (EPC) k diferenciaci do endotelovych bunék

(Obi et al. 2009).

1.2.1 Vliv smykového napéti na endotel a dynamické systémy

Pti in vitro studiich zase byly dokazany ptfimé ucinky biomechanickych sil na endotelialni
strukturu a funkci. Dokézaly rychlou odpovéd endotelu na definovanou velikost a
charakter smykového napéti, aplikované naméahani ma také vliv na nasledné transkrip¢ni
zmény (Nerem, et al. 1998). Endotelové buiiky neustale podléhaji smykovému napéti,
pii¢emZ velikost tohoto napéti se udava 1 — 5 dyn/cm? pro vény a 10 — 40 pro arterie (dela
Paz a D'Amore 2009). Mnoho studii dokézalo, Ze smykové napéti aplikované na kmenové
buniky ve fyziologickych hodnotach (0 — 20 dyn/cm?) mélo pozitivni efekt na diferenciaci
do endotelovych bunék (Bai et al. 2009; Dong et al. 2009; Fischer et al. 2009; Kim et al.
2011). Napt. (Kim, et al. 2011) uvadi, ze smykové napéti o hodnoté 2,5 dyn/cm? zvysilo
hodnotu endotelového markeru CD-31. Ve studii (Bai, et al. 2009) uvedli, ze pfi
smykovém napéti o hodnotach 10 a 15 dyn/cm? zvysilo produkci endotelovych markeri,

pii¢emz hodnoty smykového napéti 20 a 25 dyn/cm? naopak produkci sniZily.

Proliferace Sirokého spektra bunék je zavisla na pisobeni smykového napéti, piisobiciho
na bunécné mechanoreceptory (membranové receptory, iontové kandly, integriny apod.)
majici vliv na dalsi procesy (hladiny intracelularniho kalcia, oxidu dusného, prostacyclin,
remodelace cytoskeletu) (Davies 1995). Priitokové systémy vyuZivaji dvou konfiguraci
(Obrazek 2). Jednou je rotace konického kuzele kolmo ulozeného nad povrchem desky
(tzv. orbitalni tfepacka, Obrazek 2a). ProtoZe jak lokalni relativni rychlost, tak i
vzdalenost mezi povrchy kuZele a desky se méni linearné s radialni polohou, dosahne toto
uspofadani prostorové homogenniho smykového napéti na obou ptisluSnych povrsich. V
zavislosti na kuzelovém zzeni a ulozené tthlové rychlosti 1ze dosahnout Sirokého rozsahu

smykového napéti, které saha i do turbulentniho rezimu (Topper et al. 1997).

Druhou hlavni konfiguraci je sestava rovnobéznych desek, mezi kterymi protéka médium
(Obrazek 2b). Vzhledem k malé velikosti Stérbiny vznikd mezi deskami lamindrni
proudéni a buiiky jsou rovnomérné namahany smykovym napétim. Pohon média mezi
deskami miiZe byt proveden jak gravitacné, tak i pumpou. V zavislosti na geometrickych
vlastnostech desek a rychlosti proudéni média mize byt vytvofeno variabilni smykové

napéti (Ruel et al. 1995). Vzhledem k obtiznému sledovani bunétné kultury béhem
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kultivace v prvni konfiguraci se Castéji vyuziva paralelnich desek (Schnittler et al. 1993),
jak dokladaji nasledujici studie: (Frangos et al. 1988; Chun et al. 1997; Levesque a Nerem
1985)

Rotation P

A l

(a) ®)

Boundary Pressure Gradient ’J

Obrazek 2 - konfigurace systému s pratokovym naméahanim: a) rotujici kuzel, b) paralelni desky. Obrazek pievzat z
(Brown 2000).

Mezi nejcastéj$i zafizeni pro aplikaci smykového napéti na endotelové builky patii
kultiva¢ni komory s paralelnimi deskami (Bai, et al. 2009; Takizawa et al. 2010; Tefft et
al. 2013; Wu et al. 2008; Yee et al. 2006; Zeng et al. 2006) a tubuldrni systémy (tj. varianta
pritokové komory, kdy médium protéka kapilarou, ve které jsou nasazené bunky) (Dong,
et al. 2009; Kim, et al. 2011), orbitalni tfepacky jsou vyuzivany méné (Fischer, et al.
2009; Zhang et al. 2009). Vyhodou prvnich dvou typt zafizeni je stabilni hodnota
smykového napéti o dané velikosti, naopak nevyhodou je, ze pro porovnani vice hodnot
smykového napéti je potfeba nékolik sériovych experimentii, kdy podminky kultivace
nemusi byt stejné. Orbitalni tiepacky vytvareji gradientni pole smykového napéti, neboli
1ze je vyuzit pro experimenty na srovnani u¢inkt riznych napéti, nevyhodou ovsem je,

ze hodnoty napéti nelze presné nastavit.

1.3 Buiiky hladkého svalstva a jejich diferenciace

Cévni buiiky hladkého svalstva (VSMC) hraji dulezitou roli ve fyziologickém fungovani
krevnich cév a v cévnich patologickych zménach. Ve zdravych krevnich cévach
dospélého organismu VSMC zajist'uji kontrakei a relaxaci cév. Tento bunécny fenotyp je
charakterizovan bohatymi kontraktilnimi vlakny obsahujicimi VSMC-specifické
kontraktilni proteiny, jako jsou a-isoforma aktinu a izoformy téZkého fetézce myosinu
SM-1 a SM-2 a dalsi specifické proteiny (Bacakova 2018a). Dynamicka kultivace
mezenchymalnich kmenovych bun¢k je dileZitym néstrojem pro indukci a stanoveni
kontraktilniho diferencovaného fenotypu v téchto builkéch. Diferenciace kmenovych
bun¢k viici VSMC vyzaduje pulzujici tlak a cyklické namahani, podobné¢ jako plisobi

hemodynamické namahani na cévy in vivo. Stupen diferenciace kmenovych bun¢k viici
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VSMC je urcen urovni exprese specifickych markeru, zejména: a-aktinu hladkého svalu
(SM), myocardinu a SM22-a (Casné markery); h-caldesmonu a SM calponinu
(intermedidrni markery); a desminu, meta-vinculinu, SM-1 a SM-2 izoforem
myosinového t&7kého fetézce a smoothelinu (pozdni markery) (Bacakova 2018a). U¢inek
mechanického napéti 1ze dale modulovat pfitomnosti rtiznych ristovych faktorti (PDGF,
TGF-B) (Bacakova 2018b). TGF-B je hlavnim rastovym faktorem podporujicim
diferenciaci viici buiikdm hladkého svalstva (SMC) prostfednictvim signalni drahy TGF-
1. V ptitomnosti TGF-B1 dochézi ke zvyseni produkce diferencia¢nich markeri SMC v
kmenovych buiikach (Garat et al. 2000; Qiu et al. 2005). Podobné pozitivni ucinky na
diferenciaci bun¢k vici fenotypu SMC (butiky hladké svaloviny) byly popsany v kostnim
morfogenetickém proteinu 4 (BMP-4) (Bacakova 2018a).

Biomechanické sily, jako je tlak a prutok, jsou nezbytné pro diferenciaci kmenovych
bun¢k do SMC a Ize je pfirovnat k napéti béhem fyzické aktivity. Bunky se pfizpiisobuji
zméndm v mechanickém prostiedi zménou morfologie a zménou genové exprese a
fenotypu. Kromé toho produkce kolagenu a tvorba elastickych vldken jsou rozhodujici

pro vyvoj tunica media (Y okoyama et al. 2017).

1.3.1 Mechanické namahani SMC a dynamické systémy

Diferenciace SMC je vyrazné ovlivnéna mechanickym napétim. VétSina typt bunék, na
které se ASC (mezenchymalni kmenové buiiky izolované z tukové tkan€) diferencuji,
napt. SMC, jsou vysoce mechanosenzitivni (Ye et al. 2014). Buniky jsou schopné reagovat
na mechanické sily prostfednictvim mechanosenzitivnich receptorti. Tyto receptory jsou
schopny pfeménit mechanické napéti na biochemické signidly procesem
mechanotransdukce. Uéelem pouziti mechanického stresu b&hem kultivace in vitro je
vytvofeni fyziologickych podminek, kterym jsou bunky v téle vystaveny.
Mechanotransdukéni mechanismy zahrnuji integriny, mechanicky fizené iontové kanaly,

receptory spojené s G proteiny a senzory, napi. fasinky (Ye, et al. 2014).

Pro mechanické naméhani SMC a diferenciaci kmenovych bun¢k smérem k hladké
svaloviné se nej€astéji pouzivaji systémy na bazi kompresivniho tlaku a podélné jednoosé
tenzi. Hydrostatickd komprese (Obrazek 3) ma nekolik podstatnych vyhod: jednoduchost
zafizeni, prostorova homogenita stimulu, snadnost konfigurace vice zatézovych replikatt
(pomoci rozd€lovace) a snadnost dodani a ptrenosu bud’ statickych nebo piechodnych

zatézovych vstupti (Brown 2000). Vzhledem k nepfimému kontaktu se zatéZovacim
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systémem desky, nevznikd zadné nebezpeci ohledné lokalniho stlaceni vzorkti a dochazi
tak k plynulému pfenosu metaboliti mezi kultivacni vrstvou a zivnym médiem. Dodévané
zatizeni navic neni zavislé na stavu adheze mezi kulturou a jejim substratem (Brown
2000). Bohuzel tlaky plyna v inkubatoru odpovidaji kvazi-fyziologickému kultivaénimu
stresu vedouci k vysoké hladin€¢ pO> a pCO; (Ozawa et al. 1990). Dalsi vykyvy mohou
nastat pii ptili§ nizké nebo vysoké frekvenci tlakovych pulst (Tanck et al. 1999). Jde o
nejjednodussi princip mechanické zatéze, kterd vyuziva jak pozitivni, tak negativni
vychylky tlaku. Tento typ zatéze se vyuziva jiz od 70. let 20 .stol, jak dokladaji nasledujici
prace: (Bourret a Rodan 1976), (Lippiello et al. 1985), (van Kampen et al. 1985). Typicky
se vyuziva dvou konfiguraci systémi, a to namahani bunécné kultury prostiednictvim
tlaku distribuovanym kultivaénim médiem (Obrazek 3a) a naméhani scaffold pomoci
pohanéného pistu (Obrazek 3b). Druhy ze zpiisobi se vyuziva zejména pro namahani

nosicl na bazi chondrogennich tkani (Brown 2000).

Load
Platen

l Displacement

2 |

(a) (b)

Obrazek 3 - Sestavy pro kompresivni namahani. A) kompresivni namahani 2D bunééné kultury prostiednictvim tlaku
siticiho se kultivaénim médiem. B) tlakové naméahani bun€k inkorporovanych do buné¢ného nosice, ktery je ptimo
tlakové komprimovan pistem. Obrazek ptevzat z (Brown 2000).

Systémy pro podélné jednoosé naméhani (Obrazek 4) jsou ¢asto vyuzivany zejména kvili
jednoduché implementaci a nizké cené. Podstatou je plisobeni sily v jednom sméru na
substrat osazeny bunkami, pficemz substrat musi byt do jisté miry elasticky. Z toho
ditvodu se nejcastéji pouzivaji silikonové, polystyrenové ¢i polymerové substraty, pfip.

nativni tkané.

Pro experimenty se vyuzivaji jak komer¢ni, tak vlastni systémy (Ghazanfari et al. 2009;
Rabbani et al. 2016; Seriani et al. 2016; Shao et al. 2013; Yao a Wong 2015). Podstata
namahani je zaloZend na podélné tenzi substratu s nasazenymi buiikami v jedné ose

(Obrazek 4a), nebo flexi substratu s butkkami umisténym na zakladnach (Obrazek 4b).

16



Vzhledem k Poissonové jevu pusobi na buiiky v obou konfiguracich napéti kolmé ke
sméru namdhani. Zasadnim parametrem pro tento typ namahéani je pomér natazeni a
stimulaéni frekvence, kterou vSak splituji pouze nékteré systémy (Rabbani, et al. 2016;
Seriani, et al. 2016). Rozsah natahovaciho poméru se méni v systémech mezi 1 a 25%,
stejné jako rozsah frekvenci, které obvykle zahrnuji interval 0,2 — 5 Hz. N¢které dalsi
systémy také poskytuji dalsi nastaveni, jako je doba trvani pfedstavovana poctem cykla

(Rabbani, et al. 2016).

Grip Displacement

Load or
Displacement

o |

Obrazek 4 - Systémy s jednoosym namahanim a) podélnou tenzi, b) flexi substratu. Obrazek pievzat z (Brown 2000).

(b)

Mnoho studii zkoumalo korelaci mezi tlakovym namahanim, proliferaci bun¢k a
diferenciaci SMC. Byly popsany dvé mechanosenzitivni signalni drdhy spojené s
diferenciaci SMC: draha spojena s RhoA a draha spojena s FAK kinazou. Aktivace téchto
signalnich drah vede ke zvySené produkci SMC diferenciacnich markerti (Miralles et al.
2003). Dlouhodoba inkubace bunck a mechanickd napéti vyvoland tokem tekutin,
zejména kompresivni namahani, podporuji expresi SMC-specifického cytoskeletdlniho
proteinu ve stromalnich bunikach kostni dienég, kde tlakové napéti 120/60 mmHg (tj. 16/8
kPa) vyvolalo vyssi uroven exprese SM-1 myosinu nez namahani smykovym napé&tim
0,6/1,2 1/min a kombinované namahani (Kobayashi et al. 2004a). Cyklicky fyziologicky
tlak 120/80 torr (16/11 kPa) zménil bunénou morfologii a béhem 7 dnti zvysil rychlost
proliferace v kmenovych buiikach (Maul et al. 2007). Delsi preinkubaéni doba (7 — 21
dni), nasledovana mechanickou stimulaci, pfispéla ke zvySené expresi SMC proteinu
(Maul et al. 2011). Vys$si hustoty bunécné populace a vyssi exprese markerti Casné
diferenciace a-aktinu a calponinu bylo dosazeno v kultufe stimulované tlakem nez ve

statickych podminkéach (Bacakova 2018b).
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Bylo stanoveno, ze optimalni hodnoty tlakového cyklického napéti pro zrani lidskych
umbilikdlnich arteridlnich SMC jsou amplituda od 11 do 18 kPa s frekvenci 0,2 Hz. To
bylo naznaceno vysokou zivotaschopnosti bunék, tvorbou stresovych vlaken,
fibronektinovou fibrilogenezi a tvorbou 3D struktury SMC (Yokoyama, et al. 2017).
Zvyseny hydrostaticky tlak, kolisajici mezi 8 a 16 kPa, zvysoval celkovy obsah kolagenu
a nerozpustného elastinu a také zvySoval prutrzny tlak umélého arteridlniho konstruktu

(Crapo a Wang 2011).

1.4 Cévni nahrady
Kardiovaskularni onemocnéni jsou hlavni pfi¢inou tmrti na celém svété. Mezi bézné
projevy patii ischemicka choroba srdec¢ni a periferni arteridlni onemocnéni, které se

vyvijeji v disledku kritického aterosklerotického zzeni zasobujicich tepen.

Okamzitd obnova tkanové perfuze je kli¢ova pro prevenci srde¢niho selhani u pacientti
s ischemickou chorobou srde¢ni a poskozeni ischemickych koncetin. Stale tak
k nejcastéji provadénym kardiovaskularnim chirurgickym vykonlim patii nahrazeni
poskozené tkdn¢ vhodnym St€pem pomoci premosténi (bypass), nahrazeni poskozené
tkang (substituce) nebo angioplastika pomoci zaplat (Chlupag et al. 2009). Stépy pro tyto
uvedené vykony mohou byt tzv. autografty tj. vlastni tkan pacienta (zZila nebo tepna);
alografty nejCasté¢ji ziskané od zemielych darct (v pfipad€ cévnich nahrad); xenografty,
neboli tkdné€ z jiného Zivocisného druhu, a v neposledni fadé umélé syntetické nahrady.
Kazda z téchto metod mé vSak svd omezeni. Mezi néz patii nedostatek vlastni nebo
darcovské tkané€, prenos patogenu, antikoagulacni terapie, riziko infekce a omezena
zivotnost. Navic mnohé z nich neumoznuji iplnou regeneraci a plnou ndhradu funkce, a
zvysuji tak pravdépodobnosti komplikaci a opakovaného chirurgického zékroku (Bouten

etal. 2011).

Autologni nahrady jsou obecné brany za zlaty standard pro nahradu poskozenych cév
malého primér (<4 - 6 mm) a jsou branné jako prvni mozné feSeni. NejcastéjSim zdrojem
téchto nahrad je pacientova vlastni v. saphena magna, a. thoracica interna a a. radialis.
Na druhou stranu je pro pouziti autolognich ndhrad vyZzadovan invazivni pfistup pro jejich
ziskani a stejné tak je jejich mnozstvi limitované. Navic v fadé piipadu je jejich stav
nevhodny pro dal$i pouziti z hlediska nevhodné anatomické struktury jako je naptiklad
gracilita, nevhodné vétveni a cévni odboceni, formace trombl nebo aterosklerotickych

plati (Pashneh-Tala et al. 2016). Uvadi se, Ze u pacientil, ktefi potfebuji primarni
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revaskularizaci dolnich koncetin, az 30 % postrada vhodnou autogenni zilu (Collins et al.
2008). Tento pocet se zvysuje na 50 % u pacientll vyzadujicich sekundarni bypass. Kromé
toho mohou zilni §tépy v peri-anastomotickych oblastech vést k neointimalni hyperplazii
(Schwann et al. 2009). Mira prichodnosti po implantaci v. saphena zistava omezena,
pricemz rekonstrukce koronarnich i femuro-podkolennich tepen vykazuji miru selhani

ptiblizné 50 % po 10 letech (Harskamp et al. 2013).

Implantace umélych nahrad vyrobenych z biologicky nerozlozitelnych polymert, tj.
polytetrafluorethylenu (PTFE), Gore-Tex a Dacronu, se ukézala jako u¢innd pfi vyméné
velkych cév. Avsak pii pouziti pfi aplikaci vaskularnich $tépti o malém praméru byly
komplikovany trombogenezi (Takagi et al. 2010). Z toho diivodu zacaly vznikat ndhrady
cév, jez kombinuji vice metod s cilem poskytnout alternativni a inovativni feSeni pro
cévni nahradu malého priméru, interdisciplinarni piistup by mohl nabidnout Sanci

navrhnout $tép pro jakoukoli konkrétni cilovou tkan a klinické potieby.

oy oo

Bakey et al. 1958), PTFE (Campbell et al. 1976; Soyer et al. 1972)). Jak je uvedeno vyse,
nizkd mira prichodnosti a nebezpeci trombogeneze po implantaci byla béznym
omezenim téchto vaskuldrnich Stépti. Vychodiskem tak bylo pouziti ndhrad zalozenych
na alo- nebo xenograftech. Prvni komeréné€ dostupné nahrady tohoto typu byly Artegraft
(North Brunswick, NJ) (Hutchin et al. 1975), Procol (Hancock Jaffe Laboratories Inc.,
Irvine, CA)(Hatzibaloglou et al. 2004) a Cryovein (CryoLife, Kennesaw, GA)(Madden
et al. 2004), objevily se na trhu ke konci sedmdesatych let. Nasledovaly néhrady
biologického ptivodu se zabudovanymi xenogennimi bunkami, vzhledem k omezené
dostupnosti autolognich bun¢k (Weinberg a Bell 1986). Jako zaklad pro tyto cévy se
pouzivaly kolagenové gely, které vSak vykazovaly Spatni mechanické vlastnosti a
vysledna céva tak neudrzela svoji integritu a pevnost. Dnes je tak nastaven soubor kritérii
pro kontrolu kvality vyrobenych cévnich nahrad, ktery je zaloZen na standardech zlatého
standardu v. saphaeny, které spocivaji v kontrole mechanickych vlastnosti, tj. minimalni
doporuceny prutrzny tlak je 1 700 mmHg (226 kPa) (Konig et al. 2009) a odolnost viici

cyklickému zatizeni in vitro je 30 dnti (L'Heureux et al. 2006).

Soucasné pouzivané nahrady lze tedy dle pouzitého piivodu leSeni rozdélit na nadhrady

s vyuzitim syntetickych, ptirodnich nebo hybridnich materiald. Ptirodni polymery mohou
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byt dale roztfidény na materidl zalozeny na extraceluldrni matrici (ECM) a

decelularizované ptirodni matrice.

Vyroba bunéénych cévnich nahrad s vyuzitim syntetickych polymerd méa vyhodu
v moznosti upraveni vlastnosti $tépu tak, aby vyhovovaly klinickym potfebam. Na
druhou stranu je vSak nevyhodou naroc¢nost technologie a potieba specifického materialu.
Dals§imi vyznamnymi nevyhodami téchto materiala, jsou nedostatek vazebnych mist pro
buniky a nutnost zajistit antitrombogenni vlastnost lumenu. Bylo testovano mnoZzstvi
polymerti a kopolymerti. Mezi nejstudovanéjsi patii degradovatelné polyestery, jako je
kyselina polyglykolova (PGA)(E. Niklason a S. Langer 1997), kyselina poly-mlécna
(PLA), kyselina poly-1-mlé¢na (PLLA)(Yokota et al. 2008), jejich kopolymer poly-
(laktid-ko-glykolid) (PLGA)(In Jeong et al. 2007) a polykaprolakton (PCL). Mezi
biologicky rozlozitelné polymery patti polyurethany (PU) (Hashi et al. 2007) a poly-
(glycerol-sebakat) (PGS)(Wu et al. 2012), které jsou bioresorbovatelnymi elastomery.
Navzdory fadé¢ téchto studii vSak pouze minimum studii vyhodnotilo tyto nosice jako
vyuzitelné. VétSina téchto nosi¢l vykazovala sklony ke tvorbé trombi, ¢imz doslo
k ucpani cévy po nékolika dnech az tydnech po implantaci, ptfipadné¢ nevykazovaly

dostate¢nou mechanickou odolnost nebo nepropustnost.

Nedostatek biologické aktivity syntetickych nosict vedl k vyrobé leSeni z ptirodnich
polymeri ziskanych z ECM. Proteiny odvozené z ECM maji vyhodu v zachovani
pfirozenych vazebnych mist pro bunéfnou adhezi, zlepSeni biomimetickych a
biokompatibilnich vlastnosti materialu a stimulaci kolonizace a proliferace rekrutovanych
bunék. Aktualné se nejvice vyuzivaji kolagen, Zelatina, elastin, fibrin a hedvabny fibroin.
Typické postupy pro vyrobu nosici z t€chto polymeri jsou elektrostatické zvldknovani
(Soffer et al. 2008) a vymrazovani (Zhang et al. 2006), vétSina studii je vSak zamétena na
vyrobu nahrad pomoci liti do forem, kdy smés poZadovaného gelu a bunécné suspenze je
nalita do trubkové formy vyrobené z polypropylenové trubice (Boccafoschi et al. 2007;
Schutte et al. 2010). Po prvnim obdobi inkubace a ristu bun¢k nasleduje obdobi zrani v
dynamickych podminkach, aby bylo dosazeno vlastnosti cévni tkdn¢ (Weinberg a Bell

1986).

Ptirozené polymery jsou uznavany jako platné alternativy pii vyrobé cévnich néhrad s
malym pramérem, kvili jejich vyssi biokompatibilité a schopnosti remodelovat in vivo.

Nicméné piirodni polymery obecné nabizeji snizenou mechanickou pevnost ve srovnani
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se svymi syntetickymi protéjSky a mohou byt nachylnéjsi k degradaci, ktera, pokud neni
peclivé kontrolovana, mize vést k prasknuti a tvorbé aneurysmatu (Carrabba a Madeddu

2018).

Nesoulad mechanickych vlastnosti, pokud jde o pevnost, elasticitu, dlouhodobou
odolnost a unavu, mezi scaffoldem vyrobenym z pfirodnich polymert a nativni cévou
vedl k vyvoji §tépt se strukturou vice podobnou biologickym tkanim. Dalsi pokusy se tak
zaméfily na vyuziti decelularizovanych tkdni odebranych z alogennich nebo xenogennich
zdrojii. Eliminace bunék je nutnd, aby se zabranilo imunologické reakci od pfijemce, ale
tento proces musi zachovat struktury a funkci ECM. Obvykle se pouzivaji detergenty,
jako je dodecylsulfat sodny, oktylglukosid, deoxycholat sodny a enzymy, jako je dispaza
I, nukleédzy, fosfolipaza a termolysin, ¢asto v kombinaci s mechanickymi a fyzikalnimi

metodami k urychleni procesu (Crapo et al. 2011).

Pro vyrobu nédhrad z decelularizovanych tkéni se vyuzivaji jak vaskularni, tak i
nevaskularni tkdn€. Oproti syntetickym ndhradam maji vysokou miru priichodnosti a
funkénosti i po nékolika letech od implantace (Lindsey et al. 2018). Rada nahrad
zalozenych na decelularizovanych tkanich jiz byla pro své pozitivni ucinky
komercializovana. Napft. Procol (Hancock Jaffe Laboratories Inc., CA, USA), vaskularni
St¢p SG 100 SynerGraft®, (CryoLife, GA, USA) a jiz zminény Artegraft (North
Brunswick, NJ, USA).

vrwe

imunitni reakce vyvolana zbytky ciziho bunééného materialu. Ac¢koli biologicky ptivod
tkdn¢ zmenSoval mezeru mezi vlastnostmi nativni cévy a vestavéného Stépu, pretrvavajici
omezeni spociva v odliSném chovani pti dlouhodobé zatézi (Shetty et al. 2009). Tento
rozdil vede k selhani §t€pu a moznému vytvoieni aneurysmatu (Gossl et al. 2012). Kromé
toho jsou decelularizované §té€py pochazejici z nevaskularni tkané nevhodné pro aplikace,
ve kterych je leSeni nutné ptizplsobit se rustu spolu s pacientem. U téchto pacientd jsou
aterosklerotické a fibrotické remodelace a kalcifikace nejcastéjSimi disledky Spatné
integrace Stépu s okolni tkdni, coz ma za nasledek sten6zu a selhani §tépu a vyzaduje

vicendsobné intervence pro substituci (Woo et al. 2016).
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2 Cile prace

Cilem prace bylo prokazat pozitivni vliv dynamické kultivace bun¢k v kultivacnich
systémech (bioreaktorech) na proliferaci, diferenciaci a genovou expresy bunck oproti
bézné pouzivané statické kultivaci. Hlavnim zdmérem bylo vyuziti téchto kultivacnich
systétmii pro vyzkum a vyvoj novych implantabilnich tkanovych nahrad pro

kardiovaskularni aplikace.
Jednotlivé dil¢i hypotézy a cile prace 1ze nasledovné shrnout:

2.1 Decelularizace tkani a jejich priprava pro rekolonizaci buiikami

Vyvoj a optimalizace metody pro automatizovanou decelualrizaci planarnich praseci a
ovcich perikarda a karotid. Pfi decelularizaci vznika tkan u niz je potlacen imunogenni
komplex. Takto pfipravend tkan je vhodnd pro pouziti jako xenogenni néhrada.
Decelularizace vyzaduje optimalizaci procesu decelularizacnich ¢inidel a proplachu pro
ziskani netoxické a sterilni tkdné. Zaroven pii decelularizaci dochazi ke zhorSeni
mechanickych vlastnosti tkané které musi byt minimalni. Pro automatizaci byl vyvinut

unikatni systém. Publikovéano v rdmci praci (Matéjka et al. 2020a; Vondrasek et al. 2018)

2.2 Stimulace smykovym napétim pro modulaci ristu endotelovych bunék
v in vitro podminkach

Endotelové bunka jsou klicovym prvkem pro zajisténi antitrombogenniho povrchu
kardiovaskularnich néhrad. V téle je endotel stimulovan protékajici krvi jez plsobi
smykovym napéti pro jeho fenotypickou maturaci a vyvoj. Endotelizace povrchu
umélych cévnich nahrad s pfedkultivovani v kultivacnim bioreaktoru napomiize
fenotypické maturaci endotelu pro vytvoteni souvislé odolné vrstvy. Publikovano v rdmci
prace (Chlupac et al. 2014; Matejka et al. 2013) a technické feSeni v uZitnych vzorech
(Matcjka et al. 2017; Matcjka et al. 2016a)

2.3 Stimulace hydrodynamickym tlakem pro modulaci riastu a diferenciace
hladkych svalovych bunék v in vitro podminkach

Hladké svalové buiiky tvoii hlavni opornou funkci cév a zajist'uji jejich vazokonstrikci a

vazodilataci. Hlavnim stimulem je mechanicka zatéz v podob¢é hydrodynamické zatéze

tvotené cyklickym hydrostatickym tlakem a elastickym tahem. Tyto stimuly zajiStuji

fenotypickou maturaci hladkého svalu a zarovenl v kobinaci s vhodnymi rdstovymi

faktory (TGF-B, BMP-4) podporuji diferenciaci kmenovych a stromalnich bunék do
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fenotypu hladkého svalu. Zaroven tato stimulace podporuje proliferaci bunék a formaci
stavebnich extracelularnich proteinti. Publikovéano (Bacakova et al. 2020; Bacakova et al.

2018a; Bacakova et al. 2019) a technické feSeni v uzitnych vzorech (Matéjka et al. 2020c)

2.4 Priprava implantabilnich kardiovaskularnich nahrad v bioreaktoru in
vitro
Kombinace decelularizovanych  nosici  rekolonizovanych  autolognimi
stromalnimi bunikami je moZnosti pfipravy kardiovaskularnich ndhrad u kterych
bude urychlena schopnost regenerace in vivo a bude podpoiena naslednd
endotelizace. Klicovym prvkem je ziskani homogenné rekolonizovaného nosice
k ¢emuZ je mozné vyuzit mechanické stimulace stromalnich bunék coZ podpofi
jejich proliferaci, penetraci do tkdn€ a nastartuje diferenciacni proces. Publikovano

v ramci prace (Matéjka, et al. 2020a) a technické feSeni v uzitnych vzorech (Matéjka et

al. 2020b; Matéjka et al. 2016b)

2.5 Implantace pripravenych nahrad a jejich pilotni testovani in vivo

Ptipravané kardiovaskularni nahrady v podobé cévnich zaplat budou otestovany
v animalnim modelu in vivo a bude po mési¢ni period¢ sledovana jejich celkova
remodelace vtéle a tvorba endotelové vrstvy. Tyto zaplaty budou ptipraveny ve

vyvinutych a optimalizovanych systémech pro buné¢nou kultivaci.
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3 Materialy a metody

V ramci realizace prace vznikla fada kultivaénich systému sklédajicich se ze specidlné
navrzenych kultiva¢nich komor a systému pro zajisténi perfuze kultivatniho média a
generovani mechanickych stimuld. Jak kultivaéni komory, tak stimulacni systémy byly
postupné optimalizovany pro zajisténi vhodnych podminek pro kultivaci bunék, jejich
proliferaci nebo diferenciaci. Veskeré navrhy systému byly optimalizovéany pro instalaci
uvnitf bunééného inkubatoru. Konstrukéni feSeni oproti fadé jinych experimentalnich
navrhi nebo i komerénim feSenim bylo optimalizovano pro dlouhodobé experimenty a
pro opakovatelné pouziti. V pribéhu realizace byly pribéZzné testovany veskeré
konstrukéni materidly z hlediska cytotoxicity a byly pribézné vystavovany cyklim parni
sterilizace v autokldvu. V nasledujicich kapitolach jsou souhrnné popsany jednotlivé
kultivaéni systémy a dale jsou prezentovany v ramci publikacnich vysledkii. Valna
vétSina systému byla chrdnéna formou uzZitnych vzorid, jez dokumentuji detailnéji

technické feSeni a jsou uvedeny v pfilohdch. Na Obrazek 5 jsou zachyceny vybrané

systémy.

Obrazek 5 - Vybrané kultivacni komory a systémy. A — komora pro decelularizované vzorky perikardu, B — komora
pro tlakovou stimulaci na skle, C — komora pro tlakovou stimulaci v kultivacnich jamkach, D — automatizovany
decelularizacni systém, E — rotacni osazovaci systém pro endotelizaci tubularnich nahrad, F — komora pro elasticko-
tlakovou stimulaci na silikonovém substratu, G — komora PPFC pro stimulaci pomoci smykového napéti, H —
mikroperfuzni stimulacni systém s pfipojenou komorou a rezervoarem.

24



3.1 Systém pro automatizovanou decelularizaci zvirecich planarnich a
tubularnich tkani

Jak jiz bylo zminéno v uvodu, decelularizace tkané vyzaduje kombinaci vice kroki

zahrnujicich rozklad bunééné membrany (detergent, hypo- ¢i hypertonické prostiedi),

rozklad zbytki DNA/RNA pomoci enzymu a dikladny proplach. Tyto postupy lze

realizovat 1 za pouziti béznych laboratornich metod, ovSem jedna se o ¢asové narocny

proces ktery je nutné realizovat nékolik dni, jak je publikovano v praci (Musilkova et al.

2019).

Pro potfeby automatizace téchto procesii byl vytvoren specialni systém. Tento systému
se sklada ze dvou peristaltickych Cerpadel, sestavy ventilli a specialnich komor pro
uchyceni tkané. Prvni Cerpadlo zajistuje piipravu a plnéni decelularizacnich komor
roztoky detergentil, enzymt a destilované vody. Druhé Cerpadlo zajiStuje recirkulaci
roztoktl v decelulariza¢nich komorach a homogenni oplach tkané. Rizeni systému je
zajisténo pomoci kontroléru NI compactRIO (National Instruments, Austin, TX, USA) se
specialnim ovladacim software v LabVIEW (National Instruments) pro nastaveni

jednotlivych parametra.

Dtlezitym prvkem je pak samotné fizeni procesu decelularizace. Jednotlivé etapy, tj.
rozklad pomoci detergentl, enzymatické St€peni a proplach probiha v cyklech. Pii
kazdém tomto cyklu je naplnéna decelularizaéni komora s tkani dil¢im mnozstvim
pozadovaného roztoku/vody. Nésleduje recirkulace a oplach tkdné o daném Casovém
intervalu. Po tomto intervalu je komora vypusSténa a je naplnén znovu koncentrovany
roztok/Cistd demineralizovand voda. Diky tomu vznikd pii kazdém cyklu vysoky
chemicky gradient. Tyto cykly jsou pouzity pro vSechny jednotlivé roztoky a byly
optimalizovany pro potieby jednotlivych tkani. Pro zvySeni aktivity pouzitych c¢inidel,
predev§im enzymd, je také cely systém umistén v teplotné fizené¢ komote s teplotou
37°C. Kromé¢ zvyseni aktivity bylo toto feSeni také zvoleno pro zajisténi
reprodukovatelnosti celého procesu. Schématické zobrazeni systému a jeho instalace je

znazornéna na Obrazek 6.
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Smésovaci pumpa

Komor pro tkan
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komora na 37 °C

s ventily
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Obrazek 6 - schematické zndzornéni systému na decelularizaci tkani a jeho instalace v temperované komote.

Dulezitou ¢asti systému jsou specialné navrzené decelularizaéni komory. Do téchto

komor je uchycena dana tkan a je nasledné pfipojena do decelulariza¢nich systému. Tyto

komory byly optimalizovany z hlediska fixace tkan&, a to tak aby dochazelo

k rovnomérnému oplachu tkané pfi recirkulaci roztoku. Zaroven byl také kladen dtiraz na

minimalni mrtvy objem. Komory pro plandrni vzorky umoziiuje uchyceni tkdné o

maximalnim rozméru 12 x 6 cm. Primarni navrh byl uzplsoben pro pouZiti s prasec¢imi,

ovéimi perikardy a také lidskymi perikardy. Uchyceni tkan€ je feSeno pomoci

chirurgického nasiti na silikonovy nastavec. Tkan je uchycena na jedné strané a je

v pribehu recirkulace oplachovana po obou plochach. Funkéni zndzornéni komory je

vyobrazeno na Obrazek 7.

Natoky decelularizaénich
cinidel a dH,0

Odtoky decelularizacnich

Cinidel a dH,0

'

=

Wiyl

Uchyceni tkané

Obtékani tkané z
obou stran zajitujici
homagenitu procesu

=

1

Obrazek 7 - funkéni znazornéni komory pro decelularizaci planarnich tkani a jeji pouziti v decelularizaénim systému.

Komora pro tubuldrni tkdné, primarné tepny a Zily, je tvofena trubicovym té€lem. Tkan je

nasazena na trn o odpovidajicim priméru tak, aby mohly roztoky protékat skrz cévu.
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Uchyceni je opét feSeno pomoci chirurgického hedvabi. Decelulariza¢ni roztoky protékaji
skrz cévu a poté dochazi jesté k oplachu vnéjsi stény. Tyto komory je mozné fetézit pro
paralelni decelularizaci vice tkani zaroven. Funk¢ni zndzornéni komory je vyobrazeno na

Obrazek 8.

Pro potieby decelularizace prasecich a ov¢ich perikard byl optimalizovan nasledujici
protokol. Jako decelulariza¢ni €inidlo byl pouzit 0,5% roztok dodecylsiranu sodného
(SDS). Tento roztok byl pouzit v 6 recirkulac¢nich cyklech, kazdy trval 10 min. Poté byl
SDS vymyt pomoci 5 recirkulacnich cykli dH20, kazdy trvajici 5 min. Poté byl proveden
60minutovy cyklus DNAzy. Roztok DNAzy o koncentraci 40 ug/ml byla rozpusténa v
TRIS pufru. Poté byl cely proces ukonfen dikladnym promytim tkané¢ dH2O,

sestavajicim ze 120 10minutovych cykla.

Pro praseci cévy (karotidy) byl také pouzit protokol zahrnujici SDS a DNAzu. V tomto
ptipadé diky tlustsi sténé¢ tkané byla zvysena koncentrace SDS na 2 % a zvySen ¢as na 8
cykli po 15 min. Nasledoval 60minutovy proplach v DNAze. Poté byl znova zopakovan
postup s SDS, ale pouze o 0,5 % koncentraci; opét 8 cyklli po 15 min. Nasledoval
proplach 120 cyklii po 20 min.

Nésledné byla tkan sterilizovana v 70% roztoku ethanolu po dobu 1 hod. a proplachnuta

sterilnim PBS, ve kterém byla 1 uloZena pfi teploté do 4 °C.

]

Obtékani tkané z
obou stran zajistujici
homogenitu procesu

Natok a odtoky
decelularizagnich Cinidel a
dH0

Obrazek 8 - funkeni znazornéni komory pro decelularizaci tubularnich tkani a jejich instalace v decelulariza¢nim
systému.
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3.2 Kultivaéni komora typu PPFC pro stimulaci pomoci smykového napéti
Pro stimulaci endotelovych bunék a testovani endotelizace povrchu byla vytvotfena
specialni kultiva¢ni komora. Navrh na kultiva¢ni komory vychazel z osvéd¢enych feSeni
typu PPFC, tj. planparalelni desky stuzkou pritocnou Stérbinou. Konstrukce byla
realizovana z tiiskové obrabéného polykarbonatu. Substrat pro kultivaci bylo standardni
kryci sklicko rozméru 24x40 mm. Navrzena kultiva¢ni komora umoziuje vlozeni az 4
skel o tomto rozméru pro moznost paralelni kultivace vice vzorka. Schematické
znazornéni viz Obrazek 9 a instalace v bunééném inkubatoru viz Obrazek 10. Toto
sklicko bylo pted pouzitim potazeno vrstvou kolagenu, lamininu nebo fibronektinu.
Nasledné na takto pfipravené vrstvy byl nasazeny endotelové buiky HSVEC (lidské
endotelové buiky z v. saphena), které byly prekultivované ve statickych podminkéch po
dobu 24 hod. Nésledné byla komora sestavena a byly zafixovany sklicka s buiikami.
Takto ptipravena komora byla nasledné pripojena k perfuznimu okruhu a nastaven pritok
odpovidajici smykovému napéti 12 dyn/cm? (1,2 Pa). Perfuze byla zajisténa pomoci
externi peristaltické pumpy Stockert CAPS pump (Stockert GMB, Freiburg, Némecko)
kterd byla elektronicky ovladdna pomoci datové karty NI-PCI-7831 R (National
Instruments, Austin, TX, USA) a vlastntho SW v LabVIEW (taktéz National
Instruments). Perfuzni okruh byl déle doplnén o pruznik tlakovych razt (Chlupac, et al.

2014) a (Matejka, et al. 2013).

| Natok a odtok kultivacniho média |

Tenka stérbina pritoéného

= e e — kanalu 300 - 500 um

Laminarizované proudéni plsobici smykovym
:> napétim na bunécnou kulturu

Bunécna kultura na krycim

= <D <> <> sklicku

Obrazek 9 - schématické znazornéni kultivacni komory typu PPFC.
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Obrazek 10 — A - sestava kultiva¢nich komor a perfuzniho okruhu, B - externi peristalticka pumpa s ovladacim SW a
C - detail kultiva¢nich komor.

Systém manipulace se sklickem s osazenymi buitkami pfi sestaveni a nasledné ptipojeni
k perfuznimu okruhu, kdy bylo vytvoteno velké mnozstvi bublin v komote, nebyl
optimalni z hlediska ergonomie realizace pokusu. Proto byla vytvofena optimalizovana
verze sestavy. Zaklad vychazel z dosavadni funkéni verze kultivaéni komory, do které
byly ptidan port typu Luer-Lock pro pfipojeni sterilniho septa, takze buiiky byly nasazeny
pfimo do komory az po sestaveni celé soustavy. Dale byl optimalizovan design komory
pro pouziti v mikroskopu pro moznost Zivého sledovani buné€k pii kultivaci. Pro sniZeni
mrtvého objemu soustavy a zlepSeni celkové ergonomie byla pouzita peristalticka pumpa
vlastni konstrukce, ktera byla umisténa pfimo v bunééném inkubatoru. Inovovany systém,
véetné detailu mikroskopu pro Zivé sledovani, barvivové zkousky proudéni v komote a

ovladaci aplikace je zobrazen na Obrazek 11

Nasazeni a sestaveni komory probihalo obdobné jak v ptedeslém ptipad¢, ovsem sklic¢ko,
jez bylo vlozeno, neobsahovalo bunky, pouze potah. Tento potah také mohl byt ususen.
Poté, co byla komora sestavena, byla ptfipojena k perfuznimu okruhu a byla zaplavena.
V této procedure byly jednak eliminovany veskeré bubliny v komote a systému a zarovei
bylo vyrovnédno pH a teplota. Nasledn¢ bylo pies sterilni septum vstiiknuta bunécna
suspenze bunék, jez se rozlila pres sklicka. Po 30minutové fazi adheze byla zapnuta
perfuze, které byla postupné zvétSena na pozadovanou stimulaci. Schéma nové verze

komory je zndzornéno na Obrazek 12. Dynamicka kultivace pfi Casosbérném snimani je
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znazornéna Obrazek 13, kde je patrnad proliferace bun€k a jejich pocinajici orientace

v proudéni. Obrazek 14 pak zndzoriiuje vysledek kultivace po 72 hodinéch kultivace.

Obrazek 11 — A - nova verze kultivaéni komory a perfuzniho systému v bunééném inkubatoru, B — detail kultivaéni
komory v mikroskopu pro Zivé snimani bunék, C — barvivova zkouska tvorby laminarniho proudéni v komote a D —
ovladaci SW systému.

Elektronicky fizeny
kolimovany LED zdroj
svétla s fazovou clonou

Port pro
nasazeni
bunécné

Natok a odtok kulturu
kultivacniho média U,
Tenka stérbina prito¢ného

Il kanalu 300 - 500 um

Objektiv

mikroskopu s
fazovym
kontrastem

Laminarizované proudéni pdsobici smykovym
|:> napétim na buné¢nou kulturu

Bunécna kultura na krycim

e e sklicku

Obrazek 12 - Schématické znazornéni kultivacni komory typu PPFF s portem pro nasazeni bun¢k a moznosti
instalace do mikroskopu.
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Obrazek 13 - ¢asosbérné snimani pii kultivaci v komote, zleva - ¢as 0 po vstiiknuti bunééné suspenze, 50 minut
adheze bunék, 24 hodin pribézna stimulace, butiky bez ziejmé orientace, po 28 hodinach buiky se orientuji ve sméru
proudéni.

Flow direction

Obrazek 14 - Dynamicka kultivace po 72 hodindch od nasazeni, vlevo orientace bunék v proudeéni, vpravo
imunofluorescen¢né barveny VE-kadherin (Cerven¢) a talin demonstrujici vazbu mezibunéénych kontaktii a vazbu na
povrch.

3.3 Kaultivaéni systém pro osazeni a kultivaci endotelovych bunék na
decelularizovanych prasecich karotidich a syntetickych cévnich
nahradach

Pro osazeni tubuldrnich struktur (syntetické protézy, decelularizované cévy) pomoci

endotelovych a pozdé&ji i stromalnich bunék z tukové tkané byly vytvofeny dva specialni

systémy. Pro optimalni nasazeni vnitiniho lumenu byl vytvofen specidlni rotacni
osazovaci systém. Tento systém umoznuje uchyceni cévy nebo cévni ndhrady ve
specidlnim drzaku, ktery obsahuje jednocestné ventily pro nasazeni bunécné suspenze.

Nasledné je tento drzak umistén do rota¢ni komory, kde je pomoci pomalé rotace docileno

osazeni vnitiniho lumenu. Poté je tento drzak vyjmut a vloZen do kultiva¢ni komory, ktera

je pripojena k perfuznimu systému a dochézi ke stimulaci. Obé technické feSeni jsou
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popsany v ptilozenych uzitnych vzorech (Matéjka, et al. 2017; Matéjka, et al. 2016a).

Jednotlivé dily systémil jsou zobrazeny na Obrazek 15.

Obrazek 15 - A drzak cévy s decelularizovana cévou, B - rota¢ni osazovaci komory, C - rota¢ni systém umistény na
kyvne podlozce, D - komora pro stimulaci.

3.4 Kultivaéni  komora  pro tlakovou stimulaci  planarnich
decelularizovanych vzorki
Pro tlakovou stimulaci na decelularizovanych matricich byla vytvofena specidlni
kultiva¢ni komora. Tato komora se skladad ze Ctyf hlavnich asti. Stfedni dvé casti
vytvareji tkanovy drzdk s rezervoary. Decelularizovand tkan je predem nafezdna na
¢tverce o rozmérech 35 x 35 mm, které jsou nasledné¢ umistény do stfedu rezervoard.
Rezervoar ma ¢tvercovy tvar a vymezuje kultivacni plochu na 30 x 30 mm. Zbyvajici 2,5
mm tkané z kazdé jeji strany jsou fixovany dily kultiva¢ni komory. Utésnéni je zajiSténo
pomoci silikonovych O-krouzkl. Komora je nasledné¢ uzaviena kryty obsahujicimi
fluidni porty a opét tésnéna O-krouzky. Celé sestaveni a staZzeni komory je feSeno pomoci
nerezovych Sroubti M4 a ryhovanych matic. Aby se minimalizovalo riziko jakékoli
kontaminace nebo toxicity, tyto Srouby nejsou v kontaktu s tkdni nebo kultivaénim
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médiem. VSechny ostatni ¢asti komory jsou vyrobeny z netoxickych materidli tj.
polykarbonatu, polyamidu nebo silikonu. Veskeré materidly byly testovany na
potencialni cytotoxicitu. Kryty obsahuji 2 fluidni porty typu Luer-Lock pro pfipojeni
sterilniho septa, pfipadné senzoru tlaku a dvé uhlové ptipojky pro ptipojeni perfuzniho
okruhu a stimula¢niho systému. Celkovy pohled na kultivacni komoru a jeji Casti je
znazornén na Obrazek 16. Technické feseni je popsano podrobné v ptiloZzeném uzitném

vzoru (Matéjka, et al. 2016b).
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Decellularized tissue aligned
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Obrazek 16 - Celkovy pohled na sestavenou kultivaéni komoru (nahofe). Vlevo dole fez komorou a jednotlivymi
¢astmi, uprostied dole detail drzaku tkané s rezervoary, vpravo dole detail decelularizované tkané po kultivaénim
experimentu.

3.5 Modifikovana kultivaéni komora pro tlakovou stimulaci na skle a
silikonu
Na zéklad¢ funkéniho feSeni komory pro tlakovou stimulaci na decelularizovanych
vzorcich perikardu byla vytvofeny dvé modifikace kultivacni komory. Modifikace
zahrnovala upravu pro pouziti standardniho kryciho sklicka 24 x 24 mm. V tomto ptipadé
byla pouzita stejna koncepce s rozdilem, ze komora méla pouze jednu osazovaci stranu.
Zaroven byla komora upravena pro moznost pribézného sniméani mikroskopického
snimani. Tato komora byla vyuzita pro optimalizaci tlakové zatéZe z hlediska
diferenciace kmenovych bunék smérem k hladkému svalu a studiu vlivu na proliferaci.

Tento typ komory je zachycen na Obrazek 17.
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Obrazek 17 - Kultivaéni komora pro tlakovou stimulaci na skle, vlevo sestavena komora, vpravo umisténa v
mikroskopu pro zivé snimani bunek.

Dalsi modifikaci byla néhrad rigidniho substratu za elasticky. Pro tento ptipad bylo
upraveno dno stavajici komory pro fixaci specialnich silikonovych vanicek, jez byly
odlity z €irého silikonu. V tomto ptipadé¢ kromé tlakové stimulace jesté pribyl dalsi
element stimulace v podobé viceosého natahovani. Tento typ komory je znazornén na

Obrazek 18.

Obrazek 18 - Modifikace kultiva¢ni komory pro kultivaci na elastickém silikonovém substratu. Patrna tvorba
extracelularni hmoty.
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3.6 Modifikovana kultivaéni komora pro tlakovou stimulaci ve
standardnich kultiva¢nich deskach
Pro testovani velkého mnozstvi vzorkil nebo realizace vice paralelnich experimenti je
navrzené feSeni komory popsané v predchozi kapitole komplikované. Proto bylo
vytvoieno obdobné feSeni, jez vyuziva jako kultivacni komoru standardizovanou vice
jamkovou desku (vcetné 1 verze s 150 um tenkym sklem pro naslednou mikroskopii).
Tato deska je uzaviena a utésnéna pomoci krytd a piipojena ke stimuldtoru. ReSeni
umoznuje fazeni vice komor. Toto feSeni bylo pouzito pro testovani vlivu tlakové
stimulace na riznych materidlech, napt. v rdmci publikované studie o rstu bunék na
fibrildrni nanoceluléoze (CNF) spolu s potahem uhlikovych nanotrubic (CNT) resp.
vicesténnych uhlikovych nanotrubek (MWCNT) . Detailni technické feSeni je popsano
v prilozeném uzitném vzoru (Matéjka, et al. 2020c). Kultiva¢ni systém s navrzenou

komorou je vyobrazen na Obrazek 19.

Obrazek 19 - Kultivaéni systém s pfipojenou komorou pro tlakovou stimulaci ve vice jamkovych deskach (a) a detail
kultivaéni komory (b).

3.7 Mikroperfuzni systém s tlakovou stimulaci

Za ucelem zajisténi perfuze bunécné kultury kultivaénim médiem a zajiSténi stimulace
bunék pulznimi tlakovymi vinami byl také vyvinut unikatni systém. Tento systém je
zaloZen na elektronicky fizeném linedrnim ovladaci s pfipojenim stiikacky a perfuzniho
okruhu. Platforma NI compactDAQ (National Instruments) byla pouzita s moduly

sestavajicimi z digitalnich vstupnich / vystupnich vedeni nezbytnych pro fizeni cerpadla
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a ventil (modul cDAQ 9401) a s analogovym modulem pro pievodnik tlaku (modul
cDAQ 9218).

BéZznym systémem pro zajisténi perfuze u komer¢nich nebo experimentalnich feseni je
pouziti peristaltickych ¢erpadel. Jejich nevyhodou vsak je, ze pti Cerpani vytvari tlakové
razy, jez jsou zpusobené postupnym stlacovanim okluzni hadice v Cerpaci hlavé. Tento
negativni jev Ize minimalizovat tlakovym pruznikem, coz ovSem zvySuje naroky na
objem média a potencidlné vytvaii misto kontaminace a vzniku bublin. Velkou vyhodou
feSeni je, ze kultivacni okruh a samotné ,,Cerpadlo* je tvofeno sterilnimi dily. V piipadé
vymeény média je tak vyménéna pouze injekcni stfikacka s novym kultivaénim médiem.
Technické feSeni také umoziiuje volbu riznych velikosti stiikacek vzhledem k celkovému
objemu média a také maximalnimi pratoku. Pratoku je dan rychlosti posuvu pistu, jde o
tzv. konstantni pratok bez pulznich vin, pfip. je mozné pritok modulovat pro vytvoreni
definované tlakové/pritokové viny. Jistou nevyhodou na rozdil od systému vyuzivajiciho
peristaltického Cerpadla je, ze neni mozné v systému s linearnim pistovym cerpadlem
zajistit kontinualni recirkulaci média. V ramci navrzeného technického feSeni je tento
problém feSen pomoci doCasného rezervoaru, jez je pii perfuzi plnén médiem
protékajicim skrz kultiva¢ni komoru a poté slouzi ke znovunaplnéni injekéni stiikacky.

V tento okamzZik dochazi ke kratkému pteruseni toku média/stimulace.

Perfuzni okruh je vtomto pfipadé tvofen injekéni stfikackou, kterd v kombinaci
s linedrnim aktuatorem vytvari sterilni (v pfipadé plastovych stfikacek i1 jednorazové)
pistové Cerpadlo. Médium je Cerpano pies soustavu silikonovych hadic a kultivaéni
komoru do rezervoaru, kdy po jeho naplnéni dojde k pieCerpani zpét do injekcni

stiikacky.

Za injek¢ni stiikackou je pomoci Y spojky hadice rozdélena na dvé vétve, které prochazi
pfepinacim kleStinovym ventilem. Tento ventil zajist'uje, Ze vZdy je priichozi pouze jedna
vetev. Prvni vétev pokracuje do kultivaéni komory a druhd je navratova z rezervoaru. Za
kultivacni komorou hadice prochazi ptes Skrtici kleStinovy ventil do rezervoaru (Obrazek
20). Tento ventil umoznuje kromé uzavieni okruhu také modulovat priitocny odpor
soustavy. V kombinaci s fizenym objemovym pritokem je také mozné realizovat
tlakovou stimulaci. Rezervoar obsahuje pfipojku pro 220nm filtr zajiStujici sterilni

vyrovnani tlaku a vyménu atmosféry obohacené o CO,. VeSkeré hadicové spojky
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obsahuji koncovky typu Luer-Lock pro standardizaci a moznost pouziti jednorazového

lékatrského materialu.

1. Perfuze média pres
kultivaéni komoru

Skrtici

v

220
nm

AV

e I=——=

Kultivaéni komora

2. Regenerace systému,
meédium plnéno z
rezervoaru do stiikacky
pro dalsi cyklus

Skrtici

f 50 ml stiikacka v aktuatoru

Prepinaci klestinovy

220
nm

Y
e ===

Kultivaéni komora

A 50 ml stfikacka v aktudtoru

Prepinaci klestinovy

Obrazek 20 — jednotlivé rezimy mikroperfuzniho systému.

K ovladani systému byl vytvofen vlastni software v LabVIEW (National Instruments).

Tento software fidi pohyb linearniho ovladade a implementuje zpétnou vazbu pro

stimulaci tlaku, kontroluje stav média ve stfikacce a fe$i automaticky regeneraci systému

a znovunaplnéni injek¢ni stiikacky. Systém a jeho fizeni je upraveno pro nepretrzity

provoz s moznosti dalkového dohledu. Napijeni systému a ovladdaci elektroniky je

zalohované pomoci externi bateriové UPS, kterd je zaroven pfipojena k dal§imu

jisténému zdroji pro zajisténi neptetrzitého provozu. Ovladaci elektronika a uZivatelské
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rozhrani systému je zachyceno na Obrazek 21. Technické feSeni perfizniho systému je

podrobné popsano v uzitném vzoru (Matéjka, et al. 2020b).
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Obrazek 21 - A - instalovany perfuzni systém v bunééném inkubatoru, B - ovladaci elektronika, C - uzivatelské
rozhrani pro nastaveni parametra.

Pro tlakovou stimulaci je v systému implementovano zpétnovazebni fizeni. V tomto

reZimu vyuziva systém tlakovy kapalinovy senzor pouZivany pro invazivni méteni
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krevniho tlaku, typ TruWave (Baxter, Irvine, CA, USA). Tento senzor je piipojen
k pomocnému portu kultivaéni komory, kde snima tlak. Ridici software umoznuje
nastaveni prahovych tlakti a frekvence. V pfipad€, Zze dochdzi k Gniku tlaku a
netésnostem, systém vyhodnoti a upozorni obsluhu a je piepnut do nouzového rezimu
s minimalni perfuzi. V pfipad¢ tlakové stimulace, jez byla v fad¢ publikovanych praci
pouzita, byl v systému vyuzit druhy klestinovy ventil, jenz uzaviel pratok do rezervoaru.
Generovani hydrostatického tlaku bylo potom realizovano pohybem pistu stfikacky na
zaklad¢ monitorovaného tlaku v kultiva¢ni komote. Tento rezim je znazornén na Obrazek

22.

3. Tlakova stimulace 220 nm
pulzatilnim tlakem i filtr
(hydrostaticky)

Pulzatilni hydrostaticky
tlak v kultivacni komote

f 50 ml stfikacka v aktuatoru
Tlakovy

Kultivaéni komora senzor Piepinaci klegtinovy
ventil

Obrazek 22 - Perfuzni systém v rezimu tlakové stimulace.

3.8 Metodika bunécnych experimentii a analyz
Popis vSech metod, které byly pouzivané pro pfipravu bunécnych experimenti, tj. pouzité
materidly, typ bun€k, ndsady atd.; a dale analyzy, které byly pouzité pro stanoveni

vysledki jsou popsany ve ¢lancich autora, které jsou soucasti ptiloh.
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4 Vysledky a diskuze

4.1 Priprava decelularizovanych tkani

Detailni vysledky jsou uvedené v nasledujicich publikacich:

MATEJKA, R., M. KONARIK, J. STEPANOVSKA, J. LIPENSKY, J. CHLUPAC, D.
TUREK, S. PRAZAK, A. BROZ, Z. SIMUNKOVA, I. MRAZOVA, S. FOROSTYAK,
P. KNEPPO, J. ROSINA, L. BACAKOVA a J. PIRK Bioreactor Processed Stromal Cell
Seeding and Cultivation on Decellularized Pericardium Patches for Cardiovascular Use.
Applied Sciences, 2020a, 10(16).

MUSILKOVA, J., E. FILOVA, J. PALA, R. MATEJKA, D. HADRABA, D.
VONDRASEK, O. KAPLAN, T. RIEDEL, E. BRYNDA, J. KUCEROVA, M.
KONARIK, F. LOPOT, P. JAN a L. BACAKOV A Human decellularized and crosslinked
pericardium coated with bioactive molecular assemblies. Biomed Mater, Dec 9 2019,
15(1), 015008.

VONDRASEK, D., D. HADRABA, R. MATEJKA, F. LOPOT, M. SVOBODA a K.
JELEN Uniaxial Tensile Testing Device for Measuring Mechanical Properties of
Biological Tissue with Stress-Relaxation Test under a Confocal Microscope.
Manufacturing Technology, 2018, 18(5), 866-872.

V ramci optimalizace procesu decelularizace tkané bylo optimalizovano slozeni
decelularizac¢nich ¢inidel, nastaveni vhodnych kroki a postupli pro decelularizaci.
Samotna decelularizace byla hodnocena jednak histologicky na pfitomnost jader nebo
jejich rezidui, tak z hlediska mechanickych vlastnosti. Plivodni postup ru¢ni ptipravy
(Musilkova et al. 2019) za pouziti tfepacky byl nahrazen vyuzitim automatizované¢ho

systému (Matéjka, et al. 2020a).

Dale bylo optimalizovano sloZeni decelularizacnich c¢inidel a jejich koncentraci.
Pouzivany byly 4% deoxycholat sodny a 0,5% dodecylsiran sodny. Na zakladé¢
mechanickych zkousSek bylo prokadzano zZe pouziti deoxycholatu vyrazné snizuje
mechanické vlastnosti tkan€ oproti SDS. V ptipad¢ pouziti SDS je elasticky modul 58,91
MPa, méfeno pii paralelné orientovanych vldknech, a 49,61 MPa pii kolmé orientaci
vlaken (Vondrasek, et al. 2018). Pti pouziti deoxycholatu je v ptipadé¢ paralelni orientace
vldken elasticky modul 11,30 MPa a 8,67 MPa v ptipad¢ kolmé orientace vldken
(Musilkova, et al. 2019).

Zhodnoceni u¢innosti procesu a optimalniho nastaveni jednotlivych kroka decelularizace
bylo hodnoceno pomoci histologického barveni kryofezu o tloust’ce 10 um, jez byly

priubé&zné ptipravovany v prabéhu decelularizace. Tyto fezy byly barveny pomoci DAPI
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na piitomnost jader bunék a zbytkové DNA. Jak je patrné na Obréazek 23, tak v nativni
tkani jsou patrné jadra plvodnich bun€k (kontrolni vzorek). Po cyklech proplachu
s detergentem v podob¢ 0,5% roztoku SDS dochazi k poruseni struktury ptivodnich
bunék, nejsou patrna jadra. Dochazi vsak zachyceni zbytkii DNA v tkani. Proto byl pouzit
krok zahrnujici 1 St€peni pomoci DNAzy. Po nasledném proplachu jiz nejsou patrné jak
jadra, tak zbytky DNA v tkédni. Z hlediska optimalizace procesu byla také hodnocena

cytotoxicita z lyzatl a bakteriologické testy sterility.

Combined brightfield with DAPI DAPI only

Native tissue

SDS decellularization, prior
DNAse treatment

100 pm

Decellularized tissue

Obrazek 23 — Pribéh decelularizace praseciho perikardu. Histologické kryofezy o tloust’ce 10 pm a barvené pomoci
DAPI. Nahofte nativni tkan s patrnymi jadry bun€k. Uprostied tkan po cyklech SDS pted pouzitim DNAzy s patrnymi
zbytky DNA. Dole plné decelularizovana tkan bez patrnych zbytkt jader a DNA.
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Vytvoteny protokol decelularizace zahrnujici decelularizac¢ni ¢inidla jako je SDS a
DNAza spolu s oplachem demineralizovanou vodou byl implementovan do nastaveni
systému na zaklad¢ praci autort (Crapo, et al. 2011) a (Gilbert et al. 2006). Mnoho
popsanych metod vyzaduje opakované kroky zahrnujici zménu decelularizacnich ¢inidel
nebo vody po urcité dobé, aby se udrzel gradient chemické koncentrace. Ke zlepSeni
zpusobu a zajisténi homogenni decelularizace se pouziva tfepani v tiepacce. Tyto kroky
mohou byt casov€é naroné. Pro usnadnéni téchto krokd a zajiSténi nepfetrzité
automatizace celého procesu byl vytvoien novy systém pro automatickou decelularizaci,
popsany v kapitole 3.1. Tento systém implementuje cyklicky proces vymény Cinidel a
promyvaci vody na zékladé pozadovaného nastaveni, ¢imz nahrazuje ruéni vyménu a
zajiStuje nepietrzity provoz. Rovnéz byla pouzita specidlni kultivacni komora fixujici
tkan a zajist'ujici proudéni pouzitych tekutin optimalné okolo celé plochy tkdné, ¢imz se

zlepSuje homogenita.

Jak je ukdzano na Obréazek 23, nativni tkan ma jasné€ viditelna buné¢na jadra, zatimco u
pln¢ decelularizovanych tkani nejsou viditelnd ani bunéénd jadra, ani zbytky DNA.
Bunécna kultivace jak v dynamickém systému, tak ve statickych podminkach také
ukézala, Ze takto pfipravena decelularizovana tkan je vhodna pro naslednou rekolonizaci

pomoci bun¢k, coz bylo vyuzito v dalSich experimentech (Obrazek 30).

Lze proto shrnout, Ze tento protokol implementovany do vytvoieného systému pro
automatizovanou decelularizaci tkani poskytuje decelularizovanou tkan vhodnou pro
dal$i modifikaci nebo rekolonizaci bunikami. Cely proces je optimalizovany tak, Ze takto
pfipravenou tkan je mozné ziskat za 24 hod. bez nutnosti zasahu do procesu nebo
manipulaci s tkani. Tento proces byl otestovan jak pro praseci, tak ov¢i perikardy, jez
dale slouzi pro pfipravu implantabilnich cévnich zaplat na alogenni i xenogenni bazi

(Abdolghafoorian et al. 2017; Boccafoschi et al. 2017; Lin et al. 2018).

Stejn¢ tak i z hlediska mechanickych vlastnosti bylo ovéieno, Zze metoda je vhodna a
poskytuje tkan s podobnymi vlastnostmi, jaké jsou pouzivané pro komeréné pouzivané
implantabilni tkdn€ na bazi decelularizovanych bovinnich a porcinnich perikardi, nebo
jejich modifikaci pomoci kroslinkovani glutaraldehydem (Gauvin et al. 2013; Hiilsmann

et al. 2012)
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4.2 Podpora endotelizace povrchii a vliv smykového napéti

Detailni vysledky jsou uvedené v nasledujicich publikacich:

CHLUPAC, J., E. FILOVA, J. HAVLIKOVA, R. MATEJKA, T. RIEDEL, M.
HOUSKA, E. BRYNDA, E. PAMULA, M. REMY, R. BAREILLE, P. FERNANDEZ,
R. DACULSI, C. BOURGET, L. BACAKOVA a L. BORDENAVE The gene expression
of human endothelial cells is modulated by subendothelial extracellular matrix proteins:

Short-term response to laminar shear stress. Tissue Engineering - Part A, 2014 2014,
20(15-16), 2253-2264.

MATEJKA, R., J. ROSINA, E. FILOVA, J. HAVLIKOVA, J. CHLUPAC a ]J.
STEPANOVSKA. Automated dynamic bioreactor for 2D endothelial structures. In 2013
E-Health and Bioengineering Conference, EHB 2013. 2013. — rozSifeny recenzovany
konferen¢ni abstrakt

Ceské vysoké uceni technické v Praze, Narodni Centrum Tkani a Bun¢k as.,
Fyziologicky ustav AVCR, v. v. i. Kultivaéni komora pro dynamickou kultivaci bunék
na tubularnich nosi¢ich. Piivodci: MATEJKA, R., J. STEPANOVSKA, J. ROSINA, D.
HRUZOVA, J. ZARUBOVA a E. FILOVA Ceska republika Uzitny vzor 30441.
7.3.2017.

Ceské vysoké uceni technické v Praze, Narodni Centrum Tkani a Bunék as.,
Fyziologicky tustav AVCR, v. v. i. Systém pro rotaéni endotelizaci cévnich protéz.
Pivodci: MATEJKA, R., J. STEPANOVSKA, J. ROSINA, D. HRUZOVA a J.
ZARUBOVA Ceska republika Uzitny vzor 31066. 3.10.2017.

Nedostatek funkéniho endotelu na vnitini stran€ vaskularnich §t€pi malého priiméru vede
k intimalni hyperplazii a trombotické okluzi. Jednou z moZnosti pro potlaceni téchto
negativnich jevll je endtolizace vaskularni protézy (Deutsch et al. 2009; Herring et al.
1984). Pouhé nasazeni bunck je vSak z hlediska aplikace problematické z hlediska adheze
bunék a retence bunék pii vystaveni proudéni a smykovému napéti v in vivo podminkach.
Modifikaci povrchu biokompatilnimi proteiny beZnymi v extraceluldrni hmot€ je moZzné
podpofit adhezi bun¢k a jejich rast (De Visscher et al. 2012; Stegemann, et al. 2007;
Williams et al. 2011). Dalsi moznost ptedstavuji kultivacni bioreaktory které simuluji
fyziologickou zatéz postupné pro prekondicionovani bunééné kultury na povrchu této

protézy (Chien 2007; Li et al. 2005; Vara et al. 2008).

Pravé pro tyto potieby byl vyuzit navrzeny kultivaéni dynamicky systém s definovanym
smykovym napétim. Kultivace bunék HSVEC (lidsky endotel z v. saphena) byla nasazen
na sklicka modifikované kolagenem I (Co), kolagenem s navazanym lamininem (Co /
LM) a kolagenem s navdzanym fibronektinem pro zvySeni schopnosti adheze bunck.

Takto pfipravené kultury byly vystaveny kratkodobému laminarnimu smykovému napéti
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o velikosti 12 dyn/cm? (1,2 Pa). Volba téchto povrchll byla uvazovéana pro ptipadnou
modifikaci cévnich protéz pro zvysSeni schopnosti adheze endotelovych buné¢k na

umélych protézach.

Jiz po kratkodobém vystaveni bun¢k laminarnimu smykovému napéti je vidét jejich
zména v morfologii, kdy dochéazi ke zméné z dlazdicového tvaru (typického pro statickou
kultivaci endotelovych bun€k) ve fyziologicky protdhly tvar ve sméru proudéni, jak je

znazornéno na Obrazek 24.

VE-cadherin A Vinculin B
Static 2h flow <> 6h flow <> Static 2h flow <> 6h flow <>

KDR Cc von Willebrand factor D
Static h flow <= 6h flow

-

Obrazek 24 - Morfologie HSVEC na kolagenu (Co), Co / LM a Co / FN. Imunofluorescence VE-kadherinu (A1-9),
Vinculin (B1-9), KDR (C1-9) a vWF (D1-9) (zelena), jadra buné€k kontrastn¢ barvend Hoechstem (modra). Proudéni
je zleva doprava, jak je naznaceno obousmérnymi Sipkami. Epifluorescenéni mikroskop Olympus IX50, Olympus
Digitalni fotoaparat DP70, zvétseni 100, stupnice métitka = 20 mm. Obrazek publikovan v (Chlupac, et al. 2014).

Navzdory rozdiliim v drsnosti jednotlivych povrchli a smacivosti nebyly pozorovany
zadné rozdily v adhezi a ristu endotelidlnich bunék ve statickych podminkach. Na rozdil
tomu bunky kultivované v dynamickych podminkach kultivované na Co/LM a Co/FN
vykazovaly vétsi adhezi a rezistenci na pritok oproti €istému kolagenu Co. Genova

exprese spolu imunofluorescenénim barvenim také poukézala na to, Ze kombinované
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povrchy Co/LM a CO/FN jsou vhodnéjsi pro moznou modifikaci umélych cévnich
nahrad, protoze podporuji interakci buiiky a materidlu. V ramci dynamické kultivace je

jesté zvysend interakce mezibunéénych kontakti.

Role subendotelialni extracelularni hmoty a jeji vliv na smykové napéti byla studovana
na fad¢ povrchli obsahujicich kolagen I, laminin a fibronektin. Obecné kolagen I
podporuje adhezi endotelovych bunék k povrchu, ovSem v pfipad¢ vystaveni vySSim
smykovym napétim (> 20 dyn/cm?) dochazi k odtrzeni bun&né kultury zpovrchu
(Feugier et al. 2005). Proto byly vytvoreny kompozity kolagenu I s lamininem (Co/LM)
a koalgenu I s fibronektinem. Lamin je jednim z proteinu bazalni membrany podporujici
bunécnou adhezi a angiogenezi (Malinda et al. 1999). Jeho kovalentni navazani na ePTFE
protézy také podpoftila endotelizaci vnitiniho povrchu (Williams, et al. 2011). Fibronektin
je zase protein pfitomny v mnoha bunécnych procesech zahrnujicich buné¢nou proliferaci
a migraci, jeZ jsou dulezité pro celkovou remodelaci poSkozenych cév (Schwartz a

Assoian 2001).

4.3 Vliv tlakové stimulace na proliferaci kmenovych a stromalnich bunék

diferenciaci smérem k hladkému svalu

4.3.1 Dynamicka kultivace na skle a fibrinové siti a nanovlikenném substratu

Detailni vysledky jsou uvedené v nasledujicich publikacich:

BACAKOVA, L., M. TRAVNICKOVA, E. FILOVA, R. MATEJKA, 1.
STEPANOVSKA, J. MUSILKOVA, J. ZARUBOVA a M. MOLITOR. The Role of
Vascular Smooth Muscle Cells in the Physiology and Pathophysiology of Blood Vessels.
In K. SAKUMA ed. Muscle Cell and Tissue - Current Status of Research Field.
IntechOpen, 2018.

BACAKOVA, L., J. PAJOROVA, M. TOMKOVA, R. MATEJKA, A. BROZ, J.
STEPANOVSKA, S. PRAZAK, A. SKOGBERG, S. SILJANDER a P. KALLIO
Applications of Nanocellulose/Nanocarbon Composites: Focus on Biotechnology and
Medicine. Nanomaterials (Basel), Jan 23 2020, 10(2).

Ceské vysoké uceni technické v Praze, Fyziologicky ustav AVCR, v.v.i., Institut klinické
a experimentalni mediciny. Kultiva¢ni komora pro tlakovou stimulaci v kultiva¢nich
jamkéch. Piavodci: MATEJKA, R., J. STEPANOVSKA, S. PRAZAK, L. BACAKOVA,
P. KNEPPO, M. KONARIK, J. CHLUPAC a J. PIRK Ceska republika Uzitny vzor
33916.14.4.2020.
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Dynamicka kultivace kmenovych (stromélnich) ASC nebo 1 fenotypicky maturovanych
SMC bunék je dualezitym nastrojem pro obnoveni a zachovani kontraktilniho
diferencovaného fenotypu téchto bun¢k (Huang a Niklason 2014; Tschoeke et al. 2009).
Opakovan¢é bylo prokdzéano, ze diferenciace smérem k SMC nebo vaskularnim SMC
(VSMC) vyzaduje pulsatilni cyklickou zatéz, tj. slozky hemodynamického stresu, jez jsou

vystaveny cévy a jejich sténa in vivo (Kurpinski et al. 2006).

Pozitivni ucinky tlakové stimulace na diferenciaci lidskych kmenovych bunék ASC
smérem k VSMC byly nalezeny i v pfipadé naSich experimentl realizovanych ve vyse
popsaném kultiva¢nim systému. Pro zvySeni adheze bun¢k byla sklicka potazena tenkym
fibrinovym gelem popsanym v publikaci (Riedel et al. 2009). Kultura ASC bunék s
po&ateéni hustotou cca. 70 000 bunék/cm? byla kultivovana po dobu 3 a 7 dnil ve statické
kultufe a dynamickém systému s tlakovou stimulaci. Tato stimulace byla nastavena na
fyziologickou hodnotu 120/80 mmHg (15,9/10,6 kPa) a rychlost pulzu simulujici 60
udert za minutu (1 Hz). V kultivaénim médium bylo dale pfidéno 2,5 ng/ml TGF-B1 a
2,5 ng/ml BMP-4.

Tlakové zatizeni vyrazné podporovalo proliferaci ASC po 3 dnech (Obrazek 25B) a po 7
dnech (Obrazek 25D) oproti statické kontrole (Obrazek 25A a C). ASC byly pozitivné
obarveny na oa-aktin na vSech vzorcich. V pfipadé¢ dynamické kultivace navic byl
navysSeny pocet bunék v ptipadé dynamické kultivace 7. den kultivace (Obrazek 25D).
To naznacuje, Ze diferenciace ASC do VSMC v ptitomnosti TGF-f1 a BMP-4 byla

vyznamné zvySena dynamickym tlakovym zatizenim.
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Obrazek 25 - Imunofluorescen¢ni barveni a-aktinu (Cervena) a kalponinu (zelend) u ASC kultivovanych na
fibrinovém gelu na skle za statickych podminek (A, C) a za dynamickych podminek (B, D), A, B: 3 dny kultivace; C,
D: 7 dni kultivace. Jadra bunék jsou kontrastn€ barvena Hoechstem # 33258. IX71 Olympus mikroskop, digitalni
fotoaparat DP71, obj. x 10.

Toto bylo potvrzeno i v rdmci dalSich (zatim nepublikovanych vysledkll). Kde byly ve
stejném systému lidské ASC buiiky vystaveny dynamické zatézi po dobu 3 dnii a byl
srovnan vliv fibrinového gelu na jejich proliferaci a diferenciaci. Kultivace opét probihala
v médiu obsahujicim TGF- 1 a BMP-4. Jako kontrola bylo také pouzito tzv. proliferacni

médium, uréené pro rist bunck a zabranujici jejich diferenciaci, obsahujici FGF-2.
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Obrazek 26 - PocCty bunék na daném substratu pfi statické a dynamické kultivaci (vlevo), relativni intenzita
fluorescence vtazena na pocet bun¢k H1 kalponinu u statické a dynamické kultivace.

Dynamic — differentiation medium Static — differentiation medium

L]

Fibrin

Static — proliferation medium

Glass (plasma treated)

200 ym 200 pm

Obrazek 27 - imunofluorescencéné barveny H1-kalponin pti riznych typech kultivace na skle a fibrinovém potahu.
Proliferace ASC v riiznych kultivacnich prostfedich byla stanovena na zéklad€ poctu
bun¢k a morfologie bun¢k. Ve statickych podminkach nebyl vyznamny rozdil v hustoté
bunécné populace; byl vSak patrny trend, ze pocet bun¢k byl na fibrinovém gelu mirné

vys$$i, viz Obrazek 26. Fibrinova sit’ také podpofila paralelni bunécnou orientaci v kultute
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za statickych 1 dynamickych podminek, jak je patrné na Obrazek 27 v horni Casti. Doslo
k vyznamnému ndrlGstu poctu bunck (cca 1,5krat) v dynamickych podminkach ve
srovnani se statickym podminkam kultivace. V dynamickych podminkach nedoslo k
vyznamnému rozdilu v po¢tu bun¢k mezi jednotlivymi substraty; buiiky vsak tvotily

vicevrstvé shluky. Tyto shluky pak ovlivnily vyssi rozptyl namétenych dat. Toto je také

dokumentovano barevné znacenou projekci na Obrazek 28.

Analyza fluorescencnich obrazkl také prokazala vyznamny rozdil mezi statickou a
dynamickou kultivaci jak u skla, tak fibrinu ve srovnani se vSemi ostatnimi vzorky.

Samotny rozdil mezi typy substratu v ptipad¢ stejného typu kultivace neni signifikantni.

Dynamic—differentiation medium Static—differentiation medium

Dynamic—differentiation medium Static—differentiation medium

W

Fibrin
Fibrin

Glass (plasma treated)
Glass (plasma treated)

Obrazek 28 - Vlevo imunofluorescenéné znaceny kolagen I (Cervené) a fibronektin (zelené) u statické a dynamické
kultivace na skle a fibrinu. Vpravo barevné kédovana (podle hloubky) jadra bunék.

Imunofluorescencni barveni fibronektinu a kolagenu I bylo pouZito pro analyzu tvorby
extracelularnich proteinii a také pro celkové vyhodnoceni morfologie bunéénych kultur
pestovanych za riznych podminek, viz Obrazek 28. Fibrinem potazené sklo podporovalo
paralelni orientaci bunck, coz vedlo k homogenné orientovanym fibronektinovym
vlaknim. V dynamickych podminkach na skle byly také pozorovany oblasti s
orientovanymi buikami. Na skle za statickych podminek byly butiky orientovany zcela
nahodné. Zajimavosti je také, ze dynamicka kultivace pomohla k formaci vicevrstvych
struktur, jak je patrné na barevné kdédované projekci jader na Obrazek 28 vpravo. U
dynamické kultivace jsou patrné az 3 nebo 4 vrstvy bunc¢k. Vzhledem ke kratké dobé

kultivace, pouze 3 dny, jsou tyto vicevrstvé formace ve formé shluki.
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Dynamickd kultivace bunék vyrazné zlepSila adhezi a nésledny rast bunék PrASC
(mezenchymadlnich kmenovych bunék izolovanych ztukové tkané prasete) i na
nanoceluldzovych substratech. Buiiky byly 1épe rozprostfeny a jejich pocet po tfech
dnech dynamické kultivace byl vyrazné¢ vys$i nez v odpovidajicich vzorcich
inkubovanych za statickych podminek po dobu Ctyf dni (Obrazek 29). ZlepSeni
kolonizace bunék dynamickou kultivaci bylo pozorovano zejména u vzorki s tenkym
povlakem CNF + MWCNT. Na silném i tenkém povlaku CNF + MWCNT byly buiky za
dynamickych podminek distribuovany téméi homogenné, zatimco na Cistém povlaku
CNF mély bunky tendenci vytvaret shluky. Lze proto ucinit zavér, ze pridani MWCNT
do kationtovych CNF zlepsilo kolonizaci materidlu PrASC za dynamickych podminek
bunécné kultury (Bacakova, et al. 2020).

Static (day 4)

Dynamic (day 4)

Obrazek 29 — Kmenové (stromalni) bunky z praseci tukové tkané (PrASC) kultivované v statickém a dynamickém
bunééném kultivacnim systému vytvarejicim tlak po dobu tii dnu. Bunky byly péstovany na celuldzové siti s tlustym
nebo tenkym povlakem CNF + MWCNT (sloupec (a) a (b)), s povlakem CNF (sloupec (c)) a bez jakéhokoli povlaku

(sloupec (d))). Buiiky byly obarveny imunofluorescenci na vinculin (zeleny), s TRITC-konjugovanym falloidinem
pro zobrazeni F-aktina (¢erveny) a DAPI pro jadra (modry). Celul6zova sit’ méla v modrém kanalu autofluorescenci.

Konfokalni mikroskop Dragonfly 503 s kamerou Zyla 4.2 PLUS sCMOS, objektiv HC PL APO 20x / 0,75 IMM
CORR CS2. M¢titko: 50 um.

4.3.2 Dynamicka kultivace na decelularizované tkani
Analyza riistu a diferenciace bunék na povrchu decelularizované matrice ukézala, Ze mezi
statickou kultivaci a dynamickou kultivaci je hlavni rozdil po 10 dnech kultivace. Jak je

znazornéno na Obrazek 30, builky vytvaieji za statickych podminek shluky misto toho,
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ptfitomen v mensim poctu bunék. Za dynamickych podminek se v§ak vytvoii homogenni
bunécnd vrstva a hl-kalponin je pfitomen ve vétSiné bunék, véetné bunck s dobie
vyvinutymi kalponinovymi vldkny. V tomto piipadé Ize za dynamickych kultivacnich
podminek pozorovat také zvySeny rust bunc¢k a celkové lepsi rist bunék na povrchu

decelularizované tkané.

Overall growth Differentiation into SMC

(F-actin and DAPI) (Calponin, F-actin and DAPI)

— Cell cluster

formations

Static cultivation

Dynamic cultivation

Obrazek 30 - Rust a diferenciace PrASC na decelularizovaném porcinnim perikardu.
Pozitivni uCinek na diferenciaci kmenovych bunék smérem k SMC byl prokézén ve
studiich vyuzivajicich kombinaci rastovych faktortt TGF-B1 a BMP-4. To vedlo ke
zvySeni produkce specifickych diferenciacnich markert cytoskeletalnich proteini, jako
je a-aktin a hl-calponin, které jsou pfitomny pouze v diferencovanych SMC po 7 a vice

dnech statické kultivace (Lagna et al. 2007). Diferenciaci bunék vici fenotypu SMC lze
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dale zvysit vhodnou mechanickou stimulaci v dynamickém systému. Pozitivni Gc¢inek
mechanické stimulace na diferenciaci viici SMC byl popsan pro buiiky kultivované i bez
ptitomnosti TGF-81 a BMP-4 (Bacakova et al. 2018b; Dan et al. 2015). Krom¢ toho
mechanickd stimulace pomahéd udrzovat bunky v diferencovaném stavu a zabranuje

dediferenciaci (Wang et al. 2010).

Buiiky byly mechanicky zatézovany cyklickym hydrostatickym tlakem o prahovych
hodnotach 120/80 mmHg (15.9/10.6 kPa). Tato stimulace indukovala diferenciaci PrASC
bun¢k do fenotypu SMC, jak prokazuje exprese H1-kalponinu. V této souvislosti byly
popsany dvé mechanosenzitivni signalni drahy spojené s diferenciaci SMC: draha spojena
s RhoA a dréha spojend s FAK kindzou. Aktivace téchto signdlnich drah vede ke zvysené
syntéze markert diferenciace SMC v bunkéach (Miralles, et al. 2003). V analogické studii
(Kobayashi et al. 2004b) také nalezli zvySenou expresi SMC markerd ve stromalnich
buiikach kostni dené krys pfti tlakové zatézi. Stejné tak v ramei praci (Maul, et al. 2007;
Maul, et al. 2011) doslo ke zvySeni produkci SMC markert, kde byly krysi stromalni
bunky kultivovany na sklickdch potazenych kolagenem I pfi tlakové a kombinované

tlakové-elastické zatézi.
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4.4 Recelularizace decelularizovanych tkani pro pripravu implantabilnich
cévnich nahrad v kultivaénim bioreaktoru

Detailni vysledky jsou uvedené v nasledujicich publikacich:

MATEJKA, R., M. KONARIK, J. STEPANOVSKA, J. LIPENSKY, J. CHLUPAC, D.
TUREK, S. PRAZAK, A. BROZ, Z. SIMUNKOVA, I. MRAZOVA, S. FOROSTYAK,
P. KNEPPO, J. ROSINA, L. BACAKOVA a J. PIRK Bioreactor Processed Stromal Cell
Seeding and Cultivation on Decellularized Pericardium Patches for Cardiovascular Use.
Applied Sciences, 2020a, 10(16).

Ceské vysoké uceni technické v Praze, Ustav makromolekularni chemie AV CR, v. v. i.,
Fyziologicky ustav AVCR, v. v. i. Kultivaéni komora pro stimulaci planarnich vzork
decelularizovaného perikardu. Puvodci: MATEJKA, R, J. STEPANOVSKA, 1J.
ROSINA, P. KNEPPO, E. BRYNDA, T. RIEDEL, E. FILOVA, M. TRAVNICKOVA,
J. ZARUBOVA a Z. RIEDELOVA Ceska republika UZitny vzor 30705. 30.5.2017.

Ceské vysoké uceni technické v Praze, Institut klinické a experimentalni mediciny.
Mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci bunck.
Puvodci: MATEJKA, R., J. STEPANOVSKA, P. KNEPPO, M. KONARIK, 1J.
CHLUPAC aJ. PIRK Ceska republika UZitny vzor 33917.14.4.2020.

4.4.1 Vliv dynamické kultivace na rekolonizaci decelularizované tkané pomoci

autolognich bunék

Pro analyzu schopnosti vristani bunék do decelularizované tkané byly histologické
vzorky rozdéleny na 50 um ¢asti. V téchto castech byly spocitany jednotivé pocty bunck
a nasledné statisticky vyhodnoceny pomoci metody Kruskal-Wallisova testu
(jednofaktorova neparametricka ANOVA) s hladinou vyznamnosti p < 0,05 (Matéjka, et
al. 2020a).

Analyza histologickych obrazli (Obrazek 31) a poctu buné€k v danych hloubkach
(Obrazek 32) ukazuje zasadni rozdil mezi statickou a dynamickou kultivaci. Ve
statickych podminkach neni zadny vyznamny rozdil mezi 5 a 10 dny kultivace. V obou
ptipadech buniky pronikly do hloubky 50 um, ale neni prokazan rist bun¢k do hlubsich

oblasti tkané.

Vysledky dynamické kultivace vSak ukazuji vyrazné zlepSené pronikani bunck do vSech
vrstev tkdné€. Také je patrny urcity klesajici charakter, kde pocet bunék klesa s rostouci
hloubkou. Tento jev je zplsoben tim, Ze pro ptipad demostrace vlivu dynamické kultivace
byla osazena pouze jedna strana decelularizované tkané. Pro ptipravu homogenné
rekolonizovanych tkani byly osazeny obé strany pied dynamickou kultivaci, jak je

popsano v kapitole 4.4.2. 'V hloubkéch >100 um je vyznamny rozdil mezi statickou a
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dynamickou kultivaci. V obou ¢asovych intervalech jsou pozorovatelné buiiky ve vSech
vrstvach dynamicky kultivovanych vzorkt. Po 10 dnech dynamické kultivace je vidét, ze
témet celd tkan byla nové rekolonizovana, byt s ubyvajicim poctem oproti niz$im

hloubkam.
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Obrazek 31 — Srovnani rekolonizace decelularizované tkan¢ promoci PrASC pii statickych a dynamickych
podminkach, doba kultivace 5 a 10 dni, 20 pm kryotezy barvené pomoci DAPI. Mikroskop Leica Dmi8, objektiv 10x
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Obrazek 32 - Pocty bun€k v danych 50 um segmentech tkan¢. Statistickd hladina vyznamnosti p <0,05. Pro kazdy
typ kultivace a interval bylo hodnoceno z 10 ndhodnych vzorkl. Cervena ¢ara predstavuje median; modry ramecek
ohraniCuje 1. a 3. kvartil; hradba ohrani¢uje minimalni a maximalni hodnoty a ¢ervené body jsou odlehlé hodnoty.

Jak bylo konstatovano vySe, tak rekolonizace ve statickych podminkach nedava
uspokojivé vysledky. Jak je znazornéno na Obrazek 31 a Obrazek 32, tak pouze 1/5
decelularizované tkdné byla rekolonizovéna buitkami po 10 dnech kultivace. Podobné
vysledky byly ziskdny v jinych studiich, ve kterych bylo zapotfebi nékolik tydnu
kultivace, aby doSlo k rekolonizaci ptipravenych tkanovych matric buiikami a doslo
k ur¢itému zrani bunék (Villalona et al. 2010). Vyuziti perfiznich a stimula¢nich reaktorti
vyznamné podporuje proces rekolonizace tkdné in vitro, jak uvadi studie autora
(Melchiorri et al. 2016). Nékolik studi také hledalo korelaci mezi tlakovym namahéanim,
bunécnou proliferaci a diferenciaci kmenovych bun¢k smérem k SMC. Cyklicky
fyziologicky tlak nastaveny 120/80 mmHg zménil bunéénou morfologii a zvysil rychlost
proliferace v kmenovych bunikach za 7 dni, jak popisuje studie (Maul, et al. 2007). Navic
inkubace buné¢k v bioreaktoru podporuje jejich maturaci a prekondiciovani pfed pouzitim
pro implantaci diky simulovanym vice fyziologickym podminkam, jak je popsano ve

studii autorti (Villalona, et al. 2010).
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4.4.2 Priprava autologné recelularizovanych tkanovych zaplat pro
kardiovaskularni aplikace
Jak bylo popsano vyse, butiky pii dynamické kultivaci pronikly téméf po celé tkani po 10
dnech kultivace. Pocet bunck s hloubkou vsak postupné klesal. Po 5 dnech dynamické
kultivace byly bunky schopné proniknout do cca poloviny hloubky decelularizované
tkan¢. Pro docileni homogenity rekolonizace decelularizovanych tkani byla
optimalizovéna jak kultiva¢ni komora, tak samotny zpiisob nasazeni. Navrh kultivacni
komory umoziiuje osazeni decelularizované tkan¢ z obou stran. Diky tomu bylo docileno
homogenni rekolonizace celé tkdn€ v prabehu jiz 5 dni dynamické kultivace. Rozdilny

zpusob nasazeni bunék a vliv na rekolonizaci tkan€ je zndzornén na Obrazek 33.

Combined brightfield with DAPI DAPI only
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Obrazek 33 - Srovnani metod osazeni decelularizovanych tkani pted kultivaci v reaktoru. Nahote jednostranné dole
oboustranné osazeni decelularizované tkan€. Dynamickd kultivace 5 dni, buiiky praseci stromalni buiiky PrASC. 20
um histologické fezy v parafinu, barvené pomoci hematoxylinu-eozinu a DAPI.

Dale, jak je demonstrovano na 20 um histologickych fezech na Obrazek 34 a Obrazek 35,
je praseci 1 ov¢i perikard homogenné rekolonizovany buiikami pro implantabilni pouZiti.
Takto pfipravené tkané slouZily pro vytvoreni autologné osidlenych cévnich zaplat na

bazi decelularizované alogenni (praseci perikard) a xenogenni (ov¢i perikard) tkané.
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Obrazek 34 - Decelularizovany praseci perikard a jeho nasledna recelularizace prase¢imi stromalnimi bunikami
PrASC. Oboustranné osazeni tkan¢ v kultiva¢ni komote. Dynamicka kultivace v reaktoru 5 dni. 20 pm histologické
fezy v parafinu, barvené pomoci hematoxylinu-eozinu a DAPIL.
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Obrazek 35 — Decelularizovany ov¢i perikard a jeho nasledna recelularizace prase¢imi stromalnimi buitkami PrASC.
Oboustranné osazeni tkan¢ v kultivacni komote. Dynamicka kultivace v reaktoru 5 dni. 20 um histologické fezy
v parafinu, barvené pomoci hematoxylinu-eozinu a DAPI.
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4.5 In vivo remodelace a endotelizace autologné recelularizovanych
kardiovaskularnich zaplat

Vyse uvedené vysledky byly vyuzity pro in vivo ovéfeni pfipravenych autologné

osidlenych kardiovaskularnich zaplat v praseti. V rdmci této dosud nepublikované ¢ésti

byly kardiovaskularni zaplaty pfipravené na bazi praseciho a ov¢iho perikardu osidleného

autolognimi buinikkami daného prasete implantovany na uméle vytvoreny defekt na

karotickém povodi, jak je znazornéno na Obrazek 36. Logisticky tento protokol

vyzadoval celkové dvé operace. Postup byl nésledujici:

1. Odbér podkozniho tuku z kréni oblasti prasete — prvni operace

2. lIzolace stromalnich bunék a jejich péstovani ve statickych podminkach do 1.
pasaze

3. Oboustranné nasazeni na decelularizovanou tkan

4. Dynamicka kultivace v reaktoru pro rekolonizaci decelularizované tkané

5. Implantace na umélé vytvoreny defekt na a. carotis — druha operace u stejného

prasete

6. Mg¢sicni observace a explantace

Obrazek 36 - Zleva, operacni preparace a.caritis, pfiprava umélého defektu, nasiti cévni zaplaty, obnoveni pratoku.

Po mési¢ni observaci zvitete byly tyto ¢asti cévy se zaplatou explantovany a byla

provedena imunohistologicka analyza. Jak je patrné na Obrazek 37, tak v piipad¢€ nativni
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cévy je jasné patrnd endotelova vrstva tvorici tunica intima. U pouze decelularizované
zaplaty doslo k remodelaci v téle pomoci hladkosvalovych bun€k, ovSem vnitini lumen
cévy je bez zjevné formace CD31 pozitivnich (endotelovych) bunék. V piipadé
rekolonizované cévy pomoci autolognich stromélnich bun¢k doslo po 1 mésici k formaci
nové CD31 pozitivni vrstvy bun€k. Oproti nativni vrstvé EC bunék neni tato vrstva
tvofena monovrstvou. Tento vysledek vyznamné podporuje celkovy vyznam kultivacnich

systému pro piipravu implantabilnich §tépt.

Nativni céva Decelularizovana zaplata  Rekolonizovana zaplata

Obrazek 37 - imunofluorescenéné barvené histologické fezy explantované nativni cévy, zaplaty tvofené pouze
decelularizovana tkani a zaplaty rekolonizované autolognimi stromalnimi butikami. Imunofluorescenéné znac¢né
CD31 (zelen¢), F-aktin (Cerven¢) a jadra modte.
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5 Zavér

V ramci prace bylo vyvinuto nékolik technologickych feseni kultivacnich systémd, u
kterych byl prokazatelné¢ potvrzen pozitivni vliv dynamické kultivace na bunécnou
proliferaci, fenotypickou maturaci, diferenciaci a genovou expresi. Tyto vysledky jsou
prezentovany v ramci 5 publikaci a technické feSeni navrzenych technologii je popsano

v 5 uzitnych vzorech, jez jsou piiloZeny.
Jednotlivé etapy lze shrnout:
Decelularizace tkani a jejich priprava pro rekolonizaci buiikami

Byla vytvofena optimalizovand metoda pro decelularizaci prasecich a ov¢ich perikardd,
kterd poskytuje za 24 hodin decelularizovanou tkan bez zbytka piivodnich bunck. Tato
tkan je sterilni bez zndmek cytotoxicity. Takto pfipravena tkan je vhodna pro dalsi pouziti

jako zakladni material pro ptipravu kardiovaskularnich néhrad.

Stimulace smykovym napétim pro modulaci ristu endotelovych bunék v in vitro

podminkach

Vliv smykového napéti simulovaného v bioreaktoru a jeho pozitivni vliv na modulaci
ristu endotelu byl prokazan u povrchi tvofenych kolagenem a kolagenem s navazanym
laminimem a fibrinem. Tato stimulace mlize pomoct pro sniZzeni trombogenicity umélych
cévnich ndhrad. Pfi nasazeni ve statickych podminkach neni schopen endotel vydrzet
naslednou zatéz v pratoku. Prekondiciovanim v bioreaktoru dochazi k produkeci integrinti

zvySujicich vazbu mezi buitkami a mezi bunikou a povrchem.

Stimulace hydrodynamickym tlakem pro modulaci ristu a diferenciace hladkych

svalovych bunék v in vitro podminkach

Navrzené systémy pro tlakovou stimulaci pozitivné ovliviiyji diferenciaci kmenovych a
stromalnich bun¢k smérem k hladkému svalu a podporuji jeho proliferaci. Byla
prokazana tvorba proteinu specifickych pro hladky sval. V kombinaci s riistovymi faktory
typu TGF-B a BMP-4 byly signifikantni vysledky diferenciace smérem k hladkému svalu
jiz po 3 dnech dynamické kultivace. Tyto vysledky byly prokazany jednak na fibrinovych
potazich, dale na nanocelulé6zovych vldknech s nanotrubicovym potahem a také na

decelularizovanych tkanich.
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Priprava implantabilnich kardiovaskularnich nahrad v bioreaktoru in vitro

Na zéklad¢ vysledkii byla vytvofena optimalizovand procedura, jez vyuzivala navrzené
technologie pro pripravu rekolonizovanych kardiovaskularnich zaplat na bazi
decelularizovaného prase¢iho a ovc¢iho perikardu, jez byly osidleny autolognimi
stromalnimi bunikami z tukové tkan€. Vlivem mechanické stimulace doslo k homogenni
rekolonizaci decelularizované tkdn€ za 5 dni a byla nastartovéana diferenciace stromalnich
bunc¢k smérem k hladkému svalu. Tato procedura zahrnoval izolaci stromalnich bun¢k,
jejich prekultivaci, nasazeni na tkan a kultivaci v reaktoru. Celkovy Cas pro pfipravu
takovychto autologné osidlenych zaplat byl 8 — 10 dni pro izolaci a prekultivaci bun¢k

z tukové tkan€, 5 dni kultivace reaktoru pro rekolonizaci.
Implantace pripravenych nahrad a jejich pilotni testovani in vivo

V bioreaktoru piipravené cévni zaplaty na bazi decelularizovaného praseciho perikardu
byly osidleny pomoci autolognich stromalnich bun€k. Takto pfipravené zéplaty byly
implantovany na umély defekt a. carotis. Po mési¢ni observaci byly explantovany. U
zaplat, které byly pfed implantaci rekolonizovany bunikami, doSlo k tvorbé nové

endotelové vrstvy ve vnitinim lumenu.

62



Reference

ABDOLGHAFOORIAN, H., P. FARNIA, R. S. SAJADI NIA, A. BAHRAM]I, et al.
Effect of Heart Valve Decellularization on Xenograft Rejection. Exp Clin Transplant,
Jun 2017, 15(3), 329-336.

BACAKOVA, L. The Role of Vascular Smooth Muscle Cells in the Physiology and
Pathophysiology of Blood Vessels. In. Rijeka: IntechOpen, 2018a, p. Ch. 12.

BACAKOVA, L. Vascular Smooth Muscle Cells (VSMCs) in Blood Vessel Tissue
Engineering: The Use of Differentiated Cells or Stem Cells as VSMC Precursors. In.
Rijeka: IntechOpen, 2018b, p. Ch. 14.

BACAKOVA, L., J. PAJOROVA, M. TOMKOVA, R. MATEJKA, et al. Applications
of Nanocellulose/Nanocarbon Composites: Focus on Biotechnology and Medicine.
Nanomaterials (Basel), Jan 23 2020, 10(2).

BACAKOVA, L., M. TRAVNICKOVA, E. FILOVA, R. MATEJKA, et al. Vascular
Smooth Muscle Cells (VSMCs) in Blood Vessel Tissue Engineering: The Use of
Differentiated Cells or Stem Cells as VSMC Precursors. In K. SAKUMA ed. Muscle
Cell and Tissue - Current Status of Research Field. IntechOpen, 2018a.

BACAKOVA, L., J. ZARUBOVA, M. TRAVNICKOVA, J. MUSILKOVA, et al. Stem
cells: their source, potency and use in regenerative therapies with focus on adipose-
derived stem cells - a review. Biotechnol Adv, Jul - Aug 2018b, 36(4), 1111-1126.

BACAKOVA, L., M. ZIKMUNDOVA, J. PAJOROVA, A. BROZ, et al. Nanofibrous
Scaffolds for Skin Tissue Engineering and Wound Healing Based on Synthetic
Polymers. In M.S.A.R. ZLATEV ed. Applications of Nanobiotechnology. IntechOpen,
2019.

BAIL K., Y. HUANG, X. JIA, Y. FAN, et al. Endothelium oriented differentiation of
bone marrow mesenchymal stem cells under chemical and mechanical stimulations.
Journal of biomechanics, 12/18 2009, 43, 1176-1181.

BECK, L., JR. aP. A. D'AMORE Vascular development: cellular and molecular
regulation. Faseb j, Apr 1997, 11(5), 365-373.

BELANGER, A. C. Vascular Anatomy and Physiology: An Introductory Text. Edtion
ed.: Appleton Davies, 1990. ISBN 9780941022118.

BLAUSEN. Medical gallery of Blausen Medical 2014. Structure of an Artery Wall.
WikiJournal of Medicine. 2014, 1(2). ISSN 20024436. Dostupné
z:<https://en.wikiversity.org/wiki/WikiJournal of Medicine/Medical gallery _of Blaus
en_Medical 2014>.

BOCCAFOSCHIL F., M. BOTTA, L. FUSARO, F. COPES, et al. Decellularized
biological matrices: an interesting approach for cardiovascular tissue repair and
regeneration. J Tissue Eng Regen Med, May 2017, 11(5), 1648-1657.

BOCCAFOSCHL F., N. RAJAN, J. HABERMEHL a D. MANTOVANI Preparation

and characterization of a scaffold for vascular tissue engineering by direct-assembling
of collagen and cells in a cylindrical geometry. Macromol Biosci, May 10 2007, 7(5),
719-726.

BOURRET, L. A. a G. A. RODAN The role of calcium in the inhibition of cAMP
accumulation in epiphyseal cartilage cells exposed to physiological pressure. J Cell
Physiol, Jul 1976, 88(3), 353-361.

63


https://en.wikiversity.org/wiki/WikiJournal_of_Medicine/Medical_gallery_of_Blausen_Medical_2014
https://en.wikiversity.org/wiki/WikiJournal_of_Medicine/Medical_gallery_of_Blausen_Medical_2014

BOUTEN, C. V., P. Y. DANKERS, A. DRIESSEN-MOL, S. PEDRON, et al.
Substrates for cardiovascular tissue engineering. Adv Drug Deliv Rev, Apr 30 2011,
63(4-5), 221-241.

BROWN, T. D. Techniques for mechanical stimulation of cells in vitro: a review.
Journal of Biomechanics, 2000/01/01/ 2000, 33(1), 3-14.

CAMPBELL, C. D., D. H. BROOKS, M. W. WEBSTER a H. T. BAHNSON The use
of expanded microporous polytetrafluoroethylene for limb salvage: a preliminary report.
Surgery, May 1976, 79(5), 485-491.

CARRABBA, M. a P. MADEDDU Current Strategies for the Manufacture of Small
Size Tissue Engineering Vascular Grafts. Frontiers in Bioengineering and
Biotechnology, 2018-April-17 2018, 6(41).

COLLINS, P., C. WEBB, W. CHONG a N. MOAT Radial artery versus saphenous vein
patency randomized trial - Five-year angiographic follow-up. Circulation, 07/01 2008,
117, 2859-2864.

CRAPO, P. M., T. W. GILBERT a S. F. BADYLAK An overview of tissue and whole
organ decellularization processes. Biomaterials, Apr 2011, 32(12), 3233-3243.

CRAPO, P. M. a Y. WANG. Hydrostatic pressure independently increases elastin and
collagen co-expression in small-diameter engineered arterial constructs. Journal of
Biomedical Materials Research Part A. 2011, 96A(4), pp. 673-681. ISSN 15493296.

DAN, P., E. VELOT, V. DECOT a P. MENU The role of mechanical stimuli in the
vascular differentiation of mesenchymal stem cells. J Cell Sci, Jul 15 2015, 128(14),
2415-2422.

DAVIES, P. F. Flow-mediated endothelial mechanotransduction. Physiol Rev, Jul 1995,
75(3), 519-560.

DAVIES, P. F., C. F. DEWEY, JR., S. R. BUSSOLARI, E. J. GORDON, et al.
Influence of hemodynamic forces on vascular endothelial function. In vitro studies of
shear stress and pinocytosis in bovine aortic cells. J Clin Invest, Apr 1984, 73(4), 1121-
1129.

DE BAKEY, M. E., D. A. COOLEY, E. S. CRAWFORD a G. C. MORRIS, JR.
Clinical application of a new flexible knitted dacron arterial substitute. Am Surg, Dec
1958, 24(12), 862-869.

DE VISSCHER, G., L. MESURE, B. MEURIS, A. IVANOVA, et al. Improved
endothelialization and reduced thrombosis by coating a synthetic vascular graft with
fibronectin and stem cell homing factor SDF-1a. Acta Biomater, Mar 2012, 8(3), 1330-
1338.

DELA PAZ, N. G. aP. A. D'AMORE Arterial versus venous endothelial cells. Cell and
tissue research, 2009, 335(1), 5-16.

DEUTSCH, M., J. MEINHART, P. ZILLA, N. HOWANIETZ, et al. Long-term
experience in autologous in vitro endothelialization of infrainguinal ePTFE grafts. J
Vasc Surg, Feb 2009, 49(2), 352-362; discussion 362.

DONG,J. D., Y. Q. GU, C. M. LI, C. R. WANG, et al. Response of mesenchymal stem
cells to shear stress in tissue-engineered vascular grafts. Acta Pharmacol Sin, May 2009,
30(5), 530-536.

64



E. NIKLASON, L. a R. S. LANGER Advances in tissue engineering of blood vessels
and other tissues. Transplant Immunology, 1997/12/01/ 1997, 5(4), 303-306.

FEUGIER, P., R. A. BLACK, J. A. HUNT a T. V. HOW Attachment, morphology and
adherence of human endothelial cells to vascular prosthesis materials under the action of
shear stress. Biomaterials, May 2005, 26(13), 1457-1466.

FISCHER, L. J., S. MCILHENNY, T. TULENKO, N. GOLESORKHI, et al.
Endothelial differentiation of adipose-derived stem cells: effects of endothelial cell
growth supplement and shear force. J Surg Res, Mar 2009, 152(1), 157-166.

FRANGOS, J. A., L. V. MCINTIRE a S. G. ESKIN Shear stress induced stimulation of
mammalian cell metabolism. Biotechnol Bioeng, Oct 5 1988, 32(8), 1053-1060.

GALBRAITH, C. G., R. SKALAK a S. CHIEN Shear stress induces spatial
reorganization of the endothelial cell cytoskeleton. Cell Motil Cytoskeleton, 1998,
40(4), 317-330.

GARAT, C., V. VAN PUTTEN, Z. A. REFAAT, C. DESSEV, et al. Induction of
smooth muscle alpha-actin in vascular smooth muscle cells by arginine vasopressin is
mediated by c-Jun amino-terminal kinases and p38 mitogen-activated protein kinase.
Journal of Biological Chemistry, Jul 21 2000, 275(29), 22537-22543.

GAUVIN, R., G. MARINOV, Y. MEHRI, J. KLEIN, et al. A comparative study of
bovine and porcine pericardium to highlight their potential advantages to manufacture
percutaneous cardiovascular implants. J Biomater Appl, Nov 2013, 28(4), 552-565.

GHAZANFARI S., M. TAFAZZOLI-SHADPOUR a M. A. SHOKRGOZAR Effects
of cyclic stretch on proliferation of mesenchymal stem cells and their differentiation to
smooth muscle cells. Biochemical and Biophysical Research Communications,
2009/10/23/ 2009, 388(3), 601-605.

GILBERT, T. W., T. L. SELLARO a S. F. BADYLAK Decellularization of tissues and
organs. Biomaterials, Jul 2006, 27(19), 3675-3683.

GIMBRONE, M. A., JR., J. N. TOPPER, T. NAGEL, K. R. ANDERSON, et al.
Endothelial dysfunction, hemodynamic forces, and atherogenesis. Ann N Y Acad Sci,
May 2000, 902, 230-239; discussion 239-240.

GOSSL, M., S. KHOSLA, X. ZHANG, N. HIGANO, et al. Role of circulating
osteogenic progenitor cells in calcific aortic stenosis. J Am Coll Cardiol, Nov 6 2012,
60(19), 1945-1953.

HARSKAMP, R. E., R. D. LOPES, C. E. BAISDEN, R. J. DE WINTER, et al.
Saphenous vein graft failure after coronary artery bypass surgery: pathophysiology,
management, and future directions. Ann Surg, May 2013, 257(5), 824-833.

HASHI, C., Y. ZHU, G.-Y. YANG, W. YOUNG, et al. Antithrombogenic property of
bone marrow mesenchymal stem cells in nanofibrous vascular grafts. Proceedings of the
National Academy of Sciences of the United States of America, 08/01 2007, 104,
11915-11920.

HATZIBALOGLOU, A., I. VELISSARIS, D. KAITZIS, D. GREKAS, et al. ProCol
vascular bioprosthesis for vascular access: midterm results. J Vasc Access, Jan-Mar
2004, 5(1), 16-18.

65



HERRING, M., A. GARDNER a J. GLOVER Seeding human arterial prostheses with
mechanically derived endothelium. The detrimental effect of smoking. J Vasc Surg, Mar
1984, 1(2), 279-289.

HUANG, A. H. a L. E. NIKLASON Engineering of arteries in vitro. Cell Mol Life Sci,
Jun 2014, 71(11), 2103-2118.

HULSMANN, J., K. GRUN, S. EL AMOURI, M. BARTH, et al. Transplantation
material bovine pericardium: biomechanical and immunogenic characteristics after
decellularization vs. glutaraldehyde-fixing. Xenotransplantation, Sep-Oct 2012, 19(5),
286-297.

HUTCHIN, P., J. R. JACOBS, J. B. DEVIN, S. SHAUGHNESSY, et al. Bovine graft
arteriovenous fistulas for maintenance hemodialysis. Surg Gynecol Obstet, Aug 1975,
141(2), 255-258.

CHIEN, S. Mechanotransduction and endothelial cell homeostasis: the wisdom of the
cell. Am J Physiol Heart Circ Physiol, Mar 2007, 292(3), H1209-1224.

CHLUPAC, J., E. FILOVA, J. HAVLIKOVA, R. MATEJKA, et al. The gene
expression of human endothelial cells is modulated by subendothelial extracellular

matrix proteins: Short-term response to laminar shear stress. Tissue Engineering - Part
A, 2014 2014, 20(15-16), 2253-2264.

CHLUPAC, J., E. FILOVA a L. BACAKOVA Blood vessel replacement: 50 years of
development and tissue engineering paradigms in vascular surgery. Physiol Res, 2009,
58 Suppl 2, S119-139.

CHUN, T. H., H. ITOH, Y. OGAWA, N. TAMURA, et al. Shear stress augments
expression of C-type natriuretic peptide and adrenomedullin. Hypertension, Jun 1997,
29(6), 1296-1302.

IN JEONG, S., S. Y. KIM, S. K. CHO, M. S. CHONG, et al. Tissue-engineered
vascular grafts composed of marine collagen and PLGA fibers using pulsatile perfusion
bioreactors. Biomaterials, 2007/02/01/ 2007, 28(6), 1115-1122.

KIM, D. H., S. J. HEO, S. H. KIM, J. W. SHIN, et al. Shear stress magnitude is critical
in regulating the differentiation of mesenchymal stem cells even with endothelial
growth medium. Biotechnol Lett, Dec 2011, 33(12), 2351-2359.

KOBAYASHI N., T. YASU, H. UEBA, M. SATA, et al. Mechanical stress promotes
the expression of smooth muscle-like properties in marrow stromal cells. Experimental
Hematology. 2004a, vol. 32(issue 12), pp. 1238-1245. ISSN 0301472X.

KOBAYASHI, N., T. YASU, H. UEBA, M. SATA, et al. Mechanical stress promotes
the expression of smooth muscle-like properties in marrow stromal cells. Exp Hematol,
Dec 2004b, 32(12), 1238-1245.

KONIG, G., T. N. MCALLISTER, N. DUSSERRE, S. A. GARRIDO, et al. Mechanical
properties of completely autologous human tissue engineered blood vessels compared to
human saphenous vein and mammary artery. Biomaterials, Mar 2009, 30(8), 1542-
1550.

KURPINSKI, K., J. PARK, R. G. THAKAR a S. LI Regulation of vascular smooth
muscle cells and mesenchymal stem cells by mechanical strain. Mol Cell Biomech, Mar
20006, 3(1), 21-34.

66



L'HEUREUX, N., N. DUSSERRE, G. KONIG, B. VICTOR, et al. Human tissue-
engineered blood vessels for adult arterial revascularization. Nature medicine, 2006,
12(3), 361-365.

LAGNA, G., M. M. KU, P. H. NGUYEN, N. A. NEUMAN, et al. Control of
phenotypic plasticity of smooth muscle cells by bone morphogenetic protein signaling

through the myocardin-related transcription factors. J Biol Chem, Dec 21 2007,
282(51), 244-255.

LANGILLE, B. L. a F. DONNELL Reductions in arterial diameter produced by chronic
decreases in blood flow are endothelium-dependent. Science, 1986, 231(4736), 405.

LANGILLE, B. L., M. A. REIDY aR. L. KLINE Injury and repair of endothelium at
sites of flow disturbances near abdominal aortic coarctations in rabbits. Arteriosclerosis,
Mar-Apr 1986, 6(2), 146-154.

LEE, Y.-U., D. DRURY-STEWART, R. P. VITO a H.-C. HAN Morphologic
adaptation of arterial endothelial cells to longitudinal stretch in organ culture. Journal of
biomechanics, 2008, 41(15), 3274-3277.

LEVESQUE, M. J. a R. M. NEREM The elongation and orientation of cultured
endothelial cells in response to shear stress. Journal of biomechanical engineering, Nov
1985, 107(4), 341-347.

LI, Y.S.,J. H . HAGA a S. CHIEN Molecular basis of the effects of shear stress on
vascular endothelial cells. J Biomech, Oct 2005, 38(10), 1949-1971.

LIN, C. H., K. HSIA, H. MA, H. LEE, et al. In Vivo Performance of Decellularized
Vascular Grafts: A Review Article. Int J Mol Sci, Jul 19 2018, 19(7).

LINDSEY, P., A. ECHEVERRIA, M. CHEUNG, E. KFOURY, et al. Lower Extremity
Bypass Using Bovine Carotid Artery Graft (Artegraft): An Analysis of 124 Cases with
Long-Term Results. World J Surg, Jan 2018, 42(1), 295-301.

LIPPIELLO, L., C. KAYE, T. NEUMATA a H. J. MANKIN In vitro metabolic
response of articular cartilage segments to low levels of hydrostatic pressure. Connect
Tissue Res, 1985, 13(2), 99-107.

MADDEN, R. L., G. S. LIPKOWITZ, B. J. BROWNE a A. KURBANOV Experience
with cryopreserved cadaveric femoral vein allografts used for hemodialysis access. Ann
Vasc Surg, Jul 2004, 18(4), 453-458.

MALEK, A. M., S. L. ALPER a S. IZUMO Hemodynamic shear stress and its role in
atherosclerosis. Jama, Dec 1 1999, 282(21), 2035-2042.

MALINDA, K. M., M. NOMIZU, M. CHUNG, M. DELGADO, et al. Identification of
laminin alphal and betal chain peptides active for endothelial cell adhesion, tube
formation, and aortic sprouting. Faseb j, Jan 1999, 13(1), 53-62.

MATEJKA, R., M. KONARIK, J. STEPANOVSKA, J. LIPENSKY, et al. Bioreactor
Processed Stromal Cell Seeding and Cultivation on Decellularized Pericardium Patches
for Cardiovascular Use. Applied Sciences, 2020a, 10(16).

MATEJKA, R., J. ROSINA, E. FILOVA, J. HAVLIKOVA, et al. Automated dynamic
bioreactor for 2D endothelial structures. In 2013 E-Health and Bioengineering
Conference, EHB 2013. 2013.

Ceské vysoké uéeni technické v Praze, Institut klinické a experimentalni mediciny.
Mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci bunék.

67



Pavodci: MATEJKA, R., J. STEPANOVSKA, P. KNEPPO, M. KONARIK, et al.
Ceska republika Uzitny vzor CZ 33 917.14.4.2020.

Ceské vysoké uéeni technické v Praze, Fyziologicky ustav AVCR, v.v.i., Institut
klinické a experimentalni mediciny. Kultiva¢ni komora pro tlakovou stimulaci v
kultivaénich jamkach. Paivodci: MATEJKA, R., J. STEPANOVSKA, S. PRAZAK, L.
BACAKOVA, et al. Ceska republika UZitny vzor 33916.14.4.2020.

Ceské vysoké uceni technické v Praze, Narodni Centrum Tkani a Bun¢k a.s.,
Fyziologicky ustav AVCR, v. v. i. Systém pro rotaéni endotelizaci cévnich protéz.
Pivodci: MATEJKA, R., J. STEPANOVSKA, J. ROSINA, D. HRUZOVA, et al. Ceska
Republika Uzitny vzor 31066.3.10.2017.

Ceské vysoké uceni technické v Praze, Narodni Centrum Tkani a Bun¢k a.s.,
Fyziologicky ustav AVCR, v. v. i. Kultivaéni komora pro dynamickou kultivaci bunék
na tubularnich nosi¢ich. Paivodci: MATEJKA, R., J. STEPANOVSKA, J. ROSINA, D.
HRUZOVA, et al. Ceska Republika UZitny vzor 30441.7.3.2017.

Ceské vysoké uceni technické v Praze, Ustav makromolekularni chemie AV CR, v. v. i.,
Fyziologicky ustav AVCR, v. v. i. Kultiva¢éni komora pro stimulaci planarnich vzorki
decelularizovaného perikardu. Pivodci: MATEJKA, R., J. STEPANOVSKA, J.
ROSINA, P. KNEPPO, et al. Ceska republika UZitny vzor CZ 30 705.30.5.2017.

MAUL, T. M., D. W. HAMILTON, A. NIEPONICE, L. SOLETTL, et al. A New
Experimental System for the Extended Application of Cyclic Hydrostatic Pressure to
Cell Culture. Journal of Biomechanical Engineering. 2007, 129(1), pp. 110-116. ISSN
0148-0731.

MAUL, T. M., D. W. CHEW, A. NIEPONICE a D. A. VORP Mechanical stimuli
differentially control stem cell behavior. Biomechanics and Modeling in
Mechanobiology, 2011, 10(6), 939-953.

MELCHIORRI, A. J., L. G. BRACAGLIA, L. K. KIMERER, N. HIBINO, et al. In
Vitro Endothelialization of Biodegradable Vascular Grafts Via Endothelial Progenitor
Cell Seeding and Maturation in a Tubular Perfusion System Bioreactor. Tissue Eng Part
C Methods, Jul 2016, 22(7), 663-670.

MIRALLES, F., G. POSERN, A. I. ZAROMYTIDOU a R. TREISMAN Actin
dynamics control SRF activity by regulation of its coactivator MAL. Cell, May 2 2003,
113(3), 329-342.

MUSILKOVA, J., E. FILOVA, J. PALA, R. MATEJKA, et al. Human decellularized
and crosslinked pericardium coated with bioactive molecular assemblies. Biomed
Mater, Dec 9 2019, 15(1), 015008.

NEREM, R. M., R. W. ALEXANDER, D. C. CHAPPELL, R. M. MEDFORD, et al.
The study of the influence of flow on vascular endothelial biology. Am J Med Sci, Sep
1998, 316(3), 169-175.

OBI S., K. YAMAMOTO, N. SHIMIZU, S. KUMAGAYA, et al. Fluid shear stress
induces arterial differentiation of endothelial progenitor cells. J Appl Physiol (1985),
Jan 2009, 106(1), 203-211.

OZAWA, H., K. IMAMURA, E. ABE, N. TAKAHASH]I, et al. Effect of a continuously
applied compressive pressure on mouse osteoblast-like cells (MC3T3-E1) in vitro. J
Cell Physiol, Jan 1990, 142(1), 177-185.

68



PASHNEH-TALA, S., S. MACNEIL a F. CLAEYSSENS The Tissue-Engineered
Vascular Graft-Past, Present, and Future. Tissue Eng Part B Rev, Feb 2016, 22(1), 68-
100.

QIU, P., R. P. RITCHIE, Z. FU, D. CAO, et al. Myocardin enhances Smad3-mediated
transforming growth factor-betal signaling in a CArG box-independent manner: Smad-
binding element is an important cis element for SM22alpha transcription in vivo. Circ
Res, Nov 11 2005, 97(10), 983-991.

RABBANI, M., M. JANMALEKI, M. TAFAZZOLI-SHADPOUR, M. TEYMOORI, et
al. Effects of uniaxial cyclic stretch loading on morphology of adipose derived stem
cells. Tissue engineering and regenerative medicine, 2016, 13(4), 396-402.

RAJENDRAN, P., T. RENGARAJAN, J. THANGAVEL, Y. NISHIGAK]I, et al. The
vascular endothelium and human diseases. International journal of biological sciences,
2013, 9(10), 1057-1069.

RIEDEL, T., E. BRYNDA, J. E. DYR a M. HOUSKA Controlled preparation of thin
fibrin films immobilized at solid surfaces. J Biomed Mater Res A, Feb 2009, 88(2),
437-447.

RUEL, J., J. LEMAY, G. DUMAS, C. DOILLON, et al. Development of a parallel
plate flow chamber for studying cell behavior under pulsatile flow. Asaio j, Oct-Dec
1995, 41(4), 876-883.

RUSSO, T. A., D. STOLL, H. B. NADER a J. L. DREYFUSS Mechanical stretch
implications for vascular endothelial cells: Altered extracellular matrix synthesis and
remodeling in pathological conditions. Life Sciences, 2018/11/15/ 2018, 213, 214-225.

SERIANI, S., G. FAVERO, J. MAHAFFEY, D. MARKO, et al. The Cell-Stretcher: a
Novel Device for the Mechanical Stimulation of Cell Populations. Review of Scientific
Instruments, 08/16 2016, 87.

SHAO, Y., X. TAN, R. NOVITSKI, M. MUQADDAM, et al. Uniaxial cell stretching
device for live-cell imaging of mechanosensitive cellular functions. Rev Sci Instrum,
Nov 2013, 84(11), 114304.

SHETTY, R., P. PIBAROT, A. AUDET, R. JANVIER, et al. Lipid-mediated
inflammation and degeneration of bioprosthetic heart valves. Eur J Clin Invest, Jun
2009, 39(6), 471-480.

SCHNITTLER, H. J., R. P. FRANKE, U. AKBAY, C. MROWIETZ, et al. Improved in
vitro rheological system for studying the effect of fluid shear stress on cultured cells.
Am J Physiol, Jul 1993, 265(1 Pt 1), C289-298.

SCHUTTE, S. C., Z. CHEN, K. G. BROCKBANK a R. M. NEREM Cyclic strain
improves strength and function of a collagen-based tissue-engineered vascular media.
Tissue Eng Part A, Oct 2010, 16(10), 3149-3157.

SCHWANN, T. A., A. ZACHARIAS, C. J. RIORDAN, S. J. DURHAM, et al.
Sequential radial artery grafts for multivessel coronary artery bypass graft surgery: 10-
year survival and angiography results. Ann Thorac Surg, Jul 2009, 88(1), 31-39.

SCHWARTZ, M. A. aR. K. ASSOIAN Integrins and cell proliferation: regulation of
cyclin-dependent kinases via cytoplasmic signaling pathways. J Cell Sci, Jul 2001,
114(Pt 14), 2553-2560.

69



SOFFER, L., X. WANG, X. ZHANG, J. KLUGE, et al. Silk-based electrospun tubular
scaffolds for tissue-engineered vascular grafts. Journal of biomaterials science. Polymer
edition, 2008, 19(5), 653-664.

SOYER, T., M. LEMPINEN, P. COOPER, L. NORTON, et al. A new venous
prosthesis. Surgery, Dec 1972, 72(6), 864-872.

STEGEMANN, J. P., S. N. KASZUBA a S. L. ROWE Review: advances in vascular
tissue engineering using protein-based biomaterials. Tissue Eng, Nov 2007, 13(11),
2601-2613.

TAKAGTI, H., S.-N. GOTO, M. MATSUI, H. MANABE, et al. A contemporary meta-
analysis of Dacron versus polytetrafluoroethylene grafts for femoropopliteal bypass
grafting. Journal of Vascular Surgery, 2010/07/01/ 2010, 52(1), 232-236.

TAKIZAWA, K., C. MOORMAN, S. WRIGHT, J. CHRISTOPHER, et al. Wall shear
stress calculations in space—time finite element computation of arterial fluid—structure
interactions. Computational Mechanics, 2010/06/01 2010, 46(1), 31-41.

TANCK, E., W. D. VAN DRIEL, J. W. HAGEN, E. H. BURGER, et al. Why does
intermittent hydrostatic pressure enhance the mineralization process in fetal cartilage?
Journal of Biomechanics, 1999/02/01/ 1999, 32(2), 153-161.

TEFFT, B. J., A. M. KOPACZ, W. K. LIU a S. Q. LIU Experimental and computational
validation of Hele-Shaw stagnation flow with varying shear stress. Computational
Mechanics, 2013/12/01 2013, 52(6), 1463-1473.

TOPPER, J. N., J. CAL Y. QIU, K. R. ANDERSON, et al. Vascular MADs: two novel
MAD-related genes selectively inducible by flow in human vascular endothelium. Proc
Natl Acad Sci U S A, Aug 19 1997, 94(17), 9314-9319.

TSCHOEKE, B., T. C. FLANAGAN, A. CORNELISSEN, S. KOCH, et al.
Development of a composite degradable/nondegradable tissue-engineered vascular
graft. Artif Organs, Oct 2008, 32(10), 800-809.

TSCHOEKE, B., T. C. FLANAGAN, S. KOCH, M. S. HARWOKO, et al. Tissue-
engineered small-caliber vascular graft based on a novel biodegradable composite
fibrin-polylactide scaffold. Tissue Eng Part A, Aug 2009, 15(8), 1909-1918.

VAN KAMPEN, G. P., J. P. VELDHUIJZEN, R. KUIJER, R. J. VAN DE STADT, et
al. Cartilage response to mechanical force in high-density chondrocyte cultures.
Arthritis Rheum, Apr 1985, 28(4), 419-424.

VARA, D. S., G. PUNSHON, K. M. SALES, S. SARKAR, et al. Endothelial cell
retention on a viscoelastic nanocomposite vascular conduit is improved by exposure to
shear stress preconditioning prior to physiological flow. Artif Organs, Dec 2008,
32(12), 977-981.

VILLALONA, G. A., B. UDELSMAN, D. R. DUNCAN, E. MCGILLICUDDY, et al.
Cell-seeding techniques in vascular tissue engineering. Tissue Eng Part B Rev, Jun
2010, 16(3), 341-350.

VONDRASEK, D., D. HADRABA, R. MATEJKA, F. LOPOT, et al. Uniaxial tensile
testing device for measuring mechanical properties of biological tissue with stress-
relaxation test under a confocal microscope. Manufacturing Technology, 2018, 18(5),
866-872.

70



WAGENSEIL, J. E. a R. P. MECHAM Vascular extracellular matrix and arterial
mechanics. Physiol Rev, Jul 2009, 89(3), 957-989.

WANG, C., S. YIN, L. CEN, Q. LIU, et al. Differentiation of adipose-derived stem
cells into contractile smooth muscle cells induced by transforming growth factor-betal
and bone morphogenetic protein-4. Tissue Eng Part A, Apr 2010, 16(4), 1201-1213.

WEINBERG, C. B. a E. BELL A blood vessel model constructed from collagen and
cultured vascular cells. Science (New York, N.Y.), 1986/01// 1986, 231(4736), 397-
400.

WILLIAMS, S. K., L. B. KLEINERT a V. PATULA-STEINBRENNER Accelerated
neovascularization and endothelialization of vascular grafts promoted by covalently
bound laminin type 1. J Biomed Mater Res A, Oct 2011, 99(1), 67-73.

WOO, J. S., M. C. FISHBEIN a B. REEMTSEN Histologic examination of
decellularized porcine intestinal submucosa extracellular matrix (CorMatrix) in
pediatric congenital heart surgery. Cardiovasc Pathol, Jan-Feb 2016, 25(1), 12-17.

WU, C.-C., Y.-C. CHAOQO, C.-N. CHEN, S. CHIEN, et al. Synergism of biochemical and
mechanical stimuli in the differentiation of human placenta-derived multipotent cells
into endothelial cells. Journal of biomechanics, 2008/01/01/ 2008, 41(4), 813-821.

WU, W.,R. A. ALLEN a Y. WANG Fast degrading elastomer enables rapid
remodeling of a cell-free synthetic graft into a neo-artery. Nature medicine, 2012, 18,
1148 - 1153.

YAMAMOTO, K., T. TAKAHASHI, T. ASAHARA, N. OHURA, et al. Proliferation,
differentiation, and tube formation by endothelial progenitor cells in response to shear
stress. J Appl Physiol (1985), Nov 2003, 95(5), 2081-2088.

YAO, R. aJ. Y. WONG The effects of mechanical stimulation on controlling and
maintaining marrow stromal cell differentiation into vascular smooth muscle cells.
Journal of biomechanical engineering, 2015, 137(2), 020907-020907.

YE, G.J., A. P. NESMITH a K. K. PARKER The role of mechanotransduction on
vascular smooth muscle myocytes' [corrected] cytoskeleton and contractile function.
Anat Rec (Hoboken), Sep 2014, 297(9), 1758-1769.

YEE, A., Y. SAKURAL S. G. ESKIN a L. V. MCINTIRE A Validated System for
Simulating Common Carotid Arterial Flow In Vitro: Alteration of Endothelial Cell
Response. Annals of Biomedical Engineering, 2006/03/25 2006, 34(4), 593.

YOKOTA, T., H. ICHIKAWA, G. MATSUMIYA, T. KURATANI, et al. In situ tissue
regeneration using a novel tissue-engineered, small-caliber vascular graft without cell
seeding. J Thorac Cardiovasc Surg, Oct 2008, 136(4), 900-907.

YOKOYAMA, U.,, Y. TONOOKA, R. KORETAKE, T. AKIMOTO, et al. Arterial graft
with elastic layer structure grown from cells. Scientific Reports, 2017, 7(1), 140.

ZENG, L., Q. XIAO, A. MARGARITI, Z. ZHANG, et al. HDAC3 is crucial in shear-
and VEGF-induced stem cell differentiation toward endothelial cells. The Journal of cell
biology, 2006, 174(7), 1059-1069.

ZHANG, L., Q. AO, A. WANG, G. LU, et al. A sandwich tubular scaffold derived from
chitosan for blood vessel tissue engineering. J Biomed Mater Res A, May 2006, 77(2),
277-284.

71



ZHANG, P., J. BAXTER, K. VINOD, T. N. TULENKUO, et al. Endothelial
differentiation of amniotic fluid-derived stem cells: synergism of biochemical and shear
force stimuli. Stem Cells Dev, Nov 2009, 18(9), 1299-1308.

72



Seznam obrazku

Obrazek 1 - Stavba cévni stény (Blausen 2014) .......cceeeeiieeiiieeiieeeeee e 10
Obrazek 2 - konfigurace systému s prutokovym namahanim: a) rotujici kuzel, b) paralelni
desky. Obrazek ptevzat z (Brown 2000). .........cccueevieiiieiiieeie ettt ens 14
Obrazek 3 - Sestavy pro kompresivni namahéani. A) kompresivni namahani 2D bunécné
kultury prostiednictvim tlaku Sificiho se kultivaénim médiem. B) tlakové namahéni
bun¢k inkorporovanych do bunééného nosice, ktery je piimo tlakové komprimovan
pistem. Obrazek ptevzat z (Brown 2000). .........cccceeriieriienieiiiieie et 16
Obrazek 4 - Systémy s jednoosym naméahanim a) podélnou tenzi, b) flexi substratu.
Obrazek prevzat z (Brown 2000). ........oceeiiiiiiiiiiieieie ettt 17
Obrazek 5 - Vybrané kultiva¢ni komory a systémy. A — komora pro decelularizované
vzorky perikardu, B — komora pro tlakovou stimulaci na skle, C — komora pro tlakovou
stimulaci v kultivac¢nich jamkach, D — automatizovany decelulariza¢ni systém, E —
rotacni osazovaci systém pro endotelizaci tubularnich ndhrad, F — komora pro elasticko-
tlakovou stimulaci na silikonovém substratu, G — komora PPFC pro stimulaci pomoci
smykového napéti, H — mikroperfuzni stimula¢ni systém s pfipojenou komorou a
TEZETVOATEINL. «.uutieiuiieeeiteeeitee ettt e etteeeteee ettt e eabteeeabteeeabbeeeabbeeeabeeesabaeesabeeesabeeenabeeenabeeenanes 24
Obrazek 6 - schematické znazornéni systému na decelularizaci tkani a jeho instalace v
tEMPETOVANE KOMOTE. ... .eiiiiieiiiieeiiie ettt ettt e e e tae e sbeeeebeeesnbeeennseeennnes 26
Obrazek 7 - funkéni zndzornéni komory pro decelularizaci planarnich tkani a jeji pouZiti
v decelularizacnim SYSTEMUL .......cccueiiiiiiiieiieie ettt 26
Obrazek 8 - funkéni znazornéni komory pro decelularizaci tubularnich tkani a jejich
instalace v decelularizanim SYSTEMUL ........eevviieriieeriiieeiiee et ree e 27
Obrazek 9 - schématické znazornéni kultivacni komory typu PPFC. ... 28
Obrazek 10 — A - sestava kultivacnich komor a perfuzniho okruhu, B - externi
peristaltickd pumpa s ovladacim SW a C - detail kultiva¢nich komor..........c...ccccceeee. 29
Obrazek 11 — A - nova verze kultivaéni komory a perfuzniho syst¢tmu v bunééném
inkubatoru, B — detail kultivacni komory v mikroskopu pro zivé snimani bunék, C —

barvivova zkouska tvorby laminarniho proudéni v komote a D — ovladaci SW systému.

Obrazek 12 - Schématické znazornéni kultivacni komory typu PPFF s portem pro

nasazeni bun€k a moznosti instalace do mikroskopu. .........cccccveevvieeniiieniiicncie e 30

73



Obrazek 13 - Casosbérné snimani pii kultivaci v komote, zleva - ¢as 0 po vstiiknuti
bunécné suspenze, 50 minut adheze bunck, 24 hodin pribéznd stimulace, builky bez
ziejmé orientace, po 28 hodinach buiiky se orientuji ve sméru proudéni....................... 31
Obrazek 14 - Dynamicka kultivace po 72 hodinach od nasazeni, vlevo orientace bun¢k v
proudéni, vpravo imunofluorescencné barveny VE-kadherin (Cervené) a talin
demonstrujici vazbu mezibunéénych kontaktli a vazbu na povrch.........cccccvevvieiiennnn, 31
Obrazek 15 - A drzék cévy s decelularizovana cévou, B - rotacni osazovaci komory, C -
rotacni systém umistény na kyvne podlozce, D - komora pro stimulaci. ....................... 32
Obrazek 16 - Celkovy pohled na sestavenou kultiva¢ni komoru (nahote). Vlevo dole ez
komorou a jednotlivymi ¢astmi, uprosted dole detail drzaku tkané s rezervoary, vpravo
dole detail decelularizované tkan€ po kultivacnim experimentu. ...........c..ccverveeereennnnnns 33
Obrazek 17 - Kultiva¢ni komora pro tlakovou stimulaci na skle, vlevo sestavend komora,
vpravo umisténa v mikroskopu pro zZivé snimani bunek. ...........cccceeveiieriiiiniiirenneeenne. 34
Obrazek 18 - Modifikace kultivaéni komory pro kultivaci na elastickém silikonovém
substratu. Patrna tvorba extracelularni hmoty. ..........ccccoeciiriieiiieniiiiiieeeeee e 34
Obrézek 19 - Kultivacni systém s piipojenou komorou pro tlakovou stimulaci ve vice
jamkovych deskach (a) a detail kultivacni komory (b)........coceeriieiiiniiiiiiiiiiieeeee, 35
Obrazek 20 — jednotlivé rezimy mikroperfizniho systému. ..........ccecvevveeviienieiiiiennnnns 37
Obréazek 21 - A - instalovany perfuzni systém v bunééném inkubatoru, B - ovladaci
elektronika, C - uzivatelské rozhrani pro nastaveni parametru. .........c..ccoceevervieneenenne. 38
Obrazek 22 - Perfuzni systém v rezimu tlakové stimulace..........ccccoceevieniininincenennne. 39
Obrazek 23 — Prubéh decelularizace praseCiho perikardu. Histologické kryofezy o
tloustce 10 pm a barvené pomoci DAPI. Nahote nativni tkan s patrnymi jadry bunék.
Uprostied tkan po cyklech SDS pred pouZzitim DNAzy s patrnymi zbytky DNA. Dole
plné decelularizovana tkan bez patrnych zbytkl jader a DNA........c.cooiviininiiniienne. 41
Obrazek 24 - Morfologie HSVEC na kolagenu (Co), Co / LM a Co / FN.
Imunofluorescence VE-kadherinu (A1-9), Vinculin (B1-9), KDR (C1-9) a vWF (D1-9)
(zelend), jadra bunék kontrastné barvena Hoechstem (modra). Proudéni je zleva doprava,
jak je naznaCeno obousmérnymi Sipkami. Epifluorescen¢ni mikroskop Olympus 1X50,
Olympus Digitalni fotoaparat DP70, zvétSeni 100, stupnice méfitka = 20 mm. Obréazek
publikovan v (Chlupac, et al. 2014).......ccoiiiieiieeeeeeeeee et 44
Obrazek 25 - Imunofluorescencni barveni a-aktinu (¢ervena) a kalponinu (zelend) u ASC
kultivovanych na fibrinovém gelu na skle za statickych podminek (A, C) a za

dynamickych podminek (B, D), A, B: 3 dny kultivace; C, D: 7 dni kultivace. Jadra bun€k

74



jsou kontrastn¢ barvena Hoechstem # 33258. IX71 Olympus mikroskop, digitalni
fotoapardt DP71, 0bj. X 10....cccciiiiiiiieiiecieeeeee ettt ebe e ens 47
Obrazek 26 - Poc¢ty bunék na daném substratu pii statické a dynamické kultivaci (vlevo),
relativni intenzita fluorescence vtazena na pocCet bun¢k H1 kalponinu u statické a
dynamicke KUItIVACE. .......ceeieiuiiiiiieieiie ettt e e e e e eree s 48
Obrazek 27 - imunofluorescencné barveny H1-kalponin pti riznych typech kultivace na
skle a fibrinOVEM POtANUL.......ccuieiiiiiiiii e et 48
Obrazek 28 - Vlevo imunofluorescenéné znaceny kolagen I (Cervené) a fibronektin
(zelen€) u statické a dynamické kultivace na skle a fibrinu. Vpravo barevné kdédovana
(podle hloubky) jJAdra BUNCK. .........cocuiiiiieiiicie e e 49
Obrazek 29 — Kmenové (stromalni) bunky z praseci tukové tkané (PrASC) kultivované v
statickém a dynamickém bunééném kultivaénim systému vytvéiejicim tlak po dobu tii
dnu. Bunky byly péstovany na celuldzové siti s tlustym nebo tenkym povlakem CNF +
MWCNT (sloupec (a) a (b)), s povlakem CNF (sloupec (c)) a bez jakéhokoli povlaku
(sloupec (d))). Bunky byly obarveny imunofluorescenci na vinculin (zeleny), s TRITC-
konjugovanym falloidinem pro zobrazeni F-aktina (Cerveny) a DAPI pro jadra (modry).
Celulozova sit méla v modrém kandlu autofluorescenci. Konfokalni mikroskop
Dragonfly 503 s kamerou Zyla 4.2 PLUS sCMOS, objektiv HC PL APO 20x /0,75 IMM
CORR CS2. MEFItKO: 50 UM .eiiiiiiiiieiieiiieieee sttt s 50
Obrazek 30 - Rust a diferenciace PrASC na decelularizovaném porcinnim perikardu.. 51
Obrazek 31 — Srovnani rekolonizace decelularizované tkdné¢ promoci PrASC pfi
statickych a dynamickych podminkéch, doba kultivace 5 a 10 dni, 20 um kryotezy
barvené pomoci DAPI. Mikroskop Leica Dmi8, objektiv 10X........ccocveeviieeniieinienenne. 55
Obrazek 32 - Pocty bun¢k v danych 50 um segmentech tkang. Statistickd hladina
vyznamnosti p < 0,05. Pro kazdy typ kultivace a interval bylo hodnoceno z 10 ndhodnych
vzorkt. Cervena ¢ara piedstavuje median; modry ramedek ohrani¢uje 1. a 3. kvartil;

hradba ohrani¢uje minimalni a maximalni hodnoty a ¢ervené body jsou odlehlé hodnoty.

Obrazek 33 - Srovnani metod osazeni decelularizovanych tkani pted kultivaci v reaktoru.
Nahofe jednostranné dole oboustranné osazeni decelularizované tkang. Dynamicka
kultivace 5 dni, buiiky prase¢i stromalni buiiky PrASC. 20 pum histologické fezy v
parafinu, barvené pomoci hematoxylinu-eozinu a DAPL. ..........cccevviiiiiiiiiniieeeeee 57
Obrazek 34 - Decelularizovany praseci perikard a jeho nasledna recelularizace prasecimi

stromalnimi bunkami PrASC. Oboustranné osazeni tkané v kultivaéni komofe.

75



Dynamicka kultivace v reaktoru 5 dni. 20 um histologické fezy v parafinu, barvené
pomoci hematoxylinu-eozinu a DAPL .......c.ccccoiiiiiiiieiieeeeeeee e 58
Obrazek 35 — Decelularizovany ov¢i perikard a jeho nasledné recelularizace prasecimi
stromalnimi bunkami PrASC. Oboustranné osazeni tkané v kultivaéni komoie.
Dynamicka kultivace v reaktoru 5 dni. 20 pum histologické fezy v parafinu, barvené
pomoci hematoxylinu-eozinu a DAPL .......c.ccccoiiiiiiiiiiieeeee e 58
Obrazek 36 - Zleva, operacni preparace a.caritis, piiprava umélého defektu, nasiti cévni
zaplaty, ODNOVENT PITLOKUL . .ccviiiiiieieiieeeiee et et et eerte e e e e et eeeaaeessreeeesseeesnseeensees 59
Obrazek 37 - imunofluorescencné¢ barvené histologické fezy explantované nativni cévy,
zaplaty tvofené pouze decelularizovana tkani a zaplaty rekolonizované autolognimi
stromalnimi bunikami. Imunofluorescen¢né zna¢né CD31 (zelen¢), F-aktin (Cerven¢) a

JAATA MNOATE. ..ottt ettt e et bee st e it e e bt e sneeeateas 60

76



Publikace, uzitné vzory, kapitoly v knihach

Publikace, uzitné vzory a kapitoly v knihach se vztahem k dizertacni praci

Publikace

MATEJKA, R., M. KONARIK, J. STEPANOVSKA, J. LIPENSKY, J. CHLUPAC, D.
TUREK, S. PRAZAK, A. BROZ, Z. SIMUNKOVA, I. MRAZOVA, S. FOROSTYAK,
P. KNEPPO, J. ROSINA, L. BACAKOVA a J. PIRK Bioreactor Processed Stromal Cell
Seeding and Cultivation on Decellularized Pericardium Patches for Cardiovascular Use.
Applied Sciences, 2020a, 10(16). IF =2.474

CHLUPAC, J., E. FILOVA, J. HAVLIKOVA, R. MATEJKA, T. RIEDEL, M.
HOUSKA, E. BRYNDA, E. PAMULA, M. REMY, R. BAREILLE, P. FERNANDEZ,
R. DACULSI, C. BOURGET, L. BACAKOVA a L. BORDENAVE The gene expression
of human endothelial cells is modulated by subendothelial extracellular matrix proteins:

Short-term response to laminar shear stress. Tissue Engineering - Part A, 2014 2014,
20(15-16), 2253-2264. IF = 3,496

BACAKOVA, L., J. PAJOROVA, M. TOMKOVA, R. MATEJKA, A. BROZ, J.
STEPANOVSKA, S. PRAZAK, A. SKOGBERG, S. SILJANDER a P. KALLIO

Applications of Nanocellulose/Nanocarbon Composites: Focus on Biotechnology and
Medicine. Nanomaterials (Basel), Jan 23 2020, 10(2). IF = 4,324

MUSILKOVA, J., E. FILOVA, J. PALA, R. MATEJKA, D. HADRABA, D.
VONDRASEK, O. KAPLAN, T. RIEDEL, E. BRYNDA, J. KUCEROVA, M.
KONARIK, F. LOPOT, P. JAN a L. BACAKOVA Human decellularized and crosslinked
pericardium coated with bioactive molecular assemblies. Biomed Mater, Dec 9 2019,
15(1), 015008. IF = 3,174

VONDRASEK, D., D. HADRABA, R. MATEJKA, F. LOPOT, M. SVOBODA a K.
JELEN Uniaxial Tensile Testing Device for Measuring Mechanical Properties of
Biological Tissue with Stress-Relaxation Test under a Confocal Microscope.
Manufacturing Technology, 2018, 18(5), 866-872.

PROCHAZKA, V., R. MATEJKA, T. IZAK, O. SZABO, J. STEPANOVSKA, E.
FILOVA, L. BACAKOVA, V. JIRASEK a A. KROMKA Nanocrystalline diamond-

based impedance sensors for real-time monitoring of adipose tissue-derived stem cells.
Colloids and Surfaces B-Biointerfaces, May 2019, 177, 130-136. IF = 4,389

PROCHAZKA, V., R. MATEJKA, T. IZAK, O. SZABO, J. STEPANOVSKA, L.
BACAKOVA a A. KROMKA Real-Time Monitoring of Stem Cells by Diamond-Based
Impedance Sensors. Proceedings, 2017, 1(4).

Uzitné vzory

Ceské vysoké uceni technické v Praze, Institut klinické a experimentalni mediciny.
Mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci bunék.
Piivodci: MATEJKA, R., J. STEPANOVSKA, P. KNEPPO, M. KONARIK, J.
CHLUPAC a J. PIRK Ceska republika Uzitny vzor 33917.14.4.2020.

77



Ceské vysoké uéeni technické v Praze, Fyziologicky ustav AVCR, v.v.i., Institut klinické
a experimentalni mediciny. Kultivacni komora pro tlakovou stimulaci v kultivacnich
jamkéch. Pivodci: MATEJKA, R., J. STEPANOVSKA, S. PRAZAK, L. BACAKOVA,
P. KNEPPO, M. KONARIK, J. CHLUPAC a J. PIRK Ceska republika UZitny vzor
33916.14.4.2020.

Ceské vysoké uceni technické v Praze, Narodni Centrum Tkani a Buné¢k a.s.,
Fyziologicky tustav AVCR, v. v. i. Systém pro rotaéni endotelizaci cévnich protéz.
Pivodci: MATEJKA, R., J. STEPANOVSKA, J. ROSINA, D. HRUZOVA a J.
ZARUBOVA Ceska Republika Uzitny vzor 31066. 3.10.2017.

Ceské vysoké uceni technické v Praze, Narodni Centrum Tkani a Bun¢k as.,
Fyziologicky tstav AVCR, v. v. i. Kultivaéni komora pro dynamickou kultivaci bungk
na tubuldrnich nosicich. Piivodci: MATEJKA, R., J. STEPANOVSKA, J. ROSINA, D.
HRUZOVA, J. ZARUBOVA a E. FILOVA Ceska Republika Uzitny vzor 30441.
7.3.2017.

Ceské vysoké uceni technické v Praze, Ustav makromolekularni chemie AV CR, v. v. i.,
Fyziologicky ustav AVCR, v. v. i. Kultivaéni komora pro stimulaci planarnich vzorki
decelularizovaného perikardu. Puvodci: MATEJKA, R., J. STEPANOVSKA, J.
ROSINA, P. KNEPPO, E. BRYNDA, T. RIEDEL, E. FILOVA, M. TRAVNICKOVA,
J. ZARUBOVA a Z. RIEDELOVA Ceska republika UzZitny vzor 30705. 30.5.2017.

Fyzikalni ustav AV CR. v. v. i., Fyziologicky ustav AV CR, v. v. i. Kultiva¢ni komora
pro in-vitro opticko-elektrické monitorovani biologickych kultur s impedanénimi
opticky-transparentnimi diamantovymi elektrodami. Pavodci: MATEJKA, R., V.
PROCHAZKA, T. IZAK, J. STEPANOVSKA, A. KROMKA, M. TRAVNICKOVA a
L. BACAKOVA Ceska Republika Uzitny vzor 30691. 15.5.2017.

Kapitoly v knihach

BACAKOVA, L., M. TRAVNICKOVA, E. FILOVA, R. MATEJKA, 1.
STEPANOVSKA, J. MUSILKOVA, J.ZARUBOVA a M. MOLITOR. Vascular Smooth
Muscle Cells (VSMCs) in Blood Vessel Tissue Engineering: The Use of Differentiated
Cells or Stem Cells as VSMC Precursors. In K. SAKUMA ed. Muscle Cell and Tissue -
Current Status of Research Field. IntechOpen, 2018.

BACAKOVA, L., M. TRAVNICKOVA, E. FILOVA, R. MATEJKA, 1.
STEPANOVSKA, J. MUSILKOVA, J. ZARUBOVA a M. MOLITOR. The Role of
Vascular Smooth Muscle Cells in the Physiology and Pathophysiology of Blood Vessels.
In K. SAKUMA ed. Muscle Cell and Tissue - Current Status of Research Field.
IntechOpen, 2018.

BACAKOVA, L., M. ZIKMUNDOVA, J. PAJOROVA, A. BROZ, E. FILOVA, A.
BLANQUER, R. MATEJKA, J. STEPANOVSKA, P. MIKES, V. JENCOVA, E. K.
KOSTAKOVA a A. SINICA. Nanofibrous Scaffolds for Skin Tissue Engineering and
Wound Healing Based on Synthetic Polymers. In M. STOYECHEVA and R. ZLATEV
ed. Applications of Nanobiotechnology. IntechOpen, 2019.

78



Konferenéni prispévky s ocenénim

MATEJKA, R., J. ROSINA, E. FILOVA, J. HAVLIKOVA, J. CHLUPAC a J.
STEPANOVSKA. Automated dynamic bioreactor for 2D endothelial structures. In 20173
E-Health and Bioengineering Conference, EHB 2013. 2013. — Young Researcher
Award

5.1 DalSi publikace bez piimého vztahu k dizertacni praci

STEPANOVSKA, J.*, R. MATEJKA*, M. OTAHAL, J. ROSINA a L. BACAKOVA
The Effect of Various Surface Treatments of Ti6Al4V on the Growth and Osteogenic
Differentiation of Adipose Tissue-Derived Stem Cells. Coatings, 2020a, 10(8). IF =
2,436

*These authors contributed equally to the study.

STEPANOVSKA, J., R. MATEJKA, J. ROSINA, L. BACAKOVA a H. KOLAROVA
Treatments for enhancing the biocompatibility of titanium implants. Biomed Pap Med
Fac Univ Palacky Olomouc Czech Repub, Mar 2020b, 164(1), 23-33. IF = 1,198

KUMOREK, M., O. JANOUSKOVA, A. HOCHERL, M. HOUSKA, E. MAZL-
CHANOVA, N. KASOJU, L. CUCHALOVA, R. MATEJKA a D. KUBIES Effect of
crosslinking chemistry of albumin/heparin multilayers on FGF-2 adsorption and
endothelial cell behavior. Applied Surface Science, JUL 312017 2017, 411, 240-250. IF
= 6,182

KUMOREK, M., D. KUBIES, E. FILOVA, M. HOUSKA, N. KASOJU, E. M.
CHANOVA, R. MATEJKA, M. KRYSLOVA, L. BACAKOVA a F. RYPA?EK
Cellular responses modulated by FGF-2 adsorbed on albumin/heparin layer-by-layer
assemblies. PLoS ONE, 2015 2015, 10(5). IF = 2,740

MOLACEK, J., V. OPATRNY, R. MATEJKA, J. BAXA a V. TRESKA Retrograde
oxygen persufflation of kidney - Experiment on an animal. In Vivo, 2016 2016, 30(6),
801-805. IF = 1,609

OPATRNY, V., J. MOLACEK, V. TRESKA, R. MATEJKA a O. HES Perfusion of a
Kidney Graft From a Donor After Cardiac Death Based on Immediately Started Pulsatile
Machine Perfusion?An Experimental Study on a Small Animal. Transplantation
Proceedings, 2018 2018, 50(5), 1544-1548. IF = 0,784

VOLTROVA, B., V. HYBASEK, V. BLAHNOVA, J. SEPITKA, V. LUKASOVA, K.
VOCETKOVA, V. SOVKOVA, R. MATEJKA, J. FOJT, L. JOSKA, M. DANIEL a E.
FILOVA Different diameters of titanium dioxide nanotubes modulate Saos-2 osteoblast-

like cell adhesion and osteogenic differentiation and nanomechanical properties of the
surface. Rsc Advances, 2019, 9(20), 11341-11355. IF = 3,119

MOLACEK, J., V. OPATRNY, V. TRESKA, R. MATEJKA a O. HES Moznosti
zlepseni vlastnosti ledvinnych $t€ptd od déarct s rozsifenymi kritérii - experimentalni
studie. Rozhledy v chirurgii : mesicnik Ceskoslovenske chirurgicke spolecnosti, 2018,
97(5), 193-201.

79



Piilohy

Clanky:

1.

MATEJKA, R., M. KONARIK, J. STEPANOVSKA, J. LIPENSKY, J. CHLUPAC,
D. TUREK, S. PRAZAK, A. BROZ, Z. SIMUNKOVA, 1. MRAZOVA, S.
FOROSTYAK, P. KNEPPO, J. ROSINA, L. BACAKOVA a J. PIRK Bioreactor
Processed Stromal Cell Seeding and Cultivation on Decellularized Pericardium
Patches for Cardiovascular Use. Applied Sciences, 2020a, 10(16).

CHLUPAC, J., E. FILOVA, J. HAVLIKOVA, R. MATEJKA, T. RIEDEL, M.
HOUSKA, E. BRYNDA, E. PAMULA, M. REMY, R. BAREILLE, P.
FERNANDEZ, R. DACULSI, C. BOURGET, L. BACAKOVA a L. BORDENAVE
The gene expression of human endothelial cells is modulated by subendothelial

extracellular matrix proteins: Short-term response to laminar shear stress. Tissue
Engineering - Part A, 2014 2014, 20(15-16), 2253-2264.

BACAKOVA, L., J. PAJOROVA, M. TOMKOVA, R. MATEJKA, A. BROZ, J.
STEPANOVSKA, S. PRAZAK, A. SKOGBERG, S. SILJANDER a P. KALLIO
Applications of Nanocellulose/Nanocarbon Composites: Focus on Biotechnology
and Medicine. Nanomaterials (Basel), Jan 23 2020, 10(2).

MUSILKOVA, J., E. FILOVA, J. PALA, R. MATEJKA, D. HADRABA, D.
VONDRASEK, O. KAPLAN, T. RIEDEL, E. BRYNDA, J. KUCEROVA, M.
KONARIK, F. LOPOT, P. JAN a L. BACAKOVA Human decellularized and
crosslinked pericardium coated with bioactive molecular assemblies. Biomed Mater,
Dec 9 2019, 15(1), 015008.

VONDRASEK, D., D. HADRABA, R. MATEJKA, F. LOPOT, M. SVOBODA a
K. JELEN Uniaxial Tensile Testing Device for Measuring Mechanical Properties of
Biological Tissue with Stress-Relaxation Test under a Confocal Microscope.
Manufacturing Technology, 2018, 18(5), 866-872.

Kapitoly v knize:

6.

BACAKOVA, L., M. TRAVNICKOVA, E. FILOVA, R. MATEJKA, 1.
STEPANOVSKA, J. MUSILKOVA, J. ZARUBOVA a M. MOLITOR. Vascular
Smooth Muscle Cells (VSMCs) in Blood Vessel Tissue Engineering: The Use of
Differentiated Cells or Stem Cells as VSMC Precursors. In K. SAKUMA ed. Muscle
Cell and Tissue - Current Status of Research Field. IntechOpen, 2018.

Uzitné vzory:

7.

Ceské vysoké uceni technické v Praze, Narodni Centrum Tkéani a Bunék a.s.,
Fyziologicky tistav AVCR, v. v. i. Systém pro rotacni endotelizaci cévnich protéz.
Piivodci: MATEJKA, R., J. STEPANOVSKA, J. ROSINA, D. HRUZOVA a J.
ZARUBOVA Ceska Republika Uzitny vzor 31066. 3.10.2017.

Ceské vysoké uceni technické v Praze, Narodni Centrum Tkéani a Bunék a.s.,
Fyziologicky tstav AVCR, v. v. i. Kultivaéni komora pro dynamickou kultivaci

80



10.

11.

bungk na tubularnich nosicich. Péivodci: MATEJKA, R., J. STEPANOVSKA, J.
ROSINA, D. HRUZOVA, J. ZARUBOVA a E. FILOVA Ceska Republika Uzitny
vzor 30441.7.3.2017.

Ceské vysoké uceni technické v Praze, Fyziologicky tstav AVCR, v.v.i., Institut
klinické a experimentdlni mediciny. Kultivacni komora pro tlakovou stimulaci v
kultiva¢nich jamkach. Piivodci: MATEJKA, R., J. STEPANOVSKA, S. PRAZAK,
L. BACAKOVA, P. KNEPPO, M. KONARIK, J. CHLUPAC a J. PIRK Ceska
republika Uzitny vzor 33916.14.4.2020.

Ceské vysoké uceni technické v Praze, Ustav makromolekularni chemie AV CR, v.
v. i., Fyziologicky ustav AVCR, v. v. i. Kultivaéni komora pro stimulaci planarnich
vzorkli  decelularizovaného  perikardu.  Plvodci: MATEJKA, R, J.
STEPANOVSKA, J. ROSINA, P. KNEPPO, E. BRYNDA, T. RIEDEL, E.
FILOVA, M. TRAVNICKOVA, J. ZARUBOVA a Z. RIEDELOVA Ceska
republika Uzitny vzor 30705. 30.5.2017.

Ceské vysoké uceni technické v Praze, Institut klinické a experimentélni mediciny.
Mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci bunék.
Piivodci: MATEJKA, R., J. STEPANOVSKA, P. KNEPPO, M. KONARIK, J.
CHLUPAC a J. PIRK Ceska republika Uzitny vzor 33917.14.4.2020.

81



iriried applied
e sciences

Article

Bioreactor Processed Stromal Cell Seeding and
Cultivation on Decellularized Pericardium Patches for
Cardiovascular Use

Roman Matéjka 2-3-*(, Miroslav Konafik *°, Jana Stépanovska "2(, Jan Lipensky °,
Jaroslav Chlupat 278, Daniel Turek >, Simon Prazik 12, Antonin Broz 2,

Zuzana Simtinkova °, Iveta Mrazova ?, Serhiy Forostyak ¢10, Peter Kneppo (¥, Jozef Rosina -3,

Lucie Ba¢akova 200 and Jan Pirk 4

1 Department of Biomedical Technology, Faculty of Biomedical Engineering,

Czech Technical University in Prague, 272 01 Kladno, Czech Republic; jana.stepanovska@fbmi.cvut.cz (J..);
simon.prazak@fgu.cas.cz (S.P); kneppo@fbmi.cvut.cz (PK.); rosina@fbmi.cvut.cz (J.R.)

Department of Biomaterials and Tissue Engineering, Institute of Physiology of the Czech Academy

of Sciences, 142 20 Prague, Czech Republic; jaroslav.chlupac@ikem.cz (J.C.); antonin.broz@fgu.cas.cz (A.B.);
lucie.bacakova@fgu.cas.cz (L.B.)

Department of Medical Biophysics and Informatics, Third Faculty of Medicine, Charles University in Prague,
100 00 Prague, Czech Republic

Cardiovascular Surgery Department, Institute for Clinical and Experimental Medicine,

140 21 Prague, Czech Republic; miroslav.konarik@ikem.cz (M.K.); daniel.turek@ikem.cz (D.T.);
jan.pirk@ikem.cz (J.P.)

Institute of Physiology, First Faculty of Medicine, Charles University in Prague,

121 08 Prague, Czech Republic

PrimeCell Bioscience a.s., 110 00 Prague, Czech Republic; jan.lipensky@primecell.eu (J.L.);
serhiy.forostyak@primecell.eu (S.F.)

Transplant Surgery Department, Institute for Clinical and Experimental Medicine,

140 21 Prague, Czech Republic

Department of Anatomy, Second Faculty of Medicine, Charles University in Prague,

150 06 Prague, Czech Republic

Experimental Medicine Centre, Institute for Clinical and Experimental Medicine,

140 21 Prague, Czech Republic; zuzana.simunkova@ikem.cz (Z.8.); iveta.mrazova@ikem.cz (LM.)
Department of Burns and Plastic Surgery, Faculty of Medicine, Masaryk University,

625 00 Brno, Czech Republic

*  Correspondence: roman.matejka@fbmi.cvut.cz; Tel.: +42-02-2435-9936

10

check for
Received: 21 July 2020; Accepted: 5 August 2020; Published: 7 August 2020 updates

Featured Application: In this study, we have prepared decellularized pericardium repopulated
with adipose tissue-derived stromal cells for potential use as implantable cardiovascular
patches. Novel optimized dynamic decellularization and recellularization systems have been
used and demonstrated. In this bioreactor, the stromal cells deeply repopulated the full thickness
of the matrix, and they pre-differentiated towards the smooth muscle cell phenotype by applying
cyclic pressure stimulation. Thus, these dynamically recellularized patches resemble vascular
tunica media. These grafts may be further applied in animal experiments to assess surface
endothelialization and in vivo remodelling. Animal tissue is of large potential availability
and decellularization renders the matrix non-immunogenic. Autologous adipose cells for
recellularization can be harvested through small biopsy in human patients with cardiovascular
disease. A potential application of this approach is manufacturing a tissue-engineered
cardiovascular patch with improved biocompatibility for the surgical repair of the human heart
or vessels, such as the carotid artery or femoral artery.

Appl. Sci. 2020, 10, 5473; d0i:10.3390/app10165473 www.mdpi.com/journal/applsci
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Abstract: (1) Background: Decellularized xenogeneic tissues are promising matrices for developing
tissue-engineered cardiovascular grafts. In vitro recellularization of these tissues with stromal cells
can provide a better in vivo remodelling and a lower thrombogenicity of the graft. The process
of recellularization can be accelerated using a cultivation bioreactor simulating physiological
conditions and stimuli. (2) Methods: Porcine pericardium was decellularized using a custom-built
decellularization system with an optimized protocol. Autologous porcine adipose-derived stromal
cells (PrASCs), isolated from the subcutaneous fat tissue, were used for recellularizing the
decellularized pericardium. A custom cultivation bioreactor allowing the fixing of the decellularized
tissue into a special cultivation chamber was created. The bioreactor maintained micro-perfusion
and pulsatile pressure stimulation in order to promote the ingrowth of PrASCs inside the tissue
and their differentiation. (3) Results: The dynamic cultivation promoted the ingrowth of cells into
the decellularized tissue. Under static conditions, the cells penetrated only to the depth of 50 pum,
whereas under dynamic conditions, the tissue was colonized up to 250 um. The dynamic cultivation
also supported the cell differentiation towards smooth muscle cells (SMCs). In order to ensure
homogeneous cell colonization of the decellularized matrices, the bioreactor was designed to allow
seeding of the cells from both sides of the tissue prior to the stimulation. In this case, the decellularized
tissue was recolonized with cells within 5 days of dynamic cultivation. (4) Conclusions: Our newly
designed dynamic bioreactor markedly accelerated the colonization of decellularized pericardium
with ASCs and cell differentiation towards the SMC phenotype.

Keywords: bioreactor; cardiovascular patch; decellularization; recellularization; pericardium

1. Introduction

Cardiovascular diseases belong to the most frequent causes of death or life quality impairment.
Currently, autologous vessel replacements such as the saphenous vein represent the gold standard
grafts for small-diameter vessels (below 6 mm), and in many factors, they outperform synthetic
alternatives. Autologous grafts, however, are of limited availability, and an invasive approach for
their harvesting is required. In many cases, they are unsuitable for use due to unfavorable anatomy
(gracility, branching, thrombosis) or previous harvest [1]. Allograft vessels from cadaveric donors
provide an alternative source for bypass grafting. These grafts can be cold-stored or cryopreserved in
tissue banks; nevertheless, they are not immediately available for emergent surgery, and also their
long-term patency is limited [2]. Synthetic grafts act in many cases as suitable replacements; however,
they show a reduced clinical efficacy, especially in small-calibre applications [3]. There is a great clinical
demand for new biomaterials providing feasible solutions, including proper mechanical support,
functional tissue regeneration, and a non-thrombogenic surface [4].

Not only tubular grafts but also planar patches are required with similar properties as
cardiovascular prostheses [5]. These planar patches are indispensable in many vascular reconstruction
procedures, i.e., endarterectomy [6].

Moreover, with pliable, non-thrombogenic, non-immunogenic patches seeded with autologous
cells, we are just one step ahead of new heart valves’ construction. Current heart valve bioprostheses,
despite various types of advanced anti-calcification processing, are still subject to structural valve
deterioration (SVD) in a long-term manner. The incidence of SVD is strongly dependent on age and
the type of prosthesis, so it can vary widely between 3.3-20% at a 10-year follow up, even in the
elderly population [7]. SVD strongly limits the clinical use of bioprosthetic valves in younger patients,
especially in children.

One possible solution to this problem is using xenogeneic grafts. However, animal tissues
cannot be directly applied due to immune incapability, risk of infectious disease transfer, and other
safety and regulatory issues. Therefore, a need for tissue processing and engineering is a crucial step
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toward practical application. One possible way is graft decellularization. This process removes the
immunogenic cellular elements and produces a non-immunogenic substitute suitable as an implantable
graft or scaffold for further modifications. Also, the mechanical strength is preserved similarly to the
native blood vessel, which is suitable for recolonization with the recipient’s native cells in vivo [8,9].

The decellularization is typically accomplished by treating the tissues with a combination
of detergents, solvents, enzymes, osmotic gradients, and chelating agents [10,11]. The process of
decellularization affects the structural and functional features of the tissue, such as its swelling and
stretching properties, suture retention, and the conductivity for cells [12]. Decellularized matrices for
cardiovascular use need further modification. The first major thing is to improve the antithrombogenicity.
Second is the support of an overall cell recolonization and stimulate re-endothelization in vivo.
These steps could involve chemical modifications employing growth factors such as VEGF (Vascular
endothelial growth factor), bFGF (Basic fibroblast growth factor) [13] to promote cell overgrowth,
or use of heparin as an anti-thrombogenic agent, which also promotes cell grow [14]. On the other
hand, growth factor use can be problematic for fulfilling the regulatory requirements for tissue grafts
intended for human use and also potentially can induce unpredictable cell growth of host cells.

The second approach to the modification of decellularized matrices is their recolonization with
cells. Several studies have demonstrated the improved performance of these matrices in animal
models. Cell-recolonized decellularized grafts are distinguished by better biocompatibility, growth
potential, mechanical strength, and elasticity. They also reduce the risk of thrombus formation
and calcification and induce the recruitment of progenitor cells and tissue regeneration in vivo in
contrast to the artificial materials [12]. These studies often used smooth muscle cells (SMCs) or
endothelial cells (ECs) or their combinations [15], or included the adipose tissue-derived stromal cells
(ASCs) [16]. One of the advantages of ASCs is their high yield and high differentiation potential in
comparison with differentiated cells [17]. Another advantage is the easiness of isolation, either from
the liposuction-derived or excision-derived adipose tissue when compared to SMC or EC. These allow
isolation of autologous cells for combined use with decellularized grafts. Dynamic cultivation of stem or
stromal cells is an essential tool for promoting their proliferation, but also for inducing and establishing
a contractile differentiated SMC-like phenotype in these cells. The differentiation of stem cells towards
SMCs requires pulsatile stress and cyclic strain, which are components of the hemodynamic stress to
which the blood vessels are exposed in vivo [18].

Conventional preparation of recellularized grafts is time-consuming. Under the static conditions,
it takes several weeks of cell cultivation to reach cell overgrowth and maturation toward
differentiated cells/tissues [15]. Dynamic bioreactors mimicking physiological conditions could
speed-up recellularization and promote cell differentiation.

In this study, we demonstrate a novel cultivation system allowing the recellularization of planar
decellularized tissues intended as cardiovascular patches. This system incorporates a combination
of micro-perfusion with mechanical strain to stimulate the proliferation of ASC cells and their
differentiation towards smooth muscle cells. As for substrate, we have used two types of decellularized
tissues—porcine and ovine decellularized pericardium. With possible use in in vivo conditions,
the porcine pericardium will be acting as allogenous decellularized tissue, and the ovine will be
modelling xenogeneic decellularized tissue.

2. Materials and Methods

2.1. Porcine and Ovine Pericardium for Decellularization

The porcine pericardium was obtained from a local slaughterhouse (Steinhauser s.r.o,
Skalice nad Svitavou, Czech Republic). The Large White breed of pigs with a weight of approximately
100 kg and age 5-6 months were used. The fresh tissues were extracted during the slaughter process.
The tissue was then transported to our laboratory in phosphate-buffered saline (PBS) with 100 ug/mL
Gentamicin and 10 pg/mL Fluconazole (both LEK PHARMACEUTICAL D.D., Ljubljana, Slovenia).
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In the laboratory, the pericardial tissue was mechanically cleaned from fat and other residues. Then the
tissue was cut into smaller pieces (approx. 6 x 10 c¢cm) to fit into the decellularization chamber
described below, and frozen in a DMEM (Dulbecco’s Modified Eagle Medium) medium with 10%
FBS (Fetal Bovine Serum), 1% ABAM (Antibiotic Antimycotic Solution, contains 100 units penicillin,
0.1 mg streptomycin, and 0.25 g amphotericin B per ml of culture media) and 10% DMSO (Dimethyl
sulfoxide). The freezing gradient was set to 1 °C/min up to —80 °C. All chemicals unless otherwise
specified were from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).

The ovine pericardium was obtained from experimental sheep (Suffolk breed, animals were
used for another experimental work; these tissues were harvested fulfilling 3R). After animals were
euthanized, a median sternotomy was performed and was followed by thoracotomy. The pericardium
was extracted and mechanically cleaned from surrounding tissue, mainly fat. The same protocol for
handling and cryopreservation, as described above, was used. Due to a limited number of experimental
sheep, optimization procedures were mainly done on the porcine pericardium.

2.2. Decellularization System and Pericardium Decellularization

To automate the overall process of decellularization, a custom-made decellularization system
was built. This solution consists of two peristaltic pumps with attached pinch valves. This system
is controlled by an embedded controller compactRIO (National Instruments, Austin, TX, USA)
with custom LabVIEW (also National Instruments) software to set appropriate parameters of
the decellularization and to monitor the overall process. The first pump mixes and prepares
decellularization agents, such as SDS (Sodium dodecyl sulfate) or DNAse, with dH,O (deionized water)
and fills the decellularization chamber. The second pump maintains the recirculation of the agents in
the decellularization chamber. This approach promotes the overall decellularization of large tissues.

The process of decellularization works in cycles. First, the decellularization agent or water is filled
into the chamber. Then, the agent/water is recirculated for a defined period. After that, the agent/water
is flushed into waste. Finally, a new agent or water is filled again. These steps are repeated depending
on the tissue properties or experimental setup. This multicycle approach maintains a high chemical
gradient promoting the efficiency of agents and washing. The system is installed in a heated chamber
that holds the temperature to 37 °C. Higher temperature promotes the activity of detergents. Also,
a special chamber was designed for fixing the planar pericardial tissue. The flow in this chamber
is optimized to be homogeneously spread over both sides of the tissue. This helps to decellularize
the tissue homogenously and to avoid the persistence of non-decellularized areas. The tissue in this
chamber is fixed on a silicone holder using surgical silk. The overall view of the decellularization
system and the fixing chamber is in Figure 1.
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Figure 1. Schematic image of the decellularization system (top) and its installation in a temperature-controlled
chamber (bottom left). Custom chamber for fixing pericardium and for maintaining the optimal process
parameters (bottom right). The tissue is fixed in the chamber using a 4—0 suture on a silicone holder.

The frozen pericardium was thawed in a 37 °C water bath. Then, the tissue was installed in the
decellularization chamber using a 4—0 suture. The 0.5% SDS solution was used as a decellularization
agent. This solution was used in 6 recirculation cycles lasting 10 min each. Then the SDS was washed
out using 5 recirculation cycles of dH,O lasting 5 min each. After that, a 60 min-lasting DNAse cycle
was performed. The DNAse was dissolved in a DNAse buffer to the concentration of 40 pg/mlL.
This treatment was crucial to remove the remaining residues of DNA spilt over the tissue as a result of
the previous SDS treatment. Then, the overall process was finished with a thorough washing of the
tissue, consisting of a hundred 10-min cycles of dH,O. The agent concentration, the cycle repetitions,
and the exposure times were optimized to neutralize the potentially toxic effects of the agents and to
minimize the mechanical degradation of the tissue described earlier [19]. The decellularized tissues
were then sterilized in a 70% ethanol solution for 1 h, and then they were rinsed and stored in sterile
PBS at 4 °C. To evaluate the effectiveness of the decellularization process, 10 um-thin cryosections
from randomly selected parts of the tissues were prepared. These sections were stained using DAPI to
visualize the cell nuclei or the remaining DNA.

Cytotoxicity and sterility tests were also performed. The cultivation of cells in the leachate and
directly on the decellularized tissue were done to verify the potential cytotoxic effects. The leachates
were prepared in a laboratory. Decellularized and sterile tissue was incubated in DMEM culture
media with 10% FBS for 72 h. Then, this culture media was added to cells, and proliferation was
observed. The isolated porcine adipose tissue-derived stromal cells were used for these cytotoxic tests.
The sterility tests were performed according to Ph. eur. 2.6.1 and ISO 11737-2 [20] in thioglycollate
broth and tryptic soy broth.

2.3. Fat Extraction and Isolation of Porcine Adipose-Derived Stromal Cells

Porcine adipose tissue-derived stromal cells (PrASCs) were isolated from fat that was surgically
extracted from the neck area of experimental pigs. Prestice black-pied pigs weighing approximately
35-40 kg were used.
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During the surgery under general anaesthesia, a small amount of subcutaneous fat (approx. 2 cm?)
was excised. Harvesting subcutaneous fat from the neck area was an easy and rapid surgical procedure
well tolerated by the animals. There were no complications regarding wound healing. The fat obtained
from this procedure was stored in warm DMEM containing 10% FBS and 3% ABAM solution and was
transferred to the laboratory for further cell isolation.

The protocol for cell isolation was set according to Estes et al. [21] with some modifications
developed in studies focused on adipose-derived stem or stromal cells [22,23]. These modifications
included tissue homogenization and a red blood cell lysing step. First, the fat tissue was mechanically
cleaned from other tissues and was rinsed several times in PBS with 3% ABAM solution. Then, the
fat was mechanically minced and homogenized into small pieces, and put into a 0.1% collagenase I
solution with 1% BSA in PBS. After 2 h of collagenase digestion, the cells were treated with a red blood
cell lysis buffer, centrifuged, and seeded into cultivation flasks with DMEM with 15% FBS and 1%
ABAM solution. In these primocultures, it took approximately 3-5 days to reach the cell confluence,
which was taken as passage 0. After that, the cells were passaged into large 175 cm? culture flasks
(1.2-1.5 million of cells per flask) and cultivated in a DMEM/F12 medium (ratio 1:1) supplemented
with 10% FBS, 10 ng/mL FGF2 (FGF-basic (154aa), Genscript, Leiden, The Netherlands) and 1% ABAM
solution. This medium was used to stimulate cell proliferation. After reaching confluence in passage 1,
the cells were seeded on the decellularized pericardium. In addition, a flow cytometry analysis was
performed to characterize the cells. The cells in the 2nd passage were also characterized by a flow
cytometry analysis using NovoCyte Flow Cytometer (Acea Biosciences, Inc., CA, USA). Results of flow
cytometry shown in Table 1.

Table 1. Flow cytometry analysis of isolated adipose-derived stromal cells.

CD Marker PrASC Animal1l PrASC Animal 2 Antibody Provider Cat. No.
29 98.85% 99.34% Invitrogen (CA, USA) CD2920
31 34.58% 28.64% Origene (MD, USA) SM2146APC
34 0.47% 1.06% Biorbyt (UK) orb247244
45 1.09% 2.99% Biorad (CA, USA) MCA1222A647
73 0.31% 2.60% Biolegend (CA, USA) 344004
90 99.08% 99.64% BD Biosciences (NJ, USA) 555596
105 96.23% 99.56% Abcam (UK) ab53321
146 0.18% 0.71% Origene (MD, USA) SM1860F

2.4. Cultivation Bioreactor

A custom-made dynamic culture system was used for recellularization of the decellularized tissue.
This system consists of a specially designed cultivation chamber that allows fixing the pericardium,
and of a pressure stimulation system generating pressure pulsation and culture media perfusion.

The cultivation chamber consists of four main parts. The middle two parts create a tissue holder.
Both parts create reservoirs for culture media, and also, one part contains a small silicone gasket fixing
the tissue. The decellularized tissue is cut to 35 X 35 mm? squares. Then these squares are placed over
the hole of the reservoir. The reservoir has a square shape and is limiting the area to 30 x 30 mm?
where cells are cultivated. The remaining 2.5 mm border of the prepared tissues is used for fixing them
in place. A special inlet is put into this hole in order to prevent tissue bending. Then, the tissue is fixed
with the second middle part of the chamber containing the silicone gasket that fixes the tissue in its
position. A silicone O-ring gasket is also added to ensure the tightness of the chamber. Four stainless
steel M4 screws tighten the holder. After this procedure, the helping inlet is removed.

Next, the chamber is closed by covers containing fluidics ports. Two more silicone O-ring gaskets
are added to ensure the tightness. These covers are also tightened to the holder using stainless steel
M4 screws with knurled nuts. To minimize the risk of any contamination or toxicity, these screws
are not in contact with the tissue or the culture media. All other parts of the chamber are made of
non-toxic materials including polycarbonate, polyamide, or silicone as mentioned above, and were
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previously tested for potential cytotoxicity. Fluidics ports include two elbow pieces with silicone hoses
with Luer-Locks (LLs) or quick couplings for connecting the perfusion/stimulation system. There are
also two female LLs located in the middle of the lid for connecting a sterile septum for cell seeding,
auxiliary hoses for pressure sensing, etc. The overall view of the cultivation chamber and its sections
are illustrated in Figure 2. The technical solution is described in detail in our utility model [24].

After assembling the chamber and ensuring its tightness, the chamber is connected to a perfusion
circuit, a syringe with cultivation media and a working reservoir (described below). All the
above-mentioned steps (i.e., tissue fixing, chamber assembling, connecting to perfusion circuit,
etc.) are done in a biohazard box to ensure sterility. The cell seeding is then done using the sterile
septum and a syringe with a needle. The chamber is vertically oriented during cultivation to minimize
the risk of forming bubbles in the reservoirs. In order to provide multiple parallel sample cultivation,
the chambers were daisy-chained.

Assembled cultivation chamber

perfusion and stimulation

Assembl Itivati
top side Inlet port Luer-Lock septum for seeding cells ssembled cultivation

(aie o Dk e chamber with fixed
decellularized tissue and

l(.;:ﬁx;mm i filled with culture media

M4 screws for fiing and

sealing chamber

perfusion and stimulation L 2
i ot

top side outlet port ' y
y

chamber covers with
fluidics ports

——perfusion and stimulation
top side outlet port
tissue holder parts—

——— perfusion and stimulation
bottom side inlet port

Assembled chamber section

28
4 iﬂ‘ig’... = .ﬂ’/

.’ top part of tissue holder
—

A

top cover with
fluidics ports Tissue holder section

main silicone gaskets

bottom part of tissue holder )
culture media reservoirs

decellularized tissue

decellularized tissue tissue fixing silicone

battom cover with gasket :
fluidics ports in tissue holder part

Decellularized tissue aligned

Figure 2. Overall schematic view of the cultivation chamber with sections of the main parts (left).
Fully assembled cultivation chamber connected to the perfusion/stimulation system filled with
cultivation media (right-top). Detail of a decellularized tissue in the tissue holder part (right bottom).

In order to maintain the perfusion of the tissue with cultivation media and to establish the
stimulation of cells with pulsatile pressure waves, a unique system was also developed. This system is
based on an electronically controlled linear actuator with the syringe and perfusion circuit connecting.
The NI compactDAQ (National Instruments, Austin, TX, USA) platform was used with modules
consisting of the digital input/output lines necessary for controlling the pump and valves (module
cDAQ 9401), and with an analogue module for the pressure transducer (module cDAQ 9218). Custom
LabVIEW (National Instruments, Austin, TX, USA) software was created to control the system.
This software controls the movement of the linear actuator and implements a feedback control for
the pressure stimulation. This linear actuator with electronics and the control software is depicted
in Figure 3. The design of the perfusion system is described in detail in our utility model [25].
The perfusion circuit consists of a silicone tubing, a 20 mL syringe installed in the linear actuator, and a
working reservoir for culture media. The perfusion/stimulation system in this study was optimized
to operate in three modes. The modes of operation and the overall setup are illustrated in Figure 4.
In mode 1, perfusion of the cultivation media through the chamber, and in mode 2, refiling the syringe
with cultivation media from the reservoir, the system moves at a constant speed until reaching the limit
switch on the appropriate side of the movement. These modes were primarily used during the initial
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phase of experiments to equilibrate the pH and temperature of the cultivation media and to remove all
bubbles from the cultivation chamber. Mode 3, pressure stimulation, uses feedback control. In the
software, the frequency and two pressure thresholds are specified. Based on these settings, the actuator
moves in both directions repeatedly until reaching high/low-pressure thresholds. The speed is adjusted
to reach a specified frequency of pulses. The pressure measurement is done with a disposable pressure
transducer used for measuring invasive blood pressure TruWave(Baxter, Irvine, CA, USA), which is

connected to an auxiliary Luer-Lock in the cultiva

tion chamber.
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Figure 3. (A) The linear actuator with an installed syringe and working reservoir in a CO, cell incubator;

(B) the compactDAQ control system; (C) the pressure stimulator controlling software GUL



Appl. Sci. 2020, 10, 5473

1. Perfusion of cultivation
media through chamber

Closing pinch
valve

220 nm 1. Cultivation media is dispensed
filter from syringe.

2. Toggle pinch valve is set in
direction to cultivation chamber,
direction from reservoir is closed.

3. Closing pinch valve is opened
allowing free flow.

4. Media flows through chamber into
reservoir until syringe is depleted.

5. Pressure is equalized over 220 nm

v filter.

Cultivation chamber

2. Refilling of syringe with
cultivation media from
reservoir

Closing pinch

f Syringe in linear actuator

Toggle pinch
valve

220 nm 1. Cultivation media is filled to syringe
filter from reservoir, faster speed of
actuator is set.

2. Toggle pinch valve is set in
direction from reservoir, direction to
chamber is closed.

3. Closing pinch valve is closed
preventing low pressure in
chamber.

4. Pressure and atmosphere is

v equalized over 220 nm filter.

i _ T—

Cultivation chamber

3. Pressure stimulation
with pulsating pressure

A Syringe in linear actuator
Toggle pinch
valve
220 nm 1. Closing pinch valve is closed
filter preventing flow to reservaoir.

2. Toggle pinch valve is set in

(hydrostatic) direction to cultivation chamber,
direction from reservoir is closed
3. Syringe in actuator is moving in
both directions creating pulsatile
Closing pinch pressure. Controlling of actuator
valve and its movement is based on
actual pressure in chamber
v measured with pressure sensor.
1 Pulsating hydrostatic
: pressure in chamber E >~E -_;}
1
k Syringe in linear actuator
o Pressure A
Cultivation chamber sensor Toggle pinch
valve

9of21
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of operation used in the cultivation process are shown.
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2.5. Cell Seeding and Dynamic Cultivation

Before the cells were seeded, the pH and the temperature in the cultivation system and in the
chamber were equilibrated. In this phase, the culture medium was perfused through the cultivation
chamber. All bubbles were also removed. This phase took about 2 h.

Then the cell suspension was prepared. The cells were seeded at a density of 90,000 cells/cm?.
This density was experimentally adjusted to form a homogeneous, confluent layer on the top of the
decellularized tissue. As was mentioned above, 35 X 35 mm? squares of the tissue were fixed in the
chamber. The total area for cell growth was 30 X 30 mm?; the borders were used for fixing the tissue
in the holder. Thus, there were 810,000 cells on one side of the tissue, which were suspended in
500 uL of the culture medium. This cell suspension was then injected through a sterile septum into the
appropriate side of the cultivation chamber. Then, the chamber was aligned horizontally, allowing
the cells to adhere. During this phase, there was no perfusion and no dynamic stimulation. The cell
adhesion phase took 60 min. After that, mild perfusion (flow 2 mL/min) with the culture medium was
started. The perfusion lasted for 2 h. After that, the stimulation was set to 15.9/10.6 kPa (120/80 mmHg)
high/low pressure with a frequency of 1 Hz (60 pulses per minute). Every 2 h, the stimulation was
changed to the perfusion mode for 10 min in order to refill the reservoirs of the chamber with a fresh
culture medium. This cultivation was performed for 5 days and for 10 days.

The first goal of this study was to test how well the bioreactor promotes the ingrowth of the
cells through the decellularized tissue, so only one side of the tissue was seeded with cells and
analyzed. The second goal was to prepare fully recellularized cardiovascular patches. When these
patches were being prepared, the cells were seeded from both sides. This procedure involved the
described seeding on one side. Then, the cells were left for 60 min, allowing their adhesion. After this
phase, the chamber was turned and then the same seeding procedure, but from the second side,
was performed, also followed by 60 min of cell adhesion.

The cultivation medium consists of DMEM/F12 with a 1:1 mixture, supplemented by 10% of
fetal bovine serum, 50 pg/mL of ascorbic acid, 2.5 ng/mL of TGF-$ (Transformation growth factor 3),
2.5 ng/mL of BMP4 (Bone morphological protein 4), and 1% of ABAM antibiotics. This composition was
set on the basis of our previous study [17], in order to promote both the growth and the differentiation
of the ASCs towards smooth muscle cells. This culture medium was replaced every two days.
During replacement, the cultivation chamber and the perfusion circuit were still fully flooded, and
only the remaining medium was refilled into a syringe from the working reservoir. Then, the syringe
was replaced by a new syringe containing fresh culture medium. These syringe replacements were
carried out in a biohazard box to ensure sterility.

A comparative control under static cultivation conditions was performed. In order to ensure
the homogeneity of the experimental setup, the second cultivation system with cultivation chambers
was used. The preparation included the same preparation steps as above, until the beginning of
the 2 mL/min perfusion. Instead of perfusion followed by mechanical stimulation, the system with
chambers was disassembled, and the tissues were inserted into standard six-well plates. The same
culture medium was used and was replaced every two days.

2.6. Evaluation of Cell Ingrowing

After observed cultivation intervals (5 and 10 days), the chambers were disconnected from the
perfusion/stimulation. The chambers were then disassembled, and the tissues were removed. After that,
the tissues were fixed using 4% paraformaldehyde (PFA) and were washed with PBS. Then, 20 um thick
cryosections were made on SuperFrost Pluss glass (ThermoFisher, MA, USA). The cell membranes were
then permeabilized using 0.1% Triton X-100 in PBS for 15 min at room temperature (RT). The cell nuclei
were counterstained with DAPI and mounted with Fluoroshield mounting medium (Sigma-Aldrich,
MO, USA).

To quantify the overall cell ingrowth into the decellularized tissue, the images were sliced into
50 pm thick layers. The borders of the first layer were set from the surface of the decellularized tissue,
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where the cells were seeded. Then, based on the scale of the image, 50 pm layers were formed. In these
layers, the cell nuclei were counted to quantify the cell ingrowth. This approach is illustrated for
analysis in Figure 5. Image processing and analysis were done in Image]J (National Institutes of Health,
Bethesda, Md, USA) and MATLAB (MathWorks, Natic, MA, USA)

Combined brightfield with DAPI DAPI only

Figure 5. Example of slicing an image into 50 pum regions used for cell counting. The original images
have been cropped to maintain the same area for analyzing multiple samples.

To obtain relevant results, five random sections for each type of cultivation were analyzed in
five randomly selected microscopic fields used for cell counting. The statistical significance was
evaluated using nonparametric Kruskal-Wallis One Way Analysis of Variance on Ranks, Dunn’s
Method, statistical significance (p < 0.05) in MATLAB.

Immunofluorescence staining of hl-calponin, considered in various studies as an early marker
or as an intermediate marker of SMC differentiation [18], was used for evaluating the differentiation
of ASCs towards SMCs. The calponin-h1 Monoclonal Antibody (CALP, MA5-11620, concentration
2 ug/mL, ThermoFisher, MA, USA), was applied as the primary antibody. The primary antibody was
applied at RT for 120 min to samples in humidified chambers.

Alexa Fluor 488®-conjugated F(ab’) fragment of goat anti-mouse IgG (H1L, Cat. No. A11017,
Sigma-Aldrich; diluted in PBS + 1% BSA, concentration 1 ug/mL), together with Phalloidin conjugated
with TRITC (P1951, Sigma-Aldrich; concentration 2 pg/mL), was applied as the secondary antibody,
after the mouse monoclonal primary antibody. The cell nuclei were counterstained with DAPI
(Thermo-Fisher, MA, USA; D1306, 300 nM concentration), which was added together with the
secondary antibody. The samples were incubated with the secondary antibody at RT for 60 min
in humidified chambers. Microscopic images were taken using Carl Zeiss LSM 880 NLO confocal
microscope and Leica DMi-8 fluorescence microscope.

3. Results

3.1. Decellularized Porcine and Ovine Pericardium Used for Autologous Recellularization

Several steps were done to check that the tissue had been decellularized properly for use as
scaffolds for further recellularization and in vivo implantation. After the decellularization process and
the sterilization had been completed, the tissue was histologically analyzed. As can be seen in Figure 6,
the native tissue has visible cell nuclei. This sample was taken as a control. After SDS treatment,
the cells were lysed, as a result of which DNA was spilt over the tissue. The DNA residues had to be
removed in order to minimize any immune response; enzymatic treatment of the tissue was therefore
carried out. After this treatment and a washing step, there were no visible residues of the original cells
or of the DNA. Secondly, cytotoxicity tests on the decellularized tissues were performed. These tests
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included cell cultivation in leachates from the decellularized tissues, and also direct seeding of cells on
and near the tissues inserted in the well plates. Both methods revealed normal cell growth, which was
the same as in the control cells grown without the decellularized tissue or the leachate, indicating no
cytotoxicity of the decellularized matrices. In addition, the bacterial tests according to Ph. eur. 2.6.1
and CSN EN ISO 11737-2 analysis provided negative results, which verified that sterilization using
a 70% ethanol solution was sufficient. Following cell cultivation also demonstrated that the tissue
decellularized by the method described here is suitable for recolonization with cells as can be seen
later in this study.

Combined brightfield with DAPI DAPI only

DNAse treatment Native tissue

SDS decellularization, prior

Decellularized tissue

100 pm

Figure 6. Evaluation of the decellularization process using cryosections 10 um in thickness stained with
DAPI. The brightfield images and the fluorescence images were combined to visualize both the tissue
and the remaining nuclei/DNA. From top to bottom: A sample of native tissue with visible cell nuclei.
The tissue after SDS cycles, where no cell nuclei are visible, but the residual DNA is spilt over the tissue.
A completely decellularized tissue with no remaining visible cells or DNA residues. The Leica DMi
8 microscope, 10x objective, and scale bar 100 um were used.
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3.2. Ingrowing of Stromal Cells Into Decellularized Tissue and Its Differentiation Towards SMCs

An analysis of the histological images (demonstrated in Figure 7) and the cell numbers at given
depths (demonstrated in Figure 8) shows a fundamental difference between static cultivation and
dynamic cultivation. In static conditions, there is no significant difference between 5 and 10 days of
cultivation. In both cases, the cells penetrated to a depth of 50 um, but there is no evidence of cell
ingrowth into deeper regions of the tissue.

However, the results for dynamic cultivation show improved penetration of the cells into all layers
of the tissue, with some decreasing character where the number of cells decreases with depth. At depths
>100 pm, there is a significant difference between static cultivation and dynamic cultivation. Inboth time
intervals, there are observable cells in all layers of the dynamically-cultivated samples. After 10 days
of dynamic cultivation, it can be seen that almost all the tissue has been newly recellularized with cells.

An analysis of the growth and differentiation of cells on the surface of the decellularized matrix
showed that there is a major difference between static cultivation and dynamic cultivation after 10 days
of cultivation. As shown in Figure 9, under static conditions, the cells form clusters instead of spreading
homogeneously over the entire surface. The signal from hl-calponin is also weaker and is present in a
smaller number of cells. Under dynamic conditions, however, a homogeneous cell layer is formed,
and hl-calponin is present in most of the cells, including cells with well-developed calponin fibres.
In this case, increased cell growth and overall improved growth of cells on the surface of decellularized
tissue can also be observed under dynamic culture conditions.

Combined brightfield with DAPI DAPI only

Static cultivation
5 days

Static cultivation

Dynanmic cultivation

Dynamic cultivation

Figure 7. DAPI counterstained cryosections of recellularized tissues cultivated in static and dynamic
conditions for 5 days and for 10 days. Tissues prior to cultivation were seeded from a single side of
decellularized tissue. The microscope used Leica DMi 8, 10x objective.
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Figure 8. The number of cells in given depths of tissue in static and dynamic conditions with single
side seeding. Statistical significance is for p < 0.05. Ten samples were taken for every type of cultivation
and time interval. Each of the samples was sliced to 50 um depth regions where cell numbers were
counted. Red lines represent the median values; blue boxes 1st and 3rd quartiles; whiskers are the
minimum and maximum; and the red circles are outliers.

Overall growth Differentiation into SMC

(F-actin and DAPI) (Calponin, F-actin and DAPI)

e T Cell cluster

formations

Static cultivation

Dynamic cultivation

Figure 9. Immunofluorescence staining of the cultivated decellularized pericardium (red—F-actin,
green—H1-calponin, blue—DAPI) in static and dynamic conditions for 10 days. For overall growth
images, a Carl Zeiss 880 NLO confocal microscope was used with 10x objective and extended field of
view. For differentiation images, a Leica DMi8 with 20x objective was used.
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3.3. Preparation of Recellularized Cardiovascular Patches

As was mentioned in the Material and Methods section of this study, we tried to demonstrate
the efficiency of dynamic cultivation in stimulating cell ingrowth inside the decellularized tissue.
For this experiment, only one side of the pericardium was seeded with cells, and the depth of the
cell penetration into the tissue was evaluated. As described above, cells were penetrating nearly
the whole tissue after 10 days of dynamic cultivation. However, the density was decreasing with
depth. After 5 days of dynamic cultivation, cells were able to penetrate at half of the depth of the
decellularized tissue.

To achieve more homogeneous cell colonization for preparing implantable cardiovascular patches,
both sides of the decellularized tissue were seeded with cells prior to pressure stimulation. The design
of the cultivation chamber was also optimized when the two covers of the chamber implemented
Luer-Locks (LLs) in order to use a sterile septum for cell seeding. In this case, ovine decellularized
pericardium was also used. The protocol for the ovine pericardium was the same as for the porcine
tissue, except that the tissue was sourced from experimental sheep. We had only a limited amount of
pericardial tissue because we had access to just a small number of sheep that had originally been used
for other studies. The overall method for testing and validation was, therefore, based on the porcine
pericardium. However, in further studies, ovine pericardium will be used for implantation into pigs in
order to simulate a xenogeneic tissue that will be repopulated with autologous porcine cells.

Also, the total dynamic cultivation time was reduced to 5 days when both sides of tissue were
seeded prior to dynamic cultivation. This method offers a considerable advantage when preparing
autologous cell-seeded grafts due to the reduced time needed for recellularizing the decellularized
tissue. The difference between single-side and both-sides seeding after 5 days of dynamic cultivation is
illustrated in Figure 10.

Combined brightfield with DAPI DAPI only

Seeded cells

>

Cell ingrowth

Single side cell
seeding procedure
Tissue thickness
200—250 pm

| P

]
Cell ingrowth
Tissue thickness
200—250 pm

Y

Both side cell
seeding procedure

Seeded cells

Figure 10. Comparison between single- and both-sides cell seeding procedures. The cultivation time in
both procedures was 5 days in dynamic conditions.

As is demonstrated in Figures 11 and 12 on 20 pm paraffin-embedded sections stained with
hematoxylin and eosin HE and DAPI, the PrASCs were homogeneously distributed inside the
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recellularized porcine tissue samples and ovine tissue samples. There was no difference between the

ovine and porcine tissues in terms of cell colonization.

Recellularized porcine pericardium

ining

HE sta

200 pm

DAPI only

ining

DAPI sta

Figure 11. Paraffin-embedded 20 um sections of porcine recellularized pericardium stained with
hematoxylin-eosin (HE) and DAPI. Cells were seeded from both sides of the decellularized tissue prior
to dynamic stimulation. Cultivation was held for 5 days in a dynamic culture system.

Recellularized ovine pericardium

HE staining

DAPI only

DAPI staining

Figure 12. Paraffin-embedded 20 um sections of ovine recellularized pericardium stained with
hematoxylin-eosin (HE) and DAPIL Cells were seeded from both sides of the decellularized tissue prior
to dynamic stimulation. Cultivation was held for 5 days in a dynamic culture system.
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4. Discussion

The operating protocol involving the decellularization agents, such as SDS, DNAse, and deionized
water, was adopted and modified according to the studies by Crapo et al. and by Gilbert et al. [10,11].
Many of the methods described require repeated steps involving changing decellularization agents
or water after a certain period to maintain a chemical concentration gradient. Also, to improve the
method and ensure homogenous decellularization, agitation in a shaker is used. These steps can be
time-consuming. To ease these steps and ensure uninterrupted automation of the overall process,
a novel system was built. This system implements a cyclic-based process of changing agents and
washing water based on the desired setting. This approach alters the manual changing of them. Also,
a special cultivation chamber was used where the tissue is fixed, and the chamber allows the flowing
of used liquids to flow over the tissue, improving homogeneity.

As demonstrated in Figure 6, the native tissue has visible cell nuclei, whereas in the fully
decellularized tissues there were no visible cell nuclei or DNA residues. The cell cultivation, both in the
dynamic cultivation system and in static conditions, also demonstrated that the tissue decellularized
by the method described here is suitable for recolonization with cells. The cells adhering to the surface
of the decellularized tissue were able to penetrate the tissue. However, under static conditions, the cells
formed clusters instead of a homogeneous spread on the surface of the tissue when observed under
dynamic conditions, as illustrated in Figure 9.

It can, therefore, be summarized that this protocol, implemented into our decellularization system,
provided a decellularized porcine pericardium matrix that is non-toxic, sterile, and ready for further
recellularization and use as an experimental cardiovascular patch. The whole process can be completed
within 24 h. The decellularization chamber designed for fixing the planar tissue can prepare tissues up
to 12 X 8 cm? in size in a single run. As was mentioned above, the porcine pericardium was harvested
from a local slaughterhouse and was a cheap and easily obtainable source of tissue for validating the
method. The ovine pericardium was also decellularized and was further tested to form a xenogeneic
substrate with autologous cells (PrASCs) for further implantation into a porcine in vivo model to verify
low immunogenicity of decellularized matrices reported in the literature [8,9,26].

Cell seeding is an important component of vascular tissue engineering that decreases graft
thrombogenicity and promotes graft patency, regardless of the cell type used. A possible mechanism is
the recruitment of autologous cells in a paracrine manner and accelerated regeneration of the seeded
matrices into a neovessel. A method of static seeding passively introduces cells onto a scaffold. The cell
maturation and penetration into the scaffold is low.

As has been described above, the process of recellularization in static conditions does not give
satisfactory results. As is illustrated in Figures 7 and 8, only 1/5 (50 um) of the decellularized tissue was
penetrated with cells after 10 days of static cultivation. Similar results have also been obtained in other
studies, in which several weeks of cultivation were needed to overgrow various matrices with cells and
to achieve cell maturation [15]. The speed of the overall recellularization process is increased when
perfusion bioreactors are used to provide mechanical stimulation of the cells according to studies by
Melchiorri et al. [27]. Also, many studies have investigated the correlation between pressure strain, cell
proliferation, and stem cell differentiation towards SMCs. Cyclic physiological pressure (CP) of 120/80
torr altered the cellular morphology and increased the proliferation rates in stem cells over a 7-day
period as described in the study by Maul et al. [28]. Moreover, dynamic seeding using a bioreactor
enables preconditioning of the cells under more physiological conditions, as described in the study by
Villalona et al. [15].

A custom dynamic cultivation system built in our laboratory was used in this study. This system
generates a microperfusion flow and pulsatile hydrostatic pressure. As mentioned above, in static
conditions, the cells penetrated only in 50 um depth. The tissues cultivated in dynamic conditions
proved significantly better penetration rates of cells. Significant results are observable from 100 pm
depths. At depths >150 um and more, there is nearly no evidence of cells ingrowing in static conditions.
As is illustrated in Figures 7 and 8 after 10 days of dynamic cultivation, most of the tissue has been
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newly recellularized with cells. As was mentioned, we tried to demonstrate the efficiency of a dynamic
cultivation bioreactor in stimulating cell ingrowth inside the decellularized tissue. So, the technique of
seeding utilized only one side of the decellularized tissue. Thus, the number of cells decreased with
the penetration depth. To promote more homogenous ingrowing of cells, the cultivation chamber
was optimized for dual side seeding of cells. In this approach, both sides of decellularized tissues
were seeded with the same density of cells prior to cultivation. As is illustrated in Figures 11 and 12,
the cells are homogeneously distributed inside the recellularized tissue. Also, the time period used to
achieve this was reduced to 5 days.

Also, the differentiation of ASCs towards the SMC phenotype can be achieved via biochemical
and mechanical stimulation. A positive effect on the differentiation of stem cells towards SMCs has
been demonstrated in studies using a combination of TGF-8 and BMP4 growth factors. This led to an
increase in the production of specific cytoskeletal protein markers of differentiation, such as x-actin
and hl-calponin, which are present only in differentiated SMCs [29], after 7 and more days of static
cultivation. Cell differentiation towards the SMC phenotype can be further enhanced by appropriate
mechanical stimulation in a dynamic cell culture system. The positive effect of mechanical stimulation
on differentiation towards SMCs has been described for cells cultured either with or without the
presence of TGF-f3 and BMP4 [17,30]. In addition, mechanical stimulation helps to keep the cells in
a differentiated state and prevents de-differentiation [31].

As for mechanical stimulation, we applied physiological hemodynamic force, which is stimulation
with cyclic hydrostatic pressure (CP) 120/80 mmHg. The CP induced differentiation of the seeded
adipose-derived stromal cells towards the SMC phenotype. This was proven by the expression
of an SMC marker calponin. Greater cell population density and greater upregulation of early
differentiation markers «-actin and calponin were achieved in a pressure-stimulated culture than in
static conditions [18,32]. In this context, two mechanosensitive signaling pathways associated with
SMC differentiation have been described: the RhoA-associated pathway, and the FAK kinase-associated
pathway. Activation of these signaling pathways leads to increased synthesis of SMC differentiation
markers in the cells [33].

An analysis of the growth and differentiation of cells on the surface of the decellularized matrix
showed that there is a major difference between static cultivation and dynamic cultivation after 10 days
of cultivation. As shown in Figure 9, under static conditions, the cells form clusters instead of spreading
homogeneously over the entire surface. The signal from hl-calponin is also weaker and is present in
a smaller number of cells. Under dynamic conditions, however, a homogeneous cell layer is formed,
and hl-calponin is present in most of the cells, including cells with well-developed calponin fibers.
In this case, increased cell growth and overall improved growth of cells on the surface of decellularized
tissue can also be observed under dynamic culture conditions.

Analogous to our study, Kobayashi et al. found upregulated expression of SMC markers, alpha
smooth muscle actin (aSMA), and smooth muscle myosin heavy chain (SMMHC) in rat bone marrow
stromal cells after exposure to pressure-dominant forces or combined flow and pressure forces for
3 days [34]. The authors attribute this differentiation to longer pre-incubation periods (7-21 days).
The effects of different types of mechanical stimulation in isolation cyclic strain and cyclic pressure,
including cyclic pressure alone, were previously studied in detail in rat bone marrow mesenchymal
stem cells plated on collagen type-I coated culture slips [28,35]. In contrast to our study, they found
no SMC markers (including no calponin) via immunohistochemistry after 5 days of CP of different
magnitudes. Although the cells were increasing in number under CP in the study by Maul et al. [35],
in our study, we initially seeded the cells in a much higher density (90,000 cells/cm? vs. 200 cells/cm?) to
achieve confluence on a 3D biological material—decellularized pericardium. Our setting most probably
resulted in simultaneous signaling from more sources: cell-cell contacts, cell-material contacts (natural
matrix environment), soluble factors (TGF-1 and BMP-4), and the mechanical load. These stimuli
create synergy in conditioning the cells [36]. This may explain the fact that the cells differentiated
towards the intended SMC-phenotype in our system. Additionally, the cells penetrated through the
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entire wall of the matrix, thus resembling a newly formed vascular tunica media. Cyclic pressure
is a known factor that induces the proliferation of several cell types (EC, SMC and MSC) [28,35,37].
We believe that these are desired events with respect to vascular tissue engineering and future
implantation of this matrix as a cell-seeded cardiovascular patch.

In a future study, we plan to prepare autologous cell-seeded cardiovascular patches based on
the protocol described here. Cultivation substrate will involve both autologous (porcine) Figure 11,
and xenogenous (ovine) Figure 12 decellularized tissues as a substrate. In this planned study,
the animals (Prestice pigs) will undergo two surgeries—the first surgery for fat tissue extraction and
ASC isolation, and the second surgery in which a patch will be implanted onto an experimental carotid
artery defect. Based on the protocol presented here, the time needed for preparing the recellularized
autologous patch will be approximately 8-10 days for preparing the autologous ASCs and then 5 days
of cultivation in the dynamic bioreactor to prepare the recellularized autologous seeded grafts.

5. Conclusions and Further Perspectives

In this study, we have prepared decellularized pericardium repopulated with adipose
tissue-derived stromal cells for potential use as implantable cardiovascular patches. To achieve
this aim, novel optimized dynamic decellularization and recellularization systems, fabricated in our
laboratory, have been used and demonstrated in this study. In the decellularization system, the planar
tissue is exposed on both sides to a continuous flow of the decellularization agents (SDS and DNAse)
and the washing medium (dH,O), which are automatically changed. This process, taking approximately
1 day, provided a completely decellularized non-cytotoxic matrix suitable for further recellularization.
The recellularization was performed using porcine adipose tissue-derived stromal cells and a unique
custom-made dynamic bioreactor generating pulsatile pressure stress. This mechanical stimulation
markedly accelerated the penetration of cells inside the decellularized tissue, their proliferation,
and particularly their differentiation towards smooth muscle cells, i.e., an important cell type and
the most numerous cell type in the vascular wall. While the decellularization and recellularization
procedures in conventional static systems usually take several weeks, our newly developed systems
need only about two weeks, including decellularization (approx. 1 day), isolation, and expansion of
ASCs (8-10 days) and recellularization (5 days). The newly prepared pericardium patches recellularized
with pre-differentiated stromal cells are intended for treating an experimentally-induced carotid artery
defect in a porcine model in vivo in order to develop novel cardiovascular patches that can be applied
in human medicine.
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Vascular surgery for atherosclerosis is confronted by the lack of a suitable bypass material. Tissue engineering
strives to produce bio-artificial conduits to provide resistance to thrombosis. The objectives of our study were to
culture endothelial cells (EC) on composite assemblies of extracellular matrix proteins, and to evaluate the
cellular phenotype under flow. Cell-adhesive assemblies were fabricated on glass slides as combinations of
collagen (Co), laminin (LM), and fibronectin (FN), resulting in three samples: Co, Co/LM, and Co/FN. Surface
topography, roughness, and wettability were determined. Human saphenous vein EC were harvested from
cardiac patlents cultured on the assemblies and submitted to laminar shear stress (SS) of 12 dyn/cm? for 40, 80,
and 120 min. Cell retention was assessed and qRT-PCR of adhesion genes (VE-cadherin, vinculin, KDR, CD-31
or PECAM-1, B,-integrins) and metabolic genes (t-PA, NF-kB, eNOS and MMP-1) was performed. Quantitative
immunofluorescence of VE cadherin, vinculin, KDR, and vonWillebrand factor was performed after 2 and 6 h of
flow. Static samples were excluded from shearing. The cells reached confluence with similar growth curves.
The cells on Co/LM and Co/FN were resistant to flow up to 120 min but minor desquamation occurred on Co
corresponding with temporary downregulation of VE cadherin and vinculin-mRNA and decreased fluorescence
of vinculin. The cells seeded on Co/LM initially more upregulated vinculin-mRNA and also the inflammatory
factor NF-kB, and the cells plated on Co/FN changed the expression profile minimally in comparison with the
static control. Fluorescence of VE cadherin and vonWillebrand factor was enhanced on Co/FN. The cells
cultured on Co/LM and Co/FN increased the vinculin fluorescence and expressed more VE cadherin and KDR-
mRNA than the cells on Co. The cells plated on Co/FN upregulated the mRNA of VE cadherin, CD-31, and
MMP 1 to a greater extent than the cells on Co/LM and they enhanced the fluorescence of VE cadherin, KDR,
and vonWillebrand factor. Some of these changes sustained up to 6 h of flow, as confirmed by immunofluo-
rescence. Combined matrices Co/LM and Co/FN seem to be more suitable for EC seeding and retention
under flow. Moreover, Co/FN matrix promoted slightly more favorable cellular phenotype than Co/LM under
SS of 2-6h.

Introduction the United States.' Cardiovascular surgery, however, con-
fronts a shortage of available material for bypass grafting,

THEROSCLEROSIS OF CORONARY and peripheral arteries since the gold-standard patients’ own artery or vein is fre-

has become a major disease in industrialized countries. quently lacking. Currently used synthetic blood vessel
The annual number of lower extremity interventions totals prostheses, namely polyethylene terephthalate (PET, Da-
more than 120 bypass procedures per 100,000 inhabitants in  cron) and expanded polytetrafluoroethylene (ePTFE), have
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achieved excellent results in bypassing large-diameter ves-
sels, for example, the aorta and iliac arteries; however, they
do not perform well in low-flow or small-diameter vessels
(<6mm), for example, in coronary, below the knee, or mi-
crovascular regions. One of the main reasons for this failure is
the surface thrombogenicity and the development of intimal
hyperplasia as a result of a mismatch in the viscoelastic
properties of native tissue and the synthetic material.?

Large areas of cardiovascular implants, such as heart valves
and vascular prostheses, do not spontaneously cover with
endothelial cells (EC) in humans, and it has been shown that
preimplant seeding and preconditioning of the patient’s au-
tologous EC improves the long-term patency and performance
of synthetic grafts.® Tissue engineering of vascular grafts has
become a meaningful objective of research in the last three
decades, and advances in materials science? together with
culturing and seeding living cells has proven the concept of a
bio-artificial vascular bypass to be practicable. To fabricate a
vascular graft, some of the major drawbacks that need to be
overcome in cell seeding are as follows: first, the attachment
of EC to the adhesive substrate, second, their retention under
flow and, third, maintaining the complex physiological func-
tions of the endothelial lining, for example, synthesis of
molecules important for cell-matrix adhesion, vasodilation,
fibrinolysis, and reduced immune responses, which are es-
sential in normal vascular homeostasis and remodeling.’

We assume that the protein composition of the extracellular
matrix (ECM) should have a potential role in the following
physiological processes of EC: adhesion and proliferation in
the culture, resistance to the flow in a parallel-plate flow
chamber, and finally shear stress (SS)-mediated gene expres-
sion of EC. We therefore studied the flow-dependent response
of EC to three different assemblies of adhesive matrix proteins:
collagen type I gel (Co), collagen I with attached laminin (Co/
LM), and collagen I with attached fibronectin (Co/FN). Protein
assemblies of this type have been recognized to be practicable
in coating scaffolds for tissue engineering.® In the flow exper-
iment, we chose to explore a set of five genes that are involved
in cell—cell (vascular endothelial cadherin [VE-cadherin]) and
cell-matrix (vinculin, ;-integrins) adhesion and also in me-
chanical force sensing (kinase insert domain receptor [KDR],
cluster of differentiation molecule-31 [CD-31]), or platelet/
endothelial cell adhesion molecule-1 [PECAM-1]), and a set of
four genes involved in cell metabolism related to coagulation
(tissue plasminogen activator [t-PA]), vasodilation (endothelial
nitric oxide synthase [eNOS]), immune response (nuclear factor
of kappa light polypeptide gene enhancer in B cells [NF-kB]),
and vascular remodeling (matrix metalloproteinase-1 [MMP-
1]). The protein assemblies were characterized in terms of their
surface topography, roughness, and wettability. In addition, the
growth curves, SS resistance (12 dyn/cm2 up to 2h) and gene
expression profiles were determined in human saphenous vein
EC with a view to tissue engineering of blood vessels.

Materials and Methods

Preparation and characterization
of the protein assemblies

The assemblies were prepared from collagen type I (rat
tail, CN-354236; Bioscience), LM (Engelbreth-Holm-
Swarm murine sarcoma basement membrane, CN-L2020;
Sigma-Aldrich), and FN (human plasma, CN-10688851001;
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Roche). A stock solution of Co was diluted by 0.02M acetic
acid to a concentration of 75 pg/mL. A standard microscopic
glass slide (4.5x2.5 cm2) was coated with 2mL of the so-
lution to obtain a solution layer containing 5 ug/cm2. The
solution layer was converted into a Co gel by exposing the
sample to ammonia vapor for 5min and rinsing it with
phosphate-buffered saline (PBS) diluted with water to 10%.
LM was attached to the Co film by incubation with 2 mL
PBS solutions at a LM concentration of 40 pig/mL, or FN at
a concentration of 50 pg/mL overnight. Samples coated only
with collagen gel were rinsed with water, and the samples
Co/LM and Co/EN were rinsed with 10% PBS. All the
samples were finally air dried and UV sterilized for 30 min.

The attachment of LM and FN from PBS to a Co layer
prepared on the gold surface of a surface plasmon resonance
(SPR) chip was observed in situ using an SPR instrument
custom-built at the Institute of Photonics and Electronics,
Academy of Sciences of the Czech Republic, Prague. A
four-channel flow cell was pressed on the collagen-coated
SPR chip and the SPR responses to LM and FN solutions
driven by a peristaltic pump simultaneously through inde-
pendent channels were recorded.

The surface wettability of the assemblies was character-
ized by measuring the sessile drop contact angles using the
Laplace-Young method (OCA 20; Dataphysics). Millipore
Q water droplets 2 pL in volume were put on the surface and
the average contact angle values were obtained by mea-
suring the contact angles of individual droplets.

The surface topography was observed using a multimode
AFM (Nanoscope Illa; Digital Instruments). The images
were recorded using the tapping mode and silicon tips with a
spring constant of 42 N/m and a nominal radius of curvature
of 7nm (OTESPA; Bruker AFM Probes). Average rough-
ness (Ra) was calculated for all scanned areas based on the
program provided with the instrument.

EC seeding, shearing, and evaluation

Human saphenous vein endothelial cells (HSVEC) were
harvested from human patients after an aorto-coronary bypass
procedure as a primary cell culture according to methods
described elsewhere.” Briefly, saphenous vein graft was
cannulated, washed with PBS, and filled with collagenase
type 2 (Sigma Aldrich) at 37°C for 15min. EC were recov-
ered, pooled, and amplified in plastic flasks (Falcon, BD
Biosciences) in an M199 culture medium (Invitrogen) sup-
plemented with 20% of fetal calf serum (FCS; PAA), heparin
50IU/mL (Choay), basic fibroblast growth factor 10 ng/mL
(Promocell), and a mixture solution of penicillin (10 X 10° TU/
mL) and streptomycin (10 pg/mL) 1:100 (Sigma). For the
proliferation assay, the HSVEC of passage number PS5 were
seeded in a lower density of 3 x 10* cells/cm? onto each of the
surfaces. The adhering cells were observed 6, 24, 48, 72, and
144h after seeding (Olympus IX50 light microscope); six
randomly chosen microscopic fields were photographed
(Olympus DP70 digital camera, magnification 20X ) and the
cell numbers were evaluated by counting the cell nuclei.

For the flow experiment, the HSVEC were seeded at a
higher density of 5x 10* cells/cm?. When reaching confluence
at 48h, the HSVEC were exposed to a parallel-plate flow
chamber, which simulated the blood stream. The circulating
medium (37°C) was composed of M199, 10% FCS, and
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heparin 50IU/mL. The tested surfaces were submitted to a
flow of 20 mL/min and the laminar SS =12 dyn/cm” was ap-
plied for 40, 80, and 120 min. For the purposes of immuno-
fluorescence imaging and quantification, the flow was applied
for 2h and then extended up to 6h. Static control samples
were kept without shearing. After SS administration, the ad-
hering cells were photographed and counted to assess their
resistance to desquamation during flow.

Molecular biology

Immediately after flow exposure, the samples were im-
mersed into cold (4°C) Hanks solution (HBSS; Invitrogen)
and the cells were trypsinized from the support with Tryp-
sin+ EDTA (Sigma) solution (TE) and frozen. The total
messenger ribonucleic acid (mRNA) was then extracted and
treated according to Fernandez er al.” A quantitative real-
time polymerase chain reaction of the following nine genes
was performed: VE-cadherin (VE-cad.), vinculin, KDR or
vascular endothelial growth factor receptor-2 (VEGFR-2) or
Flk-1, CD-31 or PECAM-1, B-integrin chain, t-PA, NF-kB,
eNOS, and MMP-1. The up- or downregulation of the
mRNA expression is shown as a relative value in relation to
the housekeeping gene PO that encodes for a ribosomal
protein and is not influenced by the experimental conditions.
The primer, temperatures, and length of polymerase chain
reaction products are listed elsewhere.®® The normalized
mRNA level in cells under static conditions was arbitrarily
set at ““1,”” and the data are presented as fold values that are
compared either to the static control or to another sample.

Immunofluorescence analysis

To evaluate whether the differential expression of mRNA
was translated into protein, the samples were fixed with 70%
ethanol, rinsed with PBS, and stained with anti-human anti-
bodies: rabbit anti-VE-cadherin 1gG (AHP628Z; AbD Ser-
otec), mouse anti-Vinculin IgG1 (V9131; Sigma), mouse
anti-KDR/VEGFR2 IgG1 (LS-C109100; LS Biosciences),
and rabbit anti-von Willebrand factor (vWF, F3520; Sigma).
Anti-rabbit or anti-mouse Alexa Fluor 488-conjugated goat
IgG (A11070, A11017; Invitrogen) was used as a secondary
antibody. The cell nuclei were counterstained with Hoechst
33258 (861405; Sigma). The cells were observed using an
Olympus IX50 light microscope. Nine randomly chosen
microscopic fields were photographed with the same expo-
sure settings (Olympus DP70 digital camera, magnification
20x for VE-cadherin, vinculin, and 100x for KDR and
vWF). A threshold was set on every image to remove the
nonprotein area from the image data. The threshold setting
was the same for each image for a given protein. Then, the
cumulative sum of all pixel intensities was computed and
the background intensity of the negative staining control
was subtracted. The total immunofluorescence intensity of
the protein was expressed in relative values and normalized
to the number of cells in the microscopic field. The intensity
of the static samples was arbitrarily set to “‘1.”

Statistical analysis

The data within one experiment were expressed as mean
and standard deviation. However, an effort was made to
perform each step of the experiment in triplicate (n=3).
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These data were pooled and expressed as mean and standard
error of mean. In some data groups n=2 or n=1, since some
of the measurements had to be erased, either due to repeated
technical difficulties (e.g., cell desquamation on Co) or be-
cause some of the values were numerically distant outliers
and thus unlikely. The data were compared using one-way
analysis of variance (Holm-Sidak test) for multiple compari-
son (SigmaStat 3.1 2004; Systat Software, Inc.). The differ-
ence between groups was considered significant at p <0.05.

Results
Surface composition

Figure 1 shows the attachment of LM and FN from PBS
to a Co layer prepared on the gold surface of a SPR chip.
The SPR response was observed in situ simultaneously on
the same surface located in different flow channels through
which the LM or FN solutions were pumped. The proteins
remained attached after replacing their solutions with PBS.

Surface wettability and roughness

While FN is capable of binding to Co type I via specific
binding sites, LM binds in this way only to collagen type IV.
The electrostatic interaction between the Co of isoelectric
point p[=7.8 and FN (pI=5.4), or LM (pI=4.8), positively
and negatively charged in PBS (pH=7.4), respectively,
might provide the driving forces for LM and FN adsorption
to the Co I coating prepared in this work. The water sessile
drop contact angles, 8, measured on the Co, Co/LM, and Co/
FN surfaces are shown in Table 1. An increase in the contact
angle from 30°%3° on Co to 63°£1° and 64°+1° on Co/
LM and Co/FN, respectively, indicated a decrease in the
wettability of the Co coating. The wettability probably de-
creased by a drop in the number of strongly hydrated posi-
tively charged Co groups due to the formation of ionic bonds
between some of them, and negatively charged groups on
the adsorbed FN or LM. In addition, some nonpolar amino
acid residues of adsorbed proteins could be exposed to
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FIG. 1. Attachment of fibronectin (curve 1) and laminin
(curve 2) to a collagen type I layer observed by surface
plasmon resonance (SPR). Arrows indicate replacement of
the solutions: phosphate-buffered saline (PBS), fibronectin
(50 pg/mL), and laminin (40 pg/mL) in PBS.



2256

TABLE 1. SURFACE WETTABILITY (SESSILE WATER DRrOP
CONTACT ANGLE 0) AND SURFACE ROUGHNESS
OF PROTEIN ASSEMBLIES ON A GLASS SUBSTRATE

(A) Glass (B) Co (C) Co/LM (D) Co/FN
0 (deg) 37+2 30+3 63+1 64+1
p<0.001 vs.B,C,D vs.A,C,D vs.A,B vs. A, B
Ra (nm) 0.18+£0.02 0.54+0.03 0.87£0.08 0.86+£0.09
p<0.001 vs.B,C,D vs.A,C,D vs. A/ B vs. A, B

Mean=*SD, 0 n=4.
Ra n=5; deg., degrees; vs., versus; Co, collagen type I; Co/LM,
collagen/laminin; Co/FN, collagen/fibronectin; Ra, average roughness.

water, thus increasing the free coating/water interfacial en-
ergy. The formation of polar bonds, probably ionic, with the
Co surface overcomes the increase in interfacial energy.

Figure 2 shows a representative surface morphology of
the protein assemblies prepared on microscopic glass slides.
Similar collagen fibers are visible on all the samples. Even if
the individual fibers extend more from the Co/FN surface
than from the Co/LM surface, the average roughness values
measured on the surfaces were nearly the same on the Co/
FN and Co/LM surfaces (Table 1). The marked difference
between the high wettability of the Co surface and the low
wettability of the Co/FN and Co/LM surfaces (Table 1)
evidently does not correspond with the similar topography
of these surfaces. Assuming Co density of about 1.2 mg/cm®
and thickness of the deposited collagen film containing
0.005 mg/cm?, film thickness of 2.4 um can be estimated.
No defects deeper than 20 nm were observed in the coatings
that could indicate areas of uncoated glass surface.

Cell adhesion, proliferation, and flow experiment

The growth curves of the HSVEC seeded at lower density
over a period of 6 days are shown in Figure 3A. Though a
statistical difference in contact angle and in surface rough-
ness was detected between Co and Co/LM or Co/EN,
(p<0.001) (Table 1), no difference in proliferation rate was
noted among the surfaces. The cells seeded at higher density
reached confluence 48 h after seeding on all tested surfaces
and were subsequently submitted to flow. The cell densities
on Co, Co/LM, and Co/FN after 40, 80, and 120 min SS of
12 dyn/cm? are displayed in Figure 3B. Postflow detachment
of some of the cells was observed mainly on the Co surface;
however, this difference was not statistically significant.

Molecular biology

The relative amount of mRNA of nine selected genes
extracted from the cells at 40, 80, and 120 min intervals and
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the corresponding gene expression profiles on Co, Co/LM
and Co/FN are displayed in Figure 4A—C, respectively. The
data were compared with the corresponding static control.
On the collagen sample, downregulation of the expression
of some of the adhesion genes was observed, and this was
statistically significant at the 80-min interval for VE-cadherin
(p<0.02) and vinculin (p <0.05).

As for Co/LM, most of the adhesive genes were upre-
gulated at 40 min with a gradual return to a static value at 80
and 120 min. However, this upregulation was considered
significant only in vinculin at 40-min (p <0.01). Metabolic
genes were mostly downregulated, although nonsignifi-
cantly, with the exception of NF-xB, which was increased at
both 40 min (p<0.01) and 80 min (p<0.05).

The effect of SS on the cells on Co/FN was as follows: most
of the adhesive genes were also upregulated, but with tem-
porary attenuation at 80 min. A decreased amount of mRNA
was detected in metabolic genes, with the exception of NF-xB,
although a slight trend to return to a static level was observed.
However, none of these changes was statistically significant.

A statistical comparison of the gene expression in cells
cultured on Co, Co/LM, and Co/FN substrata at 40, 80, and
120-min intervals of SS is visualized in Figure 5. Adding
LM onto Co generally resulted in enhanced expression of
cell adhesion genes, which was significant in VE-cadherin,
vinculin (p<0.01) and KDR (p <0.05) at 40 min and in CD-
31 (p<0.05) at 80 min, respectively. However, this signif-
icant increase became less marked after 120-min exposure
to flow. Significant changes were not demonstrated in the
expression of the metabolic genes in the course of the ex-
periment. Only the amount of mRNA of #-PA decreased
(p<0.01) temporarily at the 40-min point.

Supplementing FN on to Co also led to augmented ex-
pression of cell adhesion genes, significantly in VE-cadherin
and KDR (p <0.05) at 40 min. The elevation of mRNA was
nonsignificant at the 80-min interval, and it was significant
again in VE-cadherin (p<0.05) and CD-31 (p<0.01) at
120 min. As in the case of Co/LM, the expression of met-
abolic genes was not remarkably changed over time, except
for temporary attenuation of 7-PA at 40 min (p <0.01).

A comparison of Co/LM versus Co/FN showed that the
mRNA of cell adhesion genes at 40min was expressed
variously. Co/LM provided significantly more expression of
vinculin (p<0.01) at 40min and CD-31 (p<0.01) at
80 min. However, after 120 min the adhesive genes were
more elevated on Co/FN (with the exception of vinculin),
VE-cadherin (p<0.05), and CD-31 (p<0.01) being sig-
nificant. The synthesis of the mRNA of metabolic genes was
comparable at the 40-min and 80-min time points, with the
exception of augmented MMP-1 (p<0.05) on Co/FN at

10,0 nm

0,0 nm

FIG. 2. Surface topography of a microscopic glass slide (A), collagen type I (B), collagen/laminin (C), and collagen/
fibronectin (D) surfaces visualized by atomic force microscopy of dry samples. Scanning area 5x5 pm. Color images

available online at www.liebertpub.com/tea
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FIG. 3. Growth curves (A) and flow resistance (B) of
human saphenous vein endothelial cells (HSVEC) on col-
lagen type I (Co), collagen/laminin (Co/LM), and collagen/
ﬁbronectln (Co/FN) assemblies. The seeding density was
3% 10* cells/em® and the culture period was 6 days (A) and
seeding density 5x 10* cells/cm? and culture period 48h,
static control=100% (B). ANOVA, analysis of variance;
n.s., nonsignificant; SEM, standard error of mean.

80 min. Co/FN support generated upregulation of all of the
metabolic genes at the 120-min interval, although this was
not statistically significant.

Immunofluorescence

The relative immunofluorescence intensities of VE-cadherin,
vinculin, KDR, and vWF in static, 2 and 6 h flow samples are
shown in Figure 6, including the levels of statistical sig-
nificance. On the collagen surface, vinculin, KDR, and vVWF
were significantly decreased at 2h compared with static.
This decrease was still significant at 6 h; however, vinculin
and KDR increased their intensities between 2 and 6 h. VE-
cad. remained unchanged. VE-cad. and vinculin were tem-
porarily downregulated at mRNA level—significantly at
80min but insignificantly at 2h. The decrease of KDR
mRNA was not significant (Fig. 4A).

On the Co/LM surface, the intensities of VE-cad. and
vinculin were unchanged at 2 h but significantly decreased at
6 h. The intensities of KDR and vWF significantly dropped
at 2h and vWF also at 6 h. The intensities of KDR and vWF
were augmented between 2 and 6 h; however, vWF did not
reach a static level. The unchanged intensities of VE-cad.
and vinculin correspond with the mRNA levels. The de-
crease of KDR mRNA was not significant (Fig. 4B).
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FIG. 4. Gene expression profiles of HSVEC under shear
stress on collagen type I (Co) (A), Co/LM (B), and Co/FN
(C) assemblies. Fold values of mRNA obtained by qRT-
PCR. Static control=1 was measured separately for each of
the surfaces. See Introduction/Discussion for the gene de-
scription. mRNA, messenger ribonucleic acid; qRT-PCR,
quantitative real-time polymerase chain reaction.

As for Co/FN, the intensities of VE-cad. and vWF in-
creased significantly, vinculin was unchanged, and KDR
significantly dropped after 2h flow. At 6h, VE-cad. de-
creased to a static level, vinculin dropped, KDR remained
decreased, and vWF remained increased. VE-cad. and vin-
culin decreased and KDR and vWF did not change in in-
tensity between 2 and 6h. VE-cad. mRNA also increased
(nonsignificantly) after 2h, vinculin was similarly un-
changed, and KDR mRNA was also unchanged (Fig. 4C).

The results of the immunofluorescence staining are pre-
sented in Figure 7. The cells are confluent and display a
cobble-stone morphology in static cultures (Fig. 7A-D, 1, 4,
7). They become elongated and oriented with the direction
of flow, slightly after 2h of flow (Fig. 7A-D, 2, 5, 8) and
more after 6h of flow (Fig. 7A-D, 3, 6, 9). VE-cadherin
stains continuously at the cell-cell interface under static
(Fig. 7A, 1, 4, 7) and becomes slightly disintegrated under
flow (Fig. 7A, 2-3, 5-6, 8-9). Vinculin-containing focal
adhesions are somewhat better developed under flow on Co/
LM (Fig. 7B, 5-6) and on Co/FN (Fig. 7B, 8-9) than on Co
(Fig. 7B, 2-3). The KDR stain becomes more fine-grained
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FIG. 5. Comparison of gene expression in HSVEC on collagen type I (Co), Co/LM, and Co/FN surfaces. Fold values of
mRNA obtained by qRT-PCR. See Introduction/Discussion for the gene description.

under flow (Fig. 7C, 2-3, 5-6, 8-9) compared with the more
dispersed distribution under static (Fig. 7C, 1, 4, 7). vWF
staining is localized intracellular in Weibel-Palade bodies
under static (Fig. 7D, 1, 4, 7) and appears also extracellular
under flow (Fig. 7D, 2-3, 5-6, 8-9).

A comparison of the fluorescence intensities of Co, Co/
LM, and Co/FN is given in Figure 8, including the statistical
significances. Comparing Co/LM to Co at 2h, vinculin in-
creased (the increase in vinculin mRNA was nonsignificant,
Fig. 5B), vWF decreased, and VE-cad. and KDR were un-
changed (similar to the VE-cad. and KDR mRNA levels,
Fig. 5A, C). Most importantly, the intensity of all four
proteins (VE-cad., vinculin, KDR, and VWF) was signifi-
cantly higher on Co/FN than on both Co and Co/LM at the
2h time-point (except for vinculin on Co/LM, which was
similar to Co/FN). This closely corresponds with the amount
of VE-cad. mRNA (Fig. 5A); however, the changes in
vinculin and KDR mRNA were nonsignificant (Fig. 5B, C).

At 6 h, VE-cad. and vWF on Co/FN were still increased,
while vinculin and KDR were comparable to Co/LM. Vin-
culin and vWF on Co/FN were increased, VE-cad. and KDR
were comparable to Co at 6 h. Vinculin and KDR on Co/LM
increased, VE-cad. and vVWF on Co/LM decreased com-
pared with Co at 6 h.

Discussion

The concept of autologous EC seeding on to the lumen of a
vascular prosthesis was introduced in the early 1980s."

healthy normal endothelial lining ensures a blood-compatible
surface,"' and the combination of polymeric artificial ma-
terial and seeding of living cells onto a protein-based
scaffold is still a prevailing option in vascular tissue en-
gineering.'>™ '

The surface topography and the wettability of biomate-
rials have a great impact on the adhesion and growth of
cultured cells."” In our study, glass coated with Co alone
was a more hydrophilic surface, while Co/LM and Co/FN
bi-layers were shown to be more hydrophobic. However,
EC’ adhesion and proliferation followed a similar growth
curve on all three samples. This can be explained by the
similar surface topography, by the relatively high seeding
density and by the capability of primary endothelium with a
low passage number (P5) to reach rapidly confluence, in
particular on an ECM matrix support of any kind.'® How-
ever, under dynamic conditions, the cell adhesion genes
were slightly downregulated on Co, which may correspond
with their relatively high hydrophilicity (contact angle
~30°). Cell adhesion is optimal on moderately hydrophilic
surfaces, that is, those with a contact angle of 50-90°, while
on highly hydrophilic or highly hydrophobic surfaces the
cell adhesion is lower (for a review, see Bacakova et al.4). In
accordance with this, the adhesion genes tended to be up-
regulated in cells on Co/LM and Co/FN, that is, on surfaces
having contact angles on an average of 63° and 64°, re-
spectively. Moreover, cell retention under flow showed a
tendency to be better (although nonsignificantly) on these
bi-layers. This confirms our concept that cells can grow,'’
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FIG. 6. Relative immunofluorescence intensity of VE-
cadherin (VE-cad), vinculin (Vincul), kinase domain re-
ceptor (KDR), and von Willebrand factor (vWF) in HSVEC
cultured on collagen (A), Co/LM (B), and Co/FN (C) as-
semblies. A comparison of static, 2 and 6 h flow samples is
presented.

and particularly resist flow, better on composite matrices'®

resembling the natural ECM, and show more physiological
gene expression under SS, depending on the underlying
matrix.

Balcells and Edelman'® seeded bovine aortic endothelial
cells (BAEC) in serum-free media on tissue culture poly-
styrene coated with FN or LM or gelatin. They did not find
significant differences in cell adhesion and proliferation.
They suggest that preadsorbed proteins nonspecifically en-
hance cell adhesion, but they specifically influence cell
function, as was shown by the increased prostacyclin pro-
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duction on FN or LM compared to gelatin. The authors
explain this observation by the existence of different types
and/or affinity of the integrins that regulate cell function in
dependence on adhesive support. These findings are in full
agreement with our study, where the functional gene profile
of the EC under flow proved to be better on the Co/LM
samples, and mainly on Co/FN.

The main challenge for current vascular tissue engi-
neering is to maintain the retention and the function of the
endothelial layer. Exposing EC to physiological long-term
laminar SS (10-20 dyn/cm?) can provide an analogy with the
native endothelial lining in the straight part of arteries.”’!
Physiological laminar SS produces atheroprotective endo-
thelial phenotype, while turbulent flow and low levels of
SS produce atherothrombosis-susceptible phenotype both
in vitro** and in vivo.>** We are aware that a 2-h-gene
profile may represent an ‘‘acute onset’ response to SS that
may transiently be pro-inflammatory, and that chronic ef-
fects of normal SS (cell alignment and steady state of
gene expression) would have been achieved several hours
later.?>2% To confirm the cell phenotype, we extended the
flow up to 6h for the immunofluorescence study. Last but
not least, 2h interval may produce some of the early
changes in mRNA levels related to endothelial dysfunc-
tion?’ and it is theoretically an acceptable time for potential
seeding and preconditioning of human cells on body im-
plants during surgery.?®

We investigated nine genes and four proteins, which were
previously shown to be differentially expressed in cultured
EC after submitting to flow. Although they play a clear role
in vascular health, the reference data for comparison re-
garding the expression profiles of EC on engineered sur-
faces typically contain some contradictory results.?*°
VE-cadherin is a cell-cell adhesion and permeability-
associated glycoprotein, which also serves as an adaptor in
blood flow sensing. Increased endothelial permeability is
associated with localization of atherosclerosis. Disintegra-
tion of VE-cad. stain at 2 and 6h under laminar flow is
physiological and transient and neither the expression level
of VE-cad., nor its distribution between membrane and
cytosol are changed upon shearing of BAEC (12 dyn/cm?,
6-24h) on pure glass> or on type I collagen.>’ Our exper-
iment revealed transitory downregulation of VE-cad. on the
Co sample at 80 min, suggesting a temporary disintegration
of cell-cell junctions. However, VE-cad. mRNA was sig-
nificantly more expressed at the 120-min point on Co/FN
(1.6-fold) (protein 1.4-fold) than on both Co and Co/LM,
indicating better reorganization of the cell-cell contacts.
Parallel to this, Fernandez et al.® found 1.6-fold augmen-
tation on gelatin and 2.8-fold augmentation in cells on fibrin
glue-coated slides after 4 h.

Vinculin is a membrane-cytoskeletal protein localized in
focal adhesion plaques, and it employs the linkage of in-
tegrin adhesion molecules to the actin cytoskeleton.’>** The
onset of flow does not significantly change the mean re-
modeling rate of the adhesion sites in confluent cells, but it
promotes a shift of adhesion displacement in the down-
stream direction.*? Cells under increased shear reinforce
their adhesion to the substrate; however, the extent of the
increased expression of vinculin and paxillin is not extremely
high.** In our experiment, EC significantly downregulated
vinculin on the Co substratum—mRNA at 80min and
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FIG. 7. Morphology of HSVEC on collagen (Co), Co/LM, and Co/FN assemblies. Immunofluorescence of VE-cadherin
(A1-9), Vinculin (B1-9), KDR (C1-9), and vWF (D1-9) (green), cell nuclei counterstained with Hoechst (blue). The flow
direction is from left to right, as indicated by the two-way arrows. Epifluorescence microscope Olympus IX50, Olympus
DP70 digital camera, magnification 100X, scale bar=20 um. Color images available online at www.liebertpub.com/tea

protein fluorescence at 2h, suggesting disintegration of
cell adhesion under flow. By contrast, cells on Co/LM
and Co/FN increased the total fluorescence of vinculin
compared with Co, and cells on Co/LM increased the
amount of mRNA for vinculin (significantly at 40 min)
possibly indicating improved cell attachment to com-
bined matrices.

KDR (VEGFR-2, Flk-1) is a membrane-bound receptor
for VEGF. It is involved in signaling transduction, an-
giogenesis, and cell survival. Long-term physiological SS
(6-24h) has been shown to selectively upregulate the ex-
pression of KDR.?® In our setting, testing KDR mRNA and
protein gave mixed results, as the period of flow was
probably too short to see clear activation of KDR similar to
the activation in other studies.®>%*’

CD-31 (PECAM-1) is found in intercellular junctions, and
plays an important role in the EC-leukocyte interaction. In
the EC stimulated by fluid SS, CD-31 is directly involved in

transmitting the flow mechanical forces.>® Moreover,
PECAM-1, VE-cadherin, and KDR molecules together
comprise a mechanosensory complex of EC.** HSVEC ex-
posed to 12dyn/cm? for 4h significantly downregulated
CD-31 when seeded on planar gelatin, but the level was
unchanged on planar fibrin glue or inside tubular vascular
grafts.®**" In our study, CD-31 expression was significantly
more stimulated at 80 min on Co/LM than on Co and Co/FN
and, conversely, the mRNA level was significantly greater
(1.77-fold) on Co/FN at 120 min than on Co and Co/LM.
Bi-integrin is a part of the integrin super-family of ad-
hesion molecules that directly bind to ECM proteins, and
interact with signaling and cytoskeletal proteins (grouped in
focal adhesions) to regulate cellular adherence, focal adhe-
sion plasticity, cell motility, and survival. Integrins are also
directly involved in mechanosensing of flow.*' HUVECs
under physiologically high SS (15 dyn/cm?) enhance more
than 2.5-fold the expression of integrin subunits o5 and B,
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FIG. 8. Relative immunofluorescence intensity of VE-
cadherin (A), vinculin (B), KDR (C), and VWF (D) in
HSVEC. A comparison of collagen (Co), Co/LM, and Co/
FN assemblies is presented.

which are preferential receptors for FN. This increases cell-
matrix attachment, migration, and survival, thus being an
atheroprotective change.*> In our experiment, B,-integrin
was insignificantly upregulated on both Co/LM and Co/FN
at 40min compared to static. At 80min and mainly at
120 min, it was more increased on Co/FN (1.89-fold) than
on Co/LM (1.16-fold), but this was not significant. We were
unable to measure the mRNA for fB;-intergrin on pure Co for
major cell loss during flow. Increased upregulation of in-
tegrin on Co/FN compared with Co/LM may be in accor-
dance with Urbich’s study,** since the preferential receptor
for LM (o6) was only slightly upregulated by shear com-
pared with FN receptor ;. Moreover, FN integrin receptors
avfs; and asP; play a major role in the adaptation of EC to
flow.*>** This may explain the slightly better cellular re-
sponse on Co/FN than on Co or Co/LM under SS in this
study.*?

t-PA is an important enzyme involved in blood clot lysis,
and it is related to normal vascular health. Its recombinant
form is widely used as a therapeutic agent. McCormick
et al.*® found the DNA microarray ratios for -PA 1.03 at 6 h
and 1.28 at 24 h of SS (25 dyn/cmz). However, the Northern
ratio (protein) for -PA at 6 h was 2.23, twice that of the #-PA
Northern ratio at 24 h. The authors conclude that this dis-
crepancy, although not significant, may be due to the low
expression level in HUVEC. However, HSVEC exposed to
SS of 12dyn/cm? for 4h increased the expression of 7-PA
2.2-fold (p<0.05), 2.9-fold (nonsignificant), and 2.56-fold
(p<0.05) on planar gelatin, planar fibrin-glue, and tubular
fibrin glue-coated ePTFE grafts, respectively, suggesting
regulation of EC under laminar SS in an anti-thrombotic
way.® In our setting, the expression levels of mRNA for r-
PA were variable and nonsignificant among the samples
(apart from temporary upregulation on Co at 40 min).

NF-kB is a protein complex controlling transcription of
DNA. In almost all cell types, it is integrated in responses to
stress, and plays a key role in inflammation. BAEC cultured
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on tissue culture plastic and exposed to 12 dyn/cm? showed
a transient increase (two to three-fold) in NF-kB at 30 and
60 min, and no further increase was observed at 120 min. ¥
In human aortic EC (HAEC) the activation of NF-kB was
significantly elevated when exposed to prolonged (>2h)
steady low shear (2dyn/cm?) compared with exposure to
prolonged high (i.e., physiological) shear of 16 dyn/cm?*.*®
This is in accordance with our study, where EC on Co/LM
and Co/FN upregulated NF-kB around three-fold, being
significant on Co/LM at 40 min and 80 min and nonsignifi-
cant at 120min, and never significant on Co/FN for any
interval. We assume that prolonged stimulation (up to 24 h)
would probably reverse this temporary augmentation.*’ In
addition, NF-kB expression under laminar SS potentially
exerts dual functions by inducing both pro-inflammatory
and cytoprotective transcripts.’® Thus, upregulation of NF-
kB by physiologically high SS is only transitory, in contrast
to disturbed flow, which can cause prolonged activation and
early atherosclerotic changes.

Human cells in vivo are constantly exposed to multi-
component matrices varying in composition. Flow-induced
early signaling in BAEC 5glated on various ECM proteins
was previously studied,”"* and the authors found that SS-
induced NF-kB activation is more pronounced in cells cul-
tured on FN and fibrinogen, which are transitional ECM
proteins deposited more in case of inflammation, injury, and
angiogenesis. However, BAEC plated on Co and LM re-
tained more quiescent phenotype under shear, consistent
with low cell turnover. Thus, including collagen in mixed
artificial basement membrane actively suppressed the FN-
dependent activation of NF-kB by flow, as shown in cells on
combined matrix Co/FN. However, the causal relationship
in vivo between ECM remodeling and NF-xB activation
remains to be elucidated.’’ Moreover, mixed matrices in
certain concentrations, such as Co/FN, may result in sig-
naling co-operativity in EC.>? This is in agreement with our
study, which was also performed on a two-component ma-
trix, although the increased activation of some molecules on
Co/FN was not statistically significant compared to Co and
Co/LM, due to variation among the experiments. Another
example of matrix-specific activation of the inflammatory
signaling pathway under SS (45 min) is the activation of c-
Jun NH,-terminal kinases in EC cultured on FN, but not on
Co.>® However, this happens transiently after the acute onset
of laminar SS or after chronic stimulation with oscillatory
flow, and this pro-inflammatory pathway would be quiescent
for cells under prolonged application of laminar shear.>*

eNOS generates the production of NO in blood vessels,
and is vital in cell signaling and in regulating normal vas-
cular tone. SS is believed to be the most important stimulus
for NO production. Porcine aortic EC were proved to en-
hance two-fold the production of eNOS upon 16 dyn/cm?
shear for 6h when seeded on glass with LM support; how-
ever, culturing on Co or FN was noninductive for eNOS
under SS thanks to additional cell-laminin interaction via
nonintegrin proteins.”> eNOS is also clearly upregulated by
SS in BAEC. However the evidence is less convincing in
HUVEC (25 dyn/cm?, 6 h), since the output of NO from EC
is promoted by a number of other mechanisms for example,
synthesis of NO precursor L-arginine.*® To support this, we
did not observe significant changes in eNOS mRNA in
HSVEC up to 2h in any of our samples.
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MMP-1 is a member of the family of enzymes involved in
the breakdown of ECM in both physiological and patho-
logical processes. Twenty-four hours of laminar SS of
12 dyn/cm2 significantly (2.8-fold) increases the amount of
MMP-1 in HAEC as a manifestation of normal vascular
remodeling and potential wound healing.*® 1.7-fold induc-
tion was reported in HUVEC subjected to a similar exper-
imental setting and, on the other hand, a 1.4-fold increase
was noted under turbulent (athero-inductive) flow.’ 5 We did
not observe relevant changes, probably due to the short time
of shearing; however, cells on Co/FN augmented MMP-1
more than on Co/LM (significantly at the 80 min point).

vWF is an adhesive glycoprotein involved in blood co-
agulation and serves as a marker of EC differentiation.”” SS
induces physiological release of vVWF from EC both into the
medium and into basolateral ECM without enhanced vVWF
mRNA explression.58 However, we observed increased
fluorescence of VWF protein (probably both intracellu-
lar +extracellular) on Co/FN compared with Co and Co/LM
at 2h and at 6 h. Since VWF mediates EC adhesion to the
vessel wall in physiologic conditions, we regard this as
improved cellular phenotype on Co/FN rather than a patho-
logic pro-thrombotic change.>®®

In conditions of tissue engineering, the goal is to achieve
rapid surface endothelialization of vascular implants, possible
preconditioning by laminar flow, and maintaining the func-
tion of the seeded cells, mainly their anti-thrombogenic
properties.>® The contribution of our study consists of defin-
ing the short-term (up to 2 h) effect of physiological laminar
SS on phenotypic modulation of human patient-derived EC in
close dependence on precoating composite ECM matrices for
the purposes of vascular tissue engineering.

Conclusion

Primary cultures of HSVEC rapidly formed a confluent
monolayer on Co, Co/LM and Co/FN planar substrates.
Despite the divergence in surface roughness and wetta-
bility, there were no differences in cell adhesion and
growth. However, combined Co/LM and Co/FN matrices
seemed to be more suitable for EC retention under flow
than Co surface alone. Moreover, Co/FN matrix promoted
slightly more favorable cellular phenotype than Co/LM,
as shown by the upregulated expression of some of the
adhesion and metabolic genes under SS up to 2h and
corresponding enhanced immunofluorescence of proteins
under flow up to 6h.
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Abstract: Nanocellulose/nanocarbon composites are newly emerging smart hybrid materials
containing cellulose nanoparticles, such as nanofibrils and nanocrystals, and carbon nanoparticles,
such as “classical” carbon allotropes (fullerenes, graphene, nanotubes and nanodiamonds), or other
carbon nanostructures (carbon nanofibers, carbon quantum dots, activated carbon and carbon black).
The nanocellulose component acts as a dispersing agent and homogeneously distributes the carbon
nanoparticles in an aqueous environment. Nanocellulose/nanocarbon composites can be prepared with
many advantageous properties, such as high mechanical strength, flexibility, stretchability, tunable
thermal and electrical conductivity, tunable optical transparency, photodynamic and photothermal
activity, nanoporous character and high adsorption capacity. They are therefore promising for a
wide range of industrial applications, such as energy generation, storage and conversion, water
purification, food packaging, construction of fire retardants and shape memory devices. They also
hold great promise for biomedical applications, such as radical scavenging, photodynamic and
photothermal therapy of tumors and microbial infections, drug delivery, biosensorics, isolation of
various biomolecules, electrical stimulation of damaged tissues (e.g., cardiac, neural), neural and
bone tissue engineering, engineering of blood vessels and advanced wound dressing, e.g., with
antimicrobial and antitumor activity. However, the potential cytotoxicity and immunogenicity of the
composites and their components must also be taken into account.

Keywords: nanofibrillated cellulose; cellulose nanocrystals; fullerenes; graphene; carbon nanotubes;
diamond nanoparticles; sensors; drug delivery; tissue engineering; wound dressing

1. Introduction

Nanocellulose/nanocarbon composites are hybrid materials containing cellulose and carbon
nanoparticles. Integration of nanocarbon materials with nanocellulose provides functionality of
nanocarbons, using an eco-friendly, low-cost, strong, dimension-stable, nonmelting, nontoxic and
nonmetal matrix or carrier, which alone has versatile applications in industry, biotechnology and
biomedicine (for a review, see [1,2]). In addition to its advantageous combination with nanocarbon
materials, nanocellulose is an appealing material for biomedical applications due to its tunable chemical
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properties, nonanimal origin, and resemblance to biological molecules in dimension, chemistry and
viscoelastic properties, etc. [3-6].

Cellulose nanomaterials include cellulose nanofibrils (CNFs) and cellulose nanocrystals (CNCs) [3].
CNFs are manufactured using either a bottom-up or a top-down approach. The bottom-up approach
involves bacterial (Gluconacetobacter) biosynthesis to obtain bacterial cellulose (BC), while, in the
top-down method, cellulosic biomass from plant fibers is disintegrated into smaller CNFs [7] that
contain amorphous and crystalline regions [3]. The fibrillation of cellulose is achieved using mechanical
forces, chemical treatments, enzymes or combinations of these. After fibrillation, the width of CNFs
is typically between 3 and 100 nm, and the length can be several micrometers [8]. Separation of the
crystalline parts from the amorphous regions of the fibers or fibrils to obtain CNCs typically requires
acid hydrolysis, which destroys the amorphous regions [9]. Entangled CNFs are longer, while CNCs
possess shorter needle- or rod-like morphology with a similar diameter and a more rigid molecule due
to their higher crystallinity [3,9]. In general, the properties of nanocelluloses are variable and depend
on their origin, type, processing, pretreatments and functionalization. Integration with other materials,
as well as fabrication of the final product, further a ects the properties of the resulting composite or
hybrid structure.

Carbon nanoparticles include fullerenes (usually Cgp), graphene-based particles (graphene,
graphene oxide, reduced graphene oxide, graphene quantum dots), nanotubes (single-walled,
double-walled, few-walled or multi-walled) and nanodiamonds (for a review, see [10-20]). The most
frequently used nanocellulose nanocarbon composites contain graphene or carbon nanotubes, while
composites of nanocellulose with nanodiamond, and particularly with fullerenes, are less frequently
used. Other carbon nanostructures, which are less frequently used in nanocellulose nanocarbon
composites, at least for biomedical applications, include carbon nanofibers [21-25], carbon quantum
dots [26-28] activated carbon [29,30] and carbon black [31-33].

Nanocellulose nanocarbon composites can be prepared in one-dimensional (1D), two-dimensional
(2D) or three-dimensional (3D) forms. 1D composites are represented, for example, by Cg fullerenes
grafted onto cellulose nanocrystals that have undergone amination or oxidation [34,35]. 2D composites
are represented by films, which can be self-standing or supported, i.e., in the form of free-standing
membranes [29,36—41] or in the form of coatings deposited on bulk materials [33,42]. The films can be
formed by depositing carbon nanoparticles on a nanocellulose layer [43,44]. More frequently, however,
they are fabricated from aqueous dispersions of nanocellulose and carbon nanoparticles [39,42].
It should be pointed out that cellulose nanoparticles are excellent dispersive agents for carbon
nanoparticles, as they prevent the aggregation of these nanoparticles and maintain them in long-term
stable homogeneous suspensions without the need to subject them to chemical functionalization [45,46].
Suspensions of cellulose and carbon nanoparticles are also starting materials for the creation of
3D nanocellulose nanocarbon composites in the form of aerogels, foams or sponges [45,47-50]. In
addition, composite 3D sca olds, especially for tissue engineering and for regenerative medicine,
can be fabricated by 3D printing using bioinks based on cellulose and carbon nanoparticles [51,52].
Both 2D composites and 3D composites can also be created by adding carbon nanoparticles to
cultures of cellulose-producing bacteria, such as Gluconacetobacter xylinus. These nanoparticles are then
incorporated into bacterial nanocellulose in situ during its growth [53-57]. Another approach is via
the electrospinning or wet spinning of solutions containing cellulose and carbon nanoparticles [58-60].

Nanocellulose nanocarbon composites exhibit several more advantageous properties than
materials containing only cellulose nanoparticles or only carbon nanoparticles. Adding carbon
nanoparticles to nanocellulose materials can further increase their mechanical strength [59,61].
At the same time, the presence of nanocellulose promotes the flexibility and stretchability of the
materials [52,62,63]; for a review, see [64]. Adding graphene, carbon nanotubes or boron-doped
diamond nanoparticles endows nanocellulose materials with electrical conductivity [39,50,57,65,66].
Other advantageous properties of nanocellulose nanocarbon composites include their thermal
stability [67-69], tunable thermal conductivity and optical transparency [48,57,70], intrinsic
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fluorescence and luminescence [26,71,72] photothermal activity [56], hydrolytic stability [61],
nanoporous character and high adsorption capacity [49,61]. Nanocellulose nanocarbon composites
can therefore be used in a wide range of industrial and technological applications, such as water
purification [22,29,43,49,54,56,61,73-76], the isolation and separation of various molecules [22,74,77-79],
energy generation, storage and conversion [21,23,44,47,64,80-85], biocatalysis [86], food
packaging [67-69,87], construction of fire retardants [48], heat spreaders [70] and shape memory
devices [38,88-90]. These composites are also used as fillers for various materials, usually polymers, in
order to improve their mechanical, electrical and other physical and chemical properties [67-69,87,91].

In addition, nanocellulose nanocarbon composites are promising for biomedical applications,
though these applications are less frequent than industrial applications. Biomedical applications
include radical scavenging [34,92], photothermal ablation of pathogenic bacteria [93], photodynamic
and combined chemophotothermal therapy against cancer [35,94], drug delivery [16,28,65,72,95-97],
biosensorics [31-33,63,66,71,91,98-104], and particularly tissue engineering and wound dressings.
Hybrid materials containing nanocellulose and nanocarbons stimulated the growth and osteogenic
di erentiation of human bone marrow mesenchymal stem cells [37,59]. They provided good substrates
for the attachment, growth and di erentiation of SH-SHY5Y human neuroblastoma cells [51] and PC12
neural cells, particularly under electrical stimulation [105]. They enhanced the outgrowth of neurites
from rat dorsal root ganglions in vitro and stimulated nerve regeneration in rats in vivo [106]. They also
promoted the growth of vascular endothelial cells, enhanced angiogenesis and arteriogenesis in a chick
chorioallantoic membrane model [107], and improved cardiac conduction when applied to surgically
disrupted myocardium in dogs [52]. In addition, these materials supported the growth of human
dermal fibroblasts [108] and mouse subcutaneous L929 fibroblasts [58,62], promoted wound healing
in vivo in mice [109] and showed an antibacterial e ect [30]. These materials are therefore promising
for bone, neural and vascular tissue engineering, for creating cardiac patches and for advanced wound
dressings. The biomedical applications of nanocellulose nanocarbon composites are summarized in
Table 1.
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Table 1. Biomedical applications of nanocellulose nanocarbon composites.

4 0f 32

Application

Nanocellulose Nanocarbon Composites Containing:

Fullerenes Graphene

CNTs Nanodiamonds

Others

Radical scavenging

NHz-CNC C60 [3-1],
CNC Cg0(OH)3p [92]

Photodynamic cancer therapy

TEMPO-oxidized
CNC Cgo-NH; [35]

Photothermal,
chemo-photothermal therapy

Bacteria: [93]

Cancer: [94]

Drug delivery

Anticancer drugs (doxorubicin)

Anticancer and other drugs [16] Anticancer drugs

Carbon quantum dots: Anticancer

[72,95,96] (doxorubicin) [97] drugs (temozolomide) [28]
Electrochemical: cholesterol [98]; Carbon black: Electrochemical
glucose and bacteria [110]; avian Electrochemical: Electrochemical: Biotin aptasensor for S. aureus [32];
leucosis virus [111]; organic liquids ATP metabolites [102]; oxygen [84] [66] electrochemical sensor for H,O,
(Bio)sensors [112] [33]

Piezoelectric: strain, human motion
[63,99,113]

Piezoresistance and thermoelectric-based:

pressure and temperature [103];
pressure [17];
strain, human motion [90,91,114];
humidity, human breath [104]

Carbon black: Strain, human
motion [31,33]

Optical: SERS: bilirubin [100];

Optical:
Fluorescence: laccase [71]

Carbon quantum dots: optical
sensor for biothiols [26]

oxygen and temperature

[115]; oxygen [116] Acoustic: ammonia [101]

Isolation of biomolecules

Histidine-rich proteins, hemoglobin
[77]; bovine serum albumin [79]

Electrical stimulation of
tissues

Cardiac tissue [52]; neural tissue
[106]

Tissue engineering (TE)

General cell biocompatibility [68,69,87];
bone TE [37,59]; neural TE [105];
vascular TE [107]

Neural tissue engineering [51]; TE
in general [117]

Wound dressing healing

Human dermal fibroblasts in vitro
[108]; mouse model in vivo [109]

Polysaccharides fullerene
Cgo derivatives [118]

L1929 fibroblasts in vitro
[58,62]; HeLa cells in vitro,
wound dressings
delivering doxorubicin
[97]

Activated carbon: antibacterial
wound dressing [30]
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This review summarizes recent knowledge on the types, properties and applications of
nanocellulose nanocarbon-based hybrid materials, particularly in biotechnology, biomedicine and
tissue engineering, and reports on the experience acquired by our group.

2. Nanocellulose Fullerene Composites

2.1. Characterization of Fullerenes

Fullerenes are spheroidal cage-like molecules composed entirely of carbon atoms (Figure 1a).
Fullerenes with 60 and 70 carbon atoms (Cgy and Cyg) are the most stable molecules, and they are
therefore most frequently used in industrial and biomedical applications. Fullerenes were discovered
in 1985 by Sir Harold Walter Kroto (1939-2016) and his co-workers Richard Smalley, Robert Curl, James
Heath and Sean O’Brien. Kroto, Smalley and Curl were awarded the Nobel Prize in 1996. Fullerenes
were named after Richard Buckminster “Bucky” Fuller (1895-1983), an American architect, designer,
futurist, inventor, poet and visionary, who designed his geodesic dome on similar structural principles
(for a review, see [12,13,18,119,120]). Fullerenes are carbon nanoparticles with diverse biological
activities. This is due to the fact that they can act as either acceptors or donors of electrons (for a
review, see [121]). The acceptor activity can lead to oxidative damage to cell components, such as
DNA, cell membrane, mitochondria and various enzymes, to the activation of inflammatory reactions,
and to cell apoptosis. These harmful e ects of fullerenes can, however, be utilized for photodynamic
therapy against tumors and pathogenic microorganisms (for a review, see [122]). The electron donor
activity is associated with quenching oxygen radicals, which can be used in protecting skin against UV
irradiation, in anti-inflammatory therapy against osteoarthritis, in cardioprotection during ischemia,
in neuroprotection during amyloid-related diseases, damage by alcohol or heavy metals, in obesity
treatment and in the treatment of diabetes-related disorders. Due to their structural analogy with
clathrin-coated vesicles, fullerenes are also promising candidates for drug and gene delivery (for a
review, see [12,13,18,119]).

Fullerene
colloid
/ .
~ -
* L 2
OH
CNC Q OHO o 1o}
solution R %
OH n
e —— Cellulose
(a) (b)

Figure 1. Scheme of fullerene Cq (a) and of the preparation and structure of nanocellulose fullerene
composites (b).

However, fullerenes have low solubility in many solvents, especially in water. This is a major
drawback for their wider application in biomedical applications. The water solubility of fullerenes
can be achieved by functionalizing them with hydrophilic groups, but this approach does not solve
problems arising from the aggregation and clustering of fullerenes. In addition, the formation of
singlet oxygen, which is needed for photodynamic therapy, decreases after functionalization due to
the perturbation of the fullerene system. These problems can be mitigated by the complexation of
fullerenes with water-soluble agents, including nanocellulose [35].
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2.2. Preparation and (Bio)Application of Nanocellulose Fullerene Composites

Cellulose nanocrystals (CNCs) were used to create nanocellulose fullerene composites. These
nanocrystals are typically produced by acid hydrolysis of cellulose fibers, employing either sulfuric acid
or hydrochloric acid in order to destroy the amorphous regions of the cellulose, while the crystalline
segments remain intact. CNCs can have a needle-like or rod-like morphology, and are also referred to
as nanowhiskers or nanorods. This morphology is characterized by a high aspect ratio (i.e., high length
to diameter ratio), and thus by a relatively large surface area. In addition, CNCs have a wide range of
other advantageous properties, such as high mechanical resistance, broad chemical-modifying capacity,
renewability, biodegradability and low cytotoxicity [34,35]; for a review, see [2]. From these points
of view, CNCs were considered ideal for immobilization of fullerene nanoparticles [92]. A scheme
of preparation of nanocellulose fullerene composites is depicted in Figure 1b. Composites of CNCs
with fullerenes C4y were prepared by amine functionalization of CNCs and by subsequently grafting
Cgo onto the surface of amine-terminated CNCs [34]. Conversely, functionalized fullerenes, e.g.,
polyhydroxylated fullerenes Cgo(OH)3p, were conjugated with the surface of CNCs [92]. Both of
these composites showed a higher radical scavenging capacity in vitro than fullerenes alone, and
therefore are promising for biomedical application in antioxidant therapies, e.g., as components of
skin care products. In the third type of composites, both cellulose nanocrystals and fullerenes were
functionalized, i.e., amino-fullerene C¢ derivatives were covalently grafted onto the surface of 2,
2, 6, 6-tetramethylpiperidine-1-oxylradical (TEMPO)-oxidized nanocrystalline cellulose [35]. These
composites hold promise for photodynamic cancer therapy (Table 1). When these composites were
added to the culture medium of human breast cancer MCF-7 cells in the dark, they were taken up
by these cells without changes in the cell viability, as revealed by a resazurin assay. However, when
irradiated with light, these composites showed dose-dependent toxicity for MCE-7 cells [35].

However, fullerenes are less widely used in nanocellulose nanocarbon composites than other
carbon allotropes, particularly graphene and carbon nanotubes. More frequently, fullerenes are
incorporated into a non-nanostructured cellulose matrix. For example, fullerene Cy, characterized
by a strong thermally activated delayed fluorescence at elevated temperatures, which is extremely
oxygen sensitive, was incorporated into ethyl cellulose, i.e., a highly oxygen-permeable polymer. This
composite was used for construction of an optical dual sensor for oxygen and temperature [115].
An oxygen sensor was constructed using isotopically enriched carbon-13 fullerene Cyy, dissolved in
an ethyl cellulose matrix [116]. Mixed-matrix membranes, consisting of ethyl cellulose as a continuous
matrix and fullerenes Cgg as a dispersed phase, were prepared for propylene propane separation [78].
Electrospun cellulose acetate nanofibers reinforced with fullerenes were used in the construction of
dry-type actuators [123]. Cellulose impregnated with fullerenes Cqy dissolved in o-xylene showed
greater extraction e ciency for Cu? , Ni? and Cd? ions from an aqueous environment than the
pure polymer [124]. Biocompatible composites containing polysaccharides (cellulose, chitosan and
gamma-cyclodextrin) and fullerene derivatives (amino-Cgy and hydroxy-Cgp) were developed for
various applications ranging from dressing and treating chronically infected wounds to nonlinear
optics, biosensors, and therapeutic agents [118].

3. Nanocellulose Graphene Composites

3.1. Characterization of Graphene

Graphene is a single layer of sp?>-hybridized carbon atoms arranged into a two-dimensional
honeycomb-like lattice (Figure 2a). In other words, graphene is a one-atom-thick layer of graphite.
It is a basic building block for other carbon allotropes, such as fullerenes, carbon nanotubes and
graphite. Graphene is a very thin, nearly transparent sheet, but it is remarkably strong (about 100 times
stronger than steel), and highly electrically and thermally conductive (for a review, see [19,20,125,126]).
Graphene can be prepared by various methods, which can be divided into two main categories, namely
the top-down approach and the bottom-up approach. The top-down approaches include treatment of
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graphite by mechanical or electrochemical exfoliation, intercalation or sonication, and also nanotube
slicing. The bottom-up approaches include growth of graphene from carbon-metal melts, epitaxial
growth of graphene on silicon carbide, the dry ice method, and deposition methods such as chemical
vapor deposition or dip coating a substrate with graphene oxide (GO), followed by GO reduction (for
a review, see [19,20,125,126]). Graphene can be prepared in the form of monolayer or bilayer sheets,
nanoplatelets, nanoflakes, nanoribbons and nanoscrolls. Chemically, graphene-based materials include
pure graphene sheets, GO or reduced graphene oxide (rGO). Pure graphene sheets can be produced
by mechanical exfoliation of graphite or by chemical vapor deposition. GO, a highly oxidative and
water-soluble form of graphene, can be obtained by the exfoliation of graphite oxide. Reduced GO can
be prepared by chemical, thermal or pressure reduction, and even by bacteria-mediated reduction
of GO, which improves its electrical properties (for a review, see [13,18,19,37,125,126]). Graphene
and graphene-based materials hold a great promise not only for a wide range of industrial and
technology applications, but also for biomedical applications, such as drug, gene and protein delivery,
photothermal therapy, construction of biosensors, bioimaging, antimicrobial treatment, and also as
sca olds for tissue engineering (for a review, see [20]).

Graphene
colloid

CN F Q OHO o 1o}
. H
solution O on °

_— Cellulose
(b)

Figure 2. Scheme of graphene (a) and of the preparation and structure of nanocellulose graphene

composites (b).
3.2. Preparation and Industrial Application of Nanocellulose Graphene Composites

Similarly as in fullerenes, cellulose nanoparticles in the form of nanofibrils and nanocrystals
increase the dispersion of graphene nanoparticles in water-based environments and prevent their
aggregation without the need to subject them to chemical functionalization [46]. A water-based
dispersion is the starting material for fabricating nanocellulose graphene composites (Figure 2b). These
composites can be created by filtration [127], filtration combined with hot pressing for fabricating
films [128], or by freeze-drying [75] and freeze-casting [48] for fabricating 3D materials, such as aerogels
and foams. Other methods are deposition of graphene on a nanocellulose layer [43] and incorporation
of graphene into nanocellulose during its biological synthesis by bacteria [54-56].

All forms of nanocellulose and graphene have been used for constructing nanocellulose graphene
composites, i.e., CNFs, CNCs, unmodified graphene, GO and rGO. In order to modulate the properties
of nanocellulose graphene composites for specific applications, these materials can be further enriched
by various substances, such as metallic or ceramic nanoparticles, oxides, carbides, sulfides, vitamin
C, synthetic and natural polymers, enzymes and antibodies. For example, nanocellulose graphene
composites have high adsorption, filtration and photocatalytic ability, and they are therefore widely
used for water purification, e.g., for removing antibiotics [75], dyes [43], heavy metals, such as Cu? ,
Hg? ,Ni? and Ag [61,76], or for their bactericidal e ect [56]. The water-cleaning capacity of these
composites can be further enhanced by introducing additional photocatalytic agents, i.e., palladium
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nanoparticles [54] or zinc oxide (ZnO) nanoparticles [73]. An optimized ultrafiltration membrane
for water purification was constructed from polyvinylidene fluoride (PVDF), modified by cellulose
nanocrystals functionalized with common bactericides, such as dodecyl dimethyl benzyl ammonium
chloride, ZnO and GO nanosheets [129]. Another important additive is vitamin C, which reduces
the GO in nanocellulose GO composites, increases the surface area of the material and increases pore
formation, and thus enhances the capacity of the composites for water purification [49]. A combination
of rGO-coated cellulose nanofibers with hydrophobic and oleophilic trimethyl chlorosilane enhanced
the adsorption capacity of this composite, which is necessary for e ective removal of oil-based
pollutants from water [74].

Another important industrial application of nanocellulose graphene composites is in energy
storage, generation and conversion. Devices for these purposes include supercapacitors [64,80,130],
hydrogen storage devices [131], electrodes for hydrogen evolution reaction [132], lithium ion
batteries [133], actuators [81], solar steam generators [82] and electric heating membranes [83].
These devices can be based on pure nanocellulose nanocarbon composites without additives [80-83].
However, they often contain additives such as manganese oxide (MnO), which contributes to
faradaic pseudocapacitance in supercapacitors [130] or polypyrrole, which acts as an insulator,
but its oxidized derivatives are good electrical conductors [134]. Other additives are palladium or
platinum nanoparticles for enhanced hydrogen storage [131], nitrogen-doped molybdenum carbide
nanobelts in electrocatalysts for hydrogen evolution reaction [132], and silicon oxide nanoparticles in
lithium ion batteries [133].

Other important industrial applications of nanocellulose graphene composites are in the
construction of fire retardants, shape memory devices, biocatalysts and materials for food packaging.
Super-insulating, fire-retardant, mechanically strong anisotropic foams were produced by freeze-casting
suspensions of cellulose nanofibers, GO and sepiolite nanorods, and they performed better than
traditional polymer-based insulating materials [48]. Shape memory devices are based on GO CNC thin
films and nanomembranes [38,88] or on GO introduced into a nanocellulose paper made of nanofibers
extracted from sisal fibers [89]. An example of a biocatalyst is a nanocellulose polypyrrole GO
nanocomposite for immobilization of lipase, a versatile hydrolytic enzyme. This biocatalyst was
employed for synthesizing ethyl acetoacetate, a fruit flavor compound [86]. Food packaging materials
were constructed by filling CNCs and rGO, either separately or in the form of CNC rGO nanohybrids,
into poly (lactic acid) (PLA) matrix or in a poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
matrix. These composite materials exhibited better mechanical properties than the pristine polymers,
and possessed antibacterial activity. In addition, the composites with CNC rGO nanohybrids performed
better than those with a single component nanofiller, i.e., either CNCs or rGO. Due to their antibacterial
activity, antioxidant properties and good in vitro cytocompatibility, these composites are also promising
for biomedical applications, e.g., as sca olds for tissue engineering [67-69,87].

3.3. Biomedical Application of Nanocellulose Graphene Composites

The biomedical applications of nanocellulose nanographene composites include photothermal
ablation of pathogenic bacteria, combined chemo-photothermal therapy against cancer, drug delivery,
biosensorics, isolation and separation of various biomolecules, wound dressing and particularly tissue
engineering (Table 1).

For photothermal ablation of pathogenic bacteria, a composite paper containing nanocellulose
with Au linked to GO using quaternized carboxymethyl chitosan was developed. When excited
by near-infrared laser irradiation, the paper generated a rise in temperature of more than 80 C,
su cient for photothermal ablation, both on Gram-positive bacteria (Bacillus subtilis and Staphylococcus
aureus) and on Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa). Additionally, the
composite paper showed a remarkable enhancement in tensile strength, bursting index and tear index
in comparison with the properties of pure nanocellulose paper [93].
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For chemophotothermal synergistic therapy of colon cancer cells, dual stimuli-responsive
polyelectrolyte nanoparticles were developed by layer-by-layer (LbL) assembly of aminated
nanodextran and carboxylated nanocellulose on the surface of chemically modified GO. Tests on the
HCT116 human colon cancer cell line revealed that these nanoparticles allowed for the intracellular
delivery of curcumin, which was released in response either to acidic environments or to near-infrared
excitation [94]. In this context, nanocellulose graphene composites are good candidates as carriers for
controlled drug delivery, particularly of anticancer drugs. Systems releasing doxorubicin, a model drug
with broad-spectrum anticancer properties, were developed. These systems included nanocomposite
carboxymethyl cellulose GO hydrogel beads [95], nanocomposite films made of graphene quantum
dots incorporated into a carboxymethyl cellulose hydrogel [72] or macroporous polyacrylamide
hydrogels. These hydrogels were prepared using an oil-in-water Pickering emulsion, containing GO
and hydroxyethyl cellulose with a quaternary ammonium group [96].

Sensing and biosensing is another important application of nanocellulose graphene composites.
These sensors can be divided into electrochemical, piezoelectric, optical and acoustic wave-based
sensors. Electrochemical sensors were constructed for detecting cholesterol [98], glucose and pathogenic
bacteria [110], avian leucosis virus [111] and organicliquids [112]. The biosensor for detecting cholesterol
was based on chemically-modified nanocellulose, grafted with silylated GO and enriched with ZnO
nanoparticles in order to enhance its electrical conductivity [98]. The biosensor for detecting glucose
and pathogenic bacteria was based on nanocellulose paper coated with GO, reduced by vitamin C and
functionalized with platinum nanoparticles with a cauliflower-like morphology in order to enhance
the electrical conductivity of the composite. The platinum surface was functionalized either with
glucose oxidase (via chitosan encapsulation) or with an RNA aptamer [110]. The biosensor for the
avian leucosis virus was an immunosensor, based on graphene-perylene-3, 4, 9, 10-tetracarboxylic acid
nanocomposites as carriers for primary antibodies, on composites of nanocellulose and Au nanoparticles
as carriers for secondary antibodies, and on the alkaline phosphatase catalytic reaction [111]. The sensor
for organic liquids, mainly organic solvents, was based on cellulose nanocrystal-graphene nanohybrids,
selectively located in the interstitial space between the natural rubber latex microspheres [112].

Piezoelectric nanocellulose graphene-based sensors have usually been designed for strain sensing,
i.e., as wearable electronics for monitoring the motion of various parts of the human body, e.g.,
fingers [63,99,113]. For these purposes, the flexibility and stretchability of nanocellulose was further
enhanced by adding other polymers, such as elastomers, represented e.g., by polydimethylsiloxane
(PDMS) [113], or hydrogels, represented e.g., by poly(vinyl alcohol) (PVA), crosslinked (together with
cellulose nanofibers and graphene) with borax [63].

Optical sensors can be based on surface-enhanced Raman spectroscopy (SERS) or
fluorescence. Cellulose SERS strips decorated with plasmonic nanoparticles, termed
graphene-isolated-Au-nanocrystals (GIANs), were developed for constructing portable sensors for
detecting complex biological samples, e.g., for detecting free bilirubin in the blood of newborns [100].
A fluorescence sensor, based on sulfur and nitrogen-co-doped graphene quantum dots, immersed
into nanocellulosic hydrogels, was developed for detecting laccase. This enzyme is widely used in
industrial and technological applications, such as bleaching of fabrics, tooth whitening, decoloration of
hair, water purification and in oxidizing dyes in beer, must and wines [71].

An example of an acoustic wave-based sensor is an ammonia sensor, based on a quartz crystal
microbalance (QCM) with a sensing coating. This coating is composed of negatively-charged
electrospun cellulose acetate nanofibers, positively-charged polyethylenimine and negatively-charged
GO, and it was created by the electrostatic LbL self-assembly technique [101].

For protein isolation, a metal a nity carboxymethyl cellulose-functionalized magnetic
graphene was prepared by successive modifications of GO nanosheets with magnetic nanoparticles,
carboxymethyl cellulose and iminodiacetic acid, and then chelated with copper ions. This composite
exhibited high adsorption selectivity toward histidine-rich proteins, which was utilized for isolating
hemoglobin from human whole blood, and also for isolating a polyhistidine-tagged recombinant
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protein from Escherichia coli lysate, namely Staphylococcus aureus enterotoxin B [77]. For macromolecular
separation, cellulose acetate nanocomposite ultrafiltration membranes were fabricated using 2D layered
nanosheets, e.g., GO and exfoliated molybdenum disulfide (MoS;), and were successfully tested using
macromolecular bovine serum albumin [79].

Nanocellulose graphene composites are also important components of tissue engineering sca olds,
improving their mechanical properties and their bioactivity. In the studies by Pal et al. (2017), mentioned
above, a PLA CNC rGO nanocomposite film showed antibacterial activity against Gram-positive
Staphylococcus aureus and against Gram-negative Escherichia coli. At the same time, this film exhibited
negligible cytotoxicity against a mouse NIH-3T3 fibroblast cell line, as revealed by an MTT assay
of the activity of mitochondrial oxidoreductase enzymes [87]. Nanocomposites of CNCs and rGO,
incorporated into PLA matrix through the melt-mixing method, were noncytotoxic and cytocompatible
with epithelial human embryonic kidney 293 (HEK293) cells [68]. PLA incorporated with rGO and
TEMPO-oxidized CNCs, grafted with poly(ethylene glycol) (PEG), displayed radical scavenging activity
and negligible toxicity and cytocompatibility to mouse embryonic C3H10T1 2 cells [69]. A composite
film consisting of hydrophilic bacterial cellulose nanofibers and hydrophobic rGO, prepared from GO
using a bacterial reduction method, supported the adhesion, viability and proliferation of human bone
marrow mesenchymal stem cells in a similar way to standard cell culture polystyrene, and better than
pure rGO films [37]. Incorporating GO into electrospun cellulose acetate nanofibrous sca olds enhanced
the adhesion and growth of human umbilical cord mesenchymal stem cells. It also enhanced osteogenic
di erentiation of these cells, manifested by the activity of alkaline phosphatase, and biomineralization
of the sca olds in a simulated body fluid [59]. Nanofibrous composites of bacterial nanocellulose,
a conductive poly(3,4-ethylene dioxythiophene) (PEDOT) polymer and GO, mimicking the native
extracellular matrix and allowing electrical stimulation of neural PC12 cells, induced specific orientation
and di erentiation of these cells [105]. Polyvinyl alcohol carboxymethyl cellulose (PVA CMC) sca olds
loaded with rGO nanoparticles, prepared by lyophilization, enhanced the proliferation of EA.hy926
endothelial cells in vitro and angiogenesis in vivo using a chick chorioallantoic membrane model [107].
Polyacrylamide-sodium carboxymethylcellulose hybrid hydrogels reinforced with GO and or CNCs
also have potential for tissue engineering applications due to their tunable mechanical properties [135].
Genetically modified hydrophobin, a fungal cysteine-rich protein, was used to connect nanofibrillated
cellulose of wood origin and graphene flakes in order to construct biomimetic mechanically-resistant
materials similar to nacre and combining high toughness, strength and sti ness [136].

Nanocellulose graphene composites also have great potential for the fabrication of antibacterial
textiles and for advanced wound dressing. Antibacterial textiles were prepared by electrospinning a
mixture containing cellulose acetate, TiO, and GO sheets. These textiles showed high antibacterial
activity with an inhibition rate higher than 95% against Bacillus subtilis and Bacillus cereus [137]. Bacterial
cellulose is considered as one of the most suitable materials for advanced wound dressing, due to its
appropriate mechanical properties, such as strength, Young’s modulus, elasticity and conformability,
and also due to its great capacity to retain moisture in the wound (for a review, see [2]). These favorable
properties can be further enhanced by adding graphene-based materials and by crosslinking with
synthetic polymers, such as poly (ethylene glycol), poly (vinyl alcohol), poly (acrylic acid) and poly
(acrylamide). In a study by Chen et al. (2019), a bacterial nanocellulose-grafted poly (acrylic acid) GO
composite hydrogel was prepared as a potential wound dressing. The inclusion of GO improved
the attachment and proliferation of human dermal fibroblasts in cultures on the composites [108].
Similarly, hydroxypropyl cellulose matrix incorporated with GO and silver-coated ZnO nanoparticles
showed improved tensile strength, and also anti-ultraviolet, antibacterial and immunostimulatory
e ects, which promoted wound healing in an in vivo mouse model [109].
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4. Nanocellulose Carbon Nanotube Composites

4.1. Characterization of Carbon Nanotubes

Carbon nanotubes (CNTs; Figure 3a) are tubular structures formed by a single cylindrical graphene
sheet (single-walled carbon nanotubes, referred to as SWCNTs or SWNTs) or several graphene sheets
arranged concentrically (multiwalled carbon nanotubes, referred to as MWCNTs or MWNTs, which
also include double-walled CNTs (DWCNTs [16]), and few-walled CNTs (FWCNTs [17]). Carbon
nanotubes were discovered as a by-product of fullerene synthesis, and were first described by lijima et
al. (1991) [138]. CNTs have a high aspect ratio (i.e., length to diameter ratio) and thus a relatively large
surface area. Their diameter is on the nanometer scale (e.g., from 0.4 nm to 2-3 nm in single-walled
nanotubes), but their length can reach several micrometers or even centimeters. Due to these properties,
CNTs are suitable candidates for hydrogen storage, for the removal of contaminants from water and
air, and also for drug delivery. CNTs have excellent mechanical properties, mainly due to the sp?
bonds. The tensile strength of SWCNTs has been reported to be almost 100 times higher than that of
steel, while their specific weight is about six times lower. CNTs can therefore be used for reinforcing
various synthetic and natural polymers for industrial and biomedical applications, e.g., for hard tissue
engineering. When added to a polymer matrix, CNTs can resemble inorganic mineral nanoparticles
in the bone tissue, and they can form nanoscale irregularities on the surface of 2D materials and
in the pores of 3D materials, which improve the cell adhesion and growth. CNTs are electrically
conductive and enable electrical stimulation of cells, which further improves the adhesion, growth and
di erentiation of cells (for a review, see [10-14,18,139]). However, free CNTs can be cytotoxic, which is
attributed to their ability to cause oxidative damage, and also to their contamination with transition
metals (e.g., Fe, Ni, Y), which serve as catalysts during CNT preparation. Methods for producing
metal-free CNTs have therefore been developed, e.g., arc-discharge evaporation of graphite rods [139].
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Figure 3. Scheme of multi-walled and single-walled carbon nanotubes (a) and of the preparation and

structure of nanocellulose carbon nanotube composites (b).

CNTs also resemble CNFs from the point of view of their morphology and their mechanical
properties. For example, highly crystalline, thick CNFs derived from tunicates exhibited mean strength
of 3-6 GPa, which was comparable with commercially available MWCNTs. However, the mean strength
of other types of CNFs is lower; for example, in wood-derived CNFs the mean strength ranged from
1.6 to 3 GPa [140]. CNTs therefore improve the mechanical strength of nanocellulose CNT composites,
and endow them with electrical conductivity, similarly as graphene. As a result, nanocellulose CNT
composites are used in similar industrial and biomedical applications as nanocellulose graphene
composites, e.g., water purification, energy generation, storage and conversion, filling polymeric
materials, constructing sensors and biosensors, drug delivery, cancer treatment, electrical stimulation
of tissues, and tissue engineering.
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4.2. Preparation and Industrial Application of Nanocellulose CNT Composites

The nanocellulose component in the nanocellulose CNT composites is used in the form of
nanofibrils and nanocrystals, and carbon nanotubes usually in the form of SWCNTs or MWCNTs.
Similarly as in composites containing graphene and other carbon allotropes, cellulose nanoparticles
facilitate the homogeneous dispersion of CNTs in aqueous environments (Figure 3b), where the two
types of nanoparticles are linked by noncovalent interactions, e.g., hydrophobic and electrostatic
interactions [42,46]. The dispersion of CNTs can be further facilitated by TEMPO-mediated oxidation
of cellulose nanoparticles, which endows them with abundant anionic carboxyl groups [141].
Other ways include the functionalization of CNTs with self-assembling amphiphilic glycosylated
proteins [142] or the use of oil-in-water Pickering emulsions of cellulose nanoparticles [143]. From
the aqueous dispersions, 2D and 3D nanocellulose CNT composites can be formed, e.g., by vacuum
filtration, centrifugal cast molding, foam forming, casting and printing [39,45,50,141]. Pickering
emulsions of cellulose nanocrystals and SWCNTs or MWCNTs were used for fabricating aerogels
and foams by freeze-drying [143]. Similarly as in nanocellulose graphene composites, CNTs can
be added to cultures of bacteria producing nanocellulose, and incorporated into the bacterial
nanocellulose during its growth [53,57]. Composite nanocellulose SWCNT films can be transparent or
semitransparent [39,45,141], and can transmit radiant energy [144].

Like nanocellulose graphene composites, nanocellulose CNT composites can be combined with
various atoms, molecules and nanoparticles in order to enhance their properties for specific applications.
For example, Ag nanoparticles attached to the surface of MWCNTs influenced the electrochemical
properties of CNT-based films developed on a bacterial nanocellulose membrane [36]. Nanocellulose
and CNTs can be also used as additives to various hybrid materials. For example, a hybrid material,
created by combination of poly (3,4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS),
silver nanoparticles (AgNPs), CNTs and a nanocellulose layer, was used for constructing a tactile
sensor [103]. Incorporation of polypyrrole-coated CNTs into chemically cross-linked CNC aerogels
created promising materials for flexible 3D supercapacitors [145]. A combination of cellulose acetate,
chitosan and SWCNTs with Fe304 and TiO; in electrospun nanofibers enables combined removal of
Cr® , As® , methylene blue and Congo red from aqueous solutions via the adsorption and photocatalytic
reduction processes [146].

Energy-related applications of nanocellulose CNT composites include biofuel cells, varactors,
supercapacitors, and electrodes for lithium batteries, thermoelectric generators for heat-to-electricity
conversion or for constructing heating elements [50]. A biofuel cell comprising electrodes based on
supercapacitive materials, i.e., on CNTs and a nanocellulose polypyrrole composite, was utilized
to power an oxygen biosensor. Laccase, immobilized on naphthylated MWCNTs, and fructose
dehydrogenase, adsorbed on a porous polypyrrole matrix, were used as cathode and anode
bioelectrocatalysts, respectively [84]. Another biofuel cell was based on a conductive MWCNT
network, developed on a bacterial nanocellulose film, and functionalized with redox enzymes,
including pyroquinoline quinone glucose dehydrogenase (anodic catalyst) and bilirubin oxidase
(cathodic catalyst). This system generated electrical power via the oxidation of glucose and the
reduction of molecular oxygen [44]. Microelectromechanical system varactors, i.e., voltage-controlled
capacitors, consisted of a freestanding SWCNT film, which was employed as a movable component,
and a flexible nanocellulose aerogel filling [85]. Supercapacitors with high physical flexibility,
desirable electrochemical properties and excellent mechanical integrity were realized by rationally
exploiting the unique properties of bacterial nanocellulose, CNTs, and ionic liquid-based polymer
gel electrolytes [147]. Other flexible 3D supercapacitor devices were fabricated by incorporating
polypyrrole nanofibers, polypyrrole-coated CNTs, and manganese dioxide (MnO;) nanoparticles
in chemically cross-linked cellulose nanocrystal aerogels [145]. Electrospun core-shell nanofibrous
membranes, containing CNTs stabilized with cellulose nanocrystals, were developed for use as
high-performance flexible supercapacitor electrodes with enhanced water resistance, thermal stability
and mechanical toughness [40]. Electrodes for lithium batteries were based on freestanding
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LiCoO; MWCNT cellulose nanofibril composites, fabricated by a vacuum filtration technique [148],
or on freestanding CNT-nanocrystalline cellulose composite films [41]. Thermoelectric generators
for heat-to-electricity conversion were based on large-area bacterial nanocellulose films with an
embedded dispersed CNT percolation network, incorporated into the films during nanocellulose
production by bacteria in culture [57]. Electrical energy can also be converted into thermal energy,
as demonstrated by the composite structure of wood-derived nanocellulose, MWCNTs and pulp,
designed for a heating element application [50].

4.3. Biomedical Application of Nanocellulose CNT Composites

Biomedical applications of composites of cellulose and CNTs are summarized in Table 1. These
composites are important systems for drug delivery. The CNTs in the composites can be conjugated with
many therapeutics, usually anticancer drugs, but also other types of drugs. For example, an osmotic
pump tablet system coated with cellulose acetate membrane containing MWCNTs was developed for
delivery of indomethacin (for a review, see [16,65]). Cancer cells can be killed by nanocellulose-CNT
dispersions even without the presence of anticancer drugs. For example, nonmercerized type-II
cellulose nanocrystals in dispersions with SWCNTs displayed cytotoxicity for human epithelial
colorectal adenocarcinoma Caco-2 cells, but they enhanced the mitochondrial metabolism of normal
cells [149].

Construction of sensors and biosensors is another important application of nanocellulose CNT
composites useful for (bio) technology and medicine. A tactile piezoresistance and thermoelectric-based
sensor, mentioned above, which is capable of simultaneously sensing temperature and pressure, is
fabricated from TEMPO-oxidized cellulose, PEDOT:PSS, AgNPs and CNTs [103]. Another pressure
sensor was developed using aerogels consisting of plant cellulose nanofibers and functionalized
few-walled CNTs [17]. Highly conductive and flexible membranes with a semi-interpenetrating
network structure, fabricated from MWCNTSs and cellulose nanofibers, showed the electrical features
of capacitive pressure sensors and were promising for various electronics applications, e.g., touch
screens [150]. Advanced flexible strain sensors for controlling the human body motion were fabricated
by pumping hybrid fillers consisting of CNTs CNCs into porous electrospun thermoplastic polyurethane
membranes [91]. Other strain sensors were fabricated by a facile latex assembly approach, in which
CNCs played a key role in tailoring the percolating network of conductive natural rubber CNT
composites [114]. A water-responsive shape memory hybrid polymer, based on a thermoplastic
polyurethane matrix crosslinked with hydroxyethyl cotton cellulose nanofibers and MWCNTs, was also
developed for constructing a strain sensor [90]. A flexible and highly sensitive humidity sensor, capable
of monitoring human breath, was based on TEMPO-oxidized nanofibrillated cellulose and CNTs [104].
An electrochemical biosensor for three adenosine triphosphate (ATP) metabolites, namely uric acid,
xanthine and hypoxanthine, was based on a composite of NH,-MWOCNT black phosphorene AgNPs,
dispersed in carboxymethyl cellulose [102]. Another electrochemical molecularly-imprinted sensor was
based on a nanofibrous membrane prepared by the electrospinning technique from cellulose acetate,
MWCNTs and polyvinylpyrrolidone, and was used for determining ascorbic acid [151]. An oxygen
biosensor powered by a biofuel cell containing MWNCTs, a nanocellulose polypyrrole composite,
laccase and fructose dehydrogenase, was mentioned above [84]. Versatile wearable textile sensors, e.g.,
for gas sensing, were produced from cellulose nanofibers extracted from tunicates, homogeneously
composited with SWCNTs, by wet spinning in an aligned direction [60].

Other important biomedical applications of nanocellulose CNT composites are in electrical
stimulation of cells and tissues in order to improve their regeneration and function, and in tissue
engineering. For example, stretchable, flexible and electrically conductive biopatches for restorating
conduction in damaged cardiac regions and for preventing arrhythmias were prepared. These
patches were based on nanofibrillated cellulose SWCNT ink three-dimensionally printed onto bacterial
nanocellulose. They restored cardiac conduction after its disruption by a surgical incision made in
the ventricular part of the heart in experimental dogs [52]. For neural tissue stimulation, multiblock
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conductive nerve sca olds with self-powered electrical stimulation were prepared. These sca olds
were based on polypyrrole bacterial nanocellulose composites with platinum nanoparticles on the
anode side for glucose oxidation, and nitrogen-doped CNTs on the cathode side for oxygen reduction.
These sca olds enhanced the elongation of neurites outgrowing from rat dorsal root ganglions in vitro
and stimulated nerve regeneration in a rat sciatic nerve gap model in vivo in comparison with
composites containing only polypyrrole and bacterial nanocellulose. These sca olds could replace
the metal needles that are currently used for external electrical stimulation of neural tissue, which
may cause pain and a risk of infection [106]. 3D printing was also used for creating sca olds based
on a conductive ink composed of wood-derived CNFs and SWCNTs. These sca olds were intended
for neural tissue engineering for experimental brain studies, and supported the attachment, growth
and viability of human neuroblastoma SH-SHYS5Y cells [51]. Other sca olds for tissue engineering
consisted of electrospun cellulose acetate nanofibers, assembled with positively-charged chitosan
and negatively-charged MWCNTs via an LbL technique. These sca olds promoted the adsorption
of cell adhesion-mediating molecules from the serum supplement of the culture medium and the
adhesion and growth of mouse subcutaneous L929 fibroblasts [117]. Our own results related to the
potential application of nanocellulose CNT composites as sca olds for tissue engineering are reported
in Appendix A.

5. Nanocellulose Nanodiamond Composites

5.1. Characterization of Nanodiamond

Diamond is an allotrope of carbon, consisting of carbon atoms arranged in a cubic crystal structure
covalently bonded in sp® hybridization (Figure 4a). Like all nanostructured materials, nanodiamonds
or diamond nanoparticles are defined as features not exceeding 100 nm in at least one dimension,
although some larger diamond particles, i.e., 125-210 nm, are still referred to as nanodiamonds (for
a review, see [152]). At the same time, the size of ultrananocrystalline diamond particles is 3-5
nm [153,154]. Diamond nanoparticles can be prepared by various methods. The most widely used
techniques are detonation of carbon-containing explosives in an oxygen-deficit environment and
microwave-enhanced plasma chemical vapor deposition (MECVD). Other techniques include the
radiofrequency plasma-assisted chemical vapor deposition (PACVD) method, milling of diamond
microcrystals, hydrothermal synthesis, ion bombardment, laser bombardment, ultrasound synthesis
and electrochemical synthesis (for a review, see [10,152-156]). Nanodiamonds are considered to be
the most advanced carbon materials in the world. This is due to their excellent mechanical, optical,
electrical, thermal and chemical properties. The mechanical properties of nanodiamonds include
the highest hardness of all materials on earth, a high Young’s modulus, high fracture toughness,
high pressure resistance and a low friction coe cient. Their optical properties include transparency,
high optical dispersion, and their ability to display various colors and to emit intrinsic luminescence
(fluorescence), which is due to defects in the diamond lattice or contamination of the lattice with
foreign atoms, such as N, B, H, Ni, Co, Cr or Si. Regarding their electrical properties, nanodiamonds
can act as good insulators in their pristine state and as semiconductors after doping, usually with
boron. Their thermal properties include superior thermal conductivity and low thermal expansion.
The chemical properties of nanodiamonds include low chemical reactivity and resistance to liquid- and
gas-phase oxidations. However, nanodiamonds can be doped with various atoms, and their surface
can be functionalized by various atoms, chemical groups and (bio)molecules ([152,153,157,158]; for a
review, see [10-15,155]).
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5.2. Preparation and (Bio) Application of Nanocellulose Nanodiamond Composites

There is greater use of diamond nanoparticles than of fullerenes in nanocellulose nanocarbon
composites, but diamond nanoparticles are used less than graphene and carbon nanotubes. This may
be because a nanodiamond is more expensive and is electrically nonconductive in its pristine state. In
composites with nanofibrillated cellulose (Figure 4b), a nanodiamond was used for constructing highly
thermally conductive, mechanically resistant and optically transparent films with potential application
as lateral heat spreaders for portable electronic equipment [70]. A highly mechanically resistant and
optically transparent nanopaper was made of cationic CNFs and anionic nanodiamond particles by
filtration from a hydrocolloid and subsequent drying [159]. Moreover, a diamond can be rendered
electrically semiconductive by doping it with boron, and then can be used for constructing biosensors.
For example, a sensor for biotin was developed by the adsorption of captavidin, a nitrated avidin with
moderate a nity to biotin, on a carboxymethylcellulose layer stabilized on a boron-doped diamond
electrode by a Nafion film. This biosensor was used for analyzing biotin in blood plasma [66] (Table 1).

The reinforcing e ect of diamond nanoparticles, coupled with their optical transparency,
has also been used advantageously for other biomedical applications, particularly for wound
dressing. Nanocellulose nanodiamond composites are more mechanically resistant than purely
nanocellulose-based materials, but they retain their flexibility and stretchability. In addition, their
optical transparency enables direct inspection of wounds without the need to remove the dressing.
For example, incorporating diamond nanoparticles in a concentration of 2 wt % into chitosan bacterial
nanocellulose composite films resulted in a 3.5-fold increase in the elastic modulus of these films. These
composite films were transparent, but their transparency can be modulated by the concentration of
diamond nanoparticles, turning them gray and semitransparent at higher nanodiamond concentrations
(3 and 4 wt %). The viability of mouse subcutaneous L929 fibroblasts in cultures on these films,
evaluated by an MTT test of the activity of cell mitochondrial enzymes, was more than 90% at 24 h after
seeding. However, at 48 h, it had dropped to about 75%, which indicated that diamond nanoparticles
are slightly cytotoxic [62]. A similar result was obtained on L929 fibroblasts grown on electrospun
composite nanofibrous mats containing chitosan, bacterial cellulose and 1-3 wt % medical-grade
nanodiamonds [58]. The viability of these cells, estimated by the MTT assay, dropped from approx.
90% on day 1 to approx. 75% on day 3. Nevertheless, the addition of nanodiamonds facilitated the
electrospinning process, reduced the diameter of the nanofibers in the mats, regulated the water vapor
permeability of the mats, enhanced their hydrophilicity and improved their mechanical properties to a
similar level as in native skin [58].

Adding diamond nanoparticles per se did not significantly increase the antibacterial activity
of chitosan bacterial nanocellulose composites [62]. This activity can be further enhanced, e.g., by
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adding silver nanoparticles [160]. Nanocellulose nanodiamond composites can also act as a suitable
platform for drug delivery. This was demonstrated on transparent doxorubicin-loaded carboxylated
nanodiamonds cellulose nanocomposite membranes, which are promising candidates for wound
dressings. These membranes are porous, transparent, with appropriate mechanical properties, and
without doxorubicin they are noncytotoxic for HeLa cells [97].

6. Composites of Nanocellulose with Other Carbon Nanoparticles

In addition to fullerenes, graphene, nanotubes and nanodiamonds, other important carbon
nanoparticles used in industrial, biotechnological and biomedical applications include carbon
nanofibers, carbon quantum dots and nanostructures formed by activated carbon and carbon black.
All these nanomaterials can be used in nanocellulose nanocarbon composites. The biomedical
applications of these composites are summarized in Table 1.

6.1. Composites of Nanocellulose and Carbon Nanofibers

Carbon nanofibers can be created by carbonization of cellulose nanofibers originating from bacterial
nanocellulose [21,23,161], urea [161], filter paper [162] or plant-derived cellulose [22,24]. Another
method of preparing carbon nanofibers is chemical vapor deposition (CVD; [25]). These carbon
nanofibers can be further combined with other carbon nanoparticles, mainly graphene. For example,
a composite paper consisting of nitrogen-doped carbon nanofibers, reduced graphene oxide (rGO)
and bacterial cellulose was designed as a high-performance, mechanically tough, and bendable
electrode for a supercapacitor. The bacterial nanocellulose in this paper is exploited both as a biomass
precursor for the creation of carbon nanofibers by pyrolysis and as a supporting substrate for the
newly-created material [21]. In another study, highly conductive freestanding cross-linked carbon
nanofibers, derived from bacterial cellulose in a rapid plasma pyrolysis process, were used as substrates
for the growth of vertically-oriented graphene sheets for constructing alternating current filtering
supercapacitors [23]. A small amount of rGO can also act as an e ective initiator of carbonization
of cellulose nanofibers through microwave treatment [24]. Carbonization of aerogels, prepared
from a mixture of PVA, cellulose nanofibers and GO by freeze-drying, enhanced the hydrophobic
properties, the specific surface area and the adsorption capacity of these aerogels. These materials then
became suitable candidates for oil-water separation and environmental protection [22]. In addition
to graphene, cellulose-derived carbon nanofibers can be combined with various other nanoparticles
and nanostructures, such as Pt nanoparticles for methanol oxidation reaction [161], TiO, films and
Fe;04 nanoparticles for lithium ion batteries [162], tin oxide (SnO) nanoparticles for lithium-sulfur
batteries [163] or NiCo,S4 nanoparticles for hydrogen evolution reaction [164]. Carbon nanofibers
are also promising for biomedical applications, particularly bone tissue engineering. Their nanoscale
diameter produced a nanoscale surface roughness of their compacts or of their composite with
poly-lactic-co-glycolic acid (PLGA). This nanoroughness promoted preferential adhesion of osteoblasts
from other cell types, particularly fibroblasts, which could prevent fibrous encapsulation of bone
implants [25].

6.2. Composites of Nanocellulose and Carbon Quantum Dots

Carbon quantum dots (CQDs) are quasispherical carbon nanoparticles (less than 10 nm in
diameter) with a chemical structure and physical properties similar to those of graphene oxide. These
nanoparticles emit a strong wavelength-dependent fluorescence. By changing the CQD size, the color
of the emitted light can be tuned from deep ultraviolet to visible and near-infrared light. In addition, the
fluorescence of CQDs, and also their water solubility, can be further modulated by functionalizing their
surface with various atoms, chemical functional groups and molecules, such as metals, carboxyl groups,
organic dyes and polymers. CQDs present good photostability, low photobleaching and relatively
low cytotoxicity, and they are therefore considered to be suitable for biomedical applications such as
bioimaging, biosensing, photodynamic and photothermal therapy of cancer, and drug delivery [165].
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In hybrid materials with nanocellulose, CQDs were applied for constructing biosensors and
drug delivery systems, and also for water purification. An optical sensor for visual discrimination
of biothiols was based on a bacterial cellulose nanopaper substrate with ratiometric fluorescent
sensing elements. These elements included N-acetyl 1-cysteine capped green cadmium telluride (CdTe)
quantum dots-rhodamine B and red CdTe quantum dots-carbon dots [26]. Hybrid materials containing
carbon quantum dots and cellulose are also promising carriers for drug delivery. Composite core shell
chitosan-poly (ethylene oxide)-carbon quantum dots carboxymethyl cellulose-poly(vinyl alcohol)
nanofibers were prepared through coaxial electrospinning as a biodegradable implant for local delivery
of temozolomide (TMZ), an anticancer drug. When tested in vitro, the antitumor activity of TMZ
conjugated with carbon quantum dots against the tumor U251 cell lines was higher than the activity of
the free drug [28]. Last but not least, carbon quantum dots, homogeneously dispersed together with
magnetic Fe304 nanoparticles in electrospun cellulose nanofibers, were promising for the removal of
Hg(II) ions from water [27].

6.3. Composites of Nanocellulose and Activated Carbon

Activated carbon is a form of carbon processed to have small, low-volume pores that increase the
surface area, which is then available for the adsorption and removal of various toxic contaminants
and microorganisms. Composite membranes consisting of a bilayer of porous activated carbon
and TEMPO-oxidized plant-derived CNFs showed high capability for removing Escherichia coli
from water [29]. Activated carbon was also a component of a wound dressing material consisting
of a polyvinyl alcohol and cellulose acetate phthalate polymeric composite film, reinforced with
Cu Zn bimetal-dispersed activated carbon micro nanofibers. This material suppressed the growth of
Pseudomonas aeruginosa, the most prevalent bacteria in infected wounds caused by burns, surgery and
traumatic injuries [30].

6.4. Composites of Nanocellulose and Carbon Black

Carbon black is a form of paracrystalline carbon, produced industrially by partial combustion or
thermal decomposition of gaseous or liquid hydrocarbons under controlled conditions. Carbon black
has a high surface-area-to-volume ratio, though not so high as that of activated carbon. Although it
is considered to have low toxicity, the International Agency for Research on Cancer has classified it
as possibly carcinogenic to humans. In addition, as a component of environmental pollution, carbon
black can cause oxidative damage and an inflammatory reaction, which further mediate genotoxicity,
reproductive toxicity, neurotoxicity and diseases of the respiratory and cardiovascular systems [166,167].
Nevertheless, carbon black is currently used as a filler in tires and in other rubber products, and as a
pigment in inks, paints and plastics.

Composites of nanocellulose and carbon black have been used mainly for constructing biosensors,
particularly wearable sensors for strain and human body motion, e.g., motion of the fingers, the elbow
joint and the throat. A strain-sensing device with excellent waterproof, self-cleaning and anticorrosion
properties was based on a superhydrophobic electrically conductive paper. This paper fabricated
by dip-coating a printing paper into a carbon black carbon nanotube methyl cellulose suspension
and into a hydrophobic fumed silica suspension [33]. Another strain-sensing device was fabricated
by printing carbon black conductive nanostructures on cellulose acetate paper. At the same time,
this material had electrochemical properties promising for the detection of hydrogen peroxide [31].
An electrochemical aptasensor for detecting Staphylococcus aureus, e.g., in human blood serum, was
designed as a nanocomposite of Au nanoparticles, carbon black nanoparticles and cellulose nanofibers,
and was endowed with a thiolated specific S. aureus aptamer as a sensing element [32].

7. Potential Cytotoxicity and Immunogenicity of Nanocellulose Nanocarbon Composites

The vast majority of studies dealing with potential biomedical applications of
nanocellulose nanocarbon composites have reported no cytotoxicity or negligible cytotoxicity
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of these composites, namely of nanocellulose fullerene composites [35], nanocellulose graphene
composites [68,69,72,87,107], nanocellulose CNT composites [51,149] and nanocellulose nanodiamond
composites [58,62,97]. Composites containing other carbon nanoparticles, such as activated carbon
nanoparticles [30] or carbon quantum dots [28] have also shown no significant cytotoxic e ects. In the
mentioned studies, cytotoxicity was mainly tested in vitro on various cell types, such as fibroblasts,
epithelial and endothelial cells, and mainly on cell lines, including tumor cell lines. The cell viability
and proliferation were usually evaluated by tests of the activity of mitochondrial enzymes, such as
MTT assay, resazurin (Alamar Blue) assay, or by a direct microscopic examination of the cells. Some
composites have also been tested in vivo, e.g., in a rat model (nanocellulose CNT composites; [106]), a
canine model (nanocellulose CNT composites; [52]), or using a chick chorioallantoic membrane model
(nanocellulose graphene composites, [107]), without adverse e ects.

However, the individual components of nanocellulose nanocarbon composites, particularly carbon
nanoparticles, can act as cytotoxic, if they are not bound to any matrix and are free to move. Graphene
and graphene-based carbon nanomaterials, such as fullerenes and nanotubes, are hydrophobic in
their pristine state, and can enter into hydrophobic interactions with cholesterol in the cell membrane,
which can be extracted from the membrane. In this manner, carbon nanoparticles can damage cells
even without penetrating them. Another mechanism of cell membrane damage is the generation of
reactive oxygen species (ROS) by carbon nanoparticles. In addition, the nanoparticles can penetrate the
cell membrane, and can cause oxidative damage to mitochondria, and can also enter the cell nucleus
and act as genotoxic agents (for a review, see [10,12,19,20]). Nanodiamonds have been considered
to be relatively nontoxic in comparison with other carbon nanoparticles. However, as shown in our
earlier studies, hydrophobic, hydrogen-terminated and positively-charged diamond nanoparticles
can enter the cells, impair their growth and cause cell death [152,156]. The mechanism of cell damage
by nanodiamonds is by generating ROS, and by excessive delivery of sodium ions adsorbed on the
nanodiamond surface [168]. Last but not least, carbon nanoparticles can be immunogenic, i.e., they
can activate inflammatory reactions, which can be, as has been demonstrated on carbon black, the
main pathogenic mechanism of respiratory, cardiovascular and other serious diseases [166,167].

Cellulose nanoparticles, which are generally considered to be biocompatible [34,114] and of a
low ecological toxicity [169], can also act as cytotoxic and immunogenic. It has even been speculated
that, due to their high aspect ratio and sti ness, CNCs may cause similar pulmonary toxicity as
carbon nanotubes and asbestos [170]. In a mouse model, cellulose nanocrystals induced oxidative
stress, caused pulmonary inflammation and damage, increased levels of collagen and transforming
growth factor-beta (TGF- ) in lungs, and impaired pulmonary functions [170]. In addition, these
e ects were markedly more pronounced in female mice than in male mice. The immunogenicity of
CNCs was also proven in vitro. CNCs and their cationic derivatives CNC-aminoethylmethacrylate and
CNC-aminoethylmethacrylamide evoked an inflammatory response in mouse macrophage J774A.1
cells and in peripheral blood mononuclear cells by increasing the level of ROS in mitochondria, the
release of ATP from mitochondria and by stimulating the secretion of interleukin-1beta (IL-1 ) [171].
The cytotoxicity and immunogenicity of CNCs depend on the preparation conditions and are
increased under harsh and caustic conditions, e.g., the so-called mercerization process, i.e., an
alkali treatment [149]. CNFs can also cause cytotoxicity and oxidative damage, which can be even
more pronounced than in the case of CNCs, and can evoke an inflammatory response (for a review,
see [2,172]). The potential cytotoxicity and immunogenicity of nanocellulose, nanocarbon and their
composites should therefore be taken into account when they are for use in biomedical applications.

8. Conclusions

Nanocellulose nanocarbon composites and other hybrid materials containing cellulose
nanoparticles (nanofibrils or nanocrystals) and carbon nanoparticles (fullerenes, graphene, carbon
nanotubes, nanodiamonds and other carbon nanoparticles) are novel materials that are promising for
a wide range of applications in industry, (bio)technology and medicine. This is due to their unique
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properties, such as high mechanical strength coupled with flexibility and stretchability (composites
with graphene, carbon nanotubes and nanodiamond), shape memory (composites with graphene
and carbon nanotubes), photodynamic and photothermal activity (composites with fullerenes and
graphene), electrical conductivity (composites with graphene and carbon nanotubes), semiconductivity
(composites with boron-doped diamond), thermal conductivity (composites with graphene and
nanodiamonds), tunable optical transparency (composites with single-walled carbon nanotubes and
nanodiamonds), intrinsic fluorescence and luminescence (composites with graphene quantum dots
and carbon quantum dots), and high adsorption and filtration capacity (composites with graphene,
carbon nanotubes and carbon quantum dots). These properties arise mainly from the advantageous
combination of nanocellulose and nanocarbon, which associates and enhances the desirable e ects
of each of these components. These materials can be prepared relatively easily from a water-based
suspension, which is advantageous particularly for biomedical applications. These applications include
drug delivery, biosensorics, isolation of various biomolecules, electrical stimulation of damaged tissues,
and particularly tissue engineering (bone, neural and vascular) and wound dressing. Our results have
proven supportive e ects of nanocellulose carbon nanotube composites on the adhesion and growth
of human and porcine adipose tissue-derived stem cells, particularly under dynamic cultivation in a
pressure-generating lab-made bioreactor (see Appendix A). However, it should be pointed out that the
biomedical applications of nanocellulose nanocarbon composites are associated with the risk of their
potential cytotoxicity and immunogenicity, although this risk appears to be lower than for the single
components of these materials.
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Appendix A

In our own experiments, we have contributed to the knowledge on potential biomedical
applications of nanocellulose carbon nanotube composites, namely regarding their application in tissue
engineering. In these experiments, a PurCotton cellulose mesh (Winner Industrial Park, Shenzhen,
China) was modified with an aqueous dispersion of positively-charged (i.e., cationic) wood-derived
CNFs, described in our earlier review article [2], and MWCNTs. Two types of composite samples
were prepared, namely the samples with “thick” and “thin” coating of the fibers in the cellulose
mesh. For thick coating, square-shaped samples of the cellulose mesh were fully immersed in an
aqueous suspension of CNFs MWCNTs, and during this immersion, the samples were homogeneously
impregnated with the nanoparticles. For thin coating, only one corner of the cellulose samples
was submerged into the CNF MWCNT suspension, which resulted in infiltration of the suspension
throughout the cellulose mesh by capillary forces. Both types of samples were then dried for 5 h at 60

C. Both types of samples displayed a grayish color, which was more intense in samples with a thick
coating. A pure CNF coating was prepared similarly to the thick coatings, and the meshes without
coating were used as a control.
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The samples were sterilized by UV light (20 min for each side), fixed into CellCrowns inserts
(Sca dexLtd., Tampere, Finland), placed into 24-well cell culture plates (TPP, Trasadingen, Switzerland)
and seeded with human adipose tissue-derived stem cells (hASC) or porcine adipose tissue-derived
stem cells (pASC). Human ASC were isolated from subcutaneous fat tissue, obtained by liposuction
from the abdominal region of healthy female donors after their informed consent, under ethical approval
issued by the Ethics Committee of Hospital “Na Bulovce” in Prague, and in compliance with the tenets
of the Declaration of Helsinki on experiments involving human tissues. The isolation was described in
more details in our earlier studies [173,174]. Porcine ASC were isolated by enzymatic disintegration of
subcutaneous fat tissue samples obtained by excision from laboratory pigs in collaboration with the
Institute of Clinical and Experimental Medicine (IKEM) in Prague, Czech Republic. Characterization
of cells by flow cytometry revealed the positivity of cells for standard surface markers of ASCs, namely
CD105, CD90, CD73 and CD29 in hASC, and CD105, CD90, CD29 and CD44 in pASCs. The ASCs from
both species were negative or almost negative for hematopoietic markers, such as CD34 and CD45,
and for CD31, an endothelial marker [174,175].

The cells were seeded on the material samples at a density of 50,000 cells per well into 1.5 mL of
the culture media. Human ASCs were cultivated in Dulbecco’s modified Eagle’s Medium (DMEM;
Life Technologies, Gibco, Carlsbad, CA, USA) with 10% of fetal bovine serum (FBS; Life Technologies,
Gibco), 40 g mL of gentamicin (LEK, Ljubljana, Slovenia) and 10 ng mL of recombinant human
fibroblast growth factor basic (FGF2; GenScript, Piscataway, NJ, USA). Porcine ASCs were cultivated
in Dulbecco’s modified Eagle’s Medium (Low glucose, Sigma-Aldrich Co., St. Louis, MO, USA) and
Ham'’s Nutrient Mixture F12 medium (DMEM F 12, Sigma-Aldrich Co.) in a ratio of 1:1 with 10% of
fetal bovine serum (FBS; Life Technologies, Gibco), 1% Antibiotic Antimycotic solution (Sigma-Aldrich
Co.) and 10 ng mL of recombinant human fibroblast growth factor basic (FGF2; GenScript).

After one or seven days of cultivation, the cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich Co.) for 20 min, and 0.1% Triton X-100 (Sigma-Aldrich Co.) diluted in
phosphate-bu ered saline (PBS) was applied for 20 min at room temperature in order to permeabilize
the cell membranes. Nonspecific binding sites for antibodies were then blocked by a solution of 1%
bovine serum albumin and 0.1% Tween 20 in PBS (all Sigma-Aldrich Co.). Vinculin, a protein of focal
adhesion plaques associated with integrin adhesion receptors, was visualized by treating the samples
for 1 hat 37 C with primary antibody against human vinculin (V9131, monoclonal mouse antibody,
clone hVIN-1, Sigma-Aldrich Co.), diluted in the blocking solution (1% albumin and 0.1% Tween
20 in PBS) in a ratio of 1:200. After washing with PBS, the samples were incubated for 1 h at room
temperature in the dark with a secondary antibody, i.e., goat anti-mouse F(ab’)2 fragments of IgG (H
L), conjugated with Alexa Fluor 488 (A11017; Molecular Probes, Eugene, OR, USA; Thermo Fisher
Scientific, Waltham, MA, USA), diluted in PBS to a ratio of 1:400. Finally, cytoskeletal F-actin filaments
were stained by phalloidin conjugated with tetramethylrhodamine isothiocynate (TRITC) fluorescent
dye (Sigma-Aldrich Co.), diluted in PBS to a final concentration of 5 g mL, for 1 h at room temperature
in the dark. Microscopy images were acquired using spinning disk confocal system Dragonfly 503
(Andor, Belfast, UK) with Zyla 4.2 PLUS sCMOS camera (Andor, Belfast, UK) mounted on microscope
Leica DMi8 (Leica Microsystems, Wetzlar, Germany) with objective HC PL APO 20x 0.75 IMM CORR
CS2; Free Working Distance  0.66 mm or HC PL APO 40x 1.10 W CORR CS2; Free Working Distance

0.65 mm.

We found that the initial adhesion and subsequent growth of cells, evaluated by the cell number
and spreading on days 1 and 7, were similar on all coated samples. There was no apparent di erence
between samples coated with thick and thin layers of CNFs MWCNTs and samples coated only
with CNFs. However, all types of coatings markedly improved the adhesion and growth of cells in
comparison with a pure uncoated cellulose mesh (Figure A1l). In general, the cell growth was relatively
slow in all tested samples. On day 7, the cell number in all tested samples was only slightly higher than
on day 1. In addition, hASCs grew slightly better than pASCs, particularly on samples coated with
CNFs MWCNTs. Therefore, we decided to cultivate pASCs on the tested samples under dynamic
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conditions, which are known to improve the growth of cells by their mechanical stimulation, by a
better supply of nutrients and oxygen and by quicker waste removal.

CNF + CNT (thick) CNF + CNT (thin,

hASC (day 1)

PASC (day 1)

N
5
N
o
2
3

PASC (day 7)

(@) (b) (0) (d)

Figure A1l. Human adipose tissue-derived stem cells (hASC) and porcine adipose tissue-derived stem
cells (pASC) on days 1 and 7 after seeding on a cellulose mesh with thick or thin CNF MWCNT coating
(column (a) and (b), respectively), with CNF coating (column (c)), and without any coating (column
(d)). Cells were stained by immunofluorescence for vinculin (green), with TRITC-conjugated phalloidin
for F-actin (red) and with Hoechst #33258 for the nuclei (blue). Cellulose mesh had autofluorescence
in the blue channel. Dragonfly 503 spinning disk confocal microscope with a Zyla 4.2 PLUS sCMOS
camera, objective HC PL APO 20x 0.75 IMM CORR CS2. Scale bar: 50 m.

The dynamic cultivation was held in a unique lab-made cultivation chamber (Figure A2). This
chamber allows for fixing a standard well plate with tested substrates and its hermetical sealing to
maintain the desired pressure. This chamber was connected to a custom pressure stimulator. This
stimulator consists of a servo-controlled linear stage with piston pump and special controlling software.
This software allows for setting stimulation parameters that include high low pressure, motor speed,
pulsatile frequency and the shape of the pressure wave.

Porcine ASCs were seeded on CellCrown-fixed substrates in 24-well plates at the same number
and in the same cultivation medium as mentioned above. Afterwards, the well plate for dynamic
cultivation was fixed into the cultivation chamber, and this chamber was sealed and connected to the
pressure stimulator. In the initial phase, the cells were left for 24 h without any pressure stimulation
in order to allow their adhesion to the materials. The system was opened through a 220-nm filter to
atmosphere forced with slow motion of pump piston to equilibrate CO, level and pH of medium.
After this resting phase, the pressure stimulation was set to 15.9 10.6 kPa (120 80 mmHg) high low
pressure with frequency of 1 Hz (60 pulses per minute) with triangular pulse shape with 1:1 ratio. This
dynamic cultivation lasted for 72 h (96 h of cultivation in total including the 24-h rest phase). Static
control samples were cultivated for 96 h in a well plate with standard lid in the same CO, incubator as
the dynamic samples.
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Figure A2. Lab-made dynamic cultivation system for pressure stimulation of cells on the tested material
samples. The whole system in a cell incubator (a); detail of a cultivation chamber (b).

We found that dynamic cell cultivation markedly improved the adhesion and subsequent growth
of pASCs. The cells were better spread and their number after three days of dynamic cultivation
(day 4 after seeding) was markedly higher than in the corresponding samples incubated under static
conditions for four days (Figure A3), and also for seven days (Figure Al). The improvement in
cell colonization by dynamic cultivation was observed particularly on samples with thin CNF
MWCNT coating. On both thick and thin CNF = MWCNT coatings, the cells under dynamic conditions
were distributed almost homogeneously, while on the pure CNF coating, the cells tended to form
clusters. A similar picture was observed in our earlier study performed on human dermal fibroblasts
in four-day-old static cultures on the same cationic CNFs, where the cells were less widespread and
distributed less homogeneously than on anionic CNFs [2]. Therefore, it can be concluded that the
addition of MWCNTs to cationic CNFs improved the colonization of the material with pASCs under
dynamic cell culture conditions.

CNF + CNT (thick; CNF + CNT (thin, Mesh
.- £
(© (d)

Figure A3. Porcine adipose tissue-derived stem cells (pASC) cultivated in a conventional static cell
culture system for four days or in a pressure-generating dynamic cell culture system for three days
(after one day of static cultivation). The cells were grown on a cellulose mesh with thick or thin
CNF MWCNT coating (column (a) and (b), respectively), with CNF coating (column (c)), and
without any coating (column (d)). Cells were stained by immunofluorescence for vinculin (green), with
TRITC-conjugated phalloidin for F-actin (red) and with DAPI for the nuclei (blue). Cellulose mesh had
autofluorescence in the blue channel. Dragonfly 503 spinning disk confocal microscope with a Zyla 4.2
PLUS sCMOS camera, objective HC PL APO 20x 0.75 IMM CORR CS2. Scale bar: 50 m.

Static (day 4)

Dynamic (day 4)
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Abstract

Decellularized human pericardium is under study as an allogenic material for cardiovascular
applications. The effects of crosslinking on the mechanical properties of decellularized pericardium
were determined with a uniaxial tensile test, and the effects of crosslinking on the collagen structure of
decellularized pericardium were determined by multiphoton microscopy. The viability of human
umbilical vein endothelial cells seeded on decellularized human pericardium and on pericardium
strongly and weakly crosslinked with glutaraldehyde and with genipin was evaluated by means of an
MTS assay. The viability of the cells, measured by their metabolic activity, decreased considerably
when the pericardium was crosslinked with glutaraldehyde. Conversely, the cell viability increased
when the pericardium was crosslinked with genipin. Coating both non-modified pericardium and
crosslinked pericardium with a fibrin mesh or with a mesh containing attached heparin and,/or
fibronectin led to a significant increase in cell viability. The highest degree of viability was attained for
samples that were weakly crosslinked with genipin and modified by means of a fibrin and fibronectin
coating. The results indicate a method by which in vivo endothelialization of human cardiac allografts
or xenografts could potentially be encouraged.

List of abbreviations MTA cell metabolic activity
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1. Introduction

Allogenic human pericardium and xenogeneic peri-
cardium are used as biomaterials for various applica-
tions in cardiovascular surgery [1]. The pericardia
must be processed prior to implantation in order to
reduce the immunological response of the recipient
organism [2]. The traditional approach consists of
treating available
human cardiac allografts (e.g. CryoLife) and xeno-
grafts [3] with glutaraldehyde (GA), which immobi-
lizes the potential adverse effects of foreign cells, cell
debris and potential donor-derived pathogens. The
immunogenicity of the pericardia may also be
reduced by decellularizing pericardial tissue, which
results in a cell-free scaffold composed of generally
less immunogenic extracellular matrix (ECM) pro-
teins [4, 5]. Even following the removal of the cellular
content, the tissue is often treated with GA. Cross-
linking acts to block immunogenic cellular residues

commercially cryopreserved

from remaining, in certain cases, within the decel-
lularized tissue, improves the mechanical properties
and enhances graft durability by reducing its biode-
gradability. However, GA-treated tissues are prone to
calcification following long-term implantation
[3, 4, 6]; moreover, GA fixation also fails to remove
xeno-antigens such as the Gala1,3-Gal31-4GlcNAc-
R epitope [7], which is responsible for chronic
rejection of xenogeneic implants. In addition, GA-
fixed tissues lead to an increase in circulating
cytotoxic T cells, helper T cells and anti-HLA
antibodies [8, 9]. Inflammation processes induced by
GA cytotoxicity are most likely involved in the
calcification mechanism [4]. As with GA, the natural
agent genipin crosslinks proteins by means of a
reaction with amino groups; however, its cytotoxicity
has been found to be approximately 10000 times
lower than that of GA [10]. An in vivo evaluation
indicated that the degree of inflammatory reaction to
genipin-fixed cellular and decellularized bovine peri-
cardia was significantly lower than in GA-fixed
pericardia [11]. Moreover, it has also been noted that
inflammatory reactions to GA-fixed tissues lasted
much longer, and the regeneration rate of genipin-
fixed tissue was significantly faster.

In this study, the pericardium was decellularized,
crosslinked with GA and genipin, and subsequently
coated with fibrin (Fb) meshes. Then the meshes were
modified by the attachment of heparin (H) and/or
fibronectin (FN). The viability and metabolic activity
of human umbilical vein endothelial cells (HUVECs)
seeded on these samples were then assessed in order to
determine a potential means by which the iz situ endo-
thelialization of non-autologous pericardial grafts
might be encouraged.
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2. Materials and methods

2.1. Chemical and biochemical substances
Glutaraldehyde (Polysciences, Inc., cat. no 00216) and
genipin (Sigma, cat. no G4796) were employed for
pericardial crosslinking. Sodium deoxycholate and
DNase, fibrinogen (Fbg), thrombin, H and sodium
periodate were purchased from Sigma. Antithrombin
I1I was purchased from Chromogenix. Human plasma
EN purified protein (cat. no FC010-100MG) was
purchased from MERCK. The following buffers were
used: phosphate-buffered saline (PBS), pH 7.4, Sigma
Aldrich, P4417-100TAB; Tris buffer (TB), 0.05M,
pH 7.4 with 0.1 M NaCl and 2.5 mM CaCl,; 0.01 M
citrate buffer pH 4.0. HUVECs were obtained from
Lonza, Switzerland (cat. no C2517A, passage 3).

2.2. Pericardial harvesting

Human pericardium was harvested from six patients
during heart surgery. All the patients had signed an
informed consent form prior to enrollment in the
study. Pericardial patches were withdrawn from the
anterior, i.e. mediastinal, portion of the pericardial
sac, which is the most accessible part, in order to
minimize potential surgical risks for the donors. Since
closure of the pericardium is not a standard part of
surgical management, the amount of pericardium that
was removed would not cause problems for the
patient. Scissors were used to minimize any damage to
the edge of the pericardial sample (for the same reason,
cauterization would be inadmissible). All the samples
were gathered during elective cardiovascular proce-
dures in the phase when the pericardial sac was open.
The pericardial samples were harvested in a rectangu-
lar shape, where the longer side correlated with the
long axis of the heart. Subsequently, these samples
were cut into longitudinal samples parallel to the long
heart axis (direction 1) and transverse samples
perpendicular to the long heart axis (direction 2) with
dimensions 5 mm x 35 mm. The size of the samples
was chosen to achieve atleast a 5:1 (length:width) ratio
for the stress—strain relaxation uniaxial tensile test and
for fixing in the machine. The study was approved by
the Ethics Committee of the Institute for Clinical and
Experimental Medicine and the Thomayer Hospital in
Prague (approval nos G 09-12-30, C.j. 2401/09 and
G14-08-63, approved on 13 August 2014). The
harvested pericardium was transported in Dulbecco’s
modified Eagle’s medium (DMEM,; all the chemicals
were obtained from Sigma Aldrich) supplemented
with 10% fetal calf serum (FS). The pericardial samples
were subsequently frozen in DMEM supplemented
with 10% dimethyl sulfoxide and 20% FS. The thawed
samples were washed with PBS and were cut out before
the experiments were performed.
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2.3. Decellularized human pericardium (DP)

The human pericardium was washed in PBS and
decellularized in 4% sodium deoxycholate for 48 h.
Decellularization was performed via repeated (seven
times) incubation in 4% sodium deoxycholate, on
each occasion for 2 h at room temperature, followed
by washing three times in PBS with 2.5% antibiotic—
antimycotic solution (ABAM; Sigma); all the proce-
dures were performed on a shaker (IKA MTS 2/4).
The pericardium was stored overnight in PBS with
2.5% ABAM at 2 °C-8°C. The pericardium was
subsequently incubated in 20 mM Tris HCI buffer,
pH 7.4 with DNase (17 U ml™") for 2h, and was
washed with the buffer without the presence of DNase.

2.4. Modification of DP via crosslinking with GA
and genipin

DP, DP crosslinked with 0.4 wt% GA, or DP cross-
linked with 0.25 wt% genipin was used for all experi-
ments. The samples intended for uniaxial tensile
testing and multiphoton microscopy were crosslinked
for 48 h, while those intended for measurements of the
metabolic activity (MTA) of the seeded cells were
crosslinked for 4 h (weak crosslinking) and for 48 h
(strong crosslinking). All the samples were washed
intensively with deionized water following crosslink-
ing for cell culturing (60 min, water conductivity lower
than 0.2 4S cm ™', Goro, CR), after which the water
was exchanged two or three times per day for a period
of 1 week; 400 ml of deionized water was used for
20 cm? of pericardium.

2.5. Stress—strain relaxation uniaxial tensile test

Stress—strain relaxation testing was performed on the
three groups of samples (unmodified DP, DP cross-
linked with GA for 48 h, and DP crosslinked with
genipin for 48 h; each group and each sample orienta-
tion n = 8), using a customized uniaxial tensile
instrument. The samples were dissected from the
pericardium in two orthogonal directions. The width
of the samples was extracted from camera images, and
the thickness was extracted by confocal reflection
microscopy (Leica TCS SPE confocal microscope, xz
scan mode, objective ACS APO 10x/0.30; Leica
Microsystems GmbH, Germany); the initial length I,
was defined by the distance between the grips. The
uniaxial tensile instrument with the wet sample was
placed on the stage of a microscope (Leica DMi8, Leica
Microsystems) and was loaded with a linear ramp to
3% isometric strain (stepper actuators NEMA 8, Series
21000-N, maximum output force 45N at speed
50mms step size 3 um; Servo-Drive s.r.0., Czech
Republic). The isometric strain was increased succes-
sively every 40 s by 3% of the initial length. The whole
stress—strain relaxation test was controlled by the
LabView 2015 interface (National Instruments, USA).
The force was detected using a semiconductor strain
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gauge sensor (sensitivity 0.004 N, frequency 250 Hz;
VTS Zlin s.r.o0., Czech Republic).

The relaxation curve for each strain step was plotted
against time, and the stress o, was selected as the resi-
dual stress at fully relaxed time 7.,.. The ¢y values (MPa)
were plotted against particular strains in order to con-
struct a stress—strain curve. The slope of the linear
regression model oy (g) was represented by the elastic
modulus E of the sample. The data were tested for nor-
mality (Q-Q plot) and were statistically compared by
means of the paired-sample f-test or a one-way
ANOVA with Tukey’s honestly significant difference
(HSD) post-hoc test. The data and statistical analyses
were performed in Matlab 2017a (Mathworks, USA).

2.6. Multiphoton microscopy

At the end of each strain step, second-harmonic
generation (SHG) microscopy images and two-photon
autofluorescence (TPEF) microscopy images were
acquired using a confocal microscope (Leica TCS SP8,
objective HC PL FLUOTAR 10x /0.30, Leica Micro-
systems) equipped with a mode-locked Ti:sapphire
pulse laser (Chameleon Ultra, Coherent Inc., USA).
The excitation wavelength was set at 860 nm. The SHG
signal was detected using an HQ430,/20 M-2P band
pass filter (Chroma, USA) and the TPEF signal was
detected using an HQ610/75M band pass filter
(Chroma) situated before the HyD-RLD non-des-
canned detectors (Leica). The images acquired in this
way served for observing sample sliding and the
internal reorganization of the collagen fibers. The
signal for both channels was detected in all cases for
the same parameters in the excitation and emission
light beam path. The intensity of the signal was
measured at three random locations over three
different cycles of the stress—strain relaxation test. The
number of human pericardial samples in each group
was 16, i.e. 8 in one direction and 8 in the perpend-
icular direction. All the intensity data groups were
tested for normality (Q—Q plot) and were compared by
means of a one-way ANOVA test and the Tukey HSD
post-hoc test.

2.7.Modification of DP and DP crosslinked with GA
or genipin with a Fb mesh

The Fb mesh was grown from DP (Fb_n), from DP
strongly crosslinked for 48 h (Fb_s) and from DP weakly
crosslinked for 48 h (Fb_w) via the catalytic action of
surface-bound thrombin in an ambient Fbg solution,
according to a previously published procedure [12, 13].
Briefly, the DP samples (0.8 cm x 1.2 cm) or the model
surfaces were subsequently incubated with a Fbg solution
(10 ug ml~" TB) for 90 min, in a thrombin solution (2.5
U ml™ TB) for 60 min and in a TB solution containing
Fbg (500 g ml ") and antithrombin ITT (0.5 Uml ) for
150 min. The samples were washed thoroughly with
TB between the individual stages. The Fb mesh on the
DP cryocut slices (20 um thick) was visualized via

3
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immunofluorescence staining. DP was incubated in a
solution of 1% albumin with 0.1% Triton for 20 min,
then washed in PBS, and was incubated in 1% Tween 20
for 20 min. After washing with PBS, DP was incubated
overnight with polyclonal rabbit anti-human Fbg anti-
body (dilution 1:200; Dako Denmark A/S, Denmark) at
4°C, followed by incubation with Alexa Fluor 488-
conjugated F(ab’) fragment of goat anti-rabbit immuno-
globulin G (H + L) (A11070, dilution 1:400; Thermo
Fisher Scientific) at room temperature in the dark for 2 h,
followed by washing three times with PBS. Images were
then taken under a Leica SP8 AOBS WLL MP confocal
microscope.

2.8. Attachment of chemically activated H to Fb-
coated DP (Fb + H_n), Fb-coated strongly
crosslinked DP (Fb + H _s)and Fb-coated weakly
crosslinked DP (Fb + H_w)

Activated H with pendant aldehyde groups along the H
chain was prepared from native sodium heparin by
means of sodium periodate oxidation, using a previously
published procedure [14]. A solution of 35 mg of H in
2.0 ml PBS was added to 6 mg NalO, in 0.5 ml of H,O
and reacted in the dark at room temperature for 90 min.
Subsequently, the solution was transferred to a 0.01 M
citrate buffer, pH 4.0, and centrifuged three times at
7200 x g for 30 min in an Amicon Ultra-4 Centrifugal
filter device. The DP-Fb sample was immediately
incubated for 2 h with the activated H solution. Sodium
cyanoborohydride (315 mg ml~") in 1 M sodium hydro-
xide was then added to the solution, and incubation
proceeded overnight at room temperature. The sample
was washed with PBS on the following day. The activated
H was attached to the Fb via covalent bonds between the
H aldehyde groups and the Fb amine groups.

2.9. Attachment of FN to Fb-coated DP

(Fb 4+ FN _n), Fb-coated DP with attached H

(Fb + H + FN_ n), Fb-coated strongly crosslinked
DP (Fb + FN _s), Fb-coated weakly crosslinked DP
(Fb + EN _w), strongly crosslinked DP coated with
FNand H(Fb 4+ H 4 FN _s)and weakly
crosslinked DP coated with Fband H

(Fb + H+ FN_w)

FN was attached by incubating the samples with a FN
solution (50 ug ml ™' PBS) at room temperature over-
night. The modified and non-modified DP samples
were thoroughly rinsed with PBS and were sterilized
by means of UV radiation for 30 min. Modifications of
human pericardium by decellularization, crosslinking
and by coating with protein layers, and methods of
pericardium evaluation is shown in Scheme 1.

2.10. Surface plasmon resonance (SPR)

The attachment of H and FN to a Fb mesh prepared on
the gold surface of SPR chips was observed in situ using
an SPR instrument designed by the Institute of Photo-
nics and Electronics (Prague, Czech Republic) based on
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the wavelength spectroscopy of surface plasmons and
the attenuated total reflection method [15]. Changes in
the mass attached to the surface induced changes in the
SPR resonance wavelength; an increase in wavelength
of 1 nm corresponded to an increase in the mass of the

attached proteins of around 15 ngcm ™.

2.11. MTA of HUVECs seeded on DP and DP
modified via crosslinking with GA or with genipin,
coating with Fb, and via the attachment of Hand FN
Samples of DP and modified DP (sample 2 cm? in
area) were placed in a 12-well culture dish (TPP,
Switzerland), fixed with Cell Crown holders (Scaffdex
Ltd, Finland) and seeded with HUVEC: at a density of
60 000 cells per well in EGM medium (Lonza) with 2%
FS. The smooth and fat-free inner surface of the
pericardium (i.e. the surface oriented towards the
heart) was then seeded with the cells. Each pericardial
modification was seeded with cells in triplicate—
quintuplicate for GA, and in quadruplicate—sextupli-
cate for genipin from various patients. Tissue culture
polystyrene was used as the control. HUVECs were
seeded on the samples as follows: unmodified DP
coated with Fb and FN (Fb + FN_n), DP strongly
crosslinked for 48 h and coated with Fb and FN
(Fb 4+ FN_s), DP weakly crosslinked for 4h and
coated with Fb and FN (Fb + FN_w), unmodified DP
coated with Fb, H and FN (Fb + H + FN_n), DP
strongly crosslinked for 48 h and coated with Fb, H
and FN (Fb + H + FN_s), DP weakly crosslinked for
4 h and coated with Fb, Hand FN (Fb + H + FN_w),
unmodified DP coated with Fb and H (Fb + H_n),
DP strongly crosslinked for 48 h and coated with Fb
and H (Fb + H_s), DP weakly crosslinked for 4 h and
coated with Fb and H (Fb + H_w), unmodified DP
coated with Fb (Fb_n), DP strongly crosslinked for
48 h and coated with Fb (Fb_s), DP weakly crosslinked
for 4h and coated with Fb (Fb_w), unmodified DP
(DP_n), DP strongly crosslinked for 48 h (DP_s) and
DP weakly crosslinked for 4 h (DP_w).

MTA was measured on day 4 using the CellTiter
96" AQ,eous One Solution Cell Proliferation Assay
(MTS assay, Promega) according to the manu-
facturer’s instructions. The principle of this assay con-
sists of converting a tetrazolium compound into a
water-soluble formazan product via the dehy-
drogenase enzymes present in metabolically active
(and thus viable) cells. The formazan product is then
detectable in the cell culture media via spectro-
photometry. Briefly, 0.2 ml CellTiter 96" AQ eous One
Solution Reagent was added to 1 ml of the cell culture
medium and was incubated for 75 min at 37 °C in a
humidified atmosphere with 5% CO,. Absorbance
was measured in 96-well plates (F 96 Maxisorp,
NUNC Imuno-plate) using a Versa Max microplate
reader (Molecular Devices Corporation, Sunnyvale,
CA, USA) at 490nm and 660nm (the control
wavelength).
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Scheme 1. Design of the experiments: modification of human pericardium by decellularization, crosslinking and by coating with
protein layers, and evaluations of the modified pericardium by various methods.
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Figure 1. Pericardium stress—strain linear regression models for the three groups of DP samples: (A) DP, (B) DP crosslinked with
genipin, (C) DP crosslinked with glutaraldehyde (each group n = 8). The samples were dissected from the pericardium in two

3. Results

3.1. Mechanical properties and multiphoton
microscopy of DP and DP crosslinked with genipin
orwith GA

The samples in the three groups (DP, genipin-cross-
linked DP and GA-crosslinked DP) displayed a
mechanically isotropic response (figure 1). No signifi-
cant change was detected with respect to stiffness
between the groups; however, table 1 indicates a lower
elastic modulus in tension of genipin-crosslinked DP
than of DP and GA-crosslinked DP.

In the multiphoton microscopy images, the TPEF
signal was found to be strongest for genipin-cross-
linked DP [DP:genipin:GA = 1:15:3 (au)]. A sig-
nificant difference was determined between the TPEF
signal for genipin and for the DP groups (p < 0.001)
and for genipin and the GA groups (p < 0.001),
respectively. The SHG signal (figure 2) was strongest

Table 1. The elastic modulus E of the linear regression model
with the standard error of the regression.

Direction 1 Direction 2
Group E(MPa =+ SE) Group E(MPa + SE)
DP 11.30 £+ 1.6 DP 8.67 £ 0.8
Genipin 8.46 + 1.7 Genipin 8.20 = 1.2
GA 11.76 £ 0.9 GA 851 £ 1.3

No significant difference was detected between the directions or
groups (the minimum obtained p-value = 0.1805). Although
the maximum stress attained following the final strain cycle did
not differ significantly between most of the groups (a significant
difference was detected only between the DP and the genipin-
crosslinked DP, p-value = 0.020) (table 2), there was a tendency
towards obtaining higher values for crosslinking.

for the DP group [DP:genipin:GA = 2.8:1.0:1.5 (au)].
A significant difference was determined between the
SHG signals of the DP and genipin groups (p = 0.001)
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Figure 2. The SHG signals of samples from the three groups displayed before they were stretched (upper images) and at the maximum
attained strain (lower images): (A) DP, (B) DP crosslinked with genipin; (C) DP crosslinked with GA. The type I collagen fibers are
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Table 2. The maximum stress measured at the end of the final strain increase. The data are stated
in the form of means with the mean standard error and post-hoc comparison p-values.

Maximum stress (MPa)

Maximum strain (—)

Group Mean £ SE p-value Group Mean £ SE p-value
Dp 0.92 £ 0.13 Dp 0.13 + 0.01

Genipin 1.44 £+ 0.16 Genipin 0.18 &+ 0.01

GA 1.27 £0.21 GA 0.15 & 0.02

DP:genipin 0.130 DP:genipin 0.020
DP:GA 0.488 DP:GA 0.427
Genipin:GA 0.710 Genipin:GA 0.336

and between the DP and GA groups (p = 0.007), respec-
tively. After adopting the SAAID index [SAAID =
(SHG — TPEF)/(SHG -+ TPEF)], which is used for
indexing dermis aging based on the collagen-to-elastin
ratio, the strong increase in autofluorescence in the geni-
pin group led to a negative index value [—0.82 £ 0.08
(£SD)], while the lack of autofluorescence in the DP
group led to a positive index value (0.60 % 0.16); more-
over, the SHG and TPEF signals for the GA group
attained similar values, ie. a SAAID of close to zero
(—0.11 £ 0.23). A significant difference was determined
for all the groups (p < 0.001).

3.2. Coating DP with a Fb mesh
Figure 3 shows a confocal microscope image of
immunofluorescence-stained Fbg on cryocut slices of

DP coated with Fb mesh prepared by the procedure
described in section 2.7. In addition to the dense Fb
mesh on the DP surface, Fb was formed via penetra-
tion of the solutions used for preparation of Fb inside
the DP structure.

3.3. Attachment of H and FN to a Fb mesh prepared
on a model surfaces (glass or gold)

The mass of Fb of 3800 ng cm ™~ contained in the mesh
prepared on glass was determined by means of a Micro
BCA Protein Assay Kit (Thermo Fisher Scientific)
(Fb). Around 600 ng cm ™2 of H (determined using the
colorimetric method from [16]) was attached to the Fb
mesh prepared on glass when the mesh was incubated
with chemically activated H using the procedure
applied to the DP (Fb 4+ H). The attachment of FN to
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Figure 3. Immunofluorescence image of Fbg on a cryocut
slice of DP coated with a Fb mesh (Leica SP8 confocal
microscope, %20 objective, zoom x.75, scale bar =250 pm).

the Fb mesh (1500 ng cm ™ of Fb via the BCA Protein
Assay) prepared on a gold SPR chip, and to the mesh
with immobilized H, is shown in figure 4, curves 1 and
2, respectively. The mass of FN attached to the Fb—H
coating (180ngcm > by SPR) after 30min was
considerably higher than the mass attached to the Fb-
only coating (23 ng cm ™). The non-covalent bonds of
FN via the FN-H binding sites [17] appeared to be
much more effective than the non-covalent bonds of
FN via the FN-Fb binding sites [18].

3.4.MTA of HUVECs on day 4 after seeding on DP
and on DP modified by crosslinking with GA or with
genipin and further modified by coating with a Fb
mesh and by the attachment of Hand FN

The results are shown in figure 5, to which this
discussion refers. GA crosslinking (a): with the excep-
tion of column 5, all black and gray columns are
significantly lower than the empty columns, indicating
that crosslinking with GA decreased the MTA of
HUVECs seeded on all the samples. A statistically
significant increase in MTA was obtained when DP
was weakly crosslinked with GA and coated with Fb
and FN (column 5, Fb + FN_w) compared with all
other columns, except for column 16 (PS).

Genipin crosslinking (b): empty column 3 (DP_n)
is significantly lower than all black or gray columns,
indicating that genipin crosslinking increased the
MTA of HUVEC:s seeded on all the samples. The MTA
of HUVECs seeded on DP weakly crosslinked with
genipin was significantly higher than the value on
strongly crosslinked DP. The significantly highest
MTA was obtained when HUVECs were seeded on DP
weakly crosslinked with genipin and coated with Fb
and FN (column 5: Fb + FN_n) compared with all
other columns.
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4. Discussion

4.1. The structure of DP and DP crosslinked with GA
or with genipin

A sharp increase in autofluorescence in the genipin
group was expected as the genipin fluorescence emis-
sion maximum decreases at 630 nm [19]. However,
the fluorescence emission maximum of GA occupies
560 nm [19] and, therefore, only a part of the GA
emission spectrum reached the dedicated detector.
The verylow or zero autofluorescence signal suggests a
minimum presence of intrinsic fluorophores in the
selected spectrum, for example elastic fibers.

The SHG signal of the genipin group was barely
detectable, in contrast to autofluorescence, which is
consistent with the knowledge obtained when study-
ing collagen hydrogels, i.e. that genipin induces possi-
ble remodeling of the collagen microstructure, which
lowers the SHG signal [20, 21]. Although the SHG sig-
nal of GA also differed significantly from the DP
group, the difference was one order of magnitude
lower than for genipin, using the DP group compar-
ison. This difference may have been caused by the
orientation isotropy levels of the collagen fibers in the
samples and, thus, by the differing SHG intensity
when interacting with linearly polarized light in a cer-
tain directionality rather than the GA treatment.

4.2. Mechanical properties of the modified DP
The elastic moduli of the GA and genipin groups
indicated no significant changes in the stiffness of the
ECM. Zhai et al [22] drew the same conclusion for a
porcine heart valve ECM treated with GA; however,
Gao et al [23] reported a significant increase in the
elastic modulus during compression and tensile test-
ing on GA-treated porcine menisci [23]. Similar
disagreement is evident when one compares the
published elastic moduli of genipin-treated tissue. Sun
stated that the elastic modulus of genipin-treated
tracheas was significantly higher (2.06 £ 0.18 MPa)
than that of decellularized tissues (1.43 & 0.12 MPa)
[24]; however, a study by Sung revealed a decrease in
this parameter following genipin crosslinking [25].
These contradictory results may have been due to the
use of different types of tissue and mechanical tests,
due to the setting of the sample geometry, the
decellularization methods employed, the percentage
of crosslinking agents and/or individual variability.
When comparing the maximum attained stress—
strain values, a clear trend was evident towards an
increase in extensibility with crosslinking. This finding
is in accordance with a previously published study
[14, 25]. An increase in extensibility is usually assigned
to tissue shrinkage following crosslinking. A similar
phenomenon was also revealed for the maximum
attained tensile strength, which increased following
the use of crosslinking agents, albeit not significantly.
In addition, the stress relaxation applied here provided
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Figure 4. Attachment of fibronectin (FN) to a Fb coating prepared on a gold surface observed in situ by increasing the SPR resonant
wavelength. Curve 1, attachment of FN to a Fb mesh (Fb + EN). Curve 2, attachment of N to a Fb mesh with immobilized H
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strain rate independence, and as a result the nature of
the biological tissue can be described as viscoelastic.

4.3. The effect of GA and genipin crosslinking on the
MTA of HUVECs seeded on DP

GA fixation is often used to improve the mechanical
properties and durability of DP xenografts [26, 27]. As
standard treatment with 0.4% GA for 48 h did not
significantly change the mechanical properties of
allogenic DP (section 4.2), we tested the effect of
weaker GA crosslinking (for 4h) on the MTA of
HUVECs, assuming that the well-known GA cytotoxi-
city would be decreased while the mechanical proper-
ties would be unchanged. The exclusively negative
effect of GA treatment on MTA (figure 5(a)) was
probably due to the cytotoxic products formed in the
DP by a reaction with GA that remained in the tissue
even after 2 weeks of washing with PBS containing
0.2 M glycine. The seeded HUVECs may have been
inhibited by cytotoxic structures that formed on the
surface of the DP, or by compounds released into the
culture medium. Even if no significant improvement
in cytotoxicity was observed when DP weakly cross-
linked with GA was used instead of strongly GA-
crosslinked DP, extremely high MTA was observed on
DP weakly crosslinked with GA and coated with a
Fb 4+ FN assembly (figure 5(a), column 5 versus
column 4). The significantly positive effect of genipin
crosslinking on MTA (figure 5(b)) may have been due
to the fixation of certain cytotoxic compounds
remaining in the DP after the decellularization proce-
dure. A further positive effect of genipin crosslinking
on the MTA of HUVECs may have been associated
with remodeling the collagen structure at the DP
surface, which was suggested by multiphoton micro-
scopy and/or may have been associated with changes
in the mechanical properties of the genipin-

crosslinked DP (sections 4.1 and 4.2), which is
indicated by a lower elastic modulus in tension of
genipin-crosslinked DP compared with DP and GA-
crosslinked DP (table 1), and by a significantly lower
maximum strain (table 2).

4.4. The effect of biomolecular coatings on the MTA
of HUVECs seeded on DP and DP crosslinked with
GA and with genipin

Fb and FN are generally acknowledged to be biological
macromolecules that potentially support endotheliali-
zation [28, 29]. The positive effects of immobilized H
on the endothelialization of various surfaces have been
described in several publications (e.g. [30]). A sub-
stantial improvement in blood compatibility and in
the proliferation of vascular endothelial cells seeded
in vitro was attained when sodium periodate-activated
H was covalently attached to a Fb coating prepared on
a PVC surface [1]. The highest and most statistically
significant MTA values were obtained in this study via
the coating of weakly crosslinked DP with the
Fb + FN assembly; moreover, the Fb + FN coating
even overcame the harmful effect of GA crosslinking,
which was not affected by any of the other coatings.
The significantly highest MTA value was attained for
genipin-crosslinked DP coated with the Fb + FN
assembly. Various coatings increased the cell MTA on
the non-crosslinked DP without any significant differ-
ences between the individual biomolecular assemblies.
Modifying DP by means of genipin crosslinking
combined with Fb-based coating offers a potential
means for stimulating the in situ endothelialization of
non-autologous pericardial grafts. Although the MTA
values on the DP modified by Fb + H and
Fb + H + FN coatings were not as high as the value
on the DP coated with Fb + FN, their previously
reported [1] anticoagulation and anti-inflammatory
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Figure 5. Metabolic activity of HUVECs on day 4 after seeding on decellularized human pericardium (DP) and on DP modified by
crosslinking with GA (a) or with genipin (b), by coating with fibrin (Fb) and by the attachment of heparin (H) and fibronectin (FN).
Black columns are for strong crosslinking (s): ssmples were crosslinked for 48 h. Gray columns are for weak crosslinking (w): samples
were crosslinked for 4 h. Empty columns indicate no crosslinking (n): DP samples were not crosslinked. Columns: (1) DP_s strongly
crosslinked DP; (2) DP_w, weakly crosslinked DP; (3) DP_n, non-crosslinked DP; (4) Fb 4+ FN_s, strongly crosslinked DP coated with
Fband FN; (5) Fb + FN_w, weakly crosslinked DP coated with Fb and FN; (6) Fb + FN_n, non-crosslinked DP coated with Fb and
FN; (7) Fb 4+ H + EN_s, strongly crosslinked DP coated with Fb, H and FN; (8) Fb + H + FN_w, weakly crosslinked DP coated with
Fb, H and FN; (9) Fb 4+ H + FN_n, non-crosslinked DP coated with Fb, H and FN; (10) Fb + H_s, strongly crosslinked DP coated with
Fband H; (11) Fb + H_w, weakly crosslinked DP coated with Fb and H; (12) Fb + H_n, non-crosslinked DP coated with Fb and H;
(13) Fb_s, strongly crosslinked DP coated with Fb; (14) Fb_w, weakly crosslinked DP coated with Fb; (15) Fb_n, non-crosslinked DP
coated with Fb; (16) PS, tissue culture polystyrene. The data are expressed as the mean =+ SD; statistical significance was considered for
P <0.05 (ANOVA, all pairwise multiple comparison procedures, Student—-Newman—Keuls method) and is depicted above the
columns in comparison with the sample of the same number.

properties [1] may be capable of suppressing blood
coagulation prior to graft endothelialization.

5. Conclusion
This study has investigated the effects of crosslinking

with glutaraldehyde (GA) and genipin on the mechan-
ical properties of decellularized human pericardium

(DP) and on the DP fibrous structure, and the effects
of various biomolecular coatings on the viability/cell
metabolic activity (MTA) of human umbilical vein
endothelial cells (HUVECs) seeded on the surfaces of
DP and crosslinked DPs.

The significant changes in the maximum stress
attained following the final strain cycle indicated that
the mechanical properties of the DP changed after
crosslinking with genipin. Similarly, significant
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changes in the DP surface morphology were observed
via multiphoton microscopy after crosslinking with
genipin.

The usual cytotoxicity of GA crosslinking was con-
firmed by the significant decrease in MTA on strongly
and weakly crosslinked DP. However, the MTA of
HUVEC:s increased significantly if DP was crosslinked
with genipin.

The increase of MTA for DP weakly crosslinked
with genipin was significantly higher than the increase
on the strongly crosslinked DP.

The surprising increase in the MTA may be asso-
ciated with the observed changes in the surface
morphology and the mechanical properties of the gen-
ipin-crosslinked DP.

The highest and most statistically significant MTA
values were obtained in this study when weakly cross-
linked DP was coated with the fibrin + fibronectin
assembly; in addition, the fibrin + fibronectin coating
even overcame the harmful effect of GA crosslinking.
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Biological soft tissue is a non-linear and viscoelastic material and its mechanical properties can greatly affect qual-
ity of life. Many external mechanical factors can alter the tissue, for example the tissue of talipes equinovarus
congenitus, also known as clubfoot, which is the most frequent congenital deformity affecting lower extremities
with pathological changes of connective tissue. In clubfoot, the presence of disc-like mass of fibrous tissue, resem-
bling intervertebral disc tissue, is described to be between the medial malleolus and the medial side of the navicular
bone. The clubfoot tissue is often referred to be stiffer or rigid by clinicians, or it is referred to as contracted and
less contracted tissue, however relevant evidence about mechanical properties is missing. Therefore, the descrip-
tion “disc-like” is informing only about relative mechanical properties of clubfoot tissue. We aim to prepare me-
thodical approach to quantify mechanical properties of biological tissue with uniaxial tensile stress-relaxation test,
in order to help clinicians and scientist to identify precisely the mechanical properties of normal and pathological
tissue and their structural behaviour during mechanical testing. In this study, we test and tune the uniaxial tensile
stress-relaxation test on biological tissue with high content of connective tissue such as collagen. The model tissue
is porcine pericardium. The tissue has clear collagen fibres aligning parallel to the force applied. Modulus of elas-
ticity measured here is comparable to other studies.

Keywords: uniaxial tensile test, stress-relaxation test, biomechanical models, Maxwell-Wiechert’s model, talipes equi-

novarus congenitus, porcine pericardium, mechanical properties of biological tissues, fibroproliferative diseases

1 Introduction

Biological soft tissues are materials exhibiting visco-
elastic and non-linear behaviour to mechanical stimuli
[1].Some natural tissues are being used due to this very
behaviour in tissue engineering [2] and in engineering [3].
Various types of healthy soft tissues are being studied in
regards to their mechanical properties, for example ten-
dons [4],blood vessels [5], muscles [6], brain tissue [7]
and eye cornea [8].External mechanical stress can disrupt
the soft tissue [9,10], creating abnormalities or forcing the
body to start regenerative process [11]. Disruption in the
regenerative process of connective tissue can occur [12].
One such disrupted connective tissue is localised at tali-
pes equinovarus congenitus, also known as clubfoot
[13,14]. Clubfoot, a severe congenital deformity observed
at the area of the foot and lower leg [13,14], is in particu-
lar interesting, because it shows signs of fibrosis [12]. Fi-
brosis is defined as a process of healing damaged tissue,
that has gone out of control and the connective tissue is
excessively produced at the location of the process [11].
Fibrosis is apparent at medial side of the clubfoot [14],
where extracellular matrix is abundant due to fibroprolif-
erative cell activity [15]. Even though the aetiology of the
anatomical abnormalities remains unclear, there are sug-
gestions of mechanical causative [12]. It seems, that ex-
ternal forces might have caused the clubfoot deformity
[16] with distinct anatomical abnormalities, which keep
the foot in apparent supinated position [13].

One important feature of the fibrotic tissue is its in-
creased stiffness compared to other tissue textures [11].

Fibrotic tissue is located on the medial side of the club-
foot, where the tissue is contracted with maximally con-
tracted part being localized between the medial malleolus
and the medial side of the navicular bone, while the lateral
side of the clubfoot is elongated [14]. Maximally con-
tracted part of the clubfoot, known as ‘disc-like tissue’, is
macroscopically different from surrounding tissue in
terms of stiffness, in which it is similar to intervertebral
disks [14]. The clubfoot tissue is often referred to be
stiffer or rigid by clinicians [17], or it is referred to as
contracted and less contracted tissue [18].Almost all of
the clubfoot’s connective tissue is under mechanical ten-
sion [14], however quantitative data about clubfoot’s me-
chanical properties is absent. Increasing diameter of the
connective tissue due to proliferation and deposition of
extracellular matrix would result in stiffness [19]. How-
ever the increase in stiffness would be only relative to the
diameter of the tissue, meaning that once normalised, a
same amount of tensile stress would be required [20]. On
the other hand, if cross-links in the pathological tissue
were formed, they could contribute to the stiffness and so
mechanical properties of the tissue would change even af-
ter normalisation compared with normal state [19].
Therefore, both proper modelling of mechanical behav-
iour and visualisation are required to uncover properly
mechanical properties of an observed tissue.

Looking at stiffness and rigidity of both normal and
abnormal soft tissue, we have to always consider its ex-
tracellular matrix, to which mechanical properties are
tight to [21]. In general, extracellular matrix consists of
collagen amongst other proteins [21]. Fibrillary collagen
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is in particular interesting due to its non-centrosymmetric
structure, which is suitable for label-free second har-
monic generation microscopy [22].Second harmonic gen-
eration microscopy (SHG) is use to visualize biological
tissues, in our case type I and II collagen fibrils [22], with-
out introducing artifacts to the structures by fluorescent
staining [23]. Type I collagen fibrils, main component of
connective tissue [22], are thick with diameter close to the
resolution limits of visible light [24].

Describing the full behaviour of soft tissue requires
nonlinear viscoelastic models [1], however linear as-
sumptions can be applied over a narrow band of stress,
where equal stress causes equal strains [25]. Extracellular
matrix within soft tissue is viscoelastic, therefore its me-
chanical properties are time/frequency dependent [21].
Time/frequency dependent behaviour of biological tissue
can be demonstrated by applying fixed external stress to
the tissue and observe a decrease of the initial stress gen-
erated within the tissue over time [21]. This is known as
stress-relaxation test [21].
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Fig. 1 Maxwell-Wiechert’s model for materials with lin-
ear mechanical response to external stress.

Viscoelastic behaviour of biological tissue can be
modelled for example by using Maxwell-Wiechert’s
model, also known as generalized Maxwell model [26]
(Fig. 1). This model is normally used only for linear be-
haviour of the biological tissue under isothermal condi-
tions [1]. In the model, a spring is connected in parallel
with several Maxwell models, which uses springs and
dashpot connected in series to describe viscoelastic be-
haviour [26]. When elastic elements are modelled as
springs with constant stiffness, the mechanical response
of the elastic component is described by an equation:

os = ke (1)
where o represent a stress in the tissue and € displace-
ment or constant strain level, while k is constant, analo-
gous to the Young’s modulus E [4,26]. Viscose elements
are modelled as dashpots and described by an equation:

o4 =M€ (2)
where 7 is viscosity and € is time derivative of strain (ve-
locity of deformation). The strain of the Maxwell model
is equal to the sum of strain €z0f the spring and the strain
€4 of the dashpot:

€E=¢€s+€y 3)
while the stress of the Maxwell model is the same for the
spring o and for the dashpot oy:

0 =05+0y4 4)
When the Maxwell model is connected in parallel with an
arm containing another spring, the stress of the model is

equal to the sum of the stress g,, in Maxwell model arm
with the stress o, in parallel spring arm:

o=0,+0, 5)
where o, is defined formally with the same relationship
as in (1) with its own stiffness (modulus of elasticity).
This is an equation for Maxwell-Wiechert’s model with
only one Maxwell model arm, which has been used in this
study. Because both arms of the model are connected in
parallel, both of the arms of the model are deformed with
the same strain:

E=€, te€, (6)
where €, is a strain in Maxwell model arm and €, is a
strain in spring arm.
When the described model is used in stress-relaxation test
with the relationships described so far, then the decrease
of stress is described with equation:

ks

o= (eo.k,)+ (5. ks.e 1) (7)
where €, is a strain at time £ = 0, k, is modulus of elastic-
ity in the parallel spring arm, kg is modulus of elasticity
in spring within Maxwell model arm, e is Euler’s number
and ¢ is time. When the time is approaching the infinity
(fully relaxed state), the residual stress is equal to the
stress in the parallel spring, therefore only to the elastic
element of the model. At the time 7= 0, which is the time
when we apply initial stress through deformation €, the
stress is equal to the sum of parallel and serial stiffness

(Fig. 2).
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Fig. 2 Stress-relaxation curve. After a sample-specific
time, the sample relaxes.

The purpose of this study is to create methodical ap-
proach to quantify mechanical properties of connective
tissue and soft tissue in general using stress-relaxation
tensile testing with simultaneous visualization of the tis-
sue using SHG microscopy. We expect that samples of
connective tissue will not be showing increased stiffness
with greater diameter, rather all the samples will require
same amount of tensile stress after normalization to the
diameter of the sample. This study is preliminary for test-
ing pathological fibrous tissue of clubfoot.
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2 Materials and methods

We used tissue model for uniaxial tensile stress-relax-
ation test. The tissue model used was porcine pericar-
dium, which was decellularized using sodium dodecyl
sulphate (SDS) with concentration of 0.5 %. Remaining
SDS was washed out with phosphate-buffered saline
(PBS). The tissue should retain its mechanical properties
even without cells [27]. Altogether, we used 20 porcine
pericardia (one individual), which were cut into rectan-
gles with dimensions of 18.3 mm (£ 2.2 mm) x2.5 mm (+
0.4 cm). Two types of groups were created, rectangles
with fibres perpendicular to the axis of cutting and rec-
tangles with parallel fibres to the axis of cutting. The
height of the samples was measured using reflectance
mode of imaging on Leica SPE upright microscope,
where we detected reflected light from the surface of rec-
tangles and calculated their height comparing its position
to the position of the reflected light from glass surface.
The height of the samples was 0.283 mm (+ 0.064 mm)
and the diameter of the pericardium was calculated. Di-
ameter of perpendicular rectangles was 0.64 mm (+ 0.15
mm), while diameter of parallel rectangles was 0.75 mm
(+0.29).

Pericardium rectangles were placed into uniaxial ten-
sile device as shown in Fig. 3. Pericardium rectangles
were placed into the jaw grips at 9 mm of starting length
and were stretched at the rate of 0.201 mm/s with elonga-
tion being 3 % of starting length. Altogether, 25 cycles
have been collected, unless tissue rupture has occurred.
Between each cycle, we waited for 20 seconds for the tis-
sue to relax, due to its viscosity, which appeared to be
sufficient to get resting tension. This approach allowed us
to separated response of the sample during constant ten-
sion into elastic component and viscose component. We
modelled the mechanical response using generalised
Maxwell-Wiechert’s model with one Maxwell model arm
(described above). The uniaxial testing device measured
force response of the sample dependent on the stress. The
measured force in the tissue was normalised by the diam-
eter of the sample:

o(t) =52 ®)
whereF (t) is the immediate force and 4, is the cross-sec-
tional area of the pericardium before stress loading the
sample. Because the focus of the experiment was the
modulus of elasticity, the parameter of the elastic compo-
nent of the sample, we used the following equation:

c=E )
where E is the Young’s modulus of elasticity and € is a
deformation of the sample [ relative to the previous
length 1y:
E=~— (10)
lo

Viscose component as a time dependent component is
only present as a decrease in the tension within the sample
during relaxation until the forces in the sample settle
down. Looking at equation (7), at the time ¢ = 0, the vis-
cose element is not contributing to the tension of the Max-
well-Wiechert’s model and only the spring of the Max-
well model arm with parallel spring are contributing to

the tension. After initial deformation was applied, the
sample starts to relax (decrease in tension), because the
dashpot is now active. When the forces in the sample set-
tle down, then only the elastic component of the parallel
spring is contributing to the resting tension. The elastic
component is dependent only on the value of initial stress
applied, and not on time. We have evaluated Young’s
modulus of elasticity, in order to compare the elastic me-
chanical response of the sample to literature. The data to
calculate Young’s modulus were obtained from charts
containing resting tension plotted against elongation of
the sample, which was fitted by linear regression.

Uniaxial tensile device used during testing was self-
assembled. The base of the device is two carrying heads
with stepper motors, which are moving alongside screw-
threaded leading poles. Screw-threaded leading poles are
connected to jaws carrying jaw grips for sample place-
ment. Motors are moving against each other and final po-
sition of the sample remains unchanged relative to the
solid construction of the uniaxial tensile device. Un-
changed position of the sample allows placing the device
under either upright or inverted microscope and observes
the changes with sample’s structure “on-line”. Small di-
mensions of the device are compatible with the micro-
scope being used in this study, while using air objective
HC PL FLUOTAR 10x/0.30 NA with working distance
of 11 mm. Mechanical data were collected using Lab-
View software and were processed in Excel and Matlab.

We used ARDUINO to control the motors and to col-
lect the data from sensors with combination of factory
drivers of motors. The minimal step of the jaw’s position-
ing is 0.005 mm. The maximum force of the device is 80
N at the rate of the movement ranging from 0.02 to 1.2
mmy/s.

Fig. 3 Uniaxial tensile device. 1) Force sensor, 2)jaw
carrier, 3) screw-threaded leading pole for motors, 4)
motor, 5)leading pole, 6) jaw grip, 7) jaws.

During the relaxing period of the tissue, we collected
image data from the samples. Images were collected with
Leica SP§ AOBS WLL MP inverted microscope. Mul-
tiphoton laser, Chameleon Ultra I (Coherent Inc., CA)
was used to generate SHG signal. SHG signal was col-
lected on non-descanned hybrid detectors with superior
signal-to-noise ratio. Laser was tuned to 860 nm and
emitted light was collected using a bandpass filter
430DF15 for SHG signal and 610/75 for tissue autofluo-
rescence. Image data were processed in Imagel/Fiji.
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3 Results and discussion (Fig. 4 and Fig. 5). Autofluorescence of the samples was
mostly absent. It seems that pericardium tissue exhibits
optical anisotropy, when comparing parallel and perpen-

dicular rectangles.

Visual data suggest that during stretching of the sam-
ples, fibres always align parallel to the force direction

Strain 233 9 Strain = 72 %

Strain —0 9

Fig. 4 Representative pericardium sample, from group of parallel rectangles, three image sequence dependent on the
strain applied.

1

Strain =0 % Strain = 54 %)}

Fig. 5 Representative pericardium sample, from group of perpendicular rectangles, three image sequence dependent on
the strain applied.
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Fig. 6 Young’s modulus of elasticity in pericardium with
parallel oriented fibres. Red line is fitting the data.
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Fig. 7 Young’s modulus of elasticity in pericardium with

perpendicular oriented

fibres. Red line is fitting the
data.
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Porcine pericardium has a modulus of elasticity of
58.91 MPa, when stress is applied in parallel to macro-
scopic visual orientation of fibres (Fig. 6). When applying
stress perpendicular to the orientation, the modulus of
elasticity is 49.61 MPa (Fig. 7).Similarity in values of
elasticity moduli between two orthogonal directions of
pericardium suggest its overall isotropic behaviour, as it
was stated in other studies of pericardium’s mechanical
properties [28], but does not necessarily dispute optical
and mechanical anisotropy of the tissue [29]. Our results
are corresponding to previously measured moduli of elas-
ticity in bovine pericardium by Sizeland et al., who have
measured modulus of elasticity in neonatal (80 MPa) and
adult (30 MPa) individuals, with younger individuals
having higher modulus of elasticity [30]. It seems that
modulus of elasticity is age dependent and it should be
considered when combining samples from young and old
individuals. Our data also correspond with values found
in donkey’s pericardium (80 MPa) [31] and other bovine
pericardia [32]. Many other studies have measured the
modulus of elasticity in various pericardia, however, val-
ues are ranging from 10 MPa to 300 MPa [29,33]. Gauvin
el al. have showed differences between bovine and por-
cine pericardium [34], suggesting high variability in-be-
tween species.

It is important to note another potential source of var-
iability in mechanical properties of biological soft tissue.
One of the most influential factors affecting mechanical
response of the tissue to external pressure is hydration
[35]. For example, mechanical behaviour of pig-arterial
elastin changes with hydration in such a way, that modu-
lus of elasticity in dry elastin increases so much that it
loses its rubber-like behaviour and behaves like a brittle
polymeric glass [36]. Individual collagen fibres behave in
a similar way. Grant ef al. tested individual fibres of col-
lagen from bovine Achilles tendons and observed signif-
icant drop in Young’s modulus of elasticity, when meas-
ured dry and hydrated, from 1.9 £ 0.5 GPa to just 1.2 +
0.1 MPa, respectively [37]. Furthermore, Andriotis et al.
observed shrinking and stiffening of collagen fibres,
when dehydrating fibres by controlling osmotic pressure
in the measuring solution [35]. Therefore, it is important
to improve the uniaxial tensile stress-relaxation testing
device solely for upright microscope, so that it would be
possible for the user of the device to have the sample in
solution and control the osmotic pressure and hydration
of the sample.

4 Conclusion

The pericardium sample is clearly isotropic material,
which is compliant with the literature. The design of the
uniaxial tensile device ensures stable position of the sam-
ple relative to the objective of the microscope and so it
allows direct visualisation of the changes within the struc-
ture during the application of external mechanical stress.

The potential of uniaxial tensile stress-relaxation tests
using our device remains to be explored further, as a high
variability exists in between individuals and with hydra-
tion conditions of the sample. The values measured by the
uniaxial tensile device in stress-relaxation are comparable
with literature, however further tests of the tensile device

are required with various types of biological samples. Us-
ing uniaxial tensile testing with other means of testing,
such as image acquisition, may resolve uncertainties in
mechanical testing and can help enlarge the knowledge of
tissue’s mechanical properties. Further development of
the uniaxial device will focus on keeping the sample hy-
drated with additional option of controlling the osmotic
pressure.
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Abstract

Vascular smooth muscle cells (VSMCs) play important roles in the physiology and patho-
physiology of the blood vessels. In a healthy adult organism, VSMCs are quiescent, but
after a blood vessel injury, they undergo phenotypic modulation from the contractile
phenotype to the synthetic phenotype, characterized by high activity in migration, prolif-
eration and proteosynthesis. This behavior of VSMCs can lead to stenosis or obliteration
of the vascular lumen. For this reason, VSMCs have tended to be avoided in the construc-
tion of blood vessel replacements. However, VSMCs are a physiological and the most
numerous component of blood vessels, so their presence in novel advanced vascular
replacements is indispensable. Either differentiated VSMCs or stem cells as precursors
of VSMCs can be used in the reconstruction of the tunica media in these replacements.
VSMCs can be obtained from blood vessels (usually from subcutaneous veins) taken
surgically from the patients and can be expanded in vitro. During in vitro cultivation,
VSMCs lose their differentiation markers, at least partly. These cells should therefore
be re-differentiated by seeding them on appropriate scaffolds by composing cell culture
media and by mechanical stimulation in dynamic bioreactors. Similar approaches can
also be applied for differentiating stem cells, particularly adipose tissue-derived stem
cells, toward VSMCs for the purposes of vascular tissue engineering.

Keywords: vascular replacements, adipose tissue-derived stem cells, transforming
growth factor-beta, bone morphogenetic protein-4, mechanical loading, dynamic
bioreactors, smooth muscle cell differentiation, tissue engineering, regenerative
medicine
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1. Introduction

VSMCs are the most numerous cell types in blood vessels, where they are located in the
medial layer of the vascular wall, that is, in the tunica media. These cells are necessary for
the physiological functioning of blood vessels, particularly for vasoconstriction, for vasodi-
latation and for synthesis of vascular extracellular matrix. These cells are also implicated in
pathological changes in blood vessels during atherosclerosis, hypertension, diabetic angiopa-
thy and other vascular disorders. After biochemical or mechanical damage to blood vessels,
VSMCs undergo phenotypic modulation, that is, they make the transition from their original
quiescent contractile phenotype to a synthetic phenotype, characterized by increased proteo-
synthesis and by activation of the migration and growth of VSMCs [1-4]. These changes often
lead to irreversible damage to blood vessels, including stenosis and occlusion. Ischemia of the
tissues supplied by the damaged vessels is then manifested by serious disorders, for example,
heart failure, brain stroke or necrosis of leg tissues, which can result in amputation of the leg.

Low patency of arteries can be treated by balloon angioplasty or by endarterectomy. However,
in cases of severe blood vessel damage, vascular replacements need to be implanted, usually
in the form of bypasses spanning the damaged region of the original vessel.

Vascular bypass grafts can be obtained from four sources: autologous, allogenous, xenogenous
or artificial. Autologous grafts, that is, grafts derived from the patient, have the drawbacks of
limited availability, donor site morbidity, burden to the patient due to additional surgery
and, in the case of implantation of a vein into an arterial position, also mechanical mismatch.
Allogeneous transplants, that is, transplants derived from the same species, or xenogenous
transplants, that is, transplants derived from a different species, are associated with a risk
of immune rejection, disease transmission and, when they are fixed in glutaraldehyde, also
potential release of cytotoxic molecules [5, 6]). In view of these problems, artificially con-
structed vascular grafts have been considered as very promising for future applications.

Artificial grafts currently used in clinical practice are made of synthetic polymers, namely
polyethylene terephthalate (PET), expanded polytetrafluoroethylene (ePTFE) and, in some
cases, also polyurethane [5, 7, 8]. The first generation of these prostheses was constructed as
cell-free, that is, without the reconstruction of any layer of the natural blood vessel. However,
the inner surface of the prosthesis attracted cell types participating in thrombus formation,
immune reaction and prosthesis restenosis, that is, thrombocytes, inflammatory cells (leu-
cocytes, lymphocytes, monocytes, macrophages), and also VSMCs. VSMCs migrated on the
prosthesis mainly from the sites of the anastomosis of the graft with the original vessel and
were prone to excessive proliferation. In addition, precursors of VSMCs, originating from the
bone marrow and circulating in the blood, can adhere to the inner surface of the prosthesis
and can proliferate [9]. All these events can lead to considerable stenosis, obliteration and
failure of vascular prostheses, especially medium-diameter vascular grafts (up to 8 mm in
diameter) and small-diameter vascular grafts (up to 4 mm in diameter). Attempts have there-
fore been made to cover the luminal surface of the prosthesis with a confluent, phenotypically
mature and semi-permeable endothelial cell layer, which is considered optimal for prevent-
ing thrombosis, inflammatory cell adhesion and VSMC hyperplasia [5, 7, 8].
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However, in advanced vascular replacements, it is necessary to reconstruct not only the endothelial
cell layer, that is, the main component of the tunica intima, but also the other layers of the vascular
wall, particularly the tunica media with VSMCs as the physiological component of natural blood
vessels. It is necessary only to control the proliferation activity of these cells precisely and to direct
them toward a differentiated quiescent contractile phenotype. In modern tissue engineering, it is
also desirable to differentiate stem cells toward VSMCs, particularly stem cells derived from adi-
pose tissue, which is relatively easily accessible and is available in sufficient quantities [10, 11].

This chapter summarizes our own experience and the experience of other authors in
re-differentiating VSMCs on vascular constructs via appropriate cultivation substrates, the com-
position of cell culture media, cell-cell interaction and mechanical stimulation in dynamic bioreac-
tors. Similar approaches have also been applied for differentiating stem cells, particularly adipose
tissue-derived stem cells, toward VSMCs for the purposes of vascular tissue engineering.

2. Use of differentiated VSMCs in blood vessel tissue engineering

As mentioned earlier, attempts have been made to reconstruct the tunica intima on artificial
vascular replacements, and these replacements have been used sporadically in clinical prac-
tice [7, 8]. At the same time, the tunica media has been reconstructed only rarely in vascular
replacements, due to the tendency of VSMCs to proliferate excessively, and these attempts
still remain at the experimental level. However, as was mentioned earlier, the presence of the
tunica media enhances the functionality of artificially constructed blood vessels, if the VSMCs
gain their quiescent contractile phenotype [12]. This phenotype is usually lost during the
expansion of VSMCs after they have been harvested from blood vessels obtained surgically
from patients. The contractile phenotype can be restored by an appropriate structure and
composition of the scaffolds, by appropriate composition of cell culture media, by appropri-
ate cell-cell interactions and by appropriate mechanical stimulation of VSMCs in dynamic
cell culture systems, especially if the factors mentioned here are applied in combination.

2.1. Structure and composition of the scaffolds

As concerns the structure of the scaffolds, three-dimensional (3D) porous scaffolds are more
physiological than two-dimensional (2D) scaffolds, because 3D scaffolds better mimic the archi-
tecture of the native tunica media and enable a multilayered arrangement of VSMCs [13, 14]. The
differentiation response of VSMCs to the uniaxial stress generated by a dynamic cell culture
system was more pronounced in 3D scaffolds than on 2D scaffolds [15].

As concerns the chemical composition of the scaffolds, attempts are being made to fabricate
these scaffolds from degradable materials, such as synthetic polymers (e.g., polylactides,
polyglycolides, polycaprolactone and their copolymers), natural polymers (collagen, elastin,
fibronectin, laminin, fibrin) and combinations of these materials [14-20]. Degradable scaffolds
are used for vascular tissue engineering, because the scaffolds will gradually be removed and
replaced by a newly regenerated vascular tissue. In addition, some natural polymers maintain
the VSMCs in a differentiated contractile phenotype, for example, elastin and proteins of the
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cell basement membrane, namely type IV collagen and laminin, while other natural polymers,
such as fibronectin and vitronectin, stimulate the phenotypic modulation of VSMCs toward
the synthetic phenotype and VSMC migration and proliferation [18, 21, 22]. The role of type I
collagen is ambiguous. Polymeric fibrillary type I collagen in a healthy blood vessel keeps the
VSMCs in their quiescent state, but degraded or denatured type I collagen supports VSMC
proliferation [21, 23]. Scaffolds obtained by decellularization of various tissues, including
blood vessels, recently emerged as very promising structures for cardiovascular tissue engi-
neering. After decellularization, the tissues lose most of their immunogenicity and could even
be used for xenogeneic transplantation. At the same time, these scaffolds retain their original
biochemical composition and mechanical properties [11, 12, 19, 20, 24].

2.2. Composition of the cell culture medium

Another important issue in the reconstruction of the tunica media is the composition of the
cell culture medium. In the initial phase of colonization of the scaffolds with VSMCs, the
migration and proliferation of these cells and their synthesis of ECM molecules is desirable,
and therefore a standard serum-supplemented medium can be used. At the same time, the
scaffolds should be seeded with a high number of VSMCs in order to shorten their migratory
and proliferative phase as much as possible. It is known that the confluence of VSMCs and
the development of cell-cell contact support the re-differentiation of VSMCs toward the con-
tractile phenotype [25]. When the scaffolds are well populated with VSMCs, it is necessary to
achieve the quiescent differentiated contractile phenotype of VSMCs. For this purpose, chem-
ically defined serum-free or serum-low media are used, for example, media supplemented
with transforming growth factor-f3 (TGF-f3) [26-28] or with heparin [29]. At the same time,
heparin supports endothelialization of the prosthesis [30], which also contributes to the devel-
opment of the contractile phenotype in VSMCs, for example, by producing sulfated heparin-
like glycosaminoglycans [2, 18, 31], nitric oxide [32, 33] and by developing contacts between
VSMC and endothelial cells, that is, myoendothelial gap junctions [27].

2.3. Interactions of VSMCs with endothelial cells and with other VSMCs

VSMCs co-cultured in direct contact with endothelial cells showed more pronounced differ-
entiation toward the contractile phenotype (manifested by increased expression of contractile
proteins, that is, SM1 and SM2 isoforms of smooth muscle myosin heavy chain, calponin 1 and
smooth muscle a-actin) than VSMCs co-cultured with endothelial cells without direct contact
with these cells. This effect was mediated by connexin 43 (Cx43), an important component
of myoendothelial gap junctions. Inhibition of gap junctional communication pharmacologi-
cally or by knock down of Cx43 in endothelial cells blocked TGF-{ signaling and VSMC dit-
ferentiation [27]. However, the gap junctions between VSMCs are a more controversial issue.
On the one hand, an increased number of these junctions and upregulation of Cx43 have been
shown to be associated with undesirable VSMC proliferation and vascular diseases. On the
other hand, when increased expression of Cx43 in VSMCs was induced by TGF-[31, these cells
enhanced the expression of smooth muscle a-actin (SM «a-actin), calponin and SM1 myosin
heavy chain, that is, markers of VSMC differentiation toward the contractile phenotype [34].

In comparison with other connexins, for example, Cx37, Cx43 is highly mechanosensitive. The
exposure of human coronary artery smooth muscle cell to shear stress of 5 dyn/cm?, but not



Vascular Smooth Muscle Cells (VSMCs) in Blood Vessel Tissue Engineering: The Use...
http://dx.doi.org/10.5772/intechopen.77108

to physiological shear stress of 12 dyn/cm? caused the dysfunction of Cx40/Cx43 heterotypic
myoendothelial gap junctions, which may be replaced by homotypic Cx43/Cx43 channels and
induced the transition of VSMCs to the synthetic phenotype, which was manifested by decreased
expression of smooth muscle myosin heavy chain (SM-MHC) and calponin and by increased
release of platelet-derived growth factor-BB (PDGF-BB). At the same time, the VSMCs under
shear stress of 5 dyn/cm? were randomly oriented, while under shear stress of 12 dyn/cm?, these
cells were aligned in the flow direction [35].

In our experiments, we investigated the effects of periodical uniaxial stretching of VSMCs on
the Cx43 expression. Mechanical stimulation of VSMCs was performed using STREX equip-
ment (B Bridge International, Ltd). VSMCs were seeded in flexible silicone chambers coated
with type I collagen and fibronectin. After a 2-day static culture, the VSMCs were subjected
to stretch at a frequency of 0.5 Hz and an amplitude of 5%. After a further period of 48 h, the
frequency was changed to 1 Hz. The changes in Cx43 expression were tested by qRT-PCR. At
near-physiological conditions (frequency of 1 Hz and amplitude of 5%), the expression imme-
diately rose almost 5 fold, with the maximum in the first 30 min. At a lower degree of stimula-
tion (at a frequency of 0.5 Hz and an amplitude of 5%), the maximal expression was delayed
to about 60 min, and it was considerably lower. For longer time periods, the expression of
Cx43 decreased again (Figure 1). VSMCs were also stained by immunofluorescence to show
the changes in the arrangement and the distribution of the contractile protein SM a-actin.
After stretching, the SM «a-actin was more intensely stained than in the control static culture
and was organized into filaments, especially in cells after 24 h of stretching (Figure 2).

2.4. Mechanical loading of VSMCs in a dynamic culture system

In general, dynamic cultivation of VSMCs is an important tool for restoring the contractile dif-
ferentiated phenotype of these cells [16, 19]. It has been shown repeatedly that differentiation
of VSMCs requires pulsatile stress and cyclic strain, that is, components of the hemodynamic
stress to which blood vessels are exposed in vivo [36].

As concerns pulsatile stress, rabbit aortic VSMCs were seeded onto rubber-like elastic, three-
dimensional poly(lactide-co-caprolactone) scaffolds and were exposed to a pulsatile flow of

Relative expression of GJA1/ACTB
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Figure 1. Relative mRNA expression of connexin 43 (GJA1) in rat aortic smooth muscle cells after uniaxial stretching in
the STREX dynamic cell culture system (B bridge international, Itd.) for 048 h at a frequency of 0.5 Hz (dark) or 1 Hz
(light).
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Figure 2. Inmunofluorescence of SM a-actin in rat aortic smooth muscle cells in 2-day-old cultures after exposure to
uniaxial stretching at a frequency of 1 Hz for 4 h (A), 24 h (B) and in control cells without stretching (C). Leica SPE
confocal microscope (DM 2500 CSQ V-VIS), obj. 63x. Scale bar =25 um.

the culture medium (flow rate 130 ml/min, pressure 25 mmHg with a pulse of 1 Hz, amplitude
of radial distention 5%, exposure 8 weeks). The pulsatile strain and the shear stress enhanced
the VSMC proliferation and collagen production. However, at the same time, the expression
of SM a-actin, an early marker of VSMC differentiation, was upregulated 2.5-fold in com-
parison with the value in VSMCs under static conditions, and the VSMCs were aligned in a
direction radial to the distending direction, that is, similarly as in native blood vessels in vivo,
whereas the VSMCs were randomly oriented under static conditions [37].

The behavior of VSMCs in a pulsatile bioreactor can be further modulated by the presence or
absence of endothelial cells. Endothelial cells were seeded on the opposite side of a porous
polycarbonate membrane and were placed in contact with a collagen gel containing VSMCs.
The presence of the endothelial cells increased the VSMC size and the expression of the con-
tractile proteins, namely SM a-actin and SM-MHC. Absence of endothelial cells decreased
the expression of SM a-actin and SM-MHC without affecting the size of the VSMCs. The
proliferation of VSMCs was not affected by the presence or absence of endothelial cells [38].

As concerns cyclic strain, collagen-based gels laden with primary human umbilical artery
VSMCs were exposed to a 10% cyclic strain at 0.5 Hz for 5 days. Cyclic stimulation promoted
cell-driven collagen matrix bi-axial compaction, enhancing the mechanical strength of the
strained samples with respect to the static controls. Moreover, cyclic strain had a positive
effect on VSMC behavior: the cells maintained their contractile phenotype and spread uni-
formly throughout the thickness of the walls of collagen-based tubular structures [39].

The effect of cyclic strain can be further modulated by the presence of various growth factors.
For example, VSMCs in a 3D collagen type 1 matrix were exposed to a 10% circumferential
strain at a frequency of 1 Hz. These conditions increased the gel compaction and the VSMC
proliferation, which was further enhanced by adding PDGF into the cell culture medium.
Conversely, the addition of TGF- strongly inhibited cell proliferation and increased the
expression of SM a-actin [40]. In a study by Yao et al. [41], rat aortic VSMCs in 70% confluence
and after starving in a Dulbecco’s Modified Eagle Medium (DMEM) without serum for 24 h
were subjected to cyclic strain of 10% elongation at 1.25 Hz for 24 h in the Flexercell Tension
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Plus system. The strain stimulated the secretion of TGF-81 by VSMCs and upregulated the
expression of contractile phenotype markers in these cells, namely smooth muscle protein
22-a (SM22-a), SM at-actin and calponin.

The parameters of the cyclic strain also strongly modulate the VSMC response. For example,
rat aortic VSMCs were exposed to cyclic strains in vitro with defined parameters, that is, 5%
strain, considered as physiological, and 15% strain, considered as pathological. Both types of
strain had a frequency of 1.25 Hz and were applied for 24 h. The results showed that 15% strain
significantly increased VSMC migration and proliferation in comparison with 5% strain [42].

3. Use of stem cells as a source of VSMCs for blood vessel tissue
engineering

Stem cells have emerged as a promising resource for advanced tissue engineering, including
vascular tissue engineering. Differentiated VSMCs are often obtained from aged and poly-
morbid patients. These cells show lower proliferation potential than is desirable, as the har-
vested cells need to be expanded in cell culture conditions. In addition, the VSMCs also show
a higher tendency toward senescence. Another consideration is that these VSMCs are mostly
of venous origin because it is easier and less invasive to isolate subcutaneous veins than arter-
ies. However, venous VSMCs have different properties from those of arterial VSMCs, for
example, they are adapted for lower pressure and slower blood circulation in the vein system.

Stem cells are a component of the blood vessels themselves, where they are distributed
throughout the entire vascular wall, that is, in the subendothelial space of the tunica intima, in
the tunica media and also in the tunica adventitia. Their primary function is postnatal vasculo-
genesis and regeneration of the vascular wall after injury, but they can also be a cell source for
vascular tissue engineering [43-45]. However, harvesting stem cells and isolating differenti-
ated VSMCs are associated with similar problems [46].

Other sources of stem cells with the potential to be differentiated into VSMCs are human
pluripotent stem cells, obtained from embryonic tissues [47, 48] and induced pluripotent stem
cells (iPSCs) [49-51]. However, the use of these cells, although promising, is associated with
ethical and legal issues in human embryonic stem cells and with a risk of potential tumorige-
nicity of iPSCs. These complications can be overcome by the use of stem cells isolated from
extrafetal tissues, for example, placenta [52] and umbilical cord [53] or by the use of stem
cells from adult tissues, such as bone marrow [36, 54, 55], epidermis, namely hair follicles
[56] or skeletal muscle [57]. In addition, adult stem cells can be applied in autologous form.
However, harvesting the adult tissues mentioned here is often invasive and painful, and the
tissues are obtained in relatively small quantities. Consequently, adipose tissue-derived stem
cells (ASCs) seem to be the most promising source because the adipose tissue, located sub-
cutaneously, can be obtained by a less invasive method, that is, liposuction, and in relatively
large quantities.

ASCs have been used relatively widely for experimental vascular tissue engineering.
The main tools for differentiating ASCs toward VSMCs include composing cell culture
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media and exerting mechanical stress in dynamic cell culture systems, similarly as for
the re-differentiation of VSMCs. Examples of results obtained by various authors [10, 11,

58-67] are summarized in Table 1.

Author Scaffolds Medium supplement Cultivation Obtained VSMC
system markers
Rodriguez Uncoated tissue culture Medium MCDB 131 Static SM a-actin, calponin,
et al. [10] polystyrene dishes with 1% FBS plus caldesmon, SM22-q,
or dishes coated with 100 units/ml of heparin SM-MHC, smoothelin
laminin or collagen
Kim et al. [58] Tissue culture Angiotensin II Static SM a-actin, calponin,
polystyrene h-caldesmon, SM-MHC
Kim et al. [59] Tissue culture Bradykinin Static SM «-actin
polystyrene
Kim et al. [60] Tissue culture Thromboxane A, Static SM a-actin, calponin,
polystyrene mimetic U46619 SM-MHC, smoothelin
Nincheri et al.  Tissue culture Sphingosine Static SM a-actin, transgelin,
[61] polystyrene, microscope  1-phosphate cytoskeletal F-actin
slides coated with assembly, Ca* currents
gelatine
Wang et al.. Tissue culture TGF-31, BMP-4 Static SM «-actin, SM22-a,
[62] polystyrene dishes calponin, SM-MHC
Aji et al. [63] Tissue culture TGF-p1, BMP-4 Static SM «-actin, SM22«,
polystyrene calponin, SM-MHC
Elgin et al. [64] 8-chamber slides (Labtek) TGF-31, BMP-4, Static SM a-actin, calponin,
angiotensin II h-caldesmon SM-MHC
Lachaud et al. Tissue culture EGF Static SM a-actin, calponin,
[65] polystyrene dishes caldesmon, SM22q,
desmin, SM-MHC,
smoothelin-B
Wang et al. Polyglycolic acid mesh TGF-p1, BMP-4 Pulsatile stress SM a-actin, calponin,
[66] SM-MHC
Harris et al. Decellularized saphenous angiotensin II, SPC, Bioreactor calponin, caldesmon,
[11] vein TGF-p1 generating: SM-MHC
Tension
Compression
Pressure
Perfusion
Rashidi et al. Plasma-treated silicon TGF-p1 Cyclic strain SM «-actin, SM22-a,
[67] membranes with collagen h-caldesmon, calponin3

I

TGEF-p1: transforming growth factor-p31; BMP-4: bone morphogenetic protein-4 (a polypeptide belonging to the TGF-f3
superfamily); SM a-actin: a-isoform of smooth muscle actin; SM22-a: smooth muscle protein 22-a; SM-MHC: smooth
muscle myosin heavy chain; Transgelin: actin cross-linking/gelling protein in fibroblasts and smooth muscle cells; SPC:
sphingosylphosphorylcholine; EGF: epidermal growth factor.

Table 1. Culture conditions for differentiation of ASCs into VSMCs and the obtained markers of differentiation.
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For our experiments, the ASCs were isolated from lipoaspirates obtained from patients by
liposuction under their informed consent and ethical approval. Lipoaspirates of subcutane-
ous adipose tissue were taken from three different regions, that is, the abdominal region and
the inner or outer side of the thighs. Liposuction was performed under low negative pres-
sure (200 mmHg) and under high negative pressure (700 mmHg). The ASCs were then
harvested by a method originally described by Estes et al. [68], with a slight modification
described in our earlier study [69].

3.1. Differentiation of ASCs toward VSMCs by the composition of the cell culture
medium

In our first set of experiments, we attempted to optimize the composition of the cell cul-
ture media in a conventional static cell culture system in order to differentiate the ASCs
toward VSMCs. First, three types of culture media were tested, namely a DMEM medium
(Sigma-Aldrich, Cat. No. D5648) with 10% of fetal bovine serum (FBS), SmGM®-2 Smooth
Muscle Growth Medium-2 BulletKit® (SMGM, Lonza, USA, Cat. No. CC-3182) and
Endothelial Growth Medium-2 (EGM-2, Lonza, USA, Cat. No. 3162). These media alone,
that is, without additional supplementation, did not promote the differentiation of ASCs
into VSMCs. Therefore, we supplemented the media with transforming growth factor-{31
(TGF-B1; 2.5 ng/mL, Abcam) and with bone morphogenetic protein-4 (BMP-4; 2.5 ng/ml,
Sigma-Aldrich) because this combination of growth factors showed greater differentiation
efficiency than TGF-1 or BMP-4 alone or in combination with angiotensin II [64]. The
addition of TGF-B1 into SMGM-2 and EGM-2 media caused rapid proliferation and subse-
quent detachment of the ASCs. The differentiation experiments were therefore performed
with DMEM +2% of FBS + TGF-f31 + BMP-4. The addition of TGF-p1 increased the prolif-
eration of ASCs in comparison with DMEM +2% FBS without any supplement. When the
ASCs were cultured with TGF-31 and BMP-4 for three days, immunofluorescence staining
revealed the formation of SM a-actin-containing filaments and an increasing number of
calponin-positive cells (Figure 3A-C). In later culture intervals (days 14-17), cells with
slight positivity for desmin and sporadic SM-MHC-positive cells were also detected. Cells
cultured without the supplements only sporadically contained SM «a-actin filaments or
calponin (Figure 3D and E). In our experiments, we observed individual differences in
proliferation and differentiation among the ASCs from various patients and also among
the cells taken from the same patient but from different regions of the body.

3.2. Differentiation of ASCs toward VSMCs by the composition of the cell culture
medium and by mechanical load

In our second set of experiments, we studied the differentiation of ASCs toward VSMCs by com-
bining cell differentiation media with mechanical load. The blood pumped by the heart generates
several mechanical stimuli on the arterial wall, such as the wall shear stress affecting endothelial
cells, and also the pressure force and the cyclic strain stress. These types of stimuli promote or
accelerate the differentiation and the phenotypic maturation of ASCs and other stem cells into
VSMC s [36, 55, 66]. In order to simulate the effects of these mechanical stimuli, we have devel-
oped a unique dynamic cultivation system. This system consists of special cultivation chambers
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Figure 3. Inmmmunofluorescence staining of SM a-actin (red) and calponin (green) in ASCs on day 3 of differentiation
(A-C) in a medium containing TGF-3 and BMP-4. Immunofluorescence staining of desmin (D) on day 14 and of
SM-MHC (E) on day 17. Cell nuclei are visualized with Hoechst #33258 (blue). Olympus IX 71 microscope, objective x20
and x40, scale 100 pm and 50 pm, respectively.

and a pressure generation system. The design of the chamber allows the use of rigid substrates
(glass) or flexible substrates (cast silicone). A rigid substrate is used for evaluating the effect of
the pressure force. A flexible substrate simulates an elastic arterial wall. The pressure force that
is applied mimics the dilatation and constriction of the arterial wall by generating cyclic strain
stress. To improve their hydrophilicity, the substrates are plasma treated. In addition, these sub-
strates can be coated with collagen or fibrin gels to improve the adhesion and the initial pro-
liferation of the cells. After cell seeding, the chamber is hermetically sealed to allow controlled
stimulation (Figure 4). The pressure generation is maintained by a computer-controlled custom-
built linear syringe pump. A pressure-based feedback-controlling algorithm is implemented to

Figure 4. Cultivation chambers used for mechanical stimulation (left). The use of transparent surfaces allows microscopic
live-cell imaging (right).
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Figure 5. Immunofluorescence staining of SM a-actin (red) and calponin (green) in ASCs cultured embedded in a fibrin
gel on glass under static conditions (A, C) and under dynamic conditions (B, D), using the system depicted in Figure 4.
A, B: 3 days of cultivation; C, D: 7 days of cultivation. Cell nuclei are counterstained with Hoechst #33258. IX71 Olympus
microscope, DP71 digital camera, obj. x 10.

maintain stable conditions. Pressure pulses are generated between two set points that simulate
systolic and diastolic pressure. Maximum pressure can be set up to 300 mmHg (40 kPa), with a
maximum pulse rate of up to 180 beats per minute (3 Hz).

Our experimental results, obtained in the dynamic culture system described above, indicated
positive effects of pressure stimulation on the differentiation of ASCs toward VSMCs. ASCs in
low passages 2—4, with initial density of approx. 70,000 cells/cm? were cultured in high glu-
cose DMEM medium (Sigma-Aldrich, Cat. No. D5648), supplemented with 2% FBS, TGF-£1
(2.5 ng/mL, Abcam) and BMP-4 (2.5 ng/ml, Sigma-Aldrich) for 3 or 7 days under static culture
conditions or under dynamic pulse pressure stimulation. This stimulation was set to physi-
ological 120/80 mmHg (15.9/10.6 kPa) and pulse rate simulating 60 beats per minute (1 Hz).
The cell culture medium was replaced after 3 days. The ASCs were stained for SM «a-actin
(Sigma-Aldrich, Cat. No. S2547), an early marker of VSMC differentiation, and for calponin
(Abcam, Cat. No. ab46794), an intermediate marker of VSMC differentiation, and the cell nuclei
were counterstained with Hoechst #33258. Pressure loading supported ASC proliferation after
3 days (Figure 5B) and after 7 days (Figure 5D). This was manifested by a higher cell population
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density than in the static culture (Figure 5A and C). The ASCs were positively stained for SM
a-actin on all samples. Moreover, increased numbers of cells positively stained for calponin
were found in ASCs cultured in fibrin gel under pulse pressure on day 7 (Figure 5D). This sug-
gests that the differentiation of ASCs into VSMCs in the presence of TGF-31 and BMP-4 was
significantly enhanced by dynamic pressure loading.

3.3. Differentiation of ASCs in co-culture with vascular endothelial cells

In our third set of experiments, we studied the behavior of ASCs in co-culture with vascu-
lar endothelial cells. ASCs are known to possess the ability to stimulate endothelial cells to
form capillaries. In a co-culture model of ASCs and endothelial cells, the ASCs in close con-
tact with endothelial cells differentiated after 7 days into pericyte-like cells, which stained
positively for SM a-actin and stabilized the wall of newly formed capillaries (Figure 6).
Similar results were achieved in a study by Rohringer et al. [70], who co-cultured ASCs

Figure 6. Capillary formation in the co-culture model of ASCs with endothelial cells. A: Vascular network formed by
endothelial cells in the co-culture model, endothelial cells stained against VE-cadherin. B: Detail of vascular sprouting;
VE-cadherin in green, CD146 (a marker of pericytes) in red. C: Stabilization of capillaries by perivascular cells after
7 days of co-culture; VE-cadherin in green, SM a-actin in red. D: Detail of the close contact between perivascular cells and
endothelial cells; VE-cadherin in green, SM a-actin in red. Nikon Ti-E inverted fluorescence microscope with a CARV
IT confocal scanner.
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and vascular endothelial cells in a fibrin gel and demonstrated that the proximity of ASCs
and endothelial cells stimulated the formation of tubular structures by endothelial cells,
which were stabilized by ASCs developing the characteristics of pericytes. Recent studies
have documented similarities between mesenchymal stem cells and pericytes. Pericytes
are contractile cells that are in close contact with endothelial cells in capillaries and serve
to control the blood flow. When grown in vitro, pericytes express similar surface antigens
as ASCs (CD73, CD90 or CD105) [71] and lack hematopoietic markers (CD45) and endo-
thelial markers (CD31, von Willebrand factor, VE-cadherin). Pericytes are also capable
of multipotential differentiation, for example, adipogenic, osteogenic, chondrogenic and
myogenic differentiation [72]. However, the level of CD146, which is considered to be
a marker of pericytes, differs greatly among different isolations of ASCs (in our experi-
ence from 0.5-90%). CD146 (also known as MCAM, S-endo-1, MUC18 or P1H12) is not
expressed solely in pericytes. It is also considered to be a marker of endothelial progeni-
tor cells and endothelial cells. It was recently shown that CD146 acts as a receptor for
Wnt5a and regulates cell migration [73] or that it is involved in controlling the formation
of the blood-brain barrier, where it ensures communication between endothelial cells and
pericytes [74]. In the co-culture model of endothelial cells with ASCs, it remains elusive
whether every ASC that is in close contact with an endothelial cell can act as a pericyte, or
whether pericytes form a subpopulation of the heterogeneous population of ASCs with a
specific, irreplaceable function.

4. Conclusion

Vascular smooth muscle cells (VSMCs) are the most numerous component of the arterial and
venous wall, and they ensure the physiological functions of blood vessels. Under pathological
conditions, however, VSMCs lose their differentiation markers, which is accompanied by activa-
tion of migration and proliferation of these cells. This can lead to stenosis or obliteration of the
injured blood vessels. For this reason, VSMCs were not included in the early generations of vas-
cular replacements, which were either cell-free or pre-endothelialized in vitro. Reconstruction
of the tunica media containing VSMCs remains at the experimental level. The tunica media can
be reconstructed with the use of differentiated VSMCs taken from blood vessels (usually sub-
cutaneous veins), isolated surgically or with the use of stem cells, which is a more advanced
approach. Various types of stem cells have been used for differentiation into VSMCs and for con-
structing vascular replacements, including embryonic stem cells, induced pluripotent stem cells,
stem cells from extrafetal tissues and stem cells isolated from adult tissues, such as bone marrow,
skeletal muscle, epidermis and adipose tissue. Adipose-tissue derived stem cells (ASCs) seem to
be the most promising source of VSMCs because they can be isolated in relatively large quanti-
ties, by relatively non-invasive methods (liposuction) and in autologous form. Differentiation of
ASCs into VSMCs can be induced by appropriate scaffolds (preferably three-dimensional and
compliant) by appropriate composition of the cell culture media (e.g., a low-serum medium
supplemented with TGF-31 and BMP-4) and particularly by mechanical stimulation in dynamic
cell culture systems generating pulsatile stress, cyclic strain and pressure stress. In co-cultures
with endothelial cell forming tubular structures, ASCs form pericyte-like cells.
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Systém pro rotaéni endotelizaci cévnich protéz

Oblast techniky

Technické fefeni se tyka oblasti regenerativni mediciny a tkéfiového inZenyrstvi. Jedna
se 0 nasazovaci systém pro endotelizaci tubularnich nosi¢ii - decelularizovanych, uméle plete-
nych a nepletenych, s moZnosti pro dalsi vyuZiti jako cévni protéza pro experimentalni ucely
a pilotni in-vivo experimenty.

Dosavadni stav techniky

Kardiovaskularni choroby pfedstavuji jednu z hlavnich pfi¢in umrti ve vyspélych zemich. Mezi
tyto choroby pati naptiklad ischemicka choroba srdeni zpiisobend ziZenim vénditych tepen,
které piivadéji krev do srdedni svaloviny a vyZivuji ji. Jedinou vhodnou néhradou cév s primér
men3im neZ 6 mm, jakymi jsou i vén&ité tepny, jsou v souasnosti autologni cévy. Tyto Stépy
jsou pirozen& antitrombogenni, nicméng jejich dostupnost je Casto omezena vékem nebo zdra-
votnim stavem pacienta. Tento problém postihuje pfiblizné jednu tfetinu vSech pacienti indiko-
vanych pro koronarni bypass. Pomémé vyznamnd skupina pacientii nema Zilni §tépy vhodné pro
koronarni bypass kviili vaskularnimu onemocnéni ¢i pfedchozimu odebrani Zily.

Umélé protézy, které predstavuji alternativu k autolognim 3t€piim, jsou v souasnosti vyrobeny
z relativng inertnich nedegradovatelnych materiald, jako je expandovany polytetrafluorethylen
(ePTFE) a polyethylentereftalat (PET), b&€Zn€ zndmy jako Dacron. Tyto polymery jsou usp&$né
pouzivany k nahrad€ cév s vysokym priitokem krve a vnitfnim primérem vét§im nez 6 mm. Bo-
huZel syntetické protézy s vnitinim primérem men3im neZ 6 mm vykazuji velmi nizkou dlouho-
dobou priichodnost, co je z velké &asti zpiisobeno trombogenicitou umélého povrchu za nizkych
pritoki. Navic jsou tyto §tépy ve srovnani s biologickymi cévami tuhé, coZ piispiva k rozvoji
intimalni hyperplazie.

Jednou z moznosti jak tyto negativni vlivy minimalizovat je endotelizace povrchu této protézy,
protoZe jednou z hlavnich funkei endotelovych bun€k je antitrombogenicita. K tomu, aby tuto
funkci plnily, je nutna souvisla neposkozend vrstva. Spontanni endotelizace v téle je predeviim
u star§ich pacientii prakticky nemoné. Jednou z alternativ je pravé osazeni endotelem pred
samotnou implantaci zv1asté pak vyuZiti endotelovych buné€k pacienta, coz by dalo vzniknout
autolognimu §tépu. Samotné endotelizace vyZaduje specifické postupy tak, aby bylo docileno
homogenniho pokryti noside a usednuti bunék na jeho povrch a zéroveil byly zajistény vhodné
podminky pro bunéénou proliferaci.

Vzhledem ke specifické aplikaci se jedna o unikétni feSeni. Komer¢ni feSeni obdobného druhu
neexistuje. V odborné literatute jsou zminky o komorach uréenych pro osidlovani obdobnych
nosi¢d, oviem zde se jedna o ryze experimentalni sestavy.

Podstata technického feSeni

Vyse uvedené nedostatky jsou do zna¢né miry odstranény zafizenim pro endotelizaci tubularniho
noside, zejména cévni protézy podle tohoto technického feSeni. Jeho podstatou je to, Ze obsahuje
adaptér ve tvaru valce opatfeny nastrénymi trny pro uchyceni cévni protézy. Adaptér je na svych
koncich opatfen jednocestnymi ventily pro piivod bun&né suspenze. Na svych stranach je adap-
tér opatfen vyfezem a otvory pro aplikaci bunétné suspenze na vn&j$i stranu cévni protezy.
Adaptér je umistén v osazovaci komote opatfené zatkami. Osazovaci komora je uchycena do
rota¢niho systému pro zajidténi plynulého otateni osazovaci komory s adaptérem.

Tubularni nosi¢ jako zéklad cévni protézy je ve vyhodném provedeni tvofen decelularizovanou
prasedi karotidou o priméru 2 a% 7 mm a bunéna suspenze obsahuje 80 az 130 tis. bundk/cm’.
Niéstréné trny jsou upraveny pro uchyceni cévni protézy s vnitfnim rozmérem 2 az 7 mm a délkou
50 az 300 mm.
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Osazovaci komora je s vyhodou tvofena silikonovou trubici s vnitfnim priimérem 17 aZ 23 mm
a délkou 150 aZz 180 mm opatfenou na jednom konci zatkou a na druhém konci dal$i zatkou
s fitinkou pro uvolnéni ptetlaku v osazovaci komote.

Rotalni systém je s vyhodou opatfen krokovym motorem, s moZnosti nastaveni otacek v rozmezi
0,05 az 1 ot/min a s moZnosti zastaveni v ur¢ité poloze. Rotaéni jednocestné ventily mohou byt
opatfeny spojkami Luer-Lock.

Podstatou feSeni je rotatni osazovaci systém, do kterého je uchycena valcova osazovaci komora
tvofena silikonovou trubici opatfenou zatkami, do nichZ je vloZen véalcovy adaptér opatfeny ku-
Zelovymi trny s jednocestnymi ventily, na které je uchycena cévni protéza nebo jiny tubulrni
nosi¢. Jednocestné ventily jsou vybaveny koncovkami typu Luer-Lock (dale jen LL), aby bylo
mozZn€ pouZivat jednordzovy spotfebni materidl pro vpraveni bunééné suspenze — injekéni stii-
kackou.

Rotacni systém pro uchyceni kompletu osazovaci komory a adaptéru ma s vyhodou elektronicky
fizeny pohon krokovym motorem, ktery umoZituje nastaveni plynulych otagek v rozmezi 0,05 aZ
1 ot/min nutnych pro adhezi bun€k na povrch cévni protézy a/nebo jiného tubuldrniho noside.
Druhym reZimem je moZnost nati¢eni o poZadovany thel a setrvani v této poloze. Tento rezim je
vhodny pro dal$i experimentalni ¢innost.

Adaptér miiZe byt tvofen kruhovou ty€i, do které je vyfrézovan profil pro umist&ni cévni protézy
nebo jiného tubuldrniho nosice, kuzelovitych trni a jednocestnych ventilii. Adaptér obsahuje na
bocich a spodni stran€ vyfrézované drazky umoZiujici pfistup pipetou pro nasazeni bun&&né su-
spenze jiného buné€ného typu, napt. hladké svalové builky, kmenové buiiky, z vnéj$i strany.
Adaptér je ve vyhodném provedeni vyroben z netoxickych materidld, pro umoZnéni parni a/nebo
chemické sterilizace.

Konstrukénim materidlem adaptéru a komory je hlavn& tf{skové obrabény teflon (PTFE), nylon
(PAS6), a silikonové té&snici prvky. Pro lepeni ¢4sti byla pouzita epoxidova lepidla s atestem pro
medicinélni pouZiti. Pro ovéfeni vhodnosti byly viechny pouZité materialy testovany na cytotoxi-
citu. Konstrukce umoZiuje opakovanou sterilizaci v autoklévu - testovano pro > 10 cykld, aniz
by doslo k deformaci, poskozeni, uvolnéni lepenych dild apod. Cel4 konstrukce komory byla
optimalizovana tak, aby bylo moZné pracovat ve sterilnich podminkéich, v laminirnim boxu
v rukavicich bez nutnosti pouZiti specialnich nastroja.

Objasnéni v{kresi

Zatizeni pro endotelizaci tubuldriho nosite, zejména cévni protézy podle tohoto technického
feSeni bude podrobngji popsano na konkrétnim piikladu provedeni s pomoci pfiloZenych vykresi
a ilustraci, kde na Obr. 1 je v axonometrickém pohledu zobrazen adaptér pro uchyceni cévni
protézy nebo jiného tubulérniho nosice. Na Obr. 2 je zobrazen tento adaptér v fezu. Na Obr. 3 je
znazornén v axonometrickém pohledu fez sestavenou osazovaci komorou s adaptérem. Na Obr. 4
Jje vaxonometrickém pohledu zndzornén komplet rotaéniho systému s osazovaci komorou
a adaptérem pro uchyceni cévni protézy nebo jiného tubularniho nosi¢e. Na Obr. 5 je homogenns
endotelizovana cévni protéza tvofena decelularizovanou praseéi krkavici.

Priklady uskute¢néni technického feseni

Piikladné zafizeni pro endotelizaci cévni protézy obsahuje adaptér 1 ve tvaru vélce opatieny na-
strénymi trny 4 pro uchyceni cévni protézy 2, ktery je na svych koncich opatfen jednocestnymi
ventily 3 pro pfivod bunééné suspenze a na svych stranich vyfezem 5 a otvory 6 pro aplikaci
bunétné suspenze na vnéj§i stranu cévni protézy 2. Adaptér 1 je umistdn v osazovaci komote 7
opatfené zatkami 8, 9, ktera je uchycena do rota¢niho systému 10 pro zajisténi plynulého otaeni
osazovacf komory 7 s adaptérem 1.

Pfikladné télo adaptéru 1 pro uchyceni cévni protézy délky 80 mm je tvofeno frézovanou tyci
ZPTFE, a obsahuje hlavni vyfez 5 pro cévni protézu 2 nebo jiny tubularni nosi¢ a profily pro
jednocestné ventily 3 s LL porty pro vpraveni bunééné suspenze a trny 4. Po bocich a na spodni
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stran® jsou vyfrézované otvory 6 a spolu s hlavnim vyfezem 5 umoZiiuji aplikaci bunéfné su-
spenze z vnéj3i strany cévni protézy 2.

Osazovaci komora 7 pro adaptér 1 délky 120 mm je tvofena silikonovou trubici o délce 160 mm,
které vymezuje prostor adaptéru 1. Komora je uzaviena teflonovymi zdtkami 8 a 9, kde zatka 8
obsahuje vnitini zavit M8 pro uchyceni v rotatnim systému a zétka 9 obsahuje fitinky pro uvol-
néni pfetlaku v komore.

Rotaéni osazovaci systém 10 pro komoru délky 160 mm je tvofen polykarbonitovou konstrukei
upravenou pro délku komory 160 mm. Pro zménu délky je nutna pouze uprava délky obdélni-
kové zékladny rotaéniho systému 10. Rotaci zajistuje elektronicky fizeny krokovy motor 11,
ktery obsahuje unased se zavitem M8, na ktery je uchycena osazovaci komora 7.

Nosi& homogenné endotelizované cévni protézy 2 je tvofen decelularizovanou prasedi karotidou
o priméru 3 mm. Bun&&né suspenze ma 120 tis. bundk/cm’. Rotaéni osazovani probihé rychlosti
0,2 ot/min po dobu 2 hodin.

Cévni protéza 2 nebo jiny tubulérni nosi¢, ktery je zarovnan do poZadované délky dle adaptéru 1,
je nasunut na trny 4 s jednocestnymi ventily 3 a fixovan chirurgickym $itim. Konstruk&ni feSeni
umoZiiuje uchyceni cévnich protéz 2 nebo jinych tubuldrnich nosi¢d o vnitfnim priméru 2 az
7 mm. Takovéto uchyceni nosi¢ umoZiiuje vpraveni bun&éné suspenze do vnitiniho prostoru,

Veyr

stejné tak naneseni bun&&né suspenze jiného bunééného typu na vnéjsi sténu.

Rychlost ot4eni ovliviiuje schopnost adheze bunék. Pfili§ mald rotace zpiisobuje tvorbu buné¢-
nych shlukd a nehomogenit. Naopak velké otatky znemoZiiuji adhezi bun¢k na povrch. Opti-
malni nastaveni ota¢ek pro endotelové buiiky se pohybuje v rozmezi 0,1 az 0,25 ot/min.

Priimyslové vyuZitelnost

Navr¥ené zafizeni pro endotelizaci tubulérniho nosite, zejména cévni protézy nalezne vyuZiti na
pracovistich zabyvajicich se tkafiovym inZenyrstvim v oblasti umélych cévnich nahrad.

NAROKY NA OCHRANU

1.  Systém pro rotaéni endotelizaci cévnich protéz, vyznacujici se t fm, Ze obsa-
huje adaptér (1) ve tvaru valce opatfeny nastrénymi trny (4) pro uchyceni cévni protézy (2), ktery
je na svych koncich opatien jednocestnymi ventily (3) pro piivod bunééné suspenze a na svych
stranach otvory (6) pro aplikaci bunééné suspenze na vn&j8i stranu cévni protézy (2), pficemz
adaptér (1) je umistén v osazovaci komofe (7) opatiené zatkami (8, 9), ktera je uchycena do ro-
ta¢niho systému (10) pro zajisténi plynulého otaleni osazovaci komory (7) s adaptérem (1).

2. Systém podle néroku 1, vyznadujici se tim, Ze tubulami nosi¢ jako zaklad
cévni protézy (2) je tvoren decelularizovanou praseci karotidou o priméru 2 az 7 mm a bunétné
suspenze obsahuje 80 aZ 130 tis. bundk/cm’.

3. Systém podle niroku 1 nebo 2, vyznadujici se t im, Ze nastréné trny (4) jsou
upraveny pro uchyceni cévni protézy (2) s vnitfnim rozmérem 2 a7 7mm a délkou 50 aZ
300 mm.

4.  Systém podle kteréhokoli z pfedchozich nérokl, vyznacujici se t im, Ze osazo-
vaci komora (7) je tvofena silikonovou trubici s vnitfnim primérem 17 aZ 23 mm a délkou 150 az
180 mm opatienou na jednom konci zatkou (8) a na druhém konci dalsi zatkou (9) s fitinkou pro
uvolnéni ptetlaku v osazovaci komofte (7).



CZ 31066 U1

5.  Systém podle kteréhokoli z pfedchozich ndrokd, vyznaéujici se tim, Ze rotaini
systém (10) je opatfen krokovym motorem (11), s moZnosti nastaveni otaéek v rozmezi 0,05 aZ
1 ot/min a s moZnosti zastaveni v ur¢ité poloze.

6. Systém podle kteréhokoli z pfedchozich ndrokii, vyznadujici se tim, Ze rotaéni
jednocestné ventily (3) jsou opatfeny spojkami Luer-Lock.

3 vykresy
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Kultivaéni komora pro dynamickou kultivaci bunék na tubuldrnich nosi¢ich

Oblast techniky

Technické feSeni se tyka oblasti regenerativni mediciny a tkaflového inZenyrstvi. Jedna se o kul-
tivaéni komoru pro in vitro dynamickou kultivaci bunék na tubulérnich nosiéich umoziujici defi-
novanou stimulaci bunék.

Dosavadni stav techni

Mezi nejbéZnéji pouZivané cévni nahrady patfi v sou¢asné dob& autologni cévni 3tépy, jejichZ
dostupnost je viak Casto omezena zdravotnim stavem pacienta. Alternativou k autolognim cévam
mohou byt umélé cévni protézy nebo cévni $t€py ze zemfelych darci. Ty viak s sebou nesou
fadu problémi, jako je imunni reakce doprovazena trombotizaci cévy. Zvlasté problematické jsou
pak cévni protézy o priméru men$im neZz 6 mm, u kterych dochazi Casto k trombotické okluzi
a jejich Zivotnost je vieobecn€ Spatna. Osazeni vnitfni strany cévni protézy endotelovymi buii-
kami, tzv. endotelizace, by mohlo vyrazné sniZit riziko vzniku trombu a prodlouZit tak Zivotnost
cévniho 3té€pu. Aby byla endotelizace cévni protézy v in vitro podminkach spé$n4, je nutné co
nejvérnéji simulovat fyziologické podminky, kterym jsou vystaveny buiiky v téle pacienta. To
zahrnuje jednak cirkulaci kultivaéniho média, které simuluje krev a slouZi jako zdroj Zivin
a kysliku a také odvadi odpadni produkty bun€k a déle je nutné zajistit definované proudéni
média, je% udrfuje cévu v antitrombogennim stavu. Toho lze docilit ve specializovanych kul- -
tivaénich komorach, které umoZni uchyceni tubularniho nosice a zajisti vhodné podminky.

Vzhledem ke specifické aplikaci se jedna o unikatni feSeni. Komer¢né€ je vyrabéno velmi malé
mnoZstvi takovychto typli a zpravidla se jedna pouze o zakazkovou vyrobu. Jedno z komerénich
feSeni obdobného typu kultivaéni komory umoZiiuje uchyceni tubularniho nosi¢e v rozmérech
3 az 6 mm. Toto uchyceni je viak realizovano pfimo na vnitfnich zatkach trubicového téla kulti-
vaéni komory, coZ ¢ini manipulaci velmi obtiZznou a je vysoké riziko poSkozeni tohoto nosice.

Podstata technického fefeni

Vyse uvedené nedostatky jsou do znaéné miry odstranény kultivatni komorou pro dynamickou
kultivaci bunék na tubularnich nosi¢ich, podle tohoto technického feSeni. Jeho podstatou je to, Ze
obsahuje valcové télo opatiené na svych koncich zitkami, ke kterym je uvnitf t€la pfipojena duté
valcova kazeta, ktera je na svych koncich opatfena adaptéry s jednocestnymi ventily. Adaptéry
slouZi pro ptipojeni tubularniho nosife. Ventily jsou pfes trubici pfipojeny k perfuznimu okruhu
a zatky jsou opatfeny kanalem pfipojenym pfes dalsi trubici k perfuznimu okruhu pro vné&ji pro-
plach.

Kazeta pro uchyceni tubuldrniho nosi¢e mé s vyhodou primér 1 az 8,5 mm a délku 40 aZ
500 mm. Kultivacni komora je ve vyhodném provedeni vyrobena z netoxickych materialf, pro
umoZnéni parni a/nebo chemické sterilizace. Jednocestné ventily, trubice a dalsi trubice jsou
s vyhodou opatfeny spojkami s koncovkami typu Luer-Lock. Adaptéry na koncich kazety miZzou
mit navzdjem riiznou velikost pro pfipojeni tubuldrniho nosice kénického tvaru.

Podstatou kultivaéni komory je komplet kultivaéni komory s fluidickym systémem a kazety pro
uchyceni tubuldrniho nosice, ktery je nasledné osazen buiikami. Pfipojné prvky fluidického sys-
tému jsou tvofeny spojkami s koncovkami typu Luer-Lock (dale jen LL), aby bylo mozné pouZi-
vat jednordzovy spotfebni material pro propojeni - injek¢ni stfikaCky, infuzni hadi¢ky apod.

Kazeta pro uchyceni tubuldmiho nosice je tvofena dutou ty¢i kruhového profilu, do kterého je
vyfrézovan profil pro uchyceni prvki nesoucich tubulérni nosi¢. Rozmér kruhového profilu je
1 az 8,5 mm a délka celé této kazety je dana poZadovanou délkou tubularniho nosile, jeZ bude
osidlen. Praktické rozméry se mohou pohybovat v rozmezi od 40 mm do 500 mm. Diky plné&
symetrické konstrukci je tato zména bezproblémova.

Samotny tubulérni nosi¢, ktery je zarovnan do poZadované délky, je nastrCen na hadicové LL
adaptéry potiebné velikosti a fixovan chirurgickym $itim nebo pfevle¢enym silikonovym krouz-
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kem. Tento nosi¢ miZe mit i kénicky tvar, diky tomu, 2e mohou byt pouZity adaptéry s rozdilnou
velikosti na obou stranich. Konstrukéni feseni umoZiuje uchyceni tubularnich nosi¢i v rozmezi
1 az 8,5 mm. Na tyto LL adaptéry jsou nasledné pfipojeny jednocestné ventily, opét vybavené LL
koncovkami. Nasledné je tato sestava vloZena do odpovidajicich vyfrézovanych vybrani v kazeté,
¢imZ je zafixovand pro dal$i manipulaci.

Do takto sestavené kazety je moZné vpravit bunéénou suspenzi pro osazeni tubulamiho nosice
buiikami. Jednocestné ventily zajistuji moZnost vpraveni suspenze s minimalizaci rizika jejiho
uniku. To je dileZité pro inicidlni fazi adheze bunék na stény nosi¢e. Zaroveti viak umoZiuji
pfipojeni k perfuznimu okruhu.

Oproti konkurenénimu feSeni poskytuje pouZiti této kazety vyrazné vyssi komfort pro sestaveni
auchyceni tubularniho nosie, nasledné nasazeni bun€k a dal$i manipulaci. Diky tomu, Ze je
tubuldrni nosi¢ pevné uchycen a je vymezen jeho prostor, nemiiZze dojit napiiklad k jeho ohybu
nebo zkrouceni, které by mohlo mit za nasledek napiiklad znifeni nosi¢e nebo piipadného
funkcionalizovaného povrchu, odtrZeni bunééné kultury, kontaminaci kultury apod. Navic jsou
vyrazn€ sniZeny poZadavky na mnoZstvi bunék a kultivaéniho média, coZ pfinasi také finanéni
usporu.

Sestavena kazeta je vloZena do samotné kultivaéni komory, jeZ je tvofena sklenénou trubici
o primeéru a délce odpovidajici rozmérim kazety s nosi¢em a dvéma zatkami s p¥ipojnymi porty
pro fluidicky okruh. Tyto zatky obsahuji odpovidajici LL adaptéry pro pfipojeni sestavené kazety
s adaptérem a dale odpovidajici adaptéry pro pfipojeni k perfuznimu systému. Zitky jsou ve
sklenéné trubici zatésnény prostfednictvim o-krouZku. Konstrukce umoZnuje jednak perfuzi
vnitini ¢4sti nosiCe, kde je moZné na zékladé velikosti priitoku vytvafet definovanou mechanic-
kou stimulaci - smykové napéti, a dale také vyménu kultivaéniho média na vn&jsi strané noside.
Toto feSeni poskytuje vyhodu z hlediska moZnosti vytvofeni gradientu, tj. vyuZiti jiné koncen-
trace ristovych faktori v médiu pro vnitfni a vné&j3i ast nosice, ktery podporuje proriistani bunék
skrz bun€¢ny nosi¢, coZ je kliové v piipadé vyvoje cévnich protéz.

Konstruk¢nim materidlem kazety a komory je hlavné tfiskové obrabény PTFE (teflon), sklo, PA6
(nylon), silikonové hadice a tésnici prvky. Pro lepeni &asti byla pouZita epoxidova lepidla
s atestem pro medicindlni pouZiti. Pro ovéfeni vhodnosti byly viechny pouZité materialy testo-
vany na cytotoxicitu. Konstrukce umoziiuje opakovanou sterilizaci v autoklavu - testovano pro >
10 cyklt, aniZ by doslo k deformaci, poskozeni, uvolnéni lepenych dili apod. Celd konstrukce
komory byla optimalizovana tak, aby bylo moZné pracovat ve sterilnich podmink4ch, v laminar-
nim boxu v rukavicich, bez nutnosti dal3ich nastroju.

Objasnéni vykresii

Kultivaéni komora pro dynamickou kultivaci bun€k na tubuldrnich nosiéich podle tohoto tech-
nického feSeni bude podrobnéji popséna na konkrétnim piikladu provedeni s pomoci pfiloZenych
vykresii, kde na Obr. 1 je v axonometrickém pohledu znazornéna kazeta s uchycenym tubularnim
nosi¢em. Na Obr. 2 je znidzornén v bokorysu fez kazetou s uchycenym cévnim nosi¢em. Na
Obr. 3 je znizornén v bokorysu fez sestavenou kultivaéni komorou s kazetou s uchycenym tubu-
larnim nosi¢em a na Obr. 4 je v axonometrickém pohledu sestavena celé kultivaéni komora.

Priklady uskuteénéni technického feseni

Priklad 1 — kazeta pro tubulami nosi¢ délky 70 mm.

Technické feSeni kazety 1 je vyobrazeno na obr. 1 a v fezu na obr. 2. Kazeta 1 je tvofena profilo-
vanym télem z PTFE v celkové délce 110 mm. Tubularni nosi¢ 2 délky 70 mm je upevnén na LL
adaptéry 3, ke kterym jsou pfipojeny jednocestné ventily 4. Tento celek je vloZen do odpovidaji-
cich vyfrézovanych profili téla kazety 1 tak, aby byla zajiit&na jeho fixace.

Piiklad 2 - kultiva¢ni komora pro kazetu s tubularnim nosi¢em délky 70 mm.

Technické feSeni kultivaéni komory je vyobrazeno detailné v fezu na obr. 3 a na obr. 4. Kulti-
vatni komoru tvofi PTFE zatky 5, které obsahuji adaptér 6 pro pfipojeni kazety 1 s nosi¢em 2,
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adaptéry 3 a jednocestnymi ventily 4. Vyvod tohoto pfipojeni je feSen trubici 7 s LL adaptérem
pro pfipojeni k perfuznimu okruhu. Vné&j§i proplach je feSen kandlem 8, ktery je vyveden pro
pfipojeni k perfuznimu okruhu dalsi trubici 9 s LL adaptérem. Zatésnéni je feSeno o-krouzky 10,
které utésiiuji zatky 35 se sklenénym télem 11.

Sestaven4 kazeta 1 je vloZena do samotné kultivatni komory se sklenénym télem 11 o priméru
a délce odpovidajici rozmérim kazety 1 s nosi¢em 2 a dv€ma zétkami 5 s pfipojnymi porty pro
fluidicky okruh. Tyto zéatky 5 obsahuji odpovidajici LL adaptéry pro pfipojeni sestavené kazety 1
s adaptérem 3 a dale odpovidajici adaptéry pro pfipojeni k perfuznimu systému. Zatky 5 jsou ve
sklenéné trubici zatésnény prostfednictvim o-krouzku 10. Konstrukce umoZnuje jednak perfuzi
vnitini ¢4sti nosi¢e 2, kde je moZné na zéklade velikosti pritoku vytvaret definovanou mechanic-
kou stimulaci, a dale také vyménu kultivaéniho média na vnéj$i stran€ nosice 2.

Prumyslova vyuZitelnost

Navrzena kultivaéni komora nalezne vyuZiti na pracovitich zabyvajicich se tkafiovym inZenyr-
stvim v oblasti umélych cévnich nahrad.

NAROKY NA OCHRANU

1.  Kultivaéni komora pro dynamickou kultivaci bun¢k na tubularnich nosicich, vyzna-
¢ujici se tim, Ze obsahuje vilcové t€lo (11) opatfené na svych koncich zitkami (5),
ke kterym je uvnité t&la (11) pfipojena dutd vélcova kazeta (1), kterd je na svych koncich
opatfena adaptéry (3) s jednocestnymi ventily (4), pro pfipojeni tubularniho nosi¢e (2), pfi¢emz
ventily (4) jsou pies trubici (7) pfipojeny k perfuznimu okruhu a zatky (5) jsou opatfeny kanalem
(8) ptipojenym pies dalii trubici (9) k perfuznimu okruhu pro vnéjsi proplach.

2.  Kultivatni komora podle naroku 1, vyznaéujici se tim, Ze kazeta (1) pro uchy-
cenf tubuldrniho nosiée (2) ma primér 1 aZ 8,5 mm a délku 40 az 500 mm.

3.  Kultivaéni komora podle niroku 1 a 2, vyznadujici se tim, Ze je vyrobena
z netoxickych materiali vybranych ze skupiny teflon PTFE, sklo a nylon PA6 pro umoznéni
parni a/nebo chemické sterilizace.

4.  Kultiva¢ni komora podle kteréhokoli z pfedchozich narokii, vyznacujici se tim,
7e jednocestné ventily (4), trubice (7) a dalsi trubice (9) jsou opatfeny spojkami s koncovkami
typu Luer-Lock. :

5. Kultivadni komora podle kteréhokoli z pfedchozich narokli, vyznacdujici se tim,
e adaptéry (3) na koncich kazety (1) maji navzijem riiznou velikost pro pfipojeni tubularniho
nosiée (2) konického tvaru.

6.  Kultivaéni komora podle kteréhokoli z pfedchozich narokti, vyznaéujici se tim,
Ze adaptéry (3) jsou zafixovéany ve vnitfnim vybrani kazety (1).

7.  Kultiva¢ni komora podle kteréhokoli z pfedchozich narokti, vyznadujici se tim,
Ze vélcové télo (11) je tvofeno sklenénou trubici.

2 vykresy
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Kultiva¢ni komora pro tlakovou stimulaci v kultiva¢nich jamkach

Oblast techniky

Technické feSeni se tyka oblasti regenerativni mediciny a tkanového inZenyrstvi. Jedna se
o kultiva¢ni komoru pro in vitro dynamickou kultivaci a stimulaci bun¢k ve standardnich vice
jamkovych kultivacnich deskach umoznujici kontinuédlni stimulaci pomoci pulzatilniho tlaku
s moznosti pritbézného mikroskopického sledovani.

Dosavadni stav techniky

Je znamo, ze dynamicka kultivace bun¢k podporuje rist a diferenciaci bun€k navozenim
zasobeni kyslikem a zivinami a rychlejSiho odstrafiovani zplodin metabolismu jsou builky
vystaveny cilenému a fizenému mechanickému namahani, které v ptipadé¢ bunc¢k kmenovych
navozuje diferenciaci smérem k zadoucimu fenotypu, a u bunek diferencovanych dale prohlubuje
jejich fenotypickou maturaci prevazné smérem k hladkému svalu (SMC) ptip. kostnim buiikam.

Diferenciace k hladkému svalu je vyrazn€¢ ovlivnéna mechanickym napétim. VéEtSina typu
kmenovych bunék, jako jsou napfiklad kmenové buitkky ztukové tkané, jsou vysoce
mechanosenzitivni. Bunky jsou schopné reagovat na mechanické sily prostrednictvim
mechanosenzitivnich receptorii. Tyto receptory jsou schopny pifevést mechanické napéti na
biochemické signaly procesem mechanotransdukce. Ugelem pouziti mechanického stresu b&hem
kultivace in vitro je vytvoteni fyziologickych podminek, kterym jsou buiky v téle vystaveny.
Mechanotransdukéni mechanismy zahrnuji integriny, mechanicky ftizené iontové kanaly,
receptory spojené s G proteiny apod. Bylo publikovano mnoho studii pro stanoveni korelace
tlakového kmene, bunééné proliferace a diferenciace SMC. Byly popsany dvé mechanosenzitivni
signalni drahy spojené s diferenciaci SMC, jmenovité draha spojend s RhoA a draha spojena
s FAK kinazou. Aktivace téchto signalnich drah vede ke zvysené produkci SMC diferenciacnich
markert.

Béznym zplisobem kultivace bunééné kultury je pouziti tzv. vice jamkovych kultiva¢nich desek.
Tyto kultivani desky jsou standardizované z hlediska rozmérG a obsahuji podle typu 6 az
96 kultivacnich jamek pro nasazeni kultury. Jejich povrch je chemicky nebo plazmaticky upraven
tak, aby buné¢na kultura mohla adherovat na povrch kultiva¢ni jamky a dale proliferovat.
Diferenciace je feSena vtomto ptipadé pouze chemickou cestou, tj. pouziti ptidavkia do
kultivacniho média jako jsou napf. riistové faktory. Dostupné dynamické kultivacni systémy sice
umoziuji vytvafet mechanickou stimulaci ov§em vyuzivaji specializované kultiva¢ni komory,
které tvarové a materialové se 1isi od bézné€ pouzivanych kultiva¢nich desek. Z hlediska studie
vyzadujici srovnani tak staticka kultivace casto probihd v kultivani vice jamkové desce
a dynamicka kultivace ve specializované komote. Tim padem je vysledek ovlivnén nejenom
samotnou metodou, ale i povrchem a tvarem pouzité kultiva¢ni komory apod.

Podstata technického feSeni

Vyse uvedené nedostatky jsou do znacné miry odstranény kultivacni komorou pro tlakovou
stimulaci v kultivaénich jamkach podle tohoto technického feSeni. Jeho podstatou je to, Ze
obsahuje zakladnu, ke které je pfipojen vymezovaci ¢len pro umisténi standardizované kultivacni
vice jamkové desky, na které je ptes ploché silikonové té€snéni umistén kryt, ktery je opatien
hadickami se spojkami pro pfipojeni generatoru tlakovych pulzl, pficemz zakladna a kryt jsou
vzajemné stazeny Srouby s maticemi.
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Vymezovaci ¢len ma prostor pro uchyceni a utésnéni standardni vice jamkové desky vybrané ze
skupiny jamkovych kultivacnich desek s 6, 12, 24, 48 a 96 jamkami.

Spojky hadicek jsou s vyhodou opatteny spojkami Luer-Lock pro pfipojeni generatoru tlakovych
pulzii a/nebo dalSich kultivacnich komor. Kultiva¢ni komora je ve vyhodném provedeni
z polykarbonatu vSechny jeji ¢asti jsou sterilizovatelné pomoci parni sterilizace — autoklavu.

Kultivaéni komora podle tohoto technického feSeni umoziiuje uchyceni standardni vice jamkové
kultivacni komory a v této kultivacni desce tlakoveé stimulovat bunéénou kulturu.

Samotna kultivaéni komora je tvofena dvéma c¢astmi, zakladnou a krytem. Konstrukénim
materialem je tfiskoveé obrabény polykarbonat. Zakladna komory je tvofena dvéma sendvi¢ovymi
dily, kde spodni ¢ast vytvaii mechanickou podporu a vrchni dil vymezuje prostor pro pouZiti
standardizované kultivacni vice jamkové desky. Tato zdkladna je stazena pomoci nerezovych
Sroubdl s vnitinim Sestihranem. Tyto Srouby jsou zapusStény do spodniho dilu tak, aby vysledna
sestava byla hladka v celé plose. Diky tomu je mozné umistit uzavienou komoru do optického
mikroskopu a pribézné pozorovat bunécnou kulturu pii kultivaci. Tyto Srouby tréi pro uchyceni
krytu kultivacni komory. Zaroven tyto Srouby jsou umistény vné kultivacnich prostor, aby
nedoslo ke kontaminaci kultury.

Kryt komory je tvofen jednim dilem obsahujicim hadicové olivky. Tyto olivky jsou vyfrézované
ptimo do téla krytu tak aby nebylo nutné pouzivat dalsi hadicové fitinky a feSit jejich utésnéni.
K témto olivkam jsou pfipojeny silikonové hadicky se spojkami typu Luer-Lock pro piipojeni
k tlakovému generatoru a fetézeni vice komor. Stazeni krytu se zdkladnou komory je realizovano
pomoci kiidlovych matic M4. Utésnéni vlozené kultivacni vice jamkové desky v kultivacni
komote je realizovano pomoci 1 mm plochého silikového té€snéni jez tvaroveé kopiruje obvod vice
jamkové desky a ma vyiezané otvory podle pouzité kultivaéni vice jamkové desky tak, aby bylo
mozné kulturu pozorovat ve svételném mikroskopu.

Pro ovéfeni vhodnosti byly vSechny pouzité materidly vyuzité pro konstrukci testovany na
cytotoxicitu. Konstrukce umoznuje opakovatelnou parni sterilizaci v autoklavu >10 cyklt, aniz
by doslo k deformaci, poskozeni nebo celkové degradaci komory. Celd konstrukce komory byla
optimalizovana tak, aby bylo mozné pracovat ve sterilnich podminkach v laminarnim boxu bez
nutnosti pouziti specialnich nastrojii pro sestaveni. Komora suzavienou vice jamkovou
kultiva¢ni deskou byla testovana pro maximalni ptetlak 100 kPa.

Objasnéni vykresu

Kultivaéni komora pro tlakovou stimulaci v kultiva¢nich jamkach podle tohoto technického
feSeni bude podrobnéji popsana na konkrétnim ptikladu provedeni s pomoci piilozeného vykresu
a mikroskopického snimku, kde na Obr. 1 je v axonometrickém pohledu znadzornéna rozlozena
kultivaéni komora. Na Obr.2 je znazornéni sestavené komory viezu. Na Obr.3 je
mikroskopicky a imunofluorescencné znaceny snimek bunécné kultury lidskych kmenovych
bunek z tukové tkané (HmASC) pfi statické kultivaci, bez zatéze, v kultivacni desce a kultura
kultivovana pfi pulzatilnim tlaku v navrzené kultivacni komote.

Priklady uskuteénéni technického feSeni

Ptikladna kultiva¢ni komora pro tlakovou stimulaci v kultiva¢nich jamkach obsahuje zakladnu 1,
ke které je ptipojen vymezovaci €len 2 pro umisténi standardizované kultivacni vicejamkové
desky 4 s Sesti jamkami, na které je pres ploché silikonové tésnéni 5 umistén prihledny kryt 6,
ktery je opatfen hadickami 8 se spojkami Luer-Lock pro pfipojeni generatoru tlakovych pulzi,
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pfi¢emz zakladna 1 a kryt 6 jsou vzajemné stazeny Srouby 3 s maticemi 7. Kultiva¢ni komora je
z polykarbonatu a vSechny jeji ¢asti jsou sterilizovatelné pomoci parni sterilizace — autoklavu.

Ptikladna kultiva¢ni komora pro tlakovou stimulaci v kultiva¢nich jamkach je tvofena zakladnou
1 a vymezovacim ¢lenem 2, jez jsou navzajem stazeny pomoci osmi stahovacich nerezovych
Sroubll 3 M 4 x 45. Tato zékladna 1 s vymezovacim Clenem 2 vytvaii definovany prostor pro
umistnéni standardni kultivacni jamkové desky 4. Uté€snéni komory zajistuje ploché silikonové
tésnéni 5, kde tvar té€snéni je upraven podle pouzité kultivacni jamkové desky 4 tak, aby zajistil
utésnéni a zarovenl nezakryval velky prostor jednotlivych kultivacnich jamek kvili moznosti
mikroskopické pozorovani v pribehu experimentu. Celda komora je uzaviena prihlednym krytem
6 jez obsahuje prtichozi otvory pro stahovaci Srouby 3 a je nasledné zajisténa pomoci osmi
nerezovych ryhovanych matic 7 M4. Kryt 6 je dale opatfen dvéma natrubky se silikonovymi
hadickami 8 opatfenymi porty Luer-Lock urenymi pro piipojeni k perfuznimu/tlakovému
generatoru a moznosti fetézeni vice komor.

Ptiklad kultivace bunééné kultury lidskych kmenovych bunék z tukové tkdné (HmASC) pfi
dynamické tlakové zatézi

V ptipadé dynamické kultivace byla kultivacni jamkova deska 4 uzaviena do ptikladné kultivacni
komory pro tlakovou stimulaci v kultiva¢nich jamkach, nasledn¢ byla tato komora pfipojena ke
generatoru tlakovych pulz. Tyto pulzy byly nastaveny na hodnoty horniho tlaku 120 mmHg
(15,9 kPa), spodniho tlaku 80 mmHg (10,6 kPa) pfi frekvenci 60 pulzii za minutu (1 Hz).
Kultivace byla jak v ptipad¢ statické, tak dynamické, realizovana po dobu 7 dni.

Na imunofluorescenéné znaceném mikroskopickém snimku jsou znazornény proteiny F-actin
(Cervené), calponin (zelen€) a bunécna jadra (modie). F-actin znazoriuje aktinovy cytoskelet
bunécné kultury. Calponin je tzv. sttednédoby ukazatel bunééné diferenciace smérem k hladkym
svalovym bunkam. Pfi porovndni statické a dynamické tlakové stimulace je patrné, ze v piipade
dynamické stimulace jsou patrné fragmenty calponinu jez signalizuji diferenciaci bunécné
kultury smérem k hladkému svalu. Stejné¢ tak i celkovad morfologie aktinovych vlaken v ptipadé
dynamické kultivace je sefazend vjednom sméru pro kontraktilni funkci, kdezto u statické
kultivace se jedna o vSesmérové usporadani.

Pramyslova vyuzitelnost

Navrzena kultivacni komora nalezne vyuziti na pracovistich zabyvajicich se vyzkumem v oblasti
tkaniového inzenyrstvi a regenerativni mediciny.

NAROKY NA OCHRANU

1. Kultivaéni komora pro tlakovou stimulaci v kultiva¢nich jamkach, vyznacujici se tim, ze
obsahuje zakladnu (1), ke které je pfipojen vymezovaci ¢len (2) pro umisténi standardizované
kultivacni vicejamkové desky (4), na které je pres ploché silikonové té€snéni (5) umistén kryt (6),
ktery je opatten hadickami (8) se spojkami pro pfipojeni generatoru tlakovych pulzi, pricemz
zakladna (1) a kryt (6) jsou vzajemné¢ stazeny Srouby (3) s maticemi (7).

2. Kaultivaéni komora podle naroku 1, vyznacujici se tim, ze vymezovaci ¢len (2) ma prostor
pro uchyceni a utésnéni standardni vice jamkové desky (4) vybrané ze skupiny kultiva¢nich
jamkovych desek (4) s 6, 12, 24, 48 a 96 jamkami.



CZ 33916 Ul

3. Kultiva¢ni komora podle naroku 1 nebo 2, vyznacujici se tim, Ze spojky hadicek (8) jsou
opatfeny spojkami Luer-Lock pro pfipojeni generatoru tlakovych pulzi a/nebo dalsich
kultiva¢nich komor.

4. Kultivaéni komora podle kteréhokoli z ptedchozich narokii 1 az 3, vyznacujici se tim, Ze je
z polykarbonatu.

5. Kultivacni komora podle kteréhokoli z pfedchozich naroki 1 az 4, vyznacujici se tim, Ze
vSechny jeji ¢asti jsou sterilizovatelné pomoci parni sterilizace — autoklavu.

3 vykresy
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Obr. 2



Staticka kultivace

Dynamicka tlakova stimulace
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Zobrazeni ve fazovém kontrastu

Obr. 3

Fluorescencni zobrazeni
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Kultivaéni komora pro stimulaci planarnich vzorki decelularizovaného perikardu

Oblast techniky

Technické feSeni se tyka oblasti regenerativni mediciny a tkafiového inZenyrstvi. Jedna se o kul-
tivaéni komoru pro in vitro dynamickou kultivaci a stimulaci buné€k na planarnich nosi¢ich tvote-
nych decelularizovanou tkan{ perikardu.

Dosavadni stav techniky

Starnuti populace pfinasi i vzestup onemocnéni kardiovaskularniho systému a zvy3enou poptavku
po chlopennich nahradach. V soucasnosti se pouZivaji srdeni chlopenni ndhrady mechanické
nebo biologické. Mechanické nahrady aortdlni chlopné jsou vyrobeny se slitin uslechtilych kovi,
z polymert, z pyrolytického uhliku, a jsou trvanlivé, ale vyZaduji soustavnou antikoagulacni
1é¢bu. Jejich pouziti mohou doprovazet neZédouci ufinky, jako jsou krvaceni, chlopenni dys-
funkce, trombdza, infekéni endokarditida apod. Biologické néhrady chlopni se vyrabi §itim
z hovéziho decelularizovaného perikardu, nebo se pouZiva praseéi aortdlni chlopefi, nebo
allogenni lidska chlopeii. Tyto ndhrady nejsou osazené buiikami pacienta, po Case degeneruji,
obvykle u 2 aZ 4 % pacientli/rok, ztraci funkCnost a musi se operatn€ vyménit - asi u 65 %
pacienti po 15 letech. To pfedstavuje zatéZ pro pacienta i ndklady pro zdravotnictvi a spole¢nost.
Problém je i u déti, kde neexistuje nahrada, kterd by rostla sou€asné s pacientem. Proto jsou
vyvijeny protézy tkafiovym inZenyrstvim tak, aby chlopenni ndhrada byla Ziv4, obnovovala se,
byla dlouhodobé funkéni a rostla s détskym pacientem. Vhodny biologicky nosi¢ je napiiklad
praseéi perikard osazeny autolognimi buitkami pacienta. Vhodnymi butikovymi typy jsou
endotelové buiiky, kmenové builky, hladké svalové buiiky, intersticidlni buitky chlopn€, nebo
jejich kombinace. Decelularizace perikardu a jeho rovnomémé osazeni buiikami je dileZitym
krokem zabezpecujicim funkénost srde€ni chlopiiové protézy. Toto osazeni musi probihat ve
specialné navrZenych kultivaénich komorach, které zajist'uji jednak optimalni Zivotni podminky,
tak také vytvareji fyziologickou stimulaci tkdné a bunééné kultury, kterd podporuje bunéénou
diferenciaci a tvorbu specifickych proteint, které zpeviiuji celou strukturu. Pro zvySeni schop-
nosti bunék adherovat a proristat do decelularizované tkané je nutné tkan modifikovat napf.
fibrinovym povlakem postupné uvoliiujicim ristové faktory a pfipojenim dalsich biomolekul
interagujicich s buitkami, jako jsou heparin, fibronektin, laminin. Zarovefi je moZné tento proces
jesté podpofit vytvofenim koncentraéniho gradientu v kultiva¢nich médiich, jez perfunduji tuto
tkai nebo vyuzivat vzdjemného pusobeni riznych typd bunék.

Chlopenni nahrada je vSak morfologicky komplexni tkafi, u které je sloZita analyza chovéni bu-
nééné kultury v zavislosti na zméné chemickych a mechanickych stimuld. Proto je vhodnéjsi na
testovani a optimalizaci osidleni decelularizovanych tkani vytvofit vhodny model, jeZ miiZe slou-
Zit pro potieby srovnani. Pravé tento model vytvafi navrzené technické feSeni, v podobé€ kulti-
vaéni komory.

Vzhledem ke specifické aplikaci se jedn& o unikatni feSeni. Komer¢ni feSeni obdobného druhu
neexistuje. V odborné literatufe jsou zminky o komoréach uréenych pro osidlovani decelularizo-
vanych tkani, oviem zde se jednd o ryze experimentalni sestavy.

Podstata technického feSeni

Vyse uvedené nedostatky jsou do znaéné miry odstranény kultivaéni komorou pro stimulaci
planarnich vzorki decelularizovaného perikardu, podie tohoto technického feSeni. Jeho podstatou
je to, Ze obsahuje drzak decelularizované tkané - perikardu, ktery vymezuje dva nezavislé kom-
partmenty na obou stranach této tkané pro nasazeni bunétné suspenze a tvofi dva rezervoary pro
kultivaéni médium. Tyto kompartmenty jsou uzavieny kryty obsahujicimi fluidické spojky pro
vyménu kultivaéniho média a porty typu Luer-Lock (dale jen LL) ur€ené pro vpraveni bunétné
suspenze, piipojeni systému tlakové stimulace a mozZnost pfidani dalSich chemickych latek do
této komory. PouZiti spojek LL je vyhodné z hlediska moZnosti pouZivat jednorazovy spotiebni
material pro propojeni - injekéni stfikacky, infuzni hadicky apod.
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Systém drzaku s dv€ma nezavislymi kompartmenty umoziuje s vyhodou uchyceni decelularizo-
vaného perikardu s aktivni plochou pro kultivaci v rozméru od 15 do 35 mm kruhového nebo
¢tvercového tvaru. Toto dvou kompartmentové feeni déle umoziinje s vyhodou nezavislou che-
mickou modifikaci kaZdého kompartmentu prostfednictvim napf. fibrinovych siti s ristovymi
faktory a zaroveil umozZituje proplach riznymi latkami napf. s rozdilnou koncentraci, coZ vytvaf
gradient podporujici proristani bunék tkani, jeZ je dileZity pro daldi pouZiti v oblasti konstrukce
chlopennich nahrad. Pfipojeni k systému tlakové stimulace dale podporuje bunéénou diferenciaci
a tvorbu specifickych proteinti napf. kolagenu a elastinu, které zvysuji pevnost celé struktury.

Drzék decelularizovaného perikardu je tvofen dvéma tfiskové obrabénymi dily z polykarbonatu
(PC). Oba tyto dily maji vyfrézovany otvor, jenZ vymezuje aktivni kultivaéni plochu na decelula-
rizovaném perikardu a zarovefi vytvaii jeden z dvou kompartmenti s rezervoarem kultivaéniho
média. Praktické rozméry téchto kompartmentii mohou byt upraveny dle potieby od 15 mm do
30 mm a to bud ve &tvercovém, nebo kruhovém tvaru. Spodni dil tohoto drzaku obsahuje, krom
otvoru kompartmentu, jesté drazku pro silikonovy o-krouZek rozméru 50 x 4 mm, jeZ zatéstiuje
cely komplet. Zbyla ¢ast je hladka, aby bylo moZné pohodIné decelularizovany perikard roztah-
nout do drzédku. Horni dil obsahuje drazku étvercového/kruhového tvaru, do niZ je vlepen siliko-
novy tésnici prvek kruhového profilu, jeZ fixuje decelularizovany perikard po staZeni obou dilu
drzaku. Tento tésnici prvek zdroveil zajistuje tésnost mezi jednotlivymi kompartmenty. Oba tyto
dily drzéku jsou k sobé staZeny nerezovymi $rouby M4 x 20 s vnitfnim Sestihranem. Aby nedoslo
ke kontaminaci kultury, jsou tyto §rouby vné aktivni kultivaéni oblasti.

K takto sestavenému drZaku jsou pfipevnény kryty s fluidickymi prvky. Tyto kryty jsou tvofeny
tfiskové obrabénym PC. Oba kryty obsahuji drazku pro silikonovy o-krouZek rozmeéru
50 x 4 mm, jeZ zat€sitiuji celou sestavu. Tyto kryty obsahuji vZdy dva pary fitinek. Jeden par tvoii
L-fitinky s pfipojenymi hadi¢kami a spojkami LL pro pfipojeni k perfuznimu systému zajistuji-
cimu vyménu kultivaéniho média. Druhy par je tvofen panelovymi spojkami LL umoZiiujicimi
vpraveni buné¢né suspenze, latek pro chemickou modifikaci decelularizovaného perikardu, pfi-
pojeni linedriho Cerpadla pro tlakovou stimulaci apod.

Takto sestavena komora zajidtuje fixaci decelularizovaného perikardu definovaného rozméru
a minimalizuje riziko jeho poskozeni, zkrouceni a kontaminaci. V uzaviené komoie pak mohou
byt, za sterilnich podminek, postupné vyméiiovany roztoky latek, ze kterych jsou vytvafeny mo-
lekulédrni bioaktivni soubory modifikujici perikard, zavadény suspense riznych typa bunék
a prub&Zn€ ménéno sloZeni kultivaéniho média. Po pfipojeni k perfuznimu systému je mozné vy-
tvaret jeSté rozdilny koncentraéni gradient riistovych faktort prostfednictvim rozdilnych médii,
jez proplachuji kazdy z kompartmentid. Timto zpisobem je mozné aktivné ovliviiovat chovani
bun&né suspenze a jeji proristani do decelularizovaného perikardu. Pfipojeni k tlakové stimu-
lace aktivn€ podporuje diferenciaci buné€k a produkci specifickych proteini.

Konstruk¢nim materidlem komory je hlavné téiskové obrabény polykarbonat (PC), nylon (PAS6),
a silikonové tésnici prvky. Pro lepeni ¢asti byla pouzita epoxidova lepidla s atestem pro medici-
nalni pouziti. Pro ovéfeni vhodnosti byly viechny pouZité materidly testovany na cytotoxicitu.
Konstrukce umoZziluje opakovanou sterilizaci v autokldvu - testovano pro > 10 cykld, aniZ by
doslo k deformaci, poskozeni, uvolnéni lepenych dili apod. Celd konstrukce komory byla opti-
malizovana tak, aby bylo moZné pracovat ve sterilnich podminkéach, v lamindrnim boxu v rukavi-
cich a pouziti pouze imbusového kli€e vel. 3 pro staZeni drzéku.

Objasnéni vykresi

Kultivatni komora pro stimulaci planarnich vzorkii decelularizovaného perikardu podle tohoto
technického feSeni bude podrobnéji popsina na konkrétnim pfikladu provedeni s pomoci piiloZe-
nych vykresi, kde na Obr. 1 je v axonometrickém pohledu znazornén drzék decelularizovaného
perikardu. Na Obr. 2 je znazornén v bokorysu fez drzdkem s uchycenym decelularizovanym pe-
rikardem. Na Obr. 3 je znazornén v axonometrickém pohledu fez sestavenou kultivaéni komorou
s drzakem s uchycenym decelularizovanym perikardem a na Obr. 4 je v axonometrickém pohledu
sestavena cela kultivaéni komora.
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Piiklady uskutenéni technického feSeni

Pfikladna kultivaéni komora pro stimulaci planarnich vzorki decelularizovaného perikardu, ob-
sahuje drzak decelularizovaného perikardu obsahujici spodni dil 1 a homi dil 3, které jsou opat-
feny dvéma nezavislymi kompartmenty 5, 6 na obou stranach vzorku decelularizovaného peri-
kardu pro kultivaéni médium. Spodni dil 1 a horni dil 3 drZaku jsou piekryty kryty 10 s fluidic-
kymi spojkami 12 pro vymeénu kultivaéniho média a porty 13 pro piivod bunétné suspenze, pfi-
pojeni systému tlakové stimulace a pfidani dalSich chemickych latek. Porty 13 jsou opatfeny
spojkami Luer-Lock. Drzdk ma aktivni plochu pro kultivaci o rozméru od 15 do 35 mm kruho-
vého tvaru nebo ¢tvercového tvaru. Kultivaéni komora je z polykarbonéatu. Kryty 10 jsou na
strané ptilehlé k drZzaku opatfeny drazkou pro silikonovy o-krouzek 7. Spodni dil 1 a horni dil 3
jsou navzajem staZeny Srouby 8. Kryty 10 jsou navzijem stazeny dal§imi $rouby 11.

Pfiklad - drzak decelularizovaného perikardu s rozméry 20 x 20 mm

Technické feSeni drzdku decelularizovaného perikardu je vyobrazeno na obr. 1 a v fezu na obr. 2.
Na spodni dil 1 drzdku je rozvinut decelularizovany perikard 2, ktery je zafixovan hornim dilem
3 drzaku, ktery obsahuje vymezovaci silikony t€snici profil 4. Tim jsou vytvofeny dva kompart-
menty 35, 6 na obou stranach decelularizovaného perikardu 2. Zat&ésnéni celého kompletu drzaku
je realizovani o-krouzkem 7 umisténym v draZce. StaZeni drZzdku zajiSt'uji Etyfi nerezové $rouby
8 M4 x 20. Drzék dale obsahuje otvory 9, jeZ jsou uréeny pro uchyceni krytt 10.

Drzak je umistén v kultivaéni komore. Sestaveny drzak uzaviraji kryty 10 komory, jeZ opét obsa-
huji drazky s t€snicimi o-krouzky 7. Pro staZeni kompletu kultivaéni komory s drZzdkem decelula-
rizovaného perikardu 2 jsou pouZity nerezové Srouby 11 s ryhovanymi maticemi, jeZz prochazi
otvory 9 v drzaku. Kryty 10 komory obsahuji jednak fitinky s hadickami s fluidickymi spojkami
12 pro pfivod a odvod média do jednotlivych kompartmentii 5, 6 a porty 13 LL pro vpraveni
dalsich chemickych latek a bunécné suspenze.

Primyslova vyuZitelnost

Navrzena kultiva¢ni komora nalezne vyuZiti na pracoviStich zabyvajicich se tkafiovym inZenyr-
stvim v oblasti umélych chlopennich nahrad.

NAROKY NA OCHRANU

1.  Kultivaéni komora pro stimulaci planarnich vzorki decelularizovaného perikardu, vy -
znadujici se tim, Ze obsahuje drzdk decelularizovaného perikardu (2) obsahujici spodni
dil (1) a horni dil (3), které jsou opatieny dvéma nezavisiymi kompartmenty (5, 6) na obou stra-
nach vzorku decelularizovaného perikardu (2) pro kultivaéni médium, pfiCemZ spodni dil (1)
a horni dil (3) drzaku jsou prekryty kryty (10) s fluidickymi spojkami (12) pro vyménu kultiva¢-
niho média a s porty (13) pro pfivod buné€éné suspenze, pfipojeni systému tlakové stimulace
a pfidéni dal§ich chemickych latek.

2. Kultiva¢ni komora podle naroku 1, vyznacujici se tim, Ze porty (13) jsou opat-
feny spojkami Luer-Lock.

3.  Kultivaéni komora podle niroku 1 nebo 2, vyznadujici se tim, Ze drzdk ma
aktivni plochu pro kultivaci o rozméru od 15 do 35 mm kruhového tvaru.

4.  Kultivaéni komora podle naroku 1 nebo 2, vyznacujici se tim, Ze drzdk ma
aktivni plochu pro kultivaci o rozméru od 15 do 35 mm &tvercového tvaru.

5.  Kultivaéni komora podle kteréhokoli z pfedchozich narokl, vyznaéujici se tim,
Ze je z polykarbonatu.
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6.  Kultivaéni komora podle kteréhokoli z pfedchozich narok, vyznadéujici se tim,
Ze kryty (10) jsou na strané pfilehlé k drzdku opatfeny draZkou pro silikonovy o-krouzek (7).

7.  Kultivaéni komora podle kteréhokoli z pfedchozich narokd, vyznaéujici se tim,
Ze je spodni dil (1) a horni dil (3) drzdku jsou navzéjem staZeny $rouby (8) a kryty (10) jsou na-
vzéjem staZeny dal§imi $rouby (11).

3 vykresy
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Obr. 4
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Mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci bunék

Oblast techniky

Technické feseni se tykd oblasti regenerativni mediciny a tkanového inzenyrstvi. Jedna se
o mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci buné¢k, ktery
vytvaii definovany prutok s moznosti generovani tlakovych pulzi pro dynamickou kultivaci
bunék v kultiva¢nich komorach.

Dosavadni stav techniky

Dynamicka kultivace bunék simuluje fyziologické podminky, které jsou podstatné pro rist,
diferenciaci a genovou expresi bunééné kultury. Zakladnim principem dynamické kultivace je
mechanicka stimulace bunék, tj. generovani pritocného smykového napéti a tlakovych zmén
podobng, jak je tomu v cévnim fecCisti. Prito¢né smykové napéti pozitivnim zptisobem ovliviuje
fenotypickou maturaci endotelovych bunék, jejich orientaci ve sméru proudéni a celkové jejich
rust. Tlakové poméry zase mechanicky ptisobi jednak hydrostatickym tlakem na cévni stény, coz
ma za nasledek jeji ¢astecnou kompresi nebo zménu geometrického tvaru celé cévy. Tento jev je

zase kli¢ovy pro vyvoj bunék hladké svaloviny.

Jednou moznosti je vyuziti peristaltickych pump. Tyto pumpy umoznuji relativné jednoduché
fizeni pruto¢ného objemu zménou jejich otacek ovSem velkym negativem je fakt, Ze samotny
zpusob cerpani, pri kterém dochazi k periodickému stlacovani okluzni hadice generuje tlakové
pulzy. Frekvence a amplituda téchto pulzi je navic ovlivnéna geometrii hadic, celkovym
odporem a poddajnosti zbylého kultiva¢niho okruhu, geometrii ¢erpadla a jeho ota¢kami. Pro
potlaceni pulzil je nutné do kultiva¢niho okruhu vlozit vzduchovy tlumi¢ pulzt. To sebou vsak
nese nevyhodu v celkové veétsim objemu kultivaéniho média a zaroven znemozituje nasledné
generovani kontrolovanych tlakovych pulzi pti kultivaci, vzhledem k dynamice celé soustavy.

Druhou moznosti je vyuziti linearnich davkovact vyuzivajicich injekéni stiikacky coby rezervoar
média. Rada komerénich feseni umoznuje i modulaci fizeni pohybu pistu, ¢imz je mozné vytvofit
definovany prutok a pfi zavedeni odporu do kultiva¢niho okruhu i tlakové pulzy. Nevyhodou
tohoto feSeni je vSak fakt, Ze se jednd pouze o jednocestné feSeni, kdy médium je postupné
vytlaCovano z injekéni stiikacky ptes komoru a odtékd pry¢. Po vyprazdnéni stiikacky je nutna
jeji vyména. Toto feSeni je pouzivano napt. pro mikrofluidické systémy, kde je docileno vhodné
stimulace 1 pii mikrolitrovych objemech a zaroven celkovy objem dostatecny pro realizace celého
pokusu. Na druhou stranu toto feSeni neumoziiuje generovani vysSich objemovych pratoki
a recirkulaci kultiva¢niho média.

Podstata technického feSeni

Zakladnim prvkem celého systému je linearni pohybova platforma s elektronicky fizenym
servopohonem. K této platformé jsou uchyceny drzaky injek¢nich stiikacek. Tyto drzaky jsou
feSeny jako vyménné aumoziuji uchyceni jako maloobjemovych, t. 5, 10ml, tak
i velkoobjemovych a vyplachovych stiikacek, tj. 50, 150 ml, pro vytvofeni velkych objemovych
pratokti. Kromé toho je k pohybové platformé uchycen drzak rezervoaru kultivaéniho média
a drzéky s klestinovym pfepinacim dvoucestnym ventilem.

Samotny perfuzni okruh je pak tvofen injekéni stiikackou, jez je uchycena do drzaku v pohybové
platformé. Za injekéni stiikackou je perfuzni okruh rozdélen Y spojkou na dvé vétve, které
prochazi klestinovym ventilem. Klestinovy ventil je zvolen cilené, aby nedochazelo k mozné
kontaminaci kultivaéniho média. Jedna vétev nasledné pokracuje pies kultivaéni komoru a Skrtici
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ventil do rezervoaru kultivatniho média. Vystup zrezervoaru je pfipojen k druhé veétvi
prochazejici klestinovym ventilem. Takto vznikne cely uzavieny kultivacni okruh.

Rezervoar kultivacniho média je tvoren silikonovou trubici, jez dava celkovy objem a dvéma
zatkami obsahujici jiz zminéné porty pro natok a odtok média v jedné ze zatek. V druhé zatce je
port pro pripojeni hadi¢ky s 220 nm filtrem. Tento filtr zajist'uje vyménu plynti a vyrovnani tlaku
pti zachovani sterilnich podminek uvniti celého kultiva¢niho okruhu.

Ve fazi generovani pritoku je klestinovy ventil otevieny ve sméru kultivacni komory, stfikacka
se pohybuje ve sméru, ze vytlaci medium pies kultivaéni komoru a skrtici ventil do rezervoaru.
Nastaveni skrticitho ventilu v kombinaci s rychlosti posuvu stikacky, tj. objemovym pratokem,
vytvari odpor generujici narist tlaku v kultivaénim okruhu, jez také stimuluje bunéénou kulturu.

Po vyprazdnéni stiikacky je ventil pfepnut tak, ze uzavira ¢ast ke kultivacni komote, a naopak
otevira odtok z rezervoaru. V této fazi se stfikacka pohybuje ve sméru, kdy nasava kultivacni
médium z rezervoaru. V této fazi nedochazi k pritoku kultiva¢ni komorou.

Jednotlivé dily, tj. drzaky injekénich strikacek, drzak rezervoaru a ventilu, jsou vyrobeny pomoci
3D tisku a umoznuji tak jednoduchou upravu a modifikaci pro jiny typ stiikacky, jiny objem
rezervoaru apod.

Fluidické dily, jako jsou hadicky, zatky a t€lo rezervoaru, jsou vyrobeny z materidll, jez
nevykazuji toxické vlastnosti pro bunécnou kulturu a zaroveii umoznuji opakovanou parni
sterilizaci v autoklavu. Pro pfipojeni jednotlivych fluidickych prvki jsou pouzity standardizované
spojky typu Luer-Lock.

Objasnéni vykresu

Mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci bun€k podle tohoto
technického feSeni bude podrobnéji popsan na konkrétnim ptikladu provedeni s pomoci
pfiloZzenych vykresti, schémat a mikroskopickych snimkt, kde na Obr. 1 je v axonometrickém
pohledu znazornén kompletni mikroperfuzni systém s jednotlivymi komponenty. Na Obr. 2 je
axonometrické znazornéni rezervoaru viezu. Na Obr.3 je schematicky zndzornéna faze
generovani prutoku v kultivaéni komofe. Na Obr. 4 je schematicky znazornéna faze doplnéni
injekéni stiikacky zrezervoaru pro dalsi cyklus generovani pratoku. Na Obr. 5 zachycen cely
systtm pifi bunéfném experimentu a jeho instalace v inkubatoru. Na Obr. 6. jsou
imunofluorescenéné znacené snimky bunécné kultury lidskych endotelovych bunék ze safény
(HSVEQC) pfi statické a dynamické kultivaci pomoci mikroperfuzniho systému.

Piiklady uskuteénéni technického feSeni

Prikladny mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci bunék, je
tvoren linearni pohybovou platformou 1 s elektronicky fizenym servopohonem, na této platformé
1 jsou uchyceny drzaky 2 pro injekéni stiikacku 5 umoziujici jeji pohyb coby linedrni davkovac,
dal$i drzak 3 rezervoaru 6 kultivatniho média umoZziujici jednoduché vlozeni a vyjmuti
samotného rezervoaru 6 a jeSté dalSi drzak 4 klestinového ventilu s uchycenym klestinovym
ventilem 12.

Rezervoar 6 kultivaéniho média je tvofen dvéma zatkami 8, kdy spodni zatka 8 obsahuje dva
kapalinové porty pro pfipojeni silikonové hadicky pro natok 9 a odtok 10 kultiva¢niho média.
Horni zéatka 8 obsahuje jeden port 11 pro pfipojeni hadicky s 220 nm filtrem pro zajisténi sterilni
vymény plyni. Tyto zatky 8 jsou vlozeny do silikonové trubice 7 jez vytvari samotny objem
rezervoaru 6.
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Kultivaéni okruh systému je tvofen injekéni stiikackou 5 s Luer-Lock portem vlozenou do
odpovidajicich drzaku 2 na linearni platformé 1. Za injek¢ni stfikackou 5 je vloZena Y spojka 13
jez rozdéluje kultivacni okruh tvotfeny silikonovou hadickou na dvé vétve které prochazi
ptepinacim klestinovym ventilem 12. Z tohoto klestinového ventilu 12 pokracuje jedna vétev do
vstupniho portu 14 kultivac¢ni komory dale pokracuje z vystupniho portu 15 ptes Skrtici ventil 16,
umoznujici vytvoreni odporu a tlakového pfirdstku pfi pratoku média, do natoku 9 rezervoaru 6
kultivacniho média. Druha vétev je pfipojena k odtoku 10 rezervoaru 6.

Pfi dynamické kultivaci bunééné kultury je v prvni fazi kleStinovy ventil 12 otevien tak, aby
oteviral vétev jdouci pres kultivacni komoru a Skrtici ventil 16. Injekeni stiikacka 5 se pohybuje
ve sméru pii kterém vytlacuje kultivaéni médium, jez prochéazi kultivacni komoru a Skrticim
ventilem 16 pfes natok 9 rezervoaru 6. Vyrovnani tlaku v rezervoaru 6 je feSeno pomoci dalsiho
portu 11, ktery je doplnén o hadi¢ku s 220 nm filtrem zajist'ujicim sterilitu celého okruhu.

V druhé fazi je klestinovy ventil 12 pfepnut na odtokovou vétev a injekeni stiikacka 5 se posouva
ve sméru pro nasati média, které je postupné Cerpano z rezervoaru 6, pricemz vyrovnani tlaku je
opét feseno dalsim portem 11 s hadi¢kou doplnénou o 220 nm filtr.

Pro kultivaci bunék jsou tyto cykly opakovany pro zajisténi pritoku média a kombinaci rychlosti
pojezdu stiikacky 5 a uzavieni Skrticiho klestinového ventilu 12 je dosazeno pozadovaného
pratoéného objemu a tlaku, véetné moznosti generovani pulzu pii modulaci fizeni servopohonu.

Priklad — kultivace lidskych endotelovych bunék pii dynamické zatézi

Bunécéna kultura bunek HSVEC (Human Saphaenous Vein Endothelial Cells — endotelové buniky
ze safény) byly nasazeny v inicidlni hustot& 60 tis. bunék na cm? do PPFC kultivaéni komory.
Poté byla tato komora pfipojena k mikroperfuznimu systému a byla vytvofena prito¢na zatéz
odpovidajici smykovému napéti 15 dynt/cm? (1,5 Pa) s cyklickou pulzaci hodnoty horni tlak
120 mmHg (15,9 kPa), spodni tlak 80 mmHg (10,6 kPa) pfi frekvenci 60 pulzi za minutu (1 Hz).
V téchto podminkach byla kultura kultivovana po dobu 5 dni.

Na imunofluorescencné znaceném mikroskopickém snimku jsou znazornény proteiny F-actin
(Cerveng), v Casti A pii statické kultivaci a v ¢asti B pii dynamické kultivaci, kde je jasné patrna
smérova orientace aktinového cytoskeletu ve smeru proudéni, protahly tvar, jez odpovida
fyziologické morfologii. Naopak u statické kultivace je pouze dlazdicové patologické uspotadani,
typické pouze pro statické podminky. V ¢asti C je znazornén protein Talin (zeleno oranzove)
a VE-Cadherin (Cervené) u dynamické kultivace, kde je patrnad mezibunécna vazba.

Prumyslova vyuzitelnost

Navrzena kultivacni komora nalezne vyuziti na pracovistich zabyvajicich se vyzkumem v oblasti
tkaniového inzenyrstvi a regenerativni mediciny.
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NAROKY NA OCHRANU

1. Mikroperfuzni systém s tlakovou stimulaci pro sterilni dynamickou kultivaci bunék,
vyznacujici se tim, Ze obsahuje linearni pohybovou platformu (1), ke které jsou uchyceny drzaky
(2) sttikacek (5), dalsi drzak (3) rezervoaru (6) kultivacniho média, a jeste dalsi drzak (4) ventilu
s klestinovym ventilem (12), pficemz ke stfikacce (5) je pfipojena uzaviend soustava
silikonovych hadi¢ek prochazejicich pres klestinovy ventil (12) a rezervoar (6) do kultivaéni

komory.

2. Mirkoperfuzni systém podle naroku 1, vyznacujici se tim, ze drzak (2) stiikacek (5)
odpovidd umisténi maloobjemové injekéni stiikacky (5) oobjemu 5 al0ml a/nebo

velkoobjemové a vyplachové sttikacky (5) o objemu 50, 60 ml a 150 ml.

3. Mirkoperfuzni systém podle naroku 1 nebo 2, vyznadujici se tim, Ze rezervoar (6)

kultivacniho média obsahuje 220 nm filtr pro zajisténi sterilni vymény plyni a vyrovnani tlaku.

4. Mikroprerfuzni systém podle kteréhokoli z pfedchozich narokt, vyznacujici se tim, Ze

vSechny ¢asti perfuzniho okruhu jsou sterilizovatelné pomoci parni sterilizace — autoklavu.

4 vykresy
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