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Anotace:

Habilita¢ni prace je predlozena ve form¢ komentovaného souboru praci dle Zakona ¢. 111/1998
Sb. Publikované vysledky piiblizuji vyzna¢ny svét nanovlaken a mikrovlaken, zaroven také
samotné technologie vedouci k jejich ptiprave. Habilitacni prace je sepsana jako komentovany
soubor sebranych védeckych praci. Jedna se o soubor impaktovanych ¢lankd, které jsou
zaznamenany v databazich WoS nebo Scopus. Vsechny publikované ¢lanky jsou podpoieny
uvefejnénymi patenty, uzitnymi vzory, nebo piijatymi patentovymi piihlaskami. Propojeni
vSech téchto védeckych a inzenyrskych praci mize byt dikazem, ze aplikace nanovlakennych
I mikrovlakennych materialti sméfuji do primyslové praxe. Dle zakona €. 111/1998 Sb je nutné
uvadeét také vystupy védecko-pedagogické cinnosti. Kvantifikace vysledkti VaV bude uvedena

Vv piehledné souhrnné tabulce v kapitole soubor védeckych praci.

Habilitacni prace je orientovana na textilni technologie vyroby vlakennych i nanovlakennych
materialtt vhodnych pro zdravotnické i technické aplikace. V praci jsou uvetfejnény vysledky
technického 1 biologického zaméteni. Originalita prace spociva zejména Vv propojeni védeckych
publikaci pfimo s uvefejnénymi patenty nebo uzitnymi vzory. V soucasné dobé je cileno na
moznou komercionalizaci védeckych vystupii ve formé spoluprace s vyrobnim subjektem. V
praci je uvedena piima navaznost védeckych ¢lanki a jejich propojeni s primyslovou sférou.
Piinosem podanych vysledkl je zejména novost vytvofenych nanovlakennych materialt a
jejich nasledny aplika¢ni potencial. Piikladem mize byt nanovlakenny kozni kryt pro 1écbu
koznich poranéni, ktery je ve fazi klinického testovani. Pedagogicka ¢innost zahrnuje vyuku

dvou piredmétii, Zdravotnické textilie a pfedmétu Termické a chemické technologie.



Annotation:

The habilitation thesis is presented in the form of a commented work file according to Act No.
111/1998 Coll. The published results illustrate the prominent world of nanofibers and
microfibers as well as the technology itself leading to their preparation. Habilitation thesis is
written as a commented collection of collected scientific papers. These are impacted articles
that are recorded in WoS or Scopus databases. All published articles are supported by published
patents, utility models, or accepted patent applications. The continuity of all these scientific and
engineering work may be evidence that the application of nanofibrous and microfibre materials
leads to industrial practice. According to the law, it is also necessary to include scientific and
pedagogical activities. Quantification of the R & D results will be presented in a synoptical

summary table in the chapter of scientific work.

The habilitation thesis is oriented on the textile technology of production of fiber and
nanofibrous materials suitable for medical and technical applications. In the work are published
the results of the technical and biological focus. The originality of the work is mainly the linking
of scientific publications directly with published patents or utility models. At present, there is
a pressure on the possible commercialization of scientific outputs in the form of cooperation
with the manufacturing entity. There is a direct link between the scientific articles and their
links with the industrial sphere. The benefit of the results is the novelty of the created
nanofibrous materials and their future application potential. An example can be a nanofibrous
skin cover for the treatment of skin injuries that is in the clinical trial phase. Pedagogical activity
is supported by the teaching of two subjects: Medical Textiles and Thermal and Chemical

Technologies.
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Uvod do védecké problematiky.

Prvni kapitola této habilitacni prace je reSersi v oblasti elektrostatického zvldknovani a
nanovlaken. Na publikace uvedené v reSersi, havazuji svou habilita¢ni praci, ve které je feSena

technologicka problematika v oblasti vyroby vlakennych nanomateriald.

Pokud se podivame do historie nanovldken a nanovldkennych materiali jako takovych,
dostaneme se do novovéku. Prvni zminky, které je mozné najit ve védeckych publikacich a
patentech ohledn¢ elektrostatiky, se datuji od 19. stoleti, jejich autorem je Boys (1887). Ve
svém c¢lanku piSe o elektrospinningu jako o0 znamé metod¢, ale velice malo probadané. Autor
se v tomto vénuje fyzikalnimu popisu procesu, o kterém tvrdi, Ze nemiize dosdhnout zadného
praktického vyuziti. Dalsi zaznam pochazi od Mortona (1902) a patentovy spis No. 705,691
nese nazev: Method of dispersing fluids. Zejména Zeleny (1914) provedl pokusy s méfenim
intenzity elektrostatického pole na vrcholu kapilary. Prvotni experimenty s elektrostatickym
rozprasovanim by vedly k samotné vyrob¢ nanovlaken, pokud by byl pouzit vhodny polymerni
roztok. V 60. letech 19. stoleti publikuje nasledné firma Dupont patenty pro vyrobu
polymernich vlaken z mnoha novych polymerd, coz za dalSich 40 let otevielo nové moznosti

ve zvlakiovani, zejména v posunu do oblasti nanovlaken.

V publikaci Deitzel et al. (2001) se uvadi moznost fizené ukladat nanovlakna. Zatizeni
se sestava z jehly a kolektoru, ve kterém se mohou ukladat nanovladkna na piesné stanovena
mista. ReSeni ukazalo novou technologickou moznost, ktera byla nasledn& vyuzita v §irokém
méfitku. Stale se jedna o jehlové zvlaknovani, které popisuje nékolik set, mozna 1 tisic publikaci

a patentd.

Velmi dulezity je patent Jirsaka a kol. (2005), diky némuz mohla byt zahajena
prumyslova vyroba nanovlaken. V soucasné dobé rozlisuji dva zékladni typy zvlaknovani, a to
jehlové a bezjehlové. Jehlové probiha za pouziti jednotlivych jehel a bezjehlové zvlakinovani
probiha z volné hladiny. Bezjehlové zvlaknovani umoziuje vySs$i vyrobnost a produktivitu,
pfiCemz je mozné vytvaret plosné nanovldkenné vrstvy. Vyrobnosti soucasnych stroji se

pohybuji v desitkach centimetri az jednotek metri za minutu a dosazené $ife ¢ini 1,5 mi2m.



V nasledujicich letech je mozné nalézt nové konstrukéni feSeni elektrostatického
zvlaknovani za pouziti kolektoru. Vyuziti fyzikalnich zakonu, jakozto podptirnych metod
ovlivnéni elektrostatického pole v blizkosti kolektoru, popsal jiz Feynman (2001). V praci
autoru Mitchell and Sanders (2006) jsou zminky o moznosti vytvofeni strukturné specifické
plosné vrstvy nanovlaken vlivem elektrostatickych sil. V soucasné dob¢ se zacina objevovat
nova moznost, jak vlakna vyrdbét a zaroven ovliviiovat jejich strukturni parametry. Plosna
hmotnost je jednim z hlavnich materidlovych parametri, ktery spoluurcuje vlastnosti textilie.
Moznosti ovliviiovani plo§né hmotnosti, a tim i 3D struktury, jsou popsany jiz o dva roky diive
autorem je Kessick et al. (2004). Porovnavani strukturnich parametri a mechanickych
vlastnosti nanovlakennych vrstev publikovali Kim G. H. (2006) a Kim C.H. (2006). V téchto
publikacich byly srovnavany zejména klasické plosné nanovlakenné vrstvy se strukturovanymi
2D-vrstvami a soucasné nanovldkennymi vrstvami s vyssi plosnou hmotnosti. Vysledky
bunécné migrace a proliferace jasné ukazuji, Ze lepsi vysledky poskytuji strukturované vrstvy

a vrstvy s vyssi ploSnou hmotnosti. Soucasné se rozviji vyroba 3D nanovlakennych materialu.

Pfi vyuziti objemnych materidlti s vyssi ploSnou hmotnosti musi byt zajiSt€éna dobra
porovitost vytvorené¢ho materidlu pro moznost migrace bunck do jeho vnitinich ¢asti. O tomto
referoval jiz Li,W. J. et al. (2005), ktery fesil vyrobu materialu s ohledem na jeho strukturni
parametry. Tan, S. H. et al. (2005) hledal dalsi technologické moznosti vyroby pro zlepSeni
migrace bun¢k. Podle Tuzlakoglu et al. (2005) je v piipadé objemnych materiali nejdulezitéjsi
penetrace bun¢k do celého objemu scaffoldu, tj. zajisténi optimalnich podminek nejen na
povrchu, ale 1 uvnitf materialu. Ve vysledku studie je definovana urcita, presn¢ dana porozita
nanovldkenného materialu. Vzhledem k velikosti pori je nezbytné nutné dopravovat ziviny a
dal$i potifebné latky do celého objemu vldkenné struktury a soucasné zajistit bunikam
dostatecnou oporu pro adhezi a nasledny rist. Struktura materidlu umoziuje mistim s nizsi
plosnou hmotnosti snadné&jsi penetraci bunék Ma, Z. et al. (2005). Vse je urceno velikosti
mezivlakennych pora a tim, Ze mista s vysSi ploSnou hmotnosti ptisobi jako rigidni ¢leny pro

mechanickou pevnost.

Materidly byly testovany i1 na mezenchymalni kmenové buiky, viz Pan and Jiang
(2006), ptedevsim byla sledovdna migrace bunck dovniti daného materidlu. DalSim
parametrem byla vhodna diferenciace kmenovych bun¢k v daném materialu. Material ovliviiuje
chovani kmenovych bunék a je nutné ho ptesné specifikovat pro dany typ nahrazované tkané,

jak uvadi Schindler et al. (2005).



V navaznosti na materialy je potfeba zminit také novou technologii vyroby koaxidlnich
vlaken. Tato technologie vyroby vldken jadro-plast’ je popsana napft. ve ¢lancich Hong, Y. L.
et al. (2005), Dong et al. (2004). Autofi uvadéji moznosti vytvoreni vlakna sestavajiciho ze
dvou riznych polymert nebo slozek, které budou spojeny v jeden celek. Nasledné je zmifiovana
moznost inkorporace riiznych slozek pro tkanové nosice. Pii vhodné zvoleném biologickém
nebo chemickém aditivu je takto vyrobeny material optimalni pro regenerativni medicinu a
tkaniové inzenyrstvi, zejména z divodu uvoliovani dané slozky, kterd se nachazi v jadie
koaxialniho vlakna, viz Katti et al. (2004). Vzhledem k rychlosti degradace nosného polymeru,

tedy obalu, Ize uvoliovani u¢inné latky v jadie nanovlaken fidit.

Materiadlova stranka vyroby nanovldken je v soucasnosti urovana polymernimi
materialy a zvlaknitelnosti daného polymerniho roztoku do formy mikro- nebo nanovlaken.
Inkorporace nanocastic a obecné ¢astic do polymert je piistup, ktery se pouzivd v mnoha
materialnich oblastech védy, viz Capadon (2007). Inkorporace umoznuje vytvaret materialy s
novymi nebo zlepSenymi vlastnostmi homogenizaci vice riznych slozek a vyuzitim
synergickych efektll. Zajimavou moZnosti je navrh novych funkénich materidlt s jedine¢nymi
elektronickymi vlastnostmi, katalytickou aktivitou, atd. Vyuziti polymernich nanokompoziti je

vsak limitovano nedostatkem efektivnich metod kontroly dispergace nanoc¢astic a mikrocastic.

Polymerni materialy s vhodnou molekulovou hmotnosti je nutné rozpustit. Vybér
vhodného rozpoustédla nebo rozpoustédlového systému jako nosice konkrétniho polymeru je
zékladem optimalizace elektrostatického zvlaknovani. Vybér rozpoustédla je stéZejni pii
stanoveni kritické minimalni koncentrace roztoku, jak je uvedeno v praci Luo (2010).
Koncentrace roztoku je klicova pro ptechod od elektrostatického rozprasovani
k elektrostatickému zvlakniovani. Rozpoustédlovy systém vyrazné ovlivni zvlaknitelnost
polymerniho roztoku a morfologii vlaken Andrady (2008). Prace Luo (2010) ukazuje, ze
rozpoustédla s vysokou rozpustnosti pro dany polymer nemusi nutné vytvaret roztoky vhodné

pro elektrospinning.

Nasledné byly testovany binarni systémy rozpoustédel pro vyrobu vlaken s vysokou
pérovitosti povrchu, coz ukazuje, Ze vysoka t€kavost a vysoky rozdil tlaku par mezi smésnymi
rozpoustédly mohou vyvolat separaci fazi elektrostatického zvlaknovani. To dokazuje, Ze

separace fazi mize byt indukovana rozdilem rozpustnosti v roztoku polymeru.



Nanovlakna a jejich vyroba jsou v soucasné dobé na samém vrcholu, materialy i
polymery jsou presné definovany, jak je tomu napiiklad pii vyuziti kombinace
polykaprolaktonu a Zzelatiny pro vytvofeni materidlu pro tkanové inzenyrstvi. V publikaci
Gautam (2013) popisuje piipravu kompozitni nanovlakenné vrstvy — textilni nosi¢ scafold jiz
byl v textu pouzit bez vysvétleni za pouziti nové efektivni smési rozpoustédel: chloroform /
metanol pro polykaprolakton (PCL) a kyseliny octové pro zelatinu. Gautam (2013) tak
dokumentuje moznost kombinace rozpoustédlovych systému pro dany polymer a soucasné

kombinace dvou polymerd, coz znamena vyznamny posun v oblasti nanovlakennych materialt.

Funkcionalizace materiall a nasledné fizené uvoliiovani dodanych latek je zptsob, jak
ovlivnit rychlost regenerace tkani, nebo jak fizen¢ uvolnit danou latku v piesné specifikovaném
casovém obdobi. V soucasnosti jiz existuje moznost funkcionalizace vytvorenych nanovlaken
- mikrovlaken z pfedem definovaného polymeru nebo kopolymeru. Lu (2016) ve své praci
popisuje piipravu bikomponentniho vlakna metodou elektrostatického zvlaknovani. Jedna se o
koaxialni metodu pro ptipravu nanovldken jadro-plast. Koaxialni vlakna se specifickymi
latkami, 1é¢ivy zapouzdienymi v jadife, mohou vykazovat trvalé a fizené uvolilovani v Case.
Vysoky specificky povrch nanovlaken a vhodna trojrozmérna nanovlakenna struktura
pfipominaji nativni extracelularni matrix. Tyto vlastnosti koaxialnich vlaken ukazuji, ze maji

obrovsky potencial v oblasti aplikaci 1éki a tkanového inzenyrstvi.

Proteiny, riistové faktory, antibiotika a mnoho dalSich latek byly uspéSné zapouzdieny
do koaxidlnich vldken pro ftizené uvolovani lécivé latky. Hlavni vyhodou konstrukce
koaxialnich vlaken, tj. jadro a plast’, je, Ze po elektrostatickém zvlaknovani zistavaji tyto latky
bioaktivni diky ochrané plastém vlakna. Aplikace koaxialnich vlaken mohou byt scaffoldy pro
tkanové inzenyrstvi, a to pro kostni tkan, chrupavka, srde¢ni tkan, kize, cévy krevniho fecisté
anervové tkan€. Novinkou je inkorporace proteini, rastovych faktort, antibiotik a dalsich latek
ve formé 1é¢iv. Vyuziti koaxialnich vldken a nanovlaken otevird dalSi moznost aplikace Castic
pro fizenou dopravu lé¢iva na piesné definované misto. V praci Tavares (2016) je popsano

cileni nanocastic s lé€ivem u malignich tkani pro lepsi diagnozu a terapii.

V literarni resersi z roku 2007 je nasledujici informace: ,,pouze median, tedy 0,7%
podané davky nanocastic je dodano piimo do trvanlivého nadoru.* V publikaci byla provedena
multivariacni analyza dat pro definici a odhad fyzikalné-chemickych parametrii nanocastic
uréenych pro modely nadori a analyza typti nadorovych onemocnéni. Vysledkem je z pohledu
nadorové biologie zvySena permeabilita, retenéni G€inek a fyzikalné chemicky transport

nanod¢astic.



Nanocastice jsou pii uvolnéni zachyceny mononuklearnimi fagocytarnimi a renalnimi
systémy. To muze predstavovat feSeni problému nanocasticemi a klinicky posun materialt

smérem do praxe muze byt urychlen.

Provedena reserse se zaméfuje na vyrobu nanovlaken a jejich vyuziti pro tkanové inzenyrstvi.
Jsou zde uvedeny mozné modifikace materiali pro dosazeni lepsiho fyzikalné chemického
transportu u¢innych latek, napi. 1éCiv. Na zavér této kapitoly uvedu citat, ktery asi nejlépe

popisuje soucasny stav.

»1echnologie pro vyrobu vidkennych - nanovlikennych materializ | inkorporaci latek jiz
zndame, nyni je zejména nutnd aplikace téchto viakennych a nanovlikennych materialit do

praxe.«

Seeram Ramakrishna, konference Nart Liberec 2017.



Komentar k uverejnénym védeckym pracim

V této Casti prace jsou prezentovany vysledky, ve kterych jsem uveden jako autor, nebo
jako spoluautor. Hlavni pfinos téchto praci je mozné spatfovat zejména v oblasti textilni
technologie, tj. vyroby nanovlaken. Publikované védecké prace navazuji na predchozi
doktorskou préci, ve které jsem se veénoval specidlnim kolektorim pro fizené ukladani
nanovlaken. V dané oblasti vyzkumu i nadale pokracuji a pfedkladam soubor komentovanych

veédeckych ¢lankt.

Clanek s nazvem: Elastic three-dimensional poly(epsilon-caprolactone) nanofibre
scaffolds enhances migration, proliferation and osteogenic differenciation of
mesemchymal stem cells popisuje moznosti piipravy nanovlakennych nosi¢t. Nanovlakenné
vrstvy se pripravuji jako plo$né materialy, coz neni zcela optimalni struktura pro bunéénou
proliferaci. Pfinosem mnou vyvinutého materidlu je vytvoreni strukturné modifikované vrstvy.
Hlavnim cilem védecko-vyzkumné prace bylo, zaméfit se na kontrolované ukladani nanovlaken
na piesné definovana mista a tim vytvofit strukturu s definovanym vzorem - skladbou. Pravé
definovany vzor pomuze buiikam 1épe migrovat a proliferovat do struktury, pfi¢emz vrstva
zustava piesto mechanicky odolna. Takto vytvofené vrstvy jsou netradi¢ni a piedloZena

publikovana préace potvrzuje vhodnost nanovldkennych vrstev pro tkanové inZzenyrstvi.

Pozadavkem od biologt bylo vytvofit idealné takovou strukturu, ktera bude vhodna pro
pohodIlné nasazeni bun€k a soucasné¢ dovoli bunkdm penetrovat dovnitf nanovlakenného
materialu - bunééného nosice. Tento pozadavek byl feSen pomoci vhodného biodegradabilniho
a biokompatibilntho polymeru a pfipravou rlznych ploSnych hmotnosti a hustot
nanovlakennych vrstev pomoci specialniho kolektoru. Vrstvy tak umoziuji snadné&jsi prostup
bunék pfes mista s nizsi ploSnou hmotnosti. Tyto vrstvy maji, ale nizkou mechanickou odolnost
a zaroven nizkou rozmérovou stabilitu. Proto navrhovana vrstva obsahuje mista armovaci, tedy
mista S vy$$i plosnou hmotnosti a tloustkou. Ty vedou k lepsim mechanickym vlastnostem a
ke snadngjsi praci biologl S timto materialem. Vytvofenim kombinace mist S riznou plosnou
hmotnosti (volbou vzoru) bylo dosazeno pomoci vhodnych parametri pro vytvoieni 3D
scaffoldi pro naslednou bunéfnou kultivaci in vitro. Materidly byly uspé$né testovany

mezenchymalnimi kmenovymi bunkami na 2. Lékatské fakulté Univerzity Karlovy.
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Dale uvadim patent — ¢islo 305569, ktery dopliiuje publikovany ¢lanek. Referuje 0 moznosti
vyroby a aplikaci nanovlakennych materiald ve form¢ tfidimenzionalniho (3D) scaffoldu.
Dtivodem je skutecnost, ze biologické tkané nejsou jen plosné utvary jako napt. kize, ale
struktury tfidimenzionalni. Proto je nutné vytvofit vhodnou 3D strukturu, podobajici se nativni
tkani. Je mozné vyuzit strukturovany kolektor, ktery musi byt vytvoien z vodivych ¢asti. Pokud
je kolektor strukturovany, avSak vytvofeny z nevodivého materialu, napf. silikonu, pak se
vyuziva technologie popsana v patentu: Zpusob vyroby prostorové tvarované vrstvy
polymernich nanovlaken a zptisob pokryvani prostorove tvarovaného povrchu télesa prostorove

tvarovanou vrstvou polymernich nanovlaken.

Pfinos patentu vidim zejména v kombinaci vyroby nanovlaken a vlivu proudiciho
vzduchu. Pfedmétem patentu je produkce nanovlaken, ktera se pfi svém pohybu smérem od
zvlaknovaci elektrody vychyli proudem vzduchu smérem ke kolektoru, na ktery se nasledné
ulozi. Na povrchu tvarovaného piedmétu se nanovldkna ukladaji do vrstvy, ktera ptesné
kopiruje tvar predlozeného vzoru. Takto se daji ukladat nanovldkna i na nevodivé predméty a
povrchy, ¢imz lze docilit povrstvovani slozitych strukturnich predmétt. Tento patent byl
jiz pouzit pro vytvoreni nahrady umeélé srdeéni chlopné. Finalni vlakenny produkt byl vytvoten

povrstvenim silikonové predlohy chlopné.

Také je zde nutné zminit ¢esky patent (27202) s nazvem 3D kompozitni material
urceny piedev§im jako biodegradabilni nahrada chrupavky. Patentova ochrana se tyka
materiadlu, ktery slouzi pro ndhradu kloubni chrupavky. Pouzity material je na bazi nanovlaken
Sriznou ploSnou hmotnosti a s definovanym vzorovadnim v ploSe nanovldkenné vrstvy.
Vytvoteni takto strukturovanych vrstev je muj pfinos v tomto patentu. Nanovlakenné materialy
byly vyrobeny pomoci specialniho kolektoru, ktery jsem navrhl a instaloval jej do stroje
Nanospider, aby bylo dosazeno pozadované vzorovani. Nanovlakenna vrstva je propojena s
vrstvami vytvofenymi pomoci technologie 3D tisku. Vysledny material je tedy ve formé
sendvic¢ové struktury. Vysledky biologickych testl takto ptipravenych kompozitd jsou uvedeny
ve ¢lanku: The combination of 3D printing and nanofibers for tissue engineering of
articular cartilage. Chrupavka kolene je velice specificka tkan, proto musi byt biodegradabilni
nahrada chrupavky z polymeru, ktery je mechanicky odolny a souc¢asné vhodny pro adhezi
bunék. Technologie 3D tisku zde zajisti mechanickou pevnost a strukturované nanovlakenné

vrstvy dobfe podporuji bunéénou adhezi.
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Jak jsem jiz zminil, struktura specialniho kolektoru hraje klicovou roli ve tvorbé
nanovlakennych vrstev se vzorem a 3D stavbou. Publikace, ktera se vénuje zejména
fyzikalnimu popisu a procesu elektrostatického (i elektrického) zvlakiovani v blizkosti
specialniho kolektoru, nese nazev Production of Poly(vinylalcohol) Nanoyarns using a
special saw-like collector, a popisuje samotny proces vyroby nanovlaken z polyvinylalkoholu
(PVA). Specialni kolektor, vtomto piipadé médény hieben, byl diky své geometrii a
pravidelnému stfidani vodivych elementii vybran jako nejvhodnéjsi. Experiment probihal tak,
7ze médény hieben byl umistén jako kolektor proti zvlaknovaci jehle. Zvlaknovani z jehly
umoznovalo sledovani uklddani nanovlaken na hroty médéného hiebenu. Nanovldkenny
material se ukladal na vrcholy vodivych hroti a soucasn¢ dochazelo k orientaci mezi
jednotlivymi hroty vodivého hiebenu. Orientovany vldkenny svazek byl néasledné sejmut z
povrchu vodivého hiebenu a zakroucen do formy ptize. Pomoci mechanickych zkousek byla
méfena pevnost ptize v tahu, sledovana vytvorend morfologie vldken pomoci elektronového
mikroskopu.

Hlavnim osobnim pfinosem této prace je objasnéni fyzikalni podstaty chovani
elektrického pole v blizkosti specialniho kolektoru, tj. médéného hiebenu. Provedena fyzikalni
analyza elektrického pole ukézala mista extrému elektrické intenzity v blizkosti kolektoru.
Mezi vodivymi elementy specialniho kolektoru se vytvaii silné elektrostatické pole, a proto
dochazi k tizenému ukladani nanovlaken. Jednotliva nanovlékna se v prostoru mezi vodivymi
elementy prodlouzi, pti morfologické analyze lze zjistit, ze tato nanovlakna maji mensi prameér
nez nanovlékna z jinych mist. Nanovlakna na vodivych mistech se neprodlouZila, a proto maji
veétsi primér neZz nanovlakna uloZzend mezi vodivymi elementy. Modelovani intenzity
elektrického pole pomoci programu Comsol multiphysics potvrdilo fyzikalni pfedpoklad, a
diky tomu je mozné graficky prezentovat mista s vyssi intenzitou pole. Pfinosem prace je
modelovani intenzity pole, predikce mist, kde jsou na specialnim kolektoru uloZena nanovlakna
a také jejich vysledné uspotadani. Orientace a morfologie nanovlaken byla potvrzena na

zéakladé optické mikroskopie.

Patent (304137) s nazvem Zpiisob vyroby polymernich nanovliken zvlakinovanim
roztoku nebo taveniny polymeru v elektrickém poli a linearni utvar z polymernich
nanovlaken vytvoreny timto zpisobem dopliuje vyse citovany ¢lanek a uvadi moznost
praktického vyuziti. Zde je popsana vyroba polymernich nanovlaken pomoci silového
pusobeni elektrostatického pole na polymerni roztok. Vyuziva se pfitomnosti vysokého napéti,

které je ptivedeno na povrch volné hladiny zvlakinovaného roztoku.
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Nasledkem silového plisobeni vznikaji mista nestability, které se dale méni na mista vzniku
Taylorovych kuzelti. Nésledné z téchto mist dochazi k vytrysku polymerni trysky, a dalsi
tvorbé nanovlaken. Technologicky lze popsat stiidavé zvlaknovani jako vytvareni kladné nebo
zaporn¢ nabitych vlakennych vrstev nad zvlaknovaci elektrodou. Na elektrodu s polymernim
roztokem se privadi stfidavé napéti ze specialniho zdroje vysokého napéti. Pii vysokém napéti
vznikaji nabité ionty, které se ve vzduchu pohybuji a mohou unaset nanovlakna ve sméru
pohybu nabitych iontl. Tak se podle faze sttidavého napéti vytvari na zvlaknovaci elektrodé
polymerni nanovlakna s opaénym elektrickym nabojem. Useky s opa¢nym elektrickym
nabojem se po svém vzniku v disledku ptsobeni elektrostatickych sil shlukuji do linearniho
utvaru ve formé napt. kabliku, ktery se voln€ pohybuje v prostoru ve sméru gradientu

elektrickych poli smérem od zvlaknovaci elektrody.

Vyhodnoceni uspotadani vldken pomoci obrazové analyzy je popsano v clanku
Estimation of fiber system orientation for nonwoven and nanofibrous layers: local
approach based on image analysis. Pfedmétem publikace je analyza nanovlaken a dalSich
textilnich vrstev. Analyza textilnich materialii je nezbytné nutnou podminkou pro stanoveni
kvality vysledného textilniho produktu. Hodnoceni finalni kvality a analyza se 1épe provadi u

tkanych a pletenych textilnich materiali. U nanovlakennych a mikrovlakennych materialt je

vvvvvv

Pro vyhodnoceni submikronovych vldken bylo nutné pouzit elektronovy mikroskop,
aby byl ziskan obraz pozadované kvality a struktury vlaken. Tento obraz bylo nutné pomoci
statistickych metod dale analyzovat a ziskat relevantni vystupy. Mezi hlavni hodnotici
parametry u submikronovych vldken byly zafazeny primér vladken, anizotropie a smérové
rozloZeni vlaken. Vysledky pfinaseji relevantni vystupy, ze kterych je mozné vyvodit, jaké bude

mit material geometrické vlastnosti, a jak se bude material chovat pii mechanickych zkouskach.

Vlastni ptinos této publikaci je podle mého nazoru zejména v oblasti technologie vyroby
nanovldkennych vrstev. Pomoci specidlnich kolektori a vybéru vhodnych polymert bylo
mozno vytvofit pozadované struktury. Jednalo se o orientované struktury, anizotropni struktury
a také vrstvy, které obsahovaly kombinaci téchto dvou typt struktur. VSechny vlakenné vrstvy
byly analyzovany na elektronovém mikroskopu a nasledné¢ vyhodnoceny prostiednictvim

obrazové analyzy.
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Dalsi védecké prace, které zde budou zminény, jsou dillezité zejména pro praktické
technické aplikace, kdy dochazi k provazanosti s klasickym textilnim materidlem, S pfizi a

S plosnou textilii.

Prvni z uvedenych patentt (306428) nese nazev Linearni vlakenny utvar s plastém z
polymernich nanovliken obalujicim nosny linearni utvar tvorici jadro, zpiisob a zarizeni
k jeho vyrobé. Linearni vlakenny utvar, tj. pfize, je obalena nanovlakennym plastém, zahrnuje
tedy jadro tvofené nosnou piizi a plast tvofeny polymernimi nanovlakny. Polymerni
nanovlakna obaluji nosnou piizi a tvoii jeji dokonaly obal. Nanovlakna vznikaji z volné hladiny
pfi zvlaknovani vysokym sttidavym elektrickym napétim. Nanovlakenny obal je kolem jadra
(nosné prize) ovinut ve formeé pasu ve tvaru Sroubovice. Pfi zptsobu vyroby linearniho
vlakenného utvaru se na zvlaknovaci elektrod¢, ktera je pripojena ke zdroji stiidavého napéti,
vytvafi nanovlakennd vlecka, kterd se ve zvldkiiovacim prostoru méni na plochy pas
s usporadanou strukturou nanovlaken. Nanovlakenna vlecka se pfivadi k rotujicimu linearnimu
utvaru (nosné ptizi), ktery slouzi jako specialni délkovy kolektor. Nasledné dojde k zachyceni
vle¢ky rotujicim linearnim utvarem a k dokonalému pokryti povrchu nosné ptize. Vlastni piinos
je zejména v technologickém feSeni vyroby nanovldken a vybéru vhodnych polymert pro

dosazeni vhodnych mechanickych vlastnosti nanovlaken.

Ze ¢lanku, ve kterych je kladen duraz na technologii vyroby meltblown, bych rad
jmenoval ¢lanek s nazvem The combination of meltblown and electrospinning for bone
tissue engineering. Kompozitni material je tvofen klasickou netkanou technologii a to
technologii meltblown, ktera pro vyrobu mikrovlaken vyuziva polymerni taveninu a horky
stlateny vzduch. Vzhledem k primértim vlaken, které se pohybuji okolo péti mikrometrd, bylo
nutné material meltblown kombinovat s technologii elektrostatického zvlaknovani. Pfi
kombinaci obou technologii zaroven je mozné vlivem vyrobnosti fidit poméry jednotlivych
pruméri nanovlaken, jak to ve své praci popisuje Thomas et al. (2006). Vyroba rtznych
prumérd vlaken je vhodna zejména pro lepsi adhezi bunék na vlakenny material, coz publikoval
také Shin et al. (2004). Dobrou adhezi pfedstavuje zejména zastoupeni nanovlakenné slozky,
oproti tomu mechanické vlastnosti zajist'uji vlakna meltblown, coz ve své publikaci potvrzuje
Li, C. M. et al. (2006). Technologie meltblown je v primyslové sféfe hojné vyuzivana pro
vyrobu jednorazovych zdravotnickych prostfedkili, jemnych struktur pro filtraci a vysoce
savych materialt.. Vlastni pfinos spociva v pouziti biodegradabilniho polymeru pro technologii
meltblown, nalezeni kombinace technologickych parametri pro melt blown a elektrostatické

zvlaknovani.
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Vyroba takového kompozitu je unikatni pro moznost fizené piipravy materialti v oblasti
tkaniového inzZenyrstvi. V souCasnosti nejsou tyto medicinské kompozity plosné vyuzivany
Vv primyslu ptedevs§im pro vysokou cenu a slozitost nastaveni celého zvlaknovaciho procesu.
Bezesporu se jedna o materidlové a technologicky prilomovy ¢lanek, coz naznacuje také

pocate¢ni citovanost.

Obdobny ¢lanek s nazvem Cell penetration to nanofibrous scaffolds je technologicky
zaméien na vyrobu objemnych materiali a testovani materiald. Technologicka vyroba
objemnych vlakennych materiali byla zaméfena na kombinaci dvou technologii s odliSnou
vyrobnosti. Cilem bylo potvrdit vhodnost kombinace téchto technologii pro tkanové
inzenyrstvi, zejména sledovani bunécného priniku do objemnych materidlti. Ve tkanovém
inzenyrstvi je infiltrace bunék kritickym parametrem pro ptiznivy vyvoj 3D nanovldkennych
nosicl. Aplikace nanovldken v tkdnovém inZenyrstvi je nutnou podminkou pro zlepSeni
bunééné adheze a ristu. Vyhody nanovlakennych nosici jsou zejména charakteristické rozmeéry
vlaken, porovitost materiali a moznost vytvaiet pozadované struktury pro vyvoj scaffoldu.
Technologické mozZnosti vyroby dovoluji transformaci primérti vldken, ovlivnéni pdrovitosti
materialu a variaci vyroby plosné hmotnosti. Vyroba nanovlakennych nosict je mozna diky
vyuziti §irokého spektra moznych technologii. Vlastni ptinos v tomto ¢lanku spociva zejména
ve vyrobé materidlti, vzajemném propojeni vyrobnich technologii a dosazeni pozadované

struktury findlnich vldkennych vrstev.

Modifikace vlakennych materidlu, zalozena na funkcionalizaci vldken a pfidavku
1é¢ivé latky, se neustdle vyviji. Podand patentova piihlaska popisuje pfirodni latku, ktera je
vhodna pro zlep$eni hojeni koznich poranéni. Aditivum do vlaken je na bazi ptirodniho Ié¢iva.
Patentova ptihlaska s nazvem Kryt kiZe nebo rany, ktery obsahuje canabidiol a/nebo jeho
derivat/derivaty, polymerni nanovlikna a/nebo mikrovlakna obsahujici canabidiol
a/nebo jeho derivat/derivaty, a zpisob vyroby polymernich nanovliken a/nebo
mikrovliaken obsahujicich canabidiol a/nebo jeho derivat/derivaty popisuje kryt ktize nebo
rany, ktery obsahuje pfirodni u¢innou latku canabidiol (CBD) nebo jeho derivaty. Materiél
obsahuje vrstvu nanovlaken a mikrovlaken z biologicky kompatibilniho polymeru obsahujiciho
canabidiol nebo jeho derivaty. Tato latka se nachazi na povrchu nebo ve hmoté nanovlaken a
mikrovléken. Pfidand €inna latka CBD omezuje zanét a urychluje proces hojeni. Vlastni piinos
této patentové prihlasky spociva (i) v inkorporaci CBD do polymerniho roztoku, (ii) v nalezeni
optimalni koncentrace CBD nebo jeho derivatu v zavislosti na zvlaknitelnosti polymerniho

roztoku a (iii) v optimalizaci technologického procesu elektrostatického zvlakinovani.
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Vzhledem k velice slibnym hypotézam piedchoziho ¢lanku byl na zaklad¢ provedenych
experimentli a vysledkd publikovan clanek s nazvem The combination of meltblown
technology and elektrospinning — The influence of the ratio of micro and nanofibers on
cell viability, ktery se zabyva kombinaci dvou technologii pro vyrobu vlaken. SméSovani mikro
ananovlaken probiha v jednom procesu a cilem je vytvofeni takového materialu, ktery podpofi
zivotaschopnost bun¢k. Vysledky publikace navazuji na technologicky zéaklad, tedy kombinaci
technologie meltblown a elektrostatického zvldkiiovani, coz studoval a publikoval jiz
Tuzlakoglu et al. (2005). Cilem této publikace bylo potvrzeni studie autora Tuzlakoglu a

vyhodnoceni vytvoienych vlakennych struktur zejména pro nahradu kostnich defektu.

Muj ptinos V této publikaci spociva cilené dosazené strukture kompozitu, tedy ve
zvoleni poméru mikrovlaken a nanovléken a vytvofeni biology pozadované struktury. Tim je
mozné ovlivnit mechanické vlastnosti vysledného tkanového nosice. V tomto ptipadé byl
pouzit biokompatibilni a biodegradabilni  polymer polykaprolaktonu (PCL). Rychlost
degradace vytvoreného kompozitu lze fidit pomérem nano a mikrovlaken. Timto experimentem
byly potvrzeny vysledky Yoshimoto et al. (2003). Vytvofeny kompozit je vhodny pro
regenerativni medicinu, kterd se zabyva moznostmi regenerace kostni tkané nebo chrupavky,
jak uvadéji ve své publikaci Thomas et al. (2006). Nasledna mozna funkcionalizace téchto

materiali povede k lepsi aplikovatelnosti a vyuziti v praxi.

Ryze technologickym patentem, ktery navazuje na ptedchozi impaktovany ¢lanek nese
nazev Zpusob a zarizeni pro vyrobu textilniho kompozitniho materialu obsahujiciho

polymerni nanovlakna, textilni kompozitni material obsahujici polymerni nanovlakna.

Pro vyrobu nanovldken je mozné vyuzit princip odstfedivého zvlakiiovani nebo
tradi¢niho elektrického zvlaknovani. Vytvofeny objemny utvar (kompozit) je smési
mikrovlaken a nanovlaken. Kompozit se uklada na povrch sbérného kolektoru, ktery miize byt
ve formé pohyblivého pasu nebo rota¢niho bubnu. Tento kompozitni material se vyznacuje (i)
velkym specifickym povrchem, (ii) vysokou sorpéni kapacitou nanovlaken a (iii) mechanickou
stabilitou mikrovlaken. Vyhodou je mozZnost variace rtiznych poméra smési vlaken pro
vytvoreni vhodnych vzorkt pro dalsi modifikace. Pfinos tohoto patentu spociva ve vytvoreni
unikatniho kompozitniho vlakenného materidlu. Pro vyrobu se vyuziva dvou textilnich
technologii, které se pouziji soucasné. Vzhledem Kk odlisné vyrobnosti obou technologii je

velice obtizné nastaveni - smésovani vlaken pro vytvoreni textilniho kompozitu.
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Pokud parametry technologie jsou $patné nastaveny, dochazi k rozdélovani jednotlivych
vrstev, tzv. delaminaci. Piinos spociva i v tom, ze patent je podpoien piedchozi impaktovanou

publikaci. V soucasné dobé hledame komeréni uplatnéni takto vytvoienych kompozitu.

Z pohledu textilniho technologa uvadim dals$i moznosti vyroby vlaken, které umoziuji
vytvoftit koaxialni vlakna. Publikace s nazvem Needleless coaxial electrospinning: A novel
approach to mass production of coaxial nanofibers popisuje vyrobu vlaken, které je mozné
vyrabét koaxialni metodou. VIdkna se sestavaji z obalu a jadra. V praxi se do jadra ptivadi latka,
kterou nelze zvlaknit samostatn€, protoze neni vlaknotvorna. Je mozné pouzivat biologické
polymery a napt. 1éCivo, tento zptisob vede k funkcionalizaci nanovlaken. Vyhodou je zejména
moznost zvlaknéni polymerniho roztoku nebo napf. 1é¢ivé slozky, ktera bude inkorporovana
V jadie. Nosnym polymerem je plast’ vlakna, ktery umoznuje pii vhodném nastaveni procesu

koaxialniho zvlakiovani sou¢asné chranit jadrovy polymer.

Unikatnost vSech ¢lankd a patentil spociva ve vyrobnosti, tj. efektivité¢ vyroby mikro a
nanovlakennych materiali. Jedna se o nanovlakenné a mikrovlakenné technologie, jejich
vzéjemnou kombinaci, popfipadé i dal$i funkcionalizaci. Vyzkum a technologie vyroby,

kterému se vénuji nejvice, je zaméten zejména na plosné vrstvy a objemné vrstvy.

Védecky potencial jednotlivce je mozné hodnotit dle publikovanych impaktovanych
¢lankd a podle podanych patentd. V soucasné dobé je jednim ukazatelem hodnoceni také
realizace patentu nebo mozna komer¢ni aplikace. Proto uvadim mozné vyuziti vytvoreného

materialu, ktery je patentovan, a ktery je koncipovan pro 1écbu koZnich poranéni.

KuiZe je nejvétsi organ lidského téla, jedna se o 1,5-2 m? ochranné vrstvy koznich bunék.
Zranéni kuze a kozni defekty se ¢asto dlouho hoji. V zavislosti na kvalité a rychlosti hojeni je
mozné stanovit celkovou UspéSnost 1é€by. Proto uvadim vytvofeny vldkenny material
Nanotardis. V soucasné dob¢ probihaji klinické zkousky, které zajistuje Krajska nemocnice
v Liberci, Nemocnice na Bulovce a Fakultni nemocnice Kralovské Vinohrady. Zkouskou je
nutné prokazat vhodnost toho nanovldkenného ptipravku pro 1écbu chronickych a bércovych
koznich poranéni na vybraném vzorku pacientt. Védecko-vyzkumny piinos mé prace je uveden
V patentové pfihlaSce s ndzvem: Zpisob vyroby plo$ného utvaru z biodegradabilnich a
biokompatibilnich nanovlaken, predevSim pro kryt koznich ran, a zarizeni k provadéni
tohoto zpusobu. Patentovy narok tohoto unikatniho materialu se tyka technologie vyroby
nanovldkenné vrstvy, vyrobené =z Cistého biokompatibilntho polymerniho materialu

polykaprolaktonu (PCL).
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Nanovlakna se ukladaji na nosnou podkladovou netkanou textilii metodou
stejnosmérného nebo sttidavého elektrického zvldknovani (DC elektrospinning nebo AC
elektrospinning). Nanovlakenna vrstva z PCL vyrobena elektrostatickym zvlaknovanim,
odstfedivym zvldknovanim, technologii melt-blown nebo kombinaci téchto technologii.
Pfipraveny vlakenny material napodobuje strukturu vrstvy kize ptiléhajici k epidermis (pars
reticularis koria). Material kozniho krytu se zda byt idedlnim zédkladem pro reparaci a regeneraci
kozni tkané. Nanovlakennd vrstva z PCL je velmi flexibilni, a proto snadno pfilne ke spodiné
rany. Nanovlakenné vrstvy vyrobené podle popsaného zptisobu jsou vysoce porézni a tim, ze
umoziuji pFistup kysliku ze vzduchu k 1é¢ené rané, usnadnuji a urychluji hojeni. Struktura

materialu Nanotardis také znesnadiuje prichod bakterii.

Rozsah uvedenych védecko-vyzkumnych praci se nevénuje striktné jen tkanovému
inzenyrstvi a bunéénym aplikacim, ale i aplikacim v ryze technické oblasti. Prvnim takovym
predstavenym vysledkem je Vrstveny textilni materidl pro leSténi tvrdych povrchi
zahrnuje vrstvu netkané textilie a vrstvu nanovlaken z polymeru polyvinyliden fluoridu.
Jedna se o patentovou piihlasku vénujici se kompozitnimu materialu, ktery je vyuzit pro lesténi
sklenénych cocek nebo zrcadel. Nanovldkenna vrstva obsahuje zabudované lestivo, které je
ulozeno vV mezi vlakennych porech. Velikosti ¢astic lestiva se pohybuje od 0,04 um do 500 pum.
Lestivo ve formé prasku je rovnomémné dispergovano v roztoku polymeru a nasledné dochazi
k tvorbé nanovlaken. Lestivo je rozmisténo uvniti i na povrchu vlakenného materialu. Material
neslouzi k hlavnimu lesticimu procesu, ale zejména k tzv. finalni operaci pfi lesténi, a to
dolestovani. Vlastnim pfinosem je vytvoteni tohoto unikatniho materialu, ktery se vyuZziva pro

dolestovani povrchii a ma vyuziti v praxi.

Monografie s nazvem Physical principles of elektrospinning (Electrospinning as a
nano-scale technology of the twenty-first century) kde prvnim autorem je Lukas (2009), byla
oti$téna v zurnalu Textile progress. V uvefejnéné monografii je zpracovan piehledny pohled
zejména na fyzikalni aspekty plisobici na polymerni roztok vystaveny vysokému napéti v
elektrostatickém poli. V ivodu monografie je piedstavena historie samotného elektrostatického
zvlaknovani. Nasleduje pohled ryze fyzikalni, kde jsou analyzovany zaklady samotného
procesu tak, aby byly jednotlivé procesy uspésné pievadény do technologické praxe. Podstatou
monografie je vysvétleni samoorganizace tekutin vystavenych vysokému napéti, kdy je tato
nestabilita vnimana jako dusledek jednotlivych rozdilnych nestabilit, zalozenych na elektro

hydrodynamice polymerniho roztoku.
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Kapitola v monografii, jejimz jsem autorem, je kapitola ¢.5: Special collectors.
Zaméiuje se na specialni kolektory a jejich vliv na ukladani nanovliken. Rizené ukladani
nanovldken na podkladovy materidl a fizeni procesu je rozhodujici pfi samotné vyrobé
orientovanych nanovlakennych vrstev. Rizené ukladani poskytuje moznosti k vytvofeni
pozadovanych struktur a vhodnych plosnych vrstev pro finalni pouziti. Vlivem definované
struktury samotného specialniho kolektoru je mozné fyzikalné upravovat proces
elektrostatického zvlaknovani. Jedna se o silné elektrostatické sily v blizkosti specidlniho
kolektoru a také vlivu gradientu pole v blizkosti zvlaknovaci elektrody. VSechny poznatky
uvedené v této kapitole monografie byly uvedeny v pfedchozich impaktovanych ¢lancich a

patentech.

Dalsim c¢lankem, ktery zde ptedkladam, nese nazev Effective AC needleless and
collectorless elektrospinning for yarn production. Clanek pojednava 0 povrstvovani piizi
nanovlakny tak, aby byla vytvoiena funkéni jadrova piize. Technologie vyuziva stiidavého
napéti (AC spinningu) pro vyrobu nanovlaken, kterd obaluji nosnou pfiizi. Princip celé
technologie spociva v prepdlovani zdroje vysokého napéti, ktery generuje kladné nabitd
nanovlékna a nasledn€ generuje zaporné nabitd nanovlakna. Proto neni potfeba kolektor, jako
pii stejnosmérném zvlaknovani. Efektivita celého procesu vyroby nanovlaken je v porovnani
se stejnosmérnym nap&tim (DC spinning) vétsi. Vznikajici vlakenna vlecka se uklada na nosnou
ptizi a cely utvar je dale odvadén k navijecimu zafizeni. Pomoci této metody je mozné
kontinualn¢ vyrabét jadrové piize, které jsou odolné na odér a v praxi mohou fungovat zejména
jako svickoveé filtry pro filtraci vody. Vlastni pfinos tohoto ¢lanku spoc¢iva predevsim v ptipravé

polymernich roztokli optimalniho sloZeni a nastaveni parametra pro zvldkinovani.

Na piedchozi impaktovany ¢lanek navazuje patent cislo 306428, ktery se zabyva
provazanosti nanovlaken S klasickym textilnim materialem, S piizi nebo s plosnou textilii.
Linearni vlakenny utvar s plastém z polymernich nanovliken obalujicim nosny linedrni
utvar tvorici jadro, zpiisob a zarizeni k jeho vyrobé je nazev patentu, ktery popisuje linearni
vldkenny ttvar s nanovlakennym plastém a jadro tvofené nosnou ptizi. Polymerni nanovlakna
obaluji nosnou pfizi a tvofi tak jeji kompaktni plast. Ptizpusobu vyroby linearniho vldkenného
utvaru se na zvlaknovaci elektrod€ napajené sttidavym napétim vytvaii nanovldkenna vlecka,
ktera se ve zvldknovacim prostoru zméni na plochy pas s uspotadanou strukturou nanovlaken.
Tento pas se privadi k obvodu jadrové prize, ktera rotuje ve zvlaknovacim prostoru kolem

vlastni osy.
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V patentu je soucasné popsano celé zafizeni k vyrobé linearniho vlakenného utvaru. Obsahuje
popis podavaciho ustroji pro nosny linearni utvar, zvlakinovaci komoru, Vv nizZ je uspofadana

jedna i vice zvlaknovacich elektrod.

Patentové chranénd vyrobni linka byla vystavena na Mezinarodnim strojirenském
veletrhu v Brné (10/2017). Linka pro vyrobu linearniho kompozitniho materialu s obsahem
nanovliken obdrzela ocenéni zlaté medaile za zafizeni pro vyrobu kompozitniho materialu s
obsahem nanovlaken pomoci zvlaknovani ve stfidavém elektrickém poli. Inovativni
kompozitni vlakenny material vhodn¢ kombinuje vlastnosti vlaken nosného jadra piize, ktera
zajistuje pozadovanou pevnost, spoleéné s nanovldkny plasté, kterd dodavaji materialu jeho
specifické vlastnosti. Princip vyroby tohoto materidlu spo¢iva v novém zpusobu tvorby
nanovldken z polymerniho roztoku pomoci stfidavého elektrického zvlakinovani (AC
elektrospinningu ), ktery je patentovan na TUL. Vyvijené linearni, a Z nich vyrobené plosné i
trojrozmérné kompozitni materialy, nachazeji uplatnéni v riiznych aplikacich, jako je napf.

filtrace, ¢isténi odpadnich vod, medicinské aplikace, specialni technické textilie, atd.
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Propojeni védeckych praci s inzenyrskymi poznatky.

Mezi inzenyrské poznatky se fadi také patenty, uzitné vzory a dalsi komercni vystupy.
NiZe jsou uvedeny zaznamy z Ufadu pramyslového vlastnictvi. Podminky hledani pro viechny
zaznamy byly zadany nasledovné: ptihlasovatel/majitel: Technicka univerzita v Liberci,
puvodce: Chvojka J. Zobrazi se 20 zaznamt, které se vztahuji k védeckym pracim. V soucasné
dob¢ je zde uvedeno celkem o 6 udélenych patentd, 5 patentovych ptihlasek, 4 uzitné vzory, 4
zaniklé uzitné vzory a 1 evropsky patent netucinny. Jedna se o podpoteni védeckych publikaci
moznym aplikacnim vystupem a ochranou. N¢které z téchto zdznamu jsou uvedeny
Vv pfedchozim textu. Jedna se o doloZeni provéazanosti mezi védecko-vyzkumnou ¢asti a
praktickou moznosti aplikace. Zde bych uvedl vystup z oblasti zdravotnictvi, kde se jednéd o

nanovlakenny kozni kryt.
Kozni kryt Nanotardis

Kozni kryt je urcen jako kryt ¢istych akutnich nebo chronickych koznich defekti.
S vyhodou jej 1ze kombinovat s ostatnimi komeréné dostupnymi produkty uréenymi k hojeni
koznich defektd. Vyhodou jsou zejména (i) snadna aplikace zdravotnického prostiedku, (ii)
vyborna splyvavost materialu umoziujici dokonalé pfilnuti k rané, (iii) dobra snasenlivost pro
pacienty. Prostfedek je pro klinickou zkouSku dodévan ve sterilnim baleni po jednotlivych
kusech o rozméru 7 x 7 cm? Kozni kryt NANOTARDIS je vyroben z biologicky
odbouratelného polyesteru s teplotou tani 58°C a teplotou skelného piechodu piiblizné -72 °C.
V soucasné dobé probiha klinicka studie ref.¢. TUL 3/2016 na pacientech, kteti navstévuji
Nemocnici na Bulovce, Krajskou nemocnici v Liberci a Fakultni nemocnici Kralovské

Vinohrady. Vysledek bude uvefejnén po ukonceni probihajicich testu.

Vlastnim pfinosem je vyroba materiall pro klinickou zkousku, pfiprava dokumenti pro
klinickou zkougku, ziskdni povoleni GMDN pro SUKL. Dale vytvofeni: Piirucky pro
zkousSejiciho zdravotnického prostiedku NANOTARDIS podle EN ISO 14155, na které jsem
se podilel 25%. VSechny pozadované dokumenty byly piedloZeny organu pro schvalovani
zdravotnickych prostfedk, kdy nésledné bylo vydano kladné rozhodnuti. Soucasti ptiloh je
kopie tohoto rozhodnuti. Dal§im krokem ke komercionalizaci materialu je certifikace CE pro
nutnou vyrobu zdravotnického prostiedku a dal§i moznost komercionalizace produktu. Po
splnéni vse pozadavkl bude material uveden na trh jako nanovlakenny kozni kryt pro 1é¢bu

¢istych akutnich nebo chronickych koznich defekta.
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Zdravotnicky prostfedek snazvem ,,NANOTARDIS* je nanovldkennd netkana textilie
vyrobena z komer¢né dodavaného polymerniho granulatu oznaceného poly-e-kaprolakton
(PCL). Pro vyrobu se pouziva patentovand technologie oznacovana jako elektrické nebo také
elektrostatick¢ zvlaknovani. Kozni kryt je vyrdbén na komeréné dostupném zaiizeni
(Nanospider™). Tvorba nanovldken je fizeny proces, kdy vlivem vysokého napéti jsou
Z polymerniho roztoku formovéna jemna vldkna. VSechno rozpoustédlo se pii tvorbé
nanovlaken odpafi a je odvadéno s vyrobnim vzduchem ze zvladknovaciho prostoru Stroje.
Nanovlakenna vrstva je ukladana na podkladovou elektrodu, ktera je nejéastéji oznacovana jako
kolektor. Jako textilni technolog jsem byl zodpovédny za vyrobu tohoto nanovlakenného
prostredku, piipravy polymerniho roztoku a nastaveni vSech podminek pro dosazeni

pozadovanych parametra.

Vlastni prinos habilitacni prace.

Habilitacni prdce ma byt propojenim zdkladniho nebo aplikovaného vyzkumu,
aplikacnich cilt (patentl a/nebo uzitnych vzort) a dle eventualit navazujicich na vyzkum.
Doplnéna musi byt zejména o pedagogickou cCinnost, kterd reflektuje sméry vyzkumné a
aplikacni Cinnosti. Cely text této habilitaéni prace je sepsan tak, aby provazal vyzkumnou
¢innost soucasné i aplika¢ni potencial. Pedagogicka ¢ast prace je uvedena Vv zavéru této

kapitoly.

Osobnim piinosem z pohledu textilniho materidlového technologa vidim piedevsim ve
vybéru daného polymeru a piipravé polymernich roztokd. Dale piinos vidim v inovacich a
zejména funkcionalizaci textilni vladkenné, mikrovlakenné nebo nanovlakenné vrstvy.
Pozadavky na tuto findlni vrstvu jsou pfedem definovany vzhledem k specifickym koneénym
potiebam biologh a zdravotnikd. Vytvofené vldkenné materialy, které byly popsany a

uvetejnény vV impaktovanych ¢lancich, jsou soucasné podpoteny aplikaénimi patenty.

Nejdilezitéjsi a nezbytné nutné je pii vyrobé polymernich vlaken dodrzet zejména
technologické parametry. Jedna se o podminky za (i) materidlové, jako je polymeracni stupeni
polymeru, koncentrace a vodivost roztoku a pouzita rozpoustédla, za (ii) okolni podminky,
kterymi jsou piedevsim teplota a vlhkost vzduchu. Procesni parametry jsou napft. elektrické
napéti, proud, vzdalenost kolektoru a finalni mechanické vlastnosti materialu. Nejvyssi naroky
na ptipravené materialy jsou kladeny zejména ze strany biologickych aplikaci, tedy tkanového

inZzenyrstvi.
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Technické aplikace vldkennych, mikrovldkennych a nanovldkennych materidlt stale hledaji
nové moznosti nejen v oblasti filtrace, sorpce, elektrické izolace, vlakennych kompozitt, ale

také v dalSich oblastech.

Patenty a uzitné vzory, které zde byly uvedeny, maji navaznost na projekty fesené na
Katedie netkanych textilii a nanovlakennych materialti. Jedna se zejména o materidlovou
stranku netkanych textilii, tedy vyvoj a vyrobu novych materialii. Vyucované predméty jsou
tematicky propojeny s publikovanymi impaktovanymi ¢lanky a védecko vyzkumnou praci.
Tematicky vedu predméty, kde jsem garantem, prednasejicim i cviicim. Predméty, které
vyuCuji a garantuji, jsou tfi: Termické a Chemické Technologie vyroby NT (TCT) pro
bakalafsky studijni program, pro navazujici magistersky program Termické a Chemické

Technologie (TCTi) a pifedmét Zdravotnické textilie (ZDT).

Vedené doktorské, magisterské i bakalaiské prace se vzdy zaméiuji tematicky na VaV.
Soucasné jsou vazany na nékteré feSené projekty a na oblasti mého osobniho zajmu a vyzkumu.
Celkem jsem vedl 8 (osm) doktorskych praci, obhajena zatim nebyla zadna. Usp&né jsem

vedl ukoncenych 6 (Sest) magisterskych praci a bakalaiskych praci 11 (jedenact).

PUBLIKACNiI CINNOST V OBLASTI
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Zavér a podékovani:

Jako vedouci katedry Netkanych textilii a nanovlakennych materialii vidim dalsi dil¢i
cile vyvoje zejména na technologickou stranku vyroby netkanych textilii, nanovlaken a textilni
vlakennou materidlovou stranku. Vyroba a pfiprava materiald pro tkdnové inZenyrstvi,
funk¢énim materialim pro zdravotnické a technické aplikace je nezbytné nutna. Budoucnost
osobniho vyzkumu na KNT vidim v mozZnosti dal§iho rozvoje klasickych netkanych technologii
a souCasné vyuziti novych typt polymernich vlaken. Aplikace biokompatibilnich a
biodegradabilnich vpichovanych textilii pro vytvofeni novych materiald pro tkanové

inzenyrstvi mize byt zajimavym smérem vV kombinaci napt. s hydrogely.

Kombinace vice textilnich technologii povede k synergickému efektu a moznosti
vytvoreni vldkenné¢ho kompozitu z recyklovanych surovin, napt. pro automobilovy primysl.
Vyuziti recyklace u druhotnych surovin a moznost jejich dal$iho uplatnéni v kombinaci

S primarnim materialem povede ke snizeni ceny finalniho produktu.

Budoucnosti mého badani mize byt také vyvoj nové technologie, kterou v soucasné
dobé KNT nedisponuje. Mtize se jednat 0 technologii kladeni vlaken vzduchem - air laid.
Podobné se mohou vyrabét netkané textilie, kdy je vyuzito tlaku nebo podtlaku vzduchu pro
ptipravu vhodné plosné vrstvy. Vysledné vrstvy vynikaji vysokou savosti a bobtnavosti, kromé
toho maji dostatecnou mechanickou pevnost. Plosné hmotnosti vlakennych vrstev se pohybuji
Vv rozmezi mezi 60-200 g/m?. Z finan¢niho hlediska je technologie dostupnd, Ize ji velmi dobie

optimalizovat pro studijni i prakticke ucely.

Na zavér dékuji vSem ¢lenum KNT za podporu, Podékovani patii také prof. Lukasovi
za zivotni zkuSenosti, které mi ptedal. Nakonec bych rad podékoval celé své rodin€, zejména

manzelce Marting, ktera mi poskytuje obrovskou podporu.
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Abstract

Objectives: We prepared 3D poly (e-caprolactone)
(PCL) nanofibre scaffolds and tested their use for
seeding, proliferation, differentiation and migration
of mesenchymal stem cell (MSCs).

Materials and methods: 3D nanofibres were pre-
pared using a special collector for common
electrospinning; simultaneously, a 2D PCL nanofi-
bre layer was prepared using a classic plain collec-
tor. Both scaffolds were seeded with MSCs and
biologically tested. MSC adhesion, migration, pro-
liferation and osteogenic differentiation were inves-
tigated.

Results: The 3D PCL scaffold was characterized
by having better biomechanical properties, namely
greater elasticity and resistance against stress and
strain, thus this scaffold will be able to find broad
applications in tissue engineering. Clearly, while
nanofibre layers of the 2D scaffold prevented
MSCs from migrating through the conformation,
cells infiltrated freely through the 3D scaffold.
MSC adhesion to the 3D nanofibre PCL layer was
also statistically more common than to the 2D scaf-
fold (P < 0.05), and proliferation and viability of
MSCs 2 or 3 weeks post-seeding, were also greater

Correspondence: M. Rampichovd, Laboratory of Tissue Engineering,
Institute of Experimental Medicine, Academy of Science of the Czech
Republic, Videnska 1083, 142 40, Prague, Czech Republic. Tel/Fax:
+420 296 442 387; E-mail: m.rampichova@biomed.cas.cz
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on the 3D scaffold. In addition, the 3D PCL scaf-
fold was also characterized by displaying enhanced
MSC osteogenic differentiation.

Conclusions: We draw the conclusion that all posi-
tive effects observed using the 3D PCL nanofibre
scaffold are related to the larger fibre surface area
available to the cells. Thus, the proposed 3D struc-
ture of the nanofibre layer will find a wide array of
applications in tissue engineering and regenerative
medicine.

Introduction

The goal of regenerative medicine is to replace damaged
functional tissues or an organ with engineered material
(1, 2) that will ultimately support, then become, a living
surrogate. Scaffolds that support cell adhesion, proliferation
and migration are needed, and hence, substances have
been developed and tested for this purpose. Novel materi-
als characterized by superb cell biocompatibility and suit-
able biomechanical parameters are in high demand in
tissue engineering. In addition, the surrogate must allow
ample supply of nutrition and adequate waste removal -
this is vital for cell accommodation, proliferation, and/or
differentiation. Consequently, appropriate scaffold struc-
ture with sufficient pore size for inherent circulation is
essential for preparation of artificial tissues. Notably, opti-
mal pore size requirement differs significantly between
different size and type of cell. Pore sizes >300 um have
been recommended for vascularization in bone tissue
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engineering (3), whereas fibroblasts have been demon-
strated to prefer a pore size of 6-20 pm (4).

Several approaches have been reported for prepara-
tion of scaffolds of definitive pore size. Systems com-
bining insoluble fibres and sacrificial (temporary)
co-fibres have been reported (5, 6). Pores can be introduced
into a solid support by salt particles that can subse-
quently be leached out (7), ice crystals (8), or photopat-
terning (9). After removal of sacrificial components,
voids are introduced, and the appropriate scaffold pore
size is obtained. Scaffolds based on fibrous structures
are typified by favourable structural properties by sev-
eral aspects, electrospun nanofibres, for example, being
characterized by high porosity and an abundance of
interconnected pores. Diameter of nanofibres is similar
to that of natural fibres of the extracellular matrix (10,
11). In addition, nanofibre scaffolds exhibit high sur-
face-to-volume ratio, facilitating cell adhesion and pro-
liferation (12-15); due to this unique property, nanofibre
scaffolds offer numerous contact points for cells.

Importantly, pore size of electrospun fibre mesh
strongly correlates with diameter and orientation of
fibres (16, 17); pore size usually decreases as diameter
of fibres is reduced. Thus, preparation of finest fibre
scaffolds is difficult and also unquestionably cell-
specific. Ideal electrospun scaffolds should have nano- or
microscale fibres with macroscale pores (10-500 pm)
(18). These parameters permit population growth and
differentiation of human mesenchymal stem cells
(MSCs) towards osteoblasts (19, 20), amongst other
things. Major limitations of a broader application of tra-
ditional electrospun scaffolds (for example, 2D fibrous
scaffolds) remain their tightly packed layers, clearly, this
hinders stem cell motion. Although we have recently
demonstrated unaffected diffusion of molecules of up to
10 kDa in nanofibre meshes (21), structure of 2D
fibrous mesh enables only superficial penetration of cul-
tured cells (19, 22-24). Cell penetration into 3D scaf-
folds has been expected to be significantly enhanced.

Vaquette and Cooper-White prepared 3D structured
nanofibre layers using several patterned collectors (25).
Pore size enlargement and heterogeneous 3D distribution
of pores in the structure enabled deeper cell infiltration into
the scaffold compared to that observed in conventional
electrospun layers. Milleret et al. prepared porous scaf-
folds from poly(lactic-co-glycolic acid) and the polyure-
thane Degrapol® using a co-fibre method (26). Increased
porosity enhanced infiltration of seeded 3T3 fibroblasts,
but no difference in cell proliferation was observed. 3D
nanofibre structure in the form of a cotton ball-like scaf-
fold has been prepared using ground spherical dishes and
arrays of needle-like probes (18). The structure produced
consisted of accumulated low-density nanofibres in an

© 2012 Blackwell Publishing Ltd

uncompressed manner, which increased space for cell in-
growth, and resulted in higher rate of cell proliferation.

In our present study, we attempted to prepare 3D
fibre scaffolds using a novel patterned cylindrical collec-
tor. We examined scaffold biomechanical and stereologi-
cal properties and focused on effects of 3D fibre
structure on adhesion, proliferation and differentiation of
MSCs in the presence of osteogenic medium, and com-
pared the findings to those observed using 2D scaffolds.
Poly (e-caprolactone) (PCL) was chosen as the model
polymer for this study. PCL is a biocompatible and
Food and Drug Administration-approved material for
biomedical applications. In addition, nanofibres from
PCL have commonly been used to facilitate proliferation
of MSCs (27-29).

Materials and methods

Scaffold preparation

2D PCL fibre materials (PCL 2D) were prepared using an
electrospinning method. Molecular weight of PCL pro-
duced by Sigma Aldrich is 45 000 Da. electrospinning
was performed using 14wt% PCL solution dissolved in
chloroform:ethanol at a ratio of 9:1. A high-voltage
source, Spellman SL 150, generates up to 50 kV, and
polymer solution on the spinning electrode was connected
to the positive pole of the high-voltage source. Electro-
spun fibres were deposited on a ground collecting elec-
trode (rotating drum collector, approximately 60 rpm).
Nanofibres were stored in a desiccator until used.

3D PCL fibre materials (PCL 3D) were prepared
from PCL with the same molecular weight as those of
PCL 2D. Polymer solution concentration was 14wt%,
chloroform:ethanol at a ratio of 9:1 employed as solvent.
The electrospinning setup is depicted in Fig. 1.

Two high-voltage sources were used to generate
positive and negative potentials. The positive source
was connected to a syringe needle, whereas the negative
source was connected to a specific collector (described
in the Results section, below); polymer pump ‘KDS-
100-CE’ was used to feed the polymer solution. Voltage
applied to the syringe needle was +46.5 kV, whereas
voltage of —5 kV was applied to the collector. Distance
between syringe needle and collector was 120 mm.
Environmental conditions during the experiments were
temperature 19.8 °C and relative humidity of 20%; pro-
cessing time was 2 h for preparing compact 3D layers.

Scaffold characterization

Fibre layers prepared were visualized using an optical
microscope (Olympus IX51, Tokyo, Japan) and also by

Cell Proliferation, 46, 23-37
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Figure 1. Electrospinning setup for the production of 3D nanofibres and macroscopic visualization of the prepared layers. Electrospinning
setup for the laboratory production of PCL 3D (a) 1, high-voltage source; 2, high-voltage source; 3, feeding pump; 4, syringe with polymer; 5,
nanofibres; 6, special collector; 7, frame for adjustment distances; and 8, electromotor. (b) The special collector is shown. The nanofibrous PCL 3D

layer created by a special collector has a knitted-like structure (c and d)

scanning electron microscopy (SEM, Phenome G2; FEI,
Eindhoven, The Netherlands). To quantify and describe
fibre structures in detail, SEM photomicrographs were
used and analysed using NIS Elements 3.0 software for
image analysis. This software enables measurements of
pore size, surface area and fibre diameter.

X-ray micro-tomography

X-ray micro-tomography is a non-destructive technique
based on properties of absorption of X-rays by the
scanned material. X-rays are absorbed by nuclei of
atoms, and higher the atomic number, greater the X-ray
absorption. The sample is rotating during scanning,
while beams of transmitted X-rays are collected by the
detector; so-called transmission images are generated at
different angles of rotation. From these images, 3D
structure of the scanned object is finally computed. Our
micro-tomograph is capable of scanning with voxel size
as small as 200 nm, depending on sample size and
material. The general rule for obtaining best resolution
is for the sample to be less than 500 times the resolu-
tion. Presented images were scanned on a Xradia XCT
400 at very low energy, 20 kV.

Profilometry

Profiles of 2D and 3D nanofibre layers was determined
using an Alpha-step IQ mechanical profilometer (KLA
Tencor, USA) with a diamond tip (Stylus, radius
10 pm, full angle 45°). Pressure force was 80 uN, sam-
pling frequency 10 Hz and scan speed was 20 pm/s.
Scanning scale was 550 um (accuracy at the z-axis was

© 2012 Blackwell Publishing Ltd

0.04 pm); average values were determined from 5 inde-
pendent measurements.

Differential scanning calorimetry

Calorimetric measurements were performed using a
DSC8500 apparatus (Perkin—Elmer). Purge gas (nitro-
gen, Waltham, MA, USA) passed through the DSC cell
at flow rate of 20 ml/min and temperature of the equip-
ment was calibrated using water, gallium and indium -
the melting point of indium was used for calibrating
heat flow. Samples with mass of approximately 6 mg
were placed in pressure-tight aluminium pans and sub-
jected to heating scan from 20 °C to 150 °C at 10 °C/
min.

Melting temperatures (Tm) were determined from
positions of the melting peaks. Degree of crystallinity
(Xc) of the PCL nanofibres was calculated from melting
enthalpy of PCL (AHm), determined from area below
the melting peak in the DSC thermogram, as

XC = AHm/AHPCL,

where AHpcp is the melting enthalpy of fully crys-
talline PCL (AHpcr= 139.5 J/g) (30).

Biomechanical testing

Twelve specimens of PCL 2D and 9 specimens of PCL
3D were loaded for tensile testing using Zwick/Roel
traction apparatus equipped with a 1kN load cell, to
obtain mechanical parameters, namely Young’s moduli
of elasticity, ultimate stresses and ultimate strains. Speci-

Cell Proliferation, 46, 23-37
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mens were thin strips of composite with 5 mm paper
grips, prepared according to previous studies (31, 32).
Initial length of all specimens was 10 mm of width also
10 mm. Thickness of individual specimens was mea-
sured using a digital caliper, and the values ranged from
90 pm up to 220 um. Thickness of 3D PCL was mea-
sured at the thinnest region of specimens. Composites
were loaded at loading velocity of 10 mm/min until the
sheet of composite ruptured, according to earlier studies
(31, 32). Young’s moduli of elasticity were determined
using linear regression analysis of stress—strain curves at
strain of approximately 1-6% (depending on shape of
the curve). Ultimate stresses and ultimate strains were
determined at initiation of the rupture. Stress was
defined as force divided by initial area, and strain was
defined as elongation of the specimen divided by its ini-
tial length. Our own software written in Python, an
Open Source object-oriented programming language,
was used for the evaluation.

Isolation and culture of MSCs

Bone marrow aspirates were obtained from os ilia of an-
aesthetized miniature pigs (age 6—12 months, Institute of
Animal Physiology and Genetics of the ASCR, Libec-
hov, CZ). Animal care was in compliance with the Act
of the Czech National Convention for Protection of Ver-
tebrate Animals. Bone marrow was aspirated into 10-ml
syringes with 5 ml Dulbecco’s phosphate-buffered saline
(PBS) with 2% foetal bovine serum (FBS, StemCell
Technologies) and 25 IU heparin/ml connected to a
bioptic needle (15G/70mm). Under sterile conditions, bone
marrow (approximately 20 ml) was introduced into 50-
ml centrifuge tubes, and 5 ml of Gelofusine (B. Braun
Melsungen, Germany) was added. After 30 min incuba-
tion at room temperature, samples were centrifuged at
400 g for 15 min.Thus, the layer of mononuclear cells
was removed and seeded into culture flasks and cultured
at 37 °C in humidified atmosphere of 5% CO,. o-mini-
mum essential medium (MEM) with Earle’s salt and
L-glutamine supplemented with 10% FBS and penicillin/
streptomycin (100 TU/ml and 100 pg/ml, respectively)
was used as culture medium.

MSC seeding on scaffolds

Scaffolds 6 mm diameter and 2 mm thickness, were
sterilized using low-temperature hydrogen peroxide gas
plasma (Sterrad 100 S sterilizer, ASP, USA). Cells were
seeded on scaffolds at 90 x 10%/cm? density, in a 96-
well plate, corresponding approximately to 25 x 10°
cells/scaffold. Scaffolds with seeded MSCs were cul-
tured in 250 pl differentiation medium per well
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(a-MEM supplemented with 10% FBS and penicillin/
streptomycin (100 IU/ml and 100 pg/ml, respectively),
100 nM dexamethasone, 40 pg/ml ascorbic acid 2-phos-
phate, and 10 nM glycerol 2-phosphate disodium salt
hydrate). Medium was changed every 3 days.

MSC penetration through nanofibre layers

Penetration of MSCs through 2D and 3D nanofibre lay-
ers was investigated. Sheets of nanofibres were cut and
fixed in 24-well-plate inserts (Scaffdex, Finland). Bot-
toms of 24-well plates were covered by microscope
glass, and inserts with nanofibres were placed in the
wells. Cells at density of 90 x 10°/cm” were seeded on
nanofibre layers inside the inserts to prevent leakage of
cells into surrounding areas. On days 1, 4, and 7, MSCs
were visualized using fluorescence staining. Inserts with
fibres were removed, and fibre sheets were excised. Sam-
ples and glass from bottoms of 24-well plates were
rinsed in PBS (pH 7.4), fixed in frozen methyl alcohol
(=20 °C) for 10 min, and rinsed in PBS. Subsequently,
fluorescent probe 3,3'-diethyloxacarbocyanine iodide
(DiOC6; 0.1-1 pg/ml in PBS; pH 7.4) was added and
incubated with the samples for 45 min at room tempera-
ture. Samples were rinsed in PBS, and propidium iodide
(PL; 5 pg/ml in PBS) was added for 10 min, followed by
rinsing in PBS and visualization using a ZEISS LSM 5
DUO confocal microscope (PI: Aey = 561 nm, A.,= 630
—700 nm; DiOC6: Aeye= 488 nm, Ay, = 505-550 nm).

Cell adhesion on scaffolds

DiOC6 staining was used to detect cell adhesion to scaf-
folds. Samples were fixed in frozen methyl alcohol
(=20 °C) for 10 min and stained with DiOC6 and PI as
described above. Specimens were visualized using the
ZEISS LSM 5 DUO confocal microscope. Areas of ad-
herrent cells were counted using Ellipse software.

Cell viability analysis

Metabolic activity of cells was measured using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) assay. Fifty microlitres of MTT (1 mg/ml
in PBS, pH 7.4) was added to 150 pl of sample medium
and incubated for 4 h at 37 °C.Then, 100 ul of 50% N,
N-dimethylformamide in 20% sodium dodecyl sulphate
(pH 4.7) was added. Results were examined using spec-
trophotometry in an ELISA reader at 570 nm (reference
wavelength, 690 nm).

For detecting cell viability, live/dead staining (2',7'-
bis(2-carboxyethyl)-5(6)-carboxyfluoresceinacetoxymeth-
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yl ester (BCECF-AM)/propidium iodide) and visualiza-
tion wusing confocal microscopy were performed.
BCECF-AM (diluted 1:100 in medium) was added, and
cells were incubated for 45 min at 37 °C in atmosphere
of 5% CO, for live cell detection. Cells were then rinsed
in PBS (pH 7.4), and PI (5 pg/ml in PBS) was added
for 10 min, after which cells were rinsed in PBS and
visualized using the Zeiss LSM 5 DUO confocal micro-
scope (PL: Aeye= 561 nm, A= 630-700 nm; BCECF-
AM: Aeye= 488 nm, Aey, = 505-550 nm).

Cell proliferation analysis using PicoGreen

The PicoGreen assay was performed using the Pico-
Green assay kit (Invitrogen Ltd., Paisley, UK) and
proliferation of MSCs on scaffolds was tested on days
1, 7, 14, and 21. To process material for analysis of
DNA content, 250 pl of cell lysis solution [0.2% v/v
Triton X-100, 10 mMTris (pH 7.0), and 1 mM
EDTA] was added to each well containing a scaffold
sample. To prepare cell lysate, samples were pro-
cessed through 3 freeze/thaw cycles; the scaffold sam-
ple was first frozen at —70 °C and thawed at room
temperature. Between each freeze/thaw cycle, scaffolds
were roughly vortexed. Prepared samples were stored
at —70 °C until analysis. To quantify cell number on
scaffolds, a cell-based standard curve was prepared
using samples with known cell numbers (range,
1 x 10>-1 x 10° cells). DNA content was determined
by mixing 100 pl of PicoGreen reagent with 100 pl
DNA sample. Specimens were loaded in triplicate,
and florescence intensity was measured on a multiplate
fluorescence reader (Synergy HT, A.= 480-500 nm,
Aem= 520-540 nm).

Quantitative real-time polymerase chain reaction (PCR)
analysis

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufac-

Table 1. List of primers used for real-time PCR analysis
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turer’s protocol. This kit is based on technology that
combines selective binding properties of silica gel-based
membranes with the speed of microspin technology. At
the end of the procedure, total RNA was stored at
—20 °C.

cDNA from 1 pg total RNA was used as template.
Synthesis of cDNA was performed using a standard pro-
cedure described in our previous work (33). Osteocalcin
(OC) and bone sialoprotein (BS) mRNA expression lev-
els were quantified by means of LightCycler 480 (Roche
Diagnostics, Mannheim, Germany) using doublestrand-
specific dye, SYBR Green I (Roche Diagnostics, Mann-
heim, Germany), according to the manufacturer’s proto-
col. The complete list of primer sets, including their
sequences and annealing temperatures, is presented in
Table 1.

PCR conditions were initial denaturation at 95 °C
for 10 min, followed by 45 cycles of denaturation at
95 °C for 15 s, annealing at 54 °C for 10 s, and exten-
sion at 72 °C for 20 s. Expression levels of OC and BS
mRNA were adjusted, using level of beta-actin mRNA
as housekeeping gene, and were expressed as ratio to
beta-actin. Evaluation of mRNA expression of OC and
BS was performed by quantitative real-time PCR analy-
sis (P < 0.05, 2-sided t-test).

Detection of osteogenic markers using indirect
immunofluorescence staining

Presence of OC, as marker of osteogenic differentiation,
was confirmed using indirect immunofluorescence stain-
ing as described previously (34). In brief, samples were
fixed in 10% formaldehyde/PBS for 10 min and incu-
bated with the primary antibody against OC (mouse
anti-OC, diluted 1:20, Abcam, US) for 1 h at room tem-
perature.Then, secondary antibody (Alexa Fluor 635-
conjugated Goat Anti-Mouse IgG (H+L), Invitrogen)
was diluted 1:300 and added for 45 min at room tem-
perature. OC staining was visualized using the ZEISS
LSM 5 DUO confocal microscope.

Gene Primer Sequence (5’ to 3) T, (°C) PCR product (in bp)
Beta-actin Sense AGG CCA ACC GCG AGA AGA TGA CC 53 332
Beta-actin Antisense GAA GTC CAG GGC GAC GTA GCA C 53 332
oC Sense TCA ACC CCG ACT GCG ACG AG 67 204
oC Antisense TTG GAG CAG CTG GGA TGA TGG 67 204
BS Sense CGA CCA AGA GAG TGT CAC 57 498
BS Antisense GCC CAT TTC TTG TAG AAG C 57 498

Each primer was chosen to span introns. The specific annealing temperature (T,) of each primer and the size of the expected PCR products are

listed below.

© 2012 Blackwell Publishing Ltd
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Figure 2. Visualization of nanofibrous PCL 2D and 3D layers. Optical microscopy (a,b,c) and SEM (d,e,f) were used for visualization of PCL
3D (a,b.d,e) and 2D (c,f) layers. 3D structure of PCL 3D layer is good visible (a,d) as well as bigger porosity in thin areas of PCL 3D layer (b,e).

Statistical analysis

Quantitative data are presented as mean + standard devi-
ation (SD). For in vitro tests, average values were deter-
mined from at least 3 independently prepared samples.
Results were evaluated statistically using 1-way analysis
of variance and Student-Newman-Keuls test. Normality
of Young’s moduli of elasticity, ultimate stresses and
ultimate strains was tested using the Shapiro-Wilk W
test. Differences in mechanical parameters between PCL
2D and PCL 3D specimens were determined using the
Mann-Whitney U test. For both tests, Statistica base 9.1
(Statsoft, Tulsa, OK, USA) was used.

Results

Novel collector and 3D scaffold characterization

The 3D nanofibre scaffold was prepared using a classic
electrospinning setup (Fig. 1a) but with a novel special
collector. The characteristic feature of the collector was
that it was fitted with a rotating drum with a structured
surface; a metal chain was employed for surface struc-
ture modification (Fig. 1b). The fibre scaffold was
formed on the conductive metal strips of the rotating
cylinder, and the pattern of the scaffold produced corre-
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sponded to the structure of the collector surface
(Fig. 1c). Thus, the newly formed scaffold was charac-
terized with spots of different mass per unit area (weight
of polymer per scaffold area), resembling a knitted
structure (Fig. 1d). Clearly, the metal chain ensured for-
mation of a 3D fibre scaffold characterized by unique
properties and parameters.

To compare the novel 3D nanofibre scaffold with
the classic 2D nanofibre scaffold, structures were exam-
ined using optical microscopy (Fig. 2a—c) and SEM
(Fig. 2d—f). Optical microscopy identified that the 3D
fibrous mesh consisted of more dense and less dense
areas; morphology of 2D PCL was more homogenous.
Ultrastructure of the fibres was visualized using SEM.
Clearly, pore size differed between 2D and 3D samples.
Visual analysis revealed that pores of 3D PCL were lar-
ger than those of 2D PCL. To quantify observed fibre
arrangements, SEM photomicrographs were analysed
using NIS Elements 3.0 software. Image analysis data of
these PCL samples revealed a significant increase in
average pore size area from 5 pm®> for 2D PCL to
10 umz for 3D PCL. However, within these average val-
ues were included significant contributions of very tiny
pores of no importance for cell migration. Interestingly,
maximum pore size increased from 20-30 pm? for 2D
scaffolds to more than 60 pm?> for 3D scaffolds. Nota-
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bly, scaffold mass per unit area was identical for both
types of sample.

Fibre diameters were similar in both 2D and 3D
samples; average fibre diameter was 3.53 + 1.48 pm for
2D scaffolds and 2.91 += 0.91 pm for 3D fibres. For
detailed analysis, fibres were separated into microfibres
(<1 pm) and nanofibres (>1 pum). Mean diameter of
microfibres in 2D mesh was 5.15 + 2.55 pm, whereas
nanofibres had average diameter of 0.24 + 0.12 um. 3D
nanofibres had a mean diameter less than of respective
2D microfibres (2.7 £ 1.2 yum) and nanofibres
(0.14 £ 0.21 um). Interestingly, when ratios between
microfibres and nanofibres were estimated, 3D meshes
had significantly more microfibres (66.5% =+ 8.8%). In
contrast, 2D scaffolds contained more nanofibres, and
proportion of microfibres was just 36.9% + 8.3%. From
the data presented, it is apparent that our novel tech-
nique results in a more homogenous fibre mesh, despite
being composed of more microfibres.

Contact profilometry was used to measure samples’
surfaces. Surfaces of 2D and 3D PCLs were scanned, and
z-axis profiles were obtained. While z-axis profile of 2D
PCL nanofibres peaked at 70 um (Fig. 3a), z-axis profile
of 3D PCL revealed two distinct peaks with heights
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around 240 pum (Fig. 3b). The peaks corresponded to
dense components of the knitted-type structure. Results
confirmed 3D nature of the prepared patterned scaffolds.

Additionally, three dimensional morphology of 3D
PCL was also confirmed by X-ray micro-tomography.
While in the case of 2D PCL, samples were predomi-
nantly planar (Fig. 4a), tomography of 3D PCL indi-
cated elevation of structure in the dense areas (Fig 4b).
Additionally, larger pore size of the 3D PCL mesh was
clearly visible from the tomograph. Results support the
observation that 3D PCL nanofibres consist of less
dense zones with higher porosity and more dense areas
with tightly condensed nanofibres.

Thermal properties of the 2D and 3D scaffolds were
analysed using differential scanning calorimetry. Fig-
ure 5 (d) presents DSC thermograms of 2D PCL and
3D PCL nanofibres. Melting point (Tm) of 2D PCL was
59.89 °C, melting enthalpy (AHm) being 88.66 J/g and
degree of crystallinity (Xc) at 62.12%. Thermal proper-
ties of 3D PCL were almost identical to those obtained
for 2D PCL: T,, = 59.89 °C, AHm = 86.66 J/g and
Xc = 62.12%. Results indicated similar thermal proper-
ties and identical physicochemical properties of 2D and
3D samples to each other.

PCL 3D

Q 05 1 15 2 25 3 as
x [mm]

Figure 3. Surface topography of PCL 2D and 3D layers measured by contact profilometry. The heights of profilemeter peaks of PCL 2D
were not higher than 70 pm (b). On PCL 3D reached peaks almost 240 pum (a).

Figure 4. X-ray micro-tomography of PCL 2D and 3D layers. Micro-CT was used to visualize the structure of PCL 2D (a) and PCL 3D (b)
samples. Difference in porosity on PCL 3D sample is clearly visible. The object in the bottom of image (a) is a part of sample fixation.

© 2012 Blackwell Publishing Ltd
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Figure 5. The mechanical and thermal properties of PCL 2D and 3D layers. No difference was shown in thermal properties of both samples
(a). Significant differences between groups were found in the Young’s moduli of elasticity (b) and ultimate stresses (c) (determined by Mann—Whit-
ney U-test, P < 0.001). No significant difference was found in the ultimate strains (d) (P = 0.24).

To examine samples’ mechanical properties, dynamic
mechanical testing was performed. Results of these mea-
surements demonstrated that in the case of 2D PCL, rup-
tures originated at a single point, typically in the middle
of a specimen, and a single rupture line propagated per-
pendicularly to loading, while in the case of 3D PCL,
ruptures originated in multiple locations; these rupture
points occurred in thinner parts of the specimens. Dense
locations held specimens together while thinner zones
ruptured; with increasing load, dense parts also tore.
Moreover, it was obvious that specimens with higher
amounts of dense structures were stiffer than those with
lower quantities of such structures.

Resultant Young’s moduli of elasticity, ultimate
stresses and ultimate strains are shown in Fig. 5. Mann-
Whitney U testing showed that Young’s modulus of
elasticity of 2D PCL was significantly lower than that of
3D PCL (P < 0.001) (Fig. 5). Ultimate stress was also
significantly lower in the case of 2D PCL when com-
pared to 3D PCL (P < 0.001) (Fig. 5b). No significant
differences were observed for ultimate strain between
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2D PCL and 3D PCL specimens (P = 0.24) (Fig. 5c¢).
Obtained data clearly identified that 3D samples were
more elastic and were firmer, despite having identical
chemical composition to 2D samples.

3D PCL nanofibre scaffold facilitated MSC penetration
through nanofibre layers

Undamaged 2D PCL scaffolds have been demonstrated
(in our laboratory and others) to be tightly sealed and
protective against cell incursion on obverse sides of
scaffolds. However, higher average pore diameters of
3D scaffolds, as well as their unique stereology, were
compared to 2D scaffolds, and questions concerning
possible cell migration throughout 3D scaffolds arose.
To address these notions MSC penetration through the
3D nanofibre layers was investigated.

MSCs were seeded on both types of nanofibre layer
in a manner that prevented leakage of cells out to sur-
rounding areas (for details, see Materials and methods
section). MSCs were fluorescently stained and detected
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Figure 6. Confocal microscopic observation of penetrated cells. Confocal microscopic observation of cells penetrating through the nanofibrous
layers of the 2D (a) and 3D (b) scaffolds on day 7; cells were stained using DiOC6 (green colour) and propidium iodide (red colour). Colour-coded

projection of cells adhered to the 2D (c) and 3D (d) scaffolds on day 7.
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Figure 7. Penetration of MSCs through the nanofibrous layers. The
number of MSCs penetrating through the nanofibrous layers was
counted on 1, 4, and 7 days using the confocal microscopy images.
The number of cells under the PCL 3D scaffold was increased over
the 7 days. No cells penetrated through the PCL 2D scaffold.

using confocal microscopy, on days 1, 4 and 7 of the
investigation. Cells attached to nanofibre scaffolds, as
well as those attached to well bottoms, were visualized.

© 2012 Blackwell Publishing Ltd

Visualization included information concerning cell diffu-
sion through the scaffolds.

In accordance with our previous results, nanofibre
layers of 2D scaffolds with average pore sizes of 5 um?
prevented MSC migration through scaffold structures.
This was clearly documented by absence of any fluores-
cence signal from well bottoms, even after 7 days seed-
ing, whereas MSCs seeded on 3D samples exhibited
strong fluorescence signals from these locations (Fig. 6a,
¢). A significantly different picture was observed for 3D
scaffolds, here, cells were visible at bottoms of wells
24 h after seeding (Fig. 6b,d). Numbers of cells pene-
trating increased gradually during incubation periods (up
to 7 days), proving our hypothesis that MSCs were able
to work their way through 3D scaffolds (Fig. 7).

Metabolic activity of cells significantly increased on 3D
PCL scaffolds

Both 2D and 3D PCL scaffolds have different potential
applications. Thus, both were compared and tested for
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Figure 8. Cell adhesion. Cell adhesion was measured as the
spreading area of cells 24 h after seeding. Cells were stained using
DiOC6 and visualized using confocal microscopy. Images were analy-
sed using the Ellipse software, and the spreading areas of cells were
calculated (mean + standard deviation; P = 0.45).

MSC biocompatibility. MSC proliferation and viability
were followed and tested for 21 days.

First, cell adhesion was measured 24 h after seeding.
MSCs were stained using DiOC6, visualized using con-
focal microscopy, and areas of cell spreading measured.
Interestingly, spreading area of cells cultured on 3D
nanofibre PCL layers were statistically larger
(P =0.045) than those on 2D scaffolds (Fig. 8). We
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attribute this observation to higher values between sur-
face-to-volume ratio of 3D scaffolds compared to 2D
scaffolds.

Cell seeding efficiency and proliferation were esti-
mated from DNA values measured using PicoGreen
assay (Fig. 9a). Cell seeding efficiency was counted as
ratio of number of seeded cells (25 x 10 cells/scaffold)
and number of cells on scaffold determined by Pico-
Green assay, 24 h after seeding. Seeding efficiency was
59.4 +4.61% for 2D PCL and 44.3 + 8.64% for 3D
PCL. Results of Picogreen assay on days 7, 14 and 21
clearly indicated substantial cell proliferation on both
types of scaffold. Nevertheless, there were still signifi-
cant differences observed between scaffolds. Cell num-
ber on 2D scaffolds increased gradually from 1 to
21 days; conversely, cells seeded on 3D nanofibres
exhibited lower levels of proliferation between 1 and
14 days, but then cell number rapidly increased between
14 and 21 days (P < 0.001).

A similar pattern was observed with MSC viability
as assayed by MTT testing (Fig. 9b). Cells grew well
on both scaffolds for the first 14 days; however, viabil-
ity considerably differed between 14 and 21 days. On
the other hand, viability of MSCs on 2D scaffolds
decreased during this period (P = 0.019), but a signifi-
cant increase in metabolic activity was observed for
MSCs seeded on 3D scaffolds (P = 0.027).
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Figure 9. MSCs viability, proliferation, and differentiation. Cell viability was determined using MTT assay (a). PicoGreen assay was used for
measuring of MSCs proliferation (b). Osteogenic differentiation was determined by quantification of osteogenic markers, bone sialoprotein and

osteocalcin, using real-time PCR (c,d).
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Figure 10. Cell viability and expression of OC visualized by confocal microscopy. Live cells and dead cells on PCL 2D (a and ¢) and PCL 3D
(b and d) scaffolds were stained using BCECF-AM (green colour) and propidium iodide (red colour), respectively, on 7 (a and b) and 21 days (c
and d). Immunofluorescence staining of OC on PCL 2D (e) and PCL 3D (f) was assessed on day 21

Data from confocal microscopy supported findings
of the MTT assay (Fig. 10). Cell viability was deter-
mined as a ratio of live to dead cells, and was signifi-
cantly higher on 3D PCL scaffolds than on 2D scaffolds
on day 7. Viability of cells on 2D scaffolds decreased
from 87% on day 14 to 53% on day 21, while on 3D
scaffolds, it did not decrease below 86% over the entire
experiment (Table 2).

© 2012 Blackwell Publishing Ltd

Adherence to 3D PCL nanofibre scaffolds accelerated
MSC differentiation

Different types of interactions between MSCs and both
2D and 3D PCL scaffolds, reflected by differences in
MSC proliferation, could possibly influence differentia-
tion potential of the cells. Thus, MSCs seeded on each
type of scaffold were tested for osteogenic differentia-
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Table 2. Cell viability [%]

dl d7 d14 d21
PCL 2D 71 £ 15 85+ 22 87 +7 53 + 14*
PCL 3D 89 + 13 86 + 11 93 +4 89 +7

Cell viability was measured as the ratio of live to dead cells detected
using confocal microscopy (mean + standard deviation; P < 0.05).

tion, determined by real-time PCR analysis and immu-
nofluorescence staining. OC and BS were used as osteo-
genic markers. Interestingly, expression of both proteins
was significantly higher on cells 3D scaffolds than on
those of 2D scaffolds, during the entire observation per-
iod (Fig. 9c,d). In contrast to cell proliferation, MSC
differentiation was significantly elevated 7 days after
seeding on 3D meshes, which indicated early cell differ-
entiation compared to those on 2D scaffolds (BS
P < 0.001; OC P = 0.003).

OC expression was also confirmed using immunoflu-
orescence staining. Samples were stained using anti-OC
monoclonal antibody and visualized on days 7, 14 and
21. Increasing production of OC was clearly docu-
mented over the whole period (Fig. 10).

Discussion

Novel electrospinning setup for laboratory production
of 3D nanofibre layers

Simple modification of our electrospinning apparatus —
adding a special collector composed of a rotating drum
with a metal chain — led to production of knitted-like
nanofibrous material with 3D structure arrangement.
Results of optical microscopy, SEM, profilomery and X-
ray micro-tomography demonstrated that structure of 3D
PCL consisted of thin (less dense) areas and elevated
(dense) areas. Stereological measurements showed that
less dense areas had significantly higher porosity and
pore size than had classic planar 2D nanofibres; dense
structures were made of tightly packed nanofibres. Com-
posite scaffolds of this kind seem to be very promising
for tissue engineering applications.

There are other methods of determining pore size of
a mesh, using a variety of special collectors. Zhu et al.
(35) developed a technique based on a rotating frame
cylinder, to prepare parallel mesh fibres. Parallelization
of fibres increased pore size between the meshes without
altering fibre diameter. A further approach was intro-
duced by Zussman et al. (36). This group used a rotat-
ing table placed on a rotating disc moving 90° between
steps of deposition. The fibrous mesh produced had a
‘square mesh’ orientation of nanofibres, as any follow-
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ing layer had a perpendicular orientation to the one
before. Li ef al. (37-39) developed patterned static col-
lectors consisting of conductive and non-conductive
voids; nanofibres were aligned across a non-conductive
voids (36). They also developed various collectors
enabling production of 3D multi-layered structures with
various organizations of fibres (36).

Fibrous 3D scaffolds prepared using special collectors
had a clear advantage over methods employing sacrificial
(that is, temporary) co-fibres, as here it would not be nec-
essary to remove the pore-forming agents (25). Advanta-
ges of our method, as presented in this study, are its
simplicity and ability to prepare 3D nanofibres with pores
of any desired diameter. This is a key condition for appro-
priate seeding of each particular cell type.

Surfaces of prepared fibrous 3D PCL meshes were
characterized by dense strings (dense areas) elevated
over planar fibre layers (thin areas). This phenomenon
of non-uniform deposition of fibres could be explained
by changes to the electric field due to the collector’s
structure, as described earlier (above). In our case, the
metal chain served as a field concentrator inducing
greater fibre deposition and resulting in formation of
dense zones. Electric fields around the void gaps
between the metal chains was non-homogenous and
resulted in less fibre deposition and greater stretching.
This arrangement was explained by Li et al. (37) as
occurring due to changes in Coulombic interactions
when fibres approach the vicinity of wires. Coulombic
interactions were responsible for fibres’ alignment along
edges of holes or along metal strips. However, Vaquette
et al. (25) demonstrated that this theory had limitations,
as observed patterns were lost when electrospinning was
performed for several hours.

Morphological analysis of our knitted-type mesh
revealed the 3D nature of prepared scaffolds. The z-axis
height profile of 2D and 3D PCL revealed that while
z-axis profile of 2D PCL mesh demonstrated only a
slightly rough surface, with fluctuations in the order of
70 pm, the z-axis profile of 3D meshes had much higher
peaks, corresponding to a rough surface. Interestingly,
both dense and thin areas with less rough surface, were
observed in 3D PCL scaffolds with significantly higher
average pore sizes in less dense areas. Mean area of
pores in less dense areas of scaffolds exceeded 60 pm?,
approximately 2-fold higher than of 2D PCL. We
assume that 60-pum? pores were suitable for cell migra-
tion as concluded from previous cell experiments. On
the other hand, 30-um? pores of 2D PCL nanofibres
were too small and hindered cell penetration. Thus, 3D
scaffolds would be more suitable for cell culture in tis-
sue engineering, where 3D systems are predominantly
required.
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Results of biomechanical testing showed higher
Young’s modulus of elasticity and strain/stress resistance
of 3D PCL mesh compared to 2D mesh; 3D PCL
scaffolds were more elastic and more stress-resistant.
Importantly, this is not a consequence of any phase
change of the polymers as thermal analysis performed
by DSC did not show any difference between the two
types of scaffold. Thus, the more favourable biomechan-
ical properties were a consequence of physical scaffold
structure and were caused by nano- and micro-stereology
of the scaffold. The improved biomechanical properties
of PCL 3D mesh were caused by presence of dense
areas that reinforced the entire structure. We can easily
imagine that elevated structures could be brought down
when strain stress is applied, with no damage to side
fibres. Consequently, this could provide a simple expla-
nation for higher elasticity of our 3D scaffold.Thus, the
proposed scaffold combined advantages of improved cell
infiltration in the thin zones and greater mechanical sta-
bility in dense parts.

3D PCL nanofibre scaffold improved MSC proliferation
and facilitated their differentiation

Properties of the 3D nanofibre PCL scaffold open wide-
spread application of opportunities for it in tissue engi-
neering and regenerative medicine. Cell migration
through nanofibre layers is undoubtedly among these
attractive features. Our data have clearly proven that the
3D scaffold was characterized by larger pores, and this
was obvious, at least for certain locations. Clearly, identi-
cal surface mass of 3D samples, characterized with plenti-
ful spikes, must naturally result in larger pore size
compared to that of 2D scaffolds with the same surface
mass. Larger pores can be expected at ends of spikes, thus
facilitating MSC migration through the nanofibre layers.
In addition, the 3D scaffold has different structural and
stereological features that should result in different local
mechanical properties at the nanofibrous spikes. We sup-
pose that these properties alone can influence cell penetra-
tion through the layers. On the other hand, larger pores
negatively influenced cell seeding efficiency on 3D PCL
while small pores of 2D PCL hampered passive penetra-
tion of cells and caused their attachment to the surface,
resulting in higher seeding efficiency.

Our study has indicated that different structural prop-
erties of the 3D nanofibre scaffold also resulted in differ-
ences in biocompatibility of MSCs. Biocompatibility of
MSCs to PCL nanofibres has been widely reported (40—
42). In accordance with the results here, we observed
good cell adhesion and proliferation on both 2D and 3D
PCL scaffolds. However, MSC adhesion was notably bet-
ter to 3D samples. We suppose that enhanced MSC adhe-
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sion reflects the more extensive surface of 3D scaffolds
with more contact sites available for cell adhesion.

The novel 3D scaffold described here was character-
ized by better proliferation and viability of the cells;
probably contact inhibition of cells, which naturally
occurs earlier on 2D surfaces than on 3D scaffolds,
offers more space for cell proliferation. Interestingly,
cell proliferation significantly increased at the later times
(day 21), but not in the early stages of this experiment.
The explanation of this may be related to cell differenti-
ation. Relationships between proliferation and differenti-
ation of cells has been described in many works (43,44).
Coordination of proliferation and differentiation is a fun-
damental process in normal tissue formation and regen-
eration. At the cellular level, proliferation and
differentiation seem to correspond to independent cell
processes that can sometimes be seen separated by a
proliferation/differentiation switch (45). Gene and pro-
tein expression and activity profiles between prolifera-
tion and differentiation significantly differ and the
processes are often resolved in time. Due to the multi-
factor nature of this coordination process, the exact
mechanism of regulation is not completely understood;
however, key aspects are associated with signalizing net-
works associated with G;/G, cell cycle arrest and
expression of differentiation-associated transcription fac-
tors (45,46).

This corresponds to our observation that 3D PCL
scaffolds were also characterized by better osteogenic
differentiation. This is in good accordance with osteo-
genic differentiation detected on 3D scaffolds with lar-
ger surface areas (47-49). In addition, the relationship
between cell spreading and differentiation was
reported. It was demonstrated that MSCs that were
allowed to adhere, flatten and spread, underwent
osteogenesis, whereas unspread, round cells became
adipocytes (50).

Thus, we hypothesized that a larger surface available
resulted in expression of both OC and BS markers, in
our study. However, higher expression of both bone
markers was also accompanied by lower cell prolifera-
tion between days 7 and 14. In addition, increase in cell
proliferation with maintained osteogenic differentiation
followed. Meanwhile, MSCs on 2D scaffolds prolifer-
ated steadily over the entire 21 day period of the experi-
ment, with reduced cell viability by day 21. Cell
differentiation on the 2D scaffold was detected on day
21; this indicated that MSCs differentiated in the earlier
stage, which resulted in temporarily slower proliferation.

Consequently, we can conclude that 3D structure of
the nanofibre layer can support proliferation and viabil-
ity of MSCs, and is suitable for application in tissue
engineering and regenerative medicine.

Cell Proliferation, 46, 23-37
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Conclusion

A special, novel collector for classic electrospinning has
been developed. This collector served as a simple system
for production of 3D nanofibres with easily modulated
patterns. The 3D PCL scaffold was characterized by more
favourable biomechanical properties, particularly greater
elasticity and resistance against stress and strain. Such 3D
nanofibres can be used for seeding cells of different origin
and type, with different requirements for cell lacunae. We
prepared 3D PCL nanofibre scaffolds with pore sizes
exceeding 60 pum? and tested them for seeding, prolifera-
tion, differentiation and migration of MSCs. We demon-
strated that nanofibre layers of 2D scaffolds prevented
MSCs from migrating through the scaffold, while these
cells infiltrated easily through 3D scaffolds. Adhesion of
MSCs to 3D nanofibre PCL layers was also statistically
more common than to 2D scaffolds, and proliferation and
viability of MSCs 2 or 3 weeks after seeding were greater
on 3D PCL scaffolds. In addition, the 3D PCL scaffolds
were characterized by better osteogenic differentiation.
We suppose that all these positive effects observed on 3D
PCL nanofibre scaffolds are related to the larger surface-
to-volume ratio of 3D structures. This novel system for
producing 3D nanofibre scaffolds with modulated surface
patterns can be effectively used in tissue engineering and
regenerative medicine.
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Zpusob vyroby prostorové tvarované vrstvy polymernich nanovlaken a
zpUsob pokryvani prostorové tvarovaného povrchu télesa prostorové

tvarovanou vrstvou polymernich nanovlaken

Oblast techniky

Vynalez se tyka zpUsobu vyroby prostorové tvarované vrstvy
polymernich nanovldken, u kterého se ve zvlaknovacim prostoru vytvafi
polymerni nanovlakna, kterd se pfi svém pohybu vychyli proudem vzduchu

nebo plynu smérem k podkladu, na ktery se ukladaji.

Vynalez se tyka také zpiisobu pokryvani prostorové tvarovaného povrchu
télesa prostorové tvarovanou vrstvou polymernich nanoviaken, u kterého se ve
zvlakiiovacim prostoru vytvafi polymerni nanovlakna, ktera se pfi svém pohybu

vychyli proudem vzduchu nebo plynu smérem k podkladu, na ktery se ukladaiji.

Dosavadni stav techniky

Typickym produktem vSech dosud zndmych postupl pro vyrobu
polymernich nanovlaken elektrostatickym zvlakfiovanim roztokl nebo tavenin
polymerti vyuZivajicich statické jehlové zvidkiiovaci elektrody (trysky, kapilary,
apod.) nebo pohyblivé hladinové zvlakiovaci elektrody (rotujici valec, ve sméru
své délky se pohybuiici struna, rotujici spirala, apod.) je plodna vrstva nahodné
ulozenych a propletenych polymernich nanovlidken. Ta méa sice v kombinaci s
daldimi podplrnymi & krycimi vrstvami celou fadu vyuZiti, zejména v oblasti
filtrace a hygienickych prostredku, avdak pro mnoho dalSich aplikaci, jako napf.
tkariové-inzenyrstvi, regenerativni medicina, vyroba umélych organt, apod. je
vyuZitelna pouze omezené. Tyto aplikace totiz principielné vyZaduji spiSe
prostorové Gtvary nebo prostorové tvarované vrstvy polymernich nanoviaken,
které se svym tvarem pfiblizuji napf. tvaru lidského organu nebo jeho
gasti/castem, nebo jiného vhodného télesa uréeného pro medicinské nebo

technické aplikace.

V soutasné dobé v8ak neni znamy zpUsob vyroby takovych prostoroveé

tvarovanych vrstev polymernich nanovlaken, ani zplsob pokryvani prostorové
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tvarovaného povrchu télesa prostorové tvarovanou vrstvou polymernich
nanovlaken. Pfi ukladani polymernich nanoviaken na prostorové tvarovany
povrch t&lesa b&hem jejich vyroby, totiz dochazi ke koncentraci elektrického
naboje na vystupcich tohoto povrchu, takZze polymerni nanovlakna se ukladaiji
pfednostné na téchto vystupcich a pouze pfemostuji prostory mezi nimi. Ve
vysledku tak vznikd pouze vice ¢i méné nerovnomeérna ploSna vrstva
polymernich nanovlaken vytvarejici konvexni obalku prostorové tvarovaného

povrchu télesa, bez pokryti jeho snizenych Casti.

Cilem vynalezu je navrhnout zpUsob vyroby prostorové tvarované vrstvy
polymernich nanovlaken, resp. zplsob pokryvani prostorove tvarovaného
povrchu télesa vrstvou polymernich nanovidken, kterd by co nejpfesnéji

kopirovala tvar jeho povrchu.

Podstata vynalezu

Cile vynalezu se dosahne zplisobem vyroby prostorové tvarované vrstvy
polymernich nanoviaken, u kterého se ve zvlékfiovacim prostoru vytvari
polymerni nanoviakna, ktera se pfi svém pohybu vychyli proudem vzduchu
nebo plynu smé&rem k podkladu, na ktery se ukladaji. Podstata tohoto zpUsobu
pfitom spogiva v tom, Ze polymerni nanovidkna se vychyli laminarnim proudem
vzduchu nebo plynu smérem k pfedioze s prostorové tvarovanym povrchem, a
stejnym nebo jinym laminarmnim proudem vzduchu nebo plynu se pritisknou
k tomuto jejimu povrchu, v disledku éehoz se na ném ukladaji do prostorove

tvarované vrstvy, ktera kopiruje tvar prostorové tvarovaného povrchu prediohy.

V pfipadé potfeby se piitom rychlost a/nebo smér pohybu polymernich
nanovlaken alespori jednou koriguje alespofi jednim dalSim laminarnim

proudem vzduchu.

Pro dosazeni poZadovaného rozloZzeni polymernich nanoviaken na
povrchu predlohy, a tim i poZzadované struktury vytvofené prostorové tvarované
vrstvy polymernich nanoviaken, nebo pro zachyceni polymernich nanovlaken

v tplavu v okoli pFediohy nebo za ni, se pfedloha b&hem ukladani polymernich

. nanoviaken pohybuje pfimo&arym a/nebo vratnym a/nebo pferusovanym
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pohybem v horizontalnim a/nebo vertikalnim smeru a/nebo rotaénim a/nebo

kyvnym pohybem kolem libovoiné osy.

Cile vynalezu se dosahne také zpUsobem pokryvani prostorové
tvarovaného povrchu t&lesa prostorové tvarovanou vrstvou polymernich
nanoviaken, u kterého se ve zviakfovacim prostoru vytvafi polymerni
nanovlakna, ktera se pfi svém pohybu vychyli proudem vzduchu nebo plynu
smérem k podkladu, na ktery se ukladaji. Jeho podstata pritom spociva v tom,
e polymerni nanoviakna se vychyli laminarnim proudem vzduchu nebo plynu
smérem k predloze s prostorové tvarovanym povrchem, a stejnym nebo jinym
laminarnim proudem vzduchu nebo plynu se pfitisknou k tomuto jejimu povrchu.
V disledku toho se na ném ukladaji do prostorové tvarované vrstvy, ktera
kopiruje tvar prostorové tvarovaného povrchu prediohy. V pfipadé potfeby se
pfitom rychlost a/nebo smér jejich pohybu alespon jednou koriguje alespon

jednim dal$im laminarnim proudem vzduchu.

Pro dosaZeni pozadovaného rozioZeni polymernich nanovlaken na
povrchu pfedlohy, a tim i poZzadované struktury vytvofené prostorové tvarované
vrstvy polymernich nanovlaken, nebo pro zachyceni polymernich nanovlaken
v uplavu v okoli pfediohy nebo za ni, se pfedloha b&hem ukladani polymernich
nanovlaken pohybuje pfimogarym a/nebo vratnym a/nebo pferuSovanym
pohybem v horizontalnim a/nebo vertikainim smeéru a/nebo rotaénim a/nebo

kyvnym pohybem kolem libovolné osy.

V dalSich variantach Ize polymerni nanovlakna zachycena Uplavem
v okoli predlohy pfitisknout k libovolné ¢asti jejiho povrchu proudem vzduchu,
mechanickym zafizenim a/nebo pohybem pfediohy, nebo je z pfedlohy GpIn€
odstranit.

Objasnéni vykrest

Na obr. 1 je schematicky znazornéna jedna z variant zafizeni
k provadéni zplUsobu vyroby prostorové tvarované vrstvy polymernich
nanoviaken, resp. k provadéni zplsobu pokryvani prostorové tvarovaného
povrchu télesa prostorové tvarovanou vrstvou polymernich nanoviaken, a

princip tohoto zpUsobu.
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Priklady uskute¢néni vynalezu

Zpasob vyroby prostorové tvarované vrstvy polymernich nanoviaken a
zplsob pokryvani povrchu télesa prostorové tvarovanou vrstvou polymernich
nanoviaken podle vynalezu vyuzivd znamy zpUsob vyroby polymernich
nanovlaken elektrostatickym zvlakfovanim. U tohoto zplsob se polymerni
nanovlakna vytvari z roztoku nebo taveniny polymeru, ktery se pfivede nebo
pritbé&zné pfivadi nebo se transportuje do elektrostatického pole vytvofeneho
rozdilem elektrickych potencialll mezi alespofi jednou zvlaknovaci elektrodou a
alespofi jednou sbérnou elektrodou. Zviakiovaci elektroda a sbérna elektroda
jsou souGasné propojeny s opatnymi pély zdroje vysokého stejnosmérneho
napéti, se stejnymi poly zdroje vysokeho stejnosmérného napéti s odliSnou
hodnotou napéti, nebo je jedna znich uzemnéna. Kromé toho je mozné
v dal§ich variantach vyuzit také postup elektrického zviaknovani popsany v CZ
PV 2012-907, u kterého se na zvlakfiovaci elektrodu pfivadi stfidave napéti.
Jako zviakiovaci elektrodu a sbé&rnou elektrodu je ve v8ech variantach mozné
pouzit libovolny znamy typ, resp. tvar téchto elektrod. Jako zvlakfovaci
elektrodu je tak mozné pouzit zejména statickou zvlakriovaci elektrodu tvofenou
tryskou, jehlou, ty¢i, kovovym hrotem, liStou, strunou (viz napf. EP 2173930),
apod. nebo jejich skupinou, nebo pohyblivou hladinovou zvlakrovaci elektrodu
tvofenou otadejicim se protahlym télesem, napf. valcem (viz napi. EP 1673493
nebo EP 2059630), spiralou, diskem, &i jinym otacejicim se télesem, nebo ve
sméru své délky se pribézné nebo pferuSované pohybujici strunou (viz napf.
EP 2173930), atd. Jako sbé&rnou elektrodu pak Ize pouZit napf. kovovou desku,
strunu/soustavu  strun, ty&/soustavu ty&i, miizku, valec (viz napf. WO
2008011840), hrot/soustavu hrotl (viz napf. WO 2009049564), apod. V dalSich
variantach Ize pro vyrobu polymernich nanovlaken pouZit i jiné znamé zpusoby,
v&. tzv. ,forcespinningu‘ — tj. zplsobu vyroby polymernich nanovlaken

zaloZeného na plUsobeni odstredivé sily.

Podstata vynalezu bude dale vysvétlena na funkci zafizeni pro vyrobu
polymernich  nanovldken elektrostatickym zvlakiiovanim  schematicky
snazoméného na obr. 1. Toto zafizeni obsahuje alespori jednu zvlakiovaci
elektrodu 1 ve tvaru valce, na jejimZ povrchu se nachazi nebo vynasi roztok 2

nebo tavenina polymeru, ktery ma byt zvidknén, a proti ni umisténou alespon
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jednu sbé&rnou elektrodu 3 tvofenou kovovou deskou. Zvlakriovaci elektroda 1 a
sb&rna elektroda 3 jsou propojeny s opaénymi pdly zdroje 4 vysokého
stejnosmérného napéti, pficemz zvlakiovaci elektroda 1 je s vyhodou
propojena s jeho kladnym polem a sbérna elektroda 3 s jeho zapornym pélem.
V dusledku rozdilu elektrického potencialu se pak mezi témito elektrodami 1 a 3
vytvaii elektrostatické pole o vysoké intenzité, které silovym plsobenim na
roztok 2 nebo taveninu polymeru na povrchu zvlakfiovaci elektrody 1 z néj/ni
vdaném zvlakfiovacim prostoru formuje a dlouzi jednotlivd polymerni

nanovlakna 5, ktera poté unasi smérem ke sbérné elektrodé 3.

Do prostoru mezi zvlakiovaci elektrodou 1 a sbérnou elektrodou 3 je
vyusténa vzduchova (plynova) tryska 6 opatfena pfetlakovou vyustkou 61,
tvofenou jednim nebo nékolika rovnobé&Znymi kanaly Ctvercoveho nebo
obdélnikového pfiéného prifezu, které vytvafi laminarni proud 62 vzduchu,
nebo va&i polymernim nanovlaknim 5 inertniho plynu. Tato pfetlakova vyustka
61 je pfitom svyhodou opatfena neznazornénym regulatorem rychlosti
proudéni. Ve znazornéném pfikladu provedeni je pfetlakova vyustka 61
nasmérovana do prostoru mezi zvliakriovaci elektrodou 1 a sbérnou elektrodou
3 horizontalné z boku, kolmo nebo v podstaté kolmo viici pohybu polymernich
nanovldken 5 v tomto zvlakiovacim prostoru. V jinych neznazornénych
variantach v8ak muaze byt do tohoto prostoru nasmérovana dle potieby a
prostorového usporadani dalSich prvkd libovolné jinak, resp. pod libovolnym
thlem, pfipadnd muizZe byt do tohoto prostoru nasmérovano nékolik
pretlakovych vyustek 61 propojenych sjednou nebo nékolika vzduchovymi
(plynovymi) tryskami 6.

Proti pfetlakové vylstce 61 je na opaéné strané mimo zvlakAovaci
prostor mezi zvlakhovaci elektrodou 1 a sbérnou elektrodou 3 uloZzena predioha
7, podle jejinoz &lenitého povrchu se ma vytvafena vrstva polymernich
nanoviaken 5 prostorové tvarovat, nebo ktery ma alespori ¢asteCné pokryvat.
Tato predloha 7, kterA mlZe byt vytvofena z libovolného elektricky vodivého
nebo nevodivého materialu, je pfitom uloZena staticky, nebo v pfipadé potreby
libovoln& pohyblivé v horizontalnim a/nebo vertikalnim sméru a/nebo otocné

a/nebo kyvné okolo libovolné osy.
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Pfi provozu zafizeni znazornéného na obr. 1 se mezi zvlakiovaci
elektrodou 1 a sbérnou elektrodou 3 vytvari elektrické pole o vysoke intenzite,
které svym silovym plsobenim vytvafi na povrchu roztoku 2 nebo taveniny
polymeru na povrchu zvlakiovaci elektrody 1 tzv. Taylorovy kuZely, ze kterych
dlouzi jednotliva polymernich nanovlakna 5, ktera poté unasi smérem ke sbérné
elektrodé 3. Pfitom jsou tato polymerni nanovidkna 5§ dynamickym ucinkem
laminarniho proudu 62 vzduchu (plynu) z pfetlakové vyustky 61 vychylovana ze
svého plvodniho sméru k predloze 7, a po kontaktu s ni jsou jim pfitlaCovana
k jejimu ¢Elenitému povrchu. V disledku toho se tato polymerni nanoviakna S
ukladaji rovnomérné po celém naletovém povrchu prediohy 7 do prostorové
tvarované vrstvy, ktera vérné kopiruje tvar povrchu pfedlohy 7 a udrzuje si tento
svij tvar i po sejmuti z ni. Pfi obtékani pfedlohy 7 proudem vzduchu (plynu)
nesoucim polymerni nanovliakna 5, se ve sméru pohybu tohoto proudu za
pfedlohou 7 navic vytvari Uplav, pfi¢emz €ast polymernich nanoviaken 5, ktera
se nezachytila na naletové strané pfedliohy 7, kopiruje proudnice tohoto uplavu.
Pritom se usporadavaji do stejného sméru (paralelizuji se). Tato ¢ast vrstvy
polymernich nanovidken 5 se pak miZe die potfeby odstranit a vyuZzit
samostatné, nebo se mlize mechanicky (napf. jinym proudem vzduchu a/nebo
pohybem predlohy 7 a/nebo k tomu uréenym neznazornénym zafizenim, apod.)
pritisknout k libovoiné &asti povrchu pfedlohy 7. Chovani proudu vzduchu
v Uplavu pfitom lze pozadovanym zpUsobem ovlivnit vhodnym tvarovanim

predlohy 7, kterou Uplav obtéka,

Predloha 7 se pfitom miZe pro dosaZeni pfedem daneho roziozeni
polymernich nanovlaken 5 na pfedem dané ¢&asti jejiho povrchu alespo
v nékterych okamzicich pohybovat rotaénim, kyvnym, pfimodarym nebo
kombinovanym ¢i pferuSovanym nebo vratnym pohybem, a to bud

v horizontalnim a/nebo vertikalnim sméru.

Dle pozadavku se zplUsobem podle vynalezu vytvofi vrstva polymernich
nanoviaken 5 s prostorovym tvarem odpovidajicim prostorovému tvaru povrchu
predlohy 7, nebo skofepina z polymernich nanovlaken 5 pokryvajici cely povrch
pfedlohy 7 nebo jeho poZzadovanou &ast.
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Pfiklad 1

Zplisob podle vynalezu byl testovan pfi zvlakiovani roztoku
obsahujicicho 18 % hmotnostnich polykaprolaktonu (PCL) o molekulové
hmotnosti MW 45000 v rozpoustédlovém systému chloroform-etanol (9:1).
Elektrostatické zvlakiovani probihalo za pouZiti zviakfiovaci elektrody 1 dle EP
2059630, ktera se ota&ela okolo své podélné osy rychlosti 22 ot./min a statické
sbé&rné elektrody 2 tvofené kovovou deskou o rozmérech 100x100 mm. Na
zvlakfiovaci elektrodu 1 se piitom pfivadélo napéti +16,2 kV, na sbérnou
elektrodu 2 tvofenou kovovou deskou napéti -26 kV. Elektrody 1 a 2 byly od
sebe vzdaleny 150 mm, pfi¢emzZ pfiblizné v poloviné této vzdalenosti se do
prostoru mezi nimi pretlakovou vyustkou 61 pfivadél laminarni proud 62
vzduchu, ktery mél nad zvlakiiovaci elektrodou 1 rychlost cca 11 m/min, a ktery
usmérfioval vytvafena polymerni nanovldkna 5 kpfedloze 7 uloZene ve
vzdalenosti 300 mm od zvlakiovaci elektrody 1. Timto zplsobem se na
piedloze 7 vytvoiila prostorové tvarovana vrstva polymernich nanovliaken 3

polykaprolaktonu o plodné hmotnosti 1,99 g/m?.

B&hem testu se souCasné méfila rychlost laminarniho proudu 62
vzduchu v rznych vzdalenostech od Usti pretlakové vyustky 61 — viz tabulka 1,
pfitemZ se zjistilo, Ze tento proud si zachoval laminarni charakter do

vzdalenosti 300 mm za zvlakfovaci elektrodou 1.

Tabulka 1

Vzdalenost za

zvlaknovaci elektrodou 100 150 200 250 300
[mm]
Rychlost [m/s] 10,1 9,2 8,3 7,2 6

V neznazornénych variantach provedeni mizZe byt do prostoru meazi
zvlaknovaci elektrodou 1 a sbérnou elektrodou 3 nasmérovana alespon jedna
dal§i pretlakova vyustka 61 propojend se stejnou nebo jinou vzduchovou

(plynovou) tryskou 6, pfi¢emz laminarni proud 62 vzduchu z ni slouZi k alespori
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jedné korekci rychlosti a/nebo sméru pohybu polymernich nanoviaken 3
smérem k pfedloze 7 a/nebo k zachovani laminarniho charakteru proudu
vzduchu nesouciho polymerni nanoviakna 5 a/nebo k pfitladeni polymernich

nanovlaken 5 k prostorové tvarovanému povrchu pfedlohy 7.

V dalSich neznazornénych variantach provedeni Ize dosahnout
laminarniho charakteru proudu/proudt 62 vzduchu (plynu) jinym vhodnym
zpUsobem, nez pouzitim pfetlakové vyustky 61.

ZpUsobem podie vynalezu pfipravena prostorové tvarovana vrstva
polymernich nanovidken 5 nebo skofepina tvofend vrstvou polymernich
nanovlaken 5, resp. prostorové tvarované téleso s uloZenou prostorove
tvarovanou vrstvou polymernich nanovlaken 5, mizZe byt vyuZita zejména jako
substrat, resp. nosi¢ pro kultivaci Zivych bunék. Jeji tvar se pfitom mlze
s pouZitim vhodné predlohy pfizpUsobit v podstaté libovolinym poZadavkim, a
mUze simulovat napf. tvar lidského nebo zvifeciho organu nebo jeho €asti, jako
napf. srdeéni chlopné, cévni prepazky, télesa cévy, povazku a podobné, a po
osazeni vhodnymi burikami slouZit pro umélou pfipravu t&chto &asti lidského
nebo zvifeciho téla. Kromé toho Ize prostorové tvarovanou vrstvu polymernich
nanoviaken 5 pouzit napfiklad také v oblasti filtrace a filtracni techniky pro
specialni filtry, nebo jako izolaéni vrstvu v elektrotechnice, jako povlak elektrod,
sond a jinych funkénich trojrozmérnych pfedmétll, jako specialni tvarované
separacni nebo polopropustné vrstvy, atd. Dle pfedpokiadané aplikace Ize volit
druh pouzitého polymeru, jeho vlastnosti, pfipadné do néj dopinéné pfisady, a

zejména pak Ize ménit tvar prostorové tvarované vrstvy/skofepiny.
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PATENTOVE NAROKY

1. Zplsob vyroby prostorové tvarované vrstvy polymernich nanoviaken

(5), u kterého se ve zvlakiiovacim prostoru vytvari polymerni nanovlakna (5),

R ktera se pfi svém pohybu vychyli proudem vzduchu nebo plynu smérem
k podkladu, na ktery se ukladaji, vyznacujici se tim, ze polymerni nanoviakna

(5) se vychyli laminarnim proudem (62) vzduchu nebo plynu smérem k predioze

(7) s prostorové tvarovanym povrchem, a stejnym nebo jinym laminarnim
proudem (62) vzduchu nebo plynu se pfitisknou k tomuto jejimu povrchu,

\& v dasledku &ehoZ se na ném ukladaji do prostorové tvarované vrstvy, ktera

kopiruje tvar prostorové tvarovaného povrchu pfediohy (7),

2. Zpusob podle naroku 1, vyznaéujici se tim, Ze rychlost a/nebo smér
pohybu polymernich nanoviaken (5) se pfed uloZzenim na povrch predlohy (7)

alespori jednou koriguje alespoii jednim dal$im laminarim proudem (62)

»i vzduchu.

3. Zplisob podle naroku 1 nebo 2, vyznaéujici se tim, Ze pfedloha (7) se
b&hem ukladani polymernich nanoviaken (5) pohybuje pfimogarym a/nebo
vratnym pohybem v horizontainim a/nebo vertikéinim sméru a/nebo rotaénim

a/nebo kyvnym pohybem kolem libovolné osy.

0 4. Zplsob podle naroku 3, vyznadujici se tim, Ze pohyb pfediohy (7) se
b&hem ukladani polymernich nanovlaken (5) alespofi jednou prerusi.

5. Zplisob pokryvani prostorové tvarovaného povrchu télesa prostorové
tvarovanou vrstvou polymernich nanovlaken (5), u kterého se ve zviakfiovacim
prostoru vytvafi polymerni nanoviakna (5), ktera se pfi svém pohybu vychyli

\% proudem vzduchu nebo plynu smérem kpodkladu, na ktery se ukladaji,
vyznaéujici se tim, Zze polymerni nanovidkna (5) se vychyli laminarnim
proudem (62) vzduchu nebo plynu smérem k pfedloze (7) s prostorové
tvarovanym povrchem, a stejnym nebo jinym laminarnim proudem (62) vzduchu

nebo plynu se pfitisknou k tomuto jejimu povrchu, v disledku ¢ehoZz se na ném
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ukladaji do prostorové tvarované vrstvy, ktera kopiruje tvar prostorove

tvarovaného povrchu pfedlohy (7).

6. Zplisob podle naroku 5, vyznacujici se tim, Zze rychlost a/nebo smer
pohybu polymernich nanoviaken (5) se pfed uloZzenim na povrch prediohy (7)
alespofi jednou koriguje alespofi jednim dal8im lamindrnim proudem (62)

vzduchu.

7. Zpuisob podle naroku 5 nebo 6, vyznaéujici se tim, Ze pfedloha (7) se
b&hem ukladani polymernich nanovidken (5) pohybuje pfimoCarym a/nebo
vratnym pohybem v horizontalnim a/nebo vertikalnim sméru a/nebo rotacnim

a/nebo kyvnym pohybem kolem libovoiné osy.

8. Zplisob podle naroku 5, vyznacujici se tim, Zze pohyb pfediohy (7) se

b&hem ukladani polymernich nanovlaken (5) alespoi jednou pferusi.

9. ZpUsob podle libovolného z narokl 5 az 8, vyznadujici se tim, Ze
polymernipﬁ nanovldkna (5) zachycena uplavem v okoli pfedlohy (7) se
proudem vzduchu, mechanickym zafizenim a/nebo pohybem pfediohy (7)

pritisknou k libovolné &asti jejiho povrchu (7), nebo se z ni odstrani.
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3D kompozitni material uréeny pfedevsim jako biodegradabilni nahrada
chrupavky

Oblast techniky:

Vynalez se tyka sloZeni strukturované nanovldkenné vrstvy s kombinaci metody 3D tisku
k vytvofeni biodegradabilniho materialu pro poutiti jako nahrada kolenni chrupavky.

Dosavadni stav techniky:

V soutasné dobé se jako nahrady chrupavek pouzivaji materialy ve formé vlaken, nebo pén.
Nevyhodou téchto materiall je nedostatena bunétna proliferace do vnitiku techto
materidl(l a tedy nedostatené vytvofeni nové chrupavky v celém objemu scaffoldu.

Podstata vynalezu:

Cilem vynalezu je nalézt vhodny material na bazi nanovlaken s riznou plo3nou hmotnosti a
vzorovanim v plose vrstvy, &mZ materidl ziskdva mista svétdi a smensi porozitou.
Nanovldkenny materidl je propojen vrstvami vytvoienymi pomoci metody 3D tisku a tim je
vytvofen kompozitni material. Takto vytvofeny kompozit bude optimalné slouZit jako vhodny
tkafiovy nosi¢ pro vytvoreni kolenni chrupavky.

Cile technického fedeni podle tohoto vynélezu je dosaieno kombinaci metody 3D
tisku, tedy rapid prototyping, a elektrostatického zvlakiiovani. Material vyuZity pro 3D tisk je
biokompatibilni a biodegradabilni polymer poly-g-kaprolakton vytlatovany ve formé
mikronovych vldken do pravidelnych struktur napf. pravidelné mfize zna sebe kolmo
kladenych vlaken. Takto vytvofeny materidl je ukladan na strukturovanou nanovlakennou
vrstvu. Nanovldkenna vrstva je strukturovana z diivodu rozdilné plo3né hmotnosti v ploSe a
méa tedy rizné velikosti poér( ve struktuie. Vytvofeny materidl slouZi jako biodegradabilni
nahrada v tkariovém inzenyrstvi hyalinni chrupavky.

Nanovldkenna vrstva je ve formé strukturované vrstvy, kde se méni plosna hmotnost
jednotlivych &asti této vrstvy. Davodem je rlizna velikost por( a tedy snadnéjsi prostup
bun&éné kultury pfes mista s nizéi plonou hmotnosti a vétsi velikosti porl. Vytvofend
nanovldkenna vrstva je zbiodegradabilniho a biokompatibilniho materidlu poly-e-
kaprolakton o molekulové hmotnosti 45.000, 14.000 nebo jejich kombinace nebo dalsi
molekulové hmotnosti.

Pi metodé 3D tisku je pouZito technologie taveni polymeru a nasledné vytlaleni pres
definovanou trysku. Primér vytlatovaci trysky zajisti pfesné definovany pramér vlaken.



Vldkna jsou uklddana do struktur pfeddefinovanych v grafickém programu. Jako polymerni
material je pouzit biodegradabilni a biokompatibilni polymer poly-e-kaprolakton o
molekulové hmotnosti 45.000, 14.000 nebo jejich kombinace nebo dalsi molekulové
hmotnosti.

Vyhodou tohoto vldkenného kompozitniho materidlu je snadnost kombinace jednotlivych
technologii a jednoduchost jeho vyroby. Pfipraveny materidl je vhodny pro laboratorni i
primyslové procesy vyroby, bez nutnosti Gpravy stavajicich procesu.

Pfehled obrazkd na vykresech:

Technické fe$eni podle tohoto vynélezu bude blize objasnéno pomoci vykres(, kde na obr. 1
je znazornéna struktura 3D kompozitniho materidlu podle uZitného vzoru a na obr. 2 je
znazornén fez 3D kompozitnim materidlem zndzorfiujici vrstveni materidld vyrobenych
pomoci 3D tisku a nanovidkenného vzorovaného materidlu vyrobeného pomoci
elektrostatického zvlaknovani.

Priklad provedeni vynalezu:

Nanovldkenny strukturovany materidl 1 mfiZové struktury s charakteristickym primérem
vldken 200-400 nm, je povrstven vrstvou 2 pomoci metody 3D tisku pficemz takto vytvofend
struktura ma charakteristicky rozmér 20-200um. Kompozitni materidll je mechanicky
vrstven tak, aby dollo k pravidelnému opakovani svrstvou 2 tvofenou 3D tiskem a k
vytvoreni sendviové struktury. Vrstveni probihd bud pfimo pfi vyrob& — nanasenim
jednotlivych vrstev postupné na sebe anebo pomoci prfedvyroby jednotlivych vrstev a
nasledného pojeni biodegradabilnimi pojivy na bazi vodnych roztokl tkanovych pojiv,
biodegradabilnich polymer( jako naptiklad polyetylenoxidu, chitosanu, Zelatiny atd.

Primyslova vyuzitelnost:

Technické feseni podle tohoto vynalezu je vyuZitelné jako vhodny tkanovy nosic pro
vytvofeni chrupavky, tedy pfedevsim v mediciné.



PATENTOVE NAROKY

1. 3D kompozitni material uréeny piedevsim jako biodegradabilni nahrada chrupavky,
vyznatujici se tim, Ze nejméné jedna vrstva materialu na bazi nanovlaken (1)
s riznou plodnou hmotnosti a vzorovanim v plose vrstvy je propojena s nejméné
jednou vrstvou (2) vytvofenou pomoci metody 3D tisku a tim je vytvofen kompozitni
material.

2. 3D kompozitni material uréeny pfedevsim jako biodegradabilni nadhrada chrupavky
podle bodu 1, vyznadujici se tim, Ze vrstva na bazi nanovlaken (1) je strukturovana
z d@ivodu rozdilné ploéné hmotnosti v plode a ma tedy rdzné velikosti pori ve
strukture.

3. 3D kompozitni materidl uréeny piedevsim jako biodegradabilni nahrada chrupavky
podle bodu 1, vyznadujici se tim, Ze vrstva na bazi nanovlaken (1) je mechanicky
vrstvena tak, aby doglo k pravidelnému opakovani s vrstvou 2 tvofenou 3D tiskem a k
vytvoreni sendvicové struktury.
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B Introduction

The leading technology for the massive
production of nanofibres is electrospin-
ning, a process that forms nanofibres
from polymer solution or polymer melts
using electrical field gradients. It is ex-
pected that nanofibre yarns, similar to
nanofibre layers, will find applications
in high value-added fields such as com-
posites, filtration media, gas separation,
sensors, biomedical engineering, etc. In
recent years, researchers have explored
novel mechanical and electrostatic mech-
anisms to better control the electrospin-
ning process. The effort is, among oth-
ers, focused on collecting ordered yarns
aiming at further improvements in yarn
morphology, mechanical properties, lin-
ear density and fibre orientation/twist.
Nanoyarn producing technologies can be
divided into the following groups.

The first trial to make nanofibrous contin-
uous yarns used a rotating disc electrode
and was done by Formhals et al. [1 - 3].
Next attempts to employ various kinds of
rotating collectors were made by Huang
[4], who collected fibre bundles onto the
sharp edge of a thin rotating wheel using
an auxiliary electrode. Zussman et al. ap-
plied a wheel-like bobbin as a collector
to position and align individual polymer
nanofibres into parallel arrays [S5]. Fen-
nessey used a high speed rotating take-
up wheel [6], while Dalton [7] and Liu
[8] suspended electrospun nanofibres
between two grounded plate electrodes
while rotating one of them. Wu et al.
applied three parallel electrodes in the
vicinity of a rotating-drum collector to
ensure more narrowly-aligned nanofi-
bre bundle [9]. Dabirian et al. [10] used
a negative charged bar to place the na-
nofibrous strands created by electrospin-
ning on the surface of a rotating drum.
Bazbouz and Stylios [11] employed two
parallel circular plates standing upright
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Production of Poly(vinylalcohol) Nanoyarns
Using a Special Saw-like Collector

Abstract

This work introduces an electrospinning method for laboratory-scale production of nano-

fibrous materials from polyvinylalcohol (PVA) nanofibres. A procedure for the subsequent

production of twisted yarns from the aligned nanofibrous strand is introduced as well. Both
needle and needleless electrospinning variants were employed. Mechanical properties of
the nanoyarns produced were tested using a VIBRODYN 400 and their morphology was in-
vestigated by light and electron microscopy. The work also introduces a simple analysis of
the field strength that causes the prevailing unidirectional fiber deposition between neigh-
bouring lamellae of a special saw-like collector. The field strength analysis was carried out
both analytically and by modelling based on the software COMSOL Multiphysics.

Key words: needle-less electrospinning, aligned nanofibers, nanoyarns.

to obtain three-dimensionally aligned na-
nofibre bundle and yarn.

Methods for yarn production primarily
based on the application of an electric
field to twist fibres have been introduced
by Fennessey and Farris [6, 12], who
linked and twisted unidirectional tows
of electrospun nanofibres into yarns us-
ing an electric twister. Li et al. [13 - 16]
and Pan [17] developed a method of con-
jugate electrospinning from oppositely
charged electrospun nanofibres. Okuzaki
[18] reported on centimetre-long fibres
spontaneously electrospun into yarns
vertically on the surface of a flat collec-
tor. Sarkar et al. produced highly-aligned
nanofibre array through the biased AC
electrospinning process [19]. Dabirian
et al. employed two differently charged
nozzles and a collector travelling through
the air to form yarn continuously [10]. A
study detailing a theoretical analysis of
the distribution of the electrostatic field
forming around spinning points was pre-
sented in [28].

Other works used fluid motion to twist
nanofibres into yarns. Scardino applied
an air vortex spinning method to impart
twist to fibres, forming a core filament
spun yarn [20]. In Yong’s work an air tur-
bulence twister was applied to increase
cross linking between nanofibres and to
apply twist to them [21]. Kataphinan et
al. refer to collecting nanofibres off the
surface of non-wetting liquids [22]. The
electrospinning of a continuous fibre
bundle yarn onto a liquid reservoir and
then collecting the fibres has also been
reported by Liu [23].

Furthermore  self-bundling and self-
assembling electrospinning methods of
producing continuous polymer nanofibre
yarns were described by Wang et al. [25]
and also by Mondal et al. [25].

In this paper a novel electrospinning set-
up is introduced to provide a simple meth-
od for generating aligned electrospun
fibre yarn with lengths of about 50 cm.
Compared to common electrospinning
setups, a special saw-like collector is
used. The purpose of the collector shape
chosen is to align nanofibres in the space
between the neighbouring lamellae by
means of electric field distribution in the
vicinity of the collecting device. We also
developed a simple theoretical approach
to explain the prevailing parallel orienta-
tion of pieces of the electrospinning jet
during its looping motion in-between
neighbouring collector lamellae. COM-
SOL Multiphysic software was used to
reveal details of our analytical approach.

[ Material and methods

It is common for electrospun nanofibres
to be deposited on a homogeneous me-
tallic planar collector. Electric charges
are transmitted together with electro-
spinning jet force nanofibres to form a
random mesh. Our approach to produce
short nanofibrous yarns is based on the
employment of a special saw-like collec-
tor. Such a collector causes the inhomo-
geneous distribution of the field strength
in its vicinity. Therefore nanofibres are
preferentially deposited in strands on la-
mella tips with a parallel alignment be-
tween them. The arrangement of nanofi-
brous strands due to the field distribution
is described in the theoretical part of the
work.

Materials

Water soluble polyvinylalkohol SLOVI-
OL (PVA) from Chemicke zavody
Novaky (Slovakia) was used with an
original concentration of 16 wt%. The
mean molecular weight of this polymer
is 130000 g/mol. Polyvinylalkohol was
diluted in distilled water to a final con-
centration of 12 wt%.

Chvojka J, Hinestroza JP, Lukas D. Production of Poly(vinylalcohol) Nanoyams Using a Special Saw-like Collector.
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A)

Figure 1. (4) Nanospider™ technology, 1 high voltage source, 2 engine, 3 grounding, 4 roller in the bath of a polymer solution, 5 nanofi-
bres, 6 collector, 7 frame for regulation of the distance between the roller and collector, (B) Special saw-like collector. (C) Detail view of
saw-like collector covered by nanofibrous layer (D) Twisting device, 1 engine, 2 nanofibrous bundle, 3 fixing frame.
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Figure 2. (4) Lamellae of the special saw-like collector, | = 12 mm, a’=3 m, b = 3 mm. COMSOL Multiphysic simulation: (B) Field
strength x-component near two lamellae of the special saw-like collector, (C) A model of the saw-like collector, consisting of a grid of
parallel and equidistant metallic rods. (D) Electrostatic strength component E, along an abscissa in figure part B that is at a distance of
z = a/(2m) apart from the lamellae tips. Theoretical prediction obtained using Equation (3) is curve 2, COMSOL plotted outputs is line 1.

Electrospinning set-ups

Experiments were carried out using a
needleless electrospinner - Nanospider.
The needleless variant employed a cylin-
drical spinning electrode with a diameter
of 14 mm and length of 83 mm that ro-
tates slowly around its horizontally ori-
ented axes in a bath of polymer solution,
with a length of 100 mm, width of 30 mm
and height of 15 mm, see Figure 1.A.
This arrangement follows the idea of
Nanospider™ introduced by Jirsak et
al. [26]. The collector used, composed
of cooper lamellae with a vertical length
of 11 mm, width of 1 mm, thickness of
3 mm and distance between neighbor-
ing lamellae of 3 mm, is depicted in
Figure 1.B and Figures 2.4, 2.B. The
distance between the rotating cylinder
and collector was 120 mm. The polymer
solution was placed on the roller surface
as a consequence of its rotation. Taylor
cones, as roots of a great number of elec-
trospinning jets, rose from the top of the
coated roller surface. Jets were attracted
by a special saw-like collector. The col-
lector was grounded while the roller
was connected to the positive pole of a
300 Watt High Voltage DC Power Sup-
ply; model number PS/ER50N06.0-22;
manufactured by Glassman High Volt-
age, INC. (USA) with output parameters:
0-50kV, 6 mA.

All experiments were carried out at an
ambient temperature of 21 + 2 °C and

FIBRES & TEXTILES in Eastern Europe 2013, Vol. 21, No. 2(98)

relative humidity of 40 + 2%. The volt-
age used for experiments with PVA was
45 kV. Polyvinylalcohol nanofibres were
spun using the needlelees roll apparatus
for 15 minutes. Figure 2.D shows two
curves: The first is the theoretical predic-
tion obtained using Equation 3 and the
last represents outputs from the program
COMSOL MULTIPHYSIC. A normal-
ised curve of the amplitude is plotted as
line number 2 in Figure 2.B. Both curves
are similar.

Twisting a yarn

The nanofibrous layer deposited on the
top of the saw-like collector was taken
down. The head of the oriented nanofi-
brous strand was attached to the twist-
ing device and the tail was clamped by
a fix frame. Twist was obtained using the
engine in the twisting device run with a
rotation speed of around 750 r.p.m for
1 minute. This apparatus is shown in Fig-
ure 1.D. Oriented nanofibrous materials
of 50 cm length produced using the elec-
trospinning set-ups described equipped
with the special saw-like collector were
subsequently twisted.

Mechanical characterisations of yarns

The field strength distribution around the
saw-like special collector composed of
lamellae was investigated numerically
using the electrostatic application mode

available in COMSOL Multiphysic (Fig-
ure 3).

Five samples of yarns were used for me-
chanical testing. The clamping length of
each sample test was 1 cm. The strength
of individual yarn pieces was measured
using a VIBRODYN 400 dynamometer
in the testing mode at a constant defor-
mation rate. The device was connected
to a VIBROSKOP 400, which enabled
to measure the linear yarn density us-
ing mechanical oscillation frequency.
The software provided automatic evalu-
ation of yarn linear density (fineness),
strength, tenacity and relative strength.
The fineness of nanofibrous yarns was
394 + 156 tex, elongation 50.37 +7.39 %,

Figure 3. Lagrange — Quadratic mesh ele-
ments and mesh geometry.
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Table 1. Elongation, ultimate tensile strength and relative strength of nanofibrous yarns of

different values of yarns fineness.

Yarns fineness, tex Elongation, %

221 38,14
229 52,66
474 54,57
505 59,74
539 46,77

strength 487 + 146 cN and relative
strength 1.27 + 0.14 cN/tex. There is only
occasional information about the strength
data of nanofibrous nanoyarn in litera-
ture. Ultimate tensile strain and strength
values of the nanoyarn produced by us
are presented in Table 1.

Theory and mathematical
simulation

The analysis of the field distribution
around the special saw-like collector
was simplified to a two-dimensional
model of the grid of parallel and equi-
distant metallic rods, see Figure 2.C. All
rods have the same electric potential and
are located perpendicularly to the saw
plane in the centers of the lamellae edges,
as shown in Figure 2.C. Analysis of the
electrostatic field distribution will be re-
stricted to the plane of the saw, i.e. (x,z)
plane. The x-axis is horizontal, while the
z one is vertical. The electrostatic poten-
tial of the problem, ¢(x,z) is proposed to
be in the shape of a Fourier series, as in-
troduced by Feynman et al. [27].

2nnx

(1

o0
¢(x.z)=Egz+ > F,(z)cos

n=1 a
where a is the spacing between neighbor-
ing nodes/lamellac and »n denotes a par-
ticular harmonic component of the elec-
trostatic potential ¢, while F,(z) are un-
known functions of coordinate z. The po-
tential has to fulfill the Laplace equation
0 ¢(x,2) /0 x40 ¢(x,z)/0z=0 that holds
in the space outside electric charges. The
substitution from the Fourier series into

Strength, cN Relative strength, cN/tex

272,52 1,23
354,98 1,55
577,45 1,22
573,26 1,14
654,41 1,21

the Laplace equation allows to determine
functions F,,(z)’s as follows
Fn(z)=Anexp(—2’Zl) )
The n-th harmonic Fourier component of
the field decreases exponentially with in-
creasing distance z from the lamella edge.
Thedecaysaredetermined by parameter.
The zero potential component (n = 0) is
without any decay and the first one (n=1)
diminishes in the slowest manner. At
a distance equal to a/(2m) the first har-
monic component prevails, while com-
ponents with n > 1 diminish rapidly. The
electrostatic field is nearly uniform at
distances only a few times greater than a
away from the collector, i.e., py(z) = Eyz,
meaning that the oscillating terms
(n > 0) are negligible at these distances.

We will analyze the distribution of the
first harmonic x-component of the field
strength, ], at distance a/(21) away
from the collector, aiming at locating
its extremes. The x-component of the
field strength is defined as £ =—0 ¢/o x.
Therefore from Equations 1 and 2 ¢/fol-
lows that

El,x(xaz):
:Al—ne (—%jm 2m 3)
a a

Function E7 , has its extreme values at
points x = a/4. Every odd extreme is a
maximum and every even a minimum.
Therefore at a point with coordinates
x = a/4 and z = a/(2w) the field strength
component points to the left, while at

point x = 3a/4 and z = a/(21) component
E x points to the right side. This field dis-
tribution forces charged jet segments to
form parallel strands bridging the space
between neighbouring lamellae, since
jet components are stretched horizon-
tally and attracted to the neighbouring
lamellae.

The field strength distribution around the
special saw-like collector composed of
lamellae was investigated numerically
using the electrostatic application mode
available in COMSOL Multiphysic.
Computer simulation results are shown
in detail in Figures 2.B and 2.D. The
surrounding environment is considered
as a square area that contains models of
principal parts of the setup, particularly
the spinning roll electrode and collector.
The electrostatic potential value at the
spinning electrode was +25 kV, while the
collector was kept at -25 kV. The simula-
tion was run with 14889 mesh points and
29056 elements including 720 boundary
elements. The mesh elements were La-
grange — Quadratic and are presented in
Figure 3. The surrounding environment
was modelled as air.

I Results and discussion

Structure of nanofibrous materials

The cross section morphology of the yarn
is depicted using a Zeiss ultra plus elec-
tron microscope, shown in Figure 4.A.
A detail view of the nanoyarn surface is
depicted in Figure 4.B. The photograph
in Figure 4.C demonstrates the final yarn
length - 50 cm. The diameter of nanoyarn
varies from 0.7 to 1.2 mm. Its linear
density, i.e., the fineness, is 1.3 cN/tex.
The macro image obtained using the light
microscope of the saw-like collector with
nanofibrous mat is shown in Figure 4.D.

The program NIS elements 3.0 was used
for measuring fibre diameters. Nanofi-
bre diameter data were collected from
100 measurements taken from SEM
microphotographs similar to that in
Figure 4.B. The average value of these
diameter measurements is 441.61 nm

Figure 4. (4) SEM picture of the cross section of PVA nanoyarn. (B) Detail view of surface of PVA yarn depicted using a Zeiss microscope.
(C) Oriented nanofibrous material photograph of the PVA nanoyarn produced. (D) Detailed structure of the saw-like collector with depos-
ited PVA layer; depicted using a macro scope.
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with standard deviation 143.93. These
results show that the fibres are fine and
relatively uniform. The deep frozen yarn
was broken in liquid nitrogen. The liquid
nitrogen caused the material to become
fragile and break.

@ Conclusion

A simple method has been illustrated to
prepare nanoyarns using the special saw-
like collector. The electrostatic field in
the vicinity of the collector enables to
deposit parallel nanofibrous strands. Ori-
ented strands were then twisted to form
nanoyarns with a length of about 50 cm.
Yarns were prepared from PVA poly-
mer solution. The nanoyarns produced,
consisting of nanofibres, can be used in
various new applications including tissue
engineering, forensic probes, linear ma-
terials for chromatography as well as for
fabric and knitted textile compounds of
nanoyarns.
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Nazev piihlasky vynalezu:

Zpisob vyroby polymernich nanovlaken
zvlakiiovanim roztoku nebo taveniny
polymeru v elektrickém poli a linearni utvar

z polymernich nanovliken vytvoreny timto
zpusobem

Anotace:

PH zplisobu vyroby polymemich nanovlaken, kdy se
polymerni nanovlakna vytvari silovym piisobenim
elektrického pole na roztok nebo taveninu polymeru, ktery se
nachazi na povrchu zviakiovaci elektrody, se elektrického
pole pro elektrostatické zvidknovani stifdavé vytvaii mezi
zvlakniovaci elektrodou (1), na kterou se privadi stiidavé
napéti, a ionty (30. 31) vzduchu a/nebo plynu vytvofenymi
a/nebo piivedenymi do jejiho okoli. Podle taze stfidavého
napéti se na zvlakiiovaci elektrodé (1) vytvafi polymerni
nanovlikna s opatnym elektrickym nabojem a/nebo s tseky s
opaénym elektrickym nabojem, ktera se po svém vzniku v
disledku ptsobeni elektrostatickych sil shiukuji do lineamiho
tvaru ve formé kabilku nebo pruhu, ktery se volné pohybuje
v prostoru ve sméru gradientu elektrickych poli smérem od
zvlakiiovaci elektrody (1). Lineami utvar vytvofeny timto

zptisobem je elektricky neutralni. a je tvofen polymernimi
nanovlikny uspofdadanymi do nepravideiné miizkove
struktury, ve které jednotliva nanovlékna v Gsecich jednotek
mikrometrd ménf sviij smér.
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Zpusob pro vyrobu polymernich nanovlaken zvladkifovanim roztoku nebo
taveniny polymer(l v elektrickém poli a linearni atvar z polymernich

nanovlaken vytvofeny timto zplisobem

Oblast techniky

Vynalez se tyka zpusobu pre vyrobu polymernich nanovlaken, pfi kterém
se polymerni nanovlakna vytvari silovym plsobenim elektrického pole na roztok

nebo taveninu polymeru na povrchu zviaknovaci elektrody.

Vynalez se dale tyka linearniho dtvaru z polymernich nanoviaken

vytvofeného timto zpisobem.

Dosavadni stav techniky

Typickym produktem vSech dosud znamych postupl pro zvlaknovani
roztokli nebo tavenin polymert v elektrickém poli vyuZivajicich staticke jehlove
zvlaknovaci elektrody (trysky, kapilary, apod.) nebo bezstrunove zviaknovaci
elektrody (rotujici valec, ve smeéru své délky se pohybujici struna, rotujici
spiréla, natirana struna apod.) je plo3na vrstva nahodné propletenych a
elektricky souhlasné nabitych nanovlaken. Ta ma sice v kombinaci s dalSimi
podpUrnymi ¢&i krycimi vrstvami celou fadu vyuZiti, zejména v oblasti filtrace a
hygienickych prostfedkd, avS8ak pro mnoho dalSich aplikaci a pro dalSi
zpracovani standardnimi textiinimi technologickymi postupy je vyuZitelna pouze
omezené. Tyto aplikace totiz principielné vyzaduji spiSe linearni utvary z
nanovlaken, pfipadné sloZitéjSi prostorové struktury pfipravené dalSim

zpracovanim takovych linearnich atvaru.

V tomto smyslu popisuje napf. US 2008265469 zplUsob vytvareni
linearniho Utvaru z nanovidken, ktery je zaloZen na pfimém odtahovani
nanovlaken z nékolika dvojic proti sobé uspofadanych trysek nabitych opaénym
elektrickym nabojem, a jejich naslednym spojenim. Timto zplsobem se vSak
dosahuje pouze nizkého produkéniho vykonu, ktery navic neni, diky
vzajemnému ovliviiovani elektrickych poli jednotlivych trysek, konstantni.

Vysledny linearni Gtvar tak ma znaéné nerovnomérmou a nahodou strukturu a
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malou pevnost vtahu, diky €emuZz se tento zplsob hodi pouze pro

experimentalni pouziti v laboratofi.

US 20090189319 popisuje zpusob vyroby linearniho Gtvaru z nanovlaken
stoéenim plo$né vrstvy nanovlaken vytvofené béZnym elektrostatickym
zvlakniovanim. | takto pfipraveny linearni atvar ma pouze omezenou pevnost v
tahu a neni vhodny pro praktické vyuZiti. ZpUsob staceni ploSné vrstvy
nanovlaken je navic technologicky pomérné sloZity a zdlouhavy, pficemz
dosahuje pouze nizké produktivity, diky ¢emuz je i tento zpusob vyuzitelny jen v

omezeném laboratornim méfitku.

Dalsi moznosti pfipravy linearniho utvaru z nanoviaken je pouZiti sbérné
elektrody dle WO 2009049564, ktera v jedné z popsanych variant obsahuje
systém singularnich elektrickych naboju uspofadanych na uUsecce, nebo na
obvodu otacejiciho se disku. Vytvafena nanovlakna se pfiitom pfednostné
ukladaji podél téchto elektrickych nabojl a vytvareji tak linearni atvary. Pevnost
v tahu takto vytvofenych utvart pfitom mze byt vy$§i nez u datvar(
pfipravenych nékterym z pfedchozich zplUsobl, av8ak pro praktické vyuZiti je
stale nedostate¢na. Dalsi nevyhodou tohoto postupu je relativné mala
dosaZitelna délka vytvofeného linearnino utvaru =z nanovlaken, ktera je
omezena maximalni délkou sbérné elektrody. Diky tomu nelze ani tento postup

Uspésné pouzit v primyslovém méfitku.

Cilem vynalezu je odstranit nebo alespon zmirnit nevyhody stavu
techniky a navrhnout zpUsob pro vyrobu polymernich nanoviaken, ktery by
umoznioval mj. i vyrobu dale pouZitelného nebo standardnimi textilnimi
technologickymi procesy zpracovatelného linearniho utvaru z polymernich

nanovlaken, a pfitom byl dostateéné produktivni a primyslové vyuzitelny.

Podstata vynalezu

Cile vynalezu se dosahne zplsobem pre vyrobu polymernich nanoviaken
zvlakhovanim roztoku nebo taveniny polymeru v elektrickém poli, pfi kterém se
polymerni nanovlakna vytvari silovym plsobenim elektrického pole na roztok
nebo taveninu polymeru, ktery se nachazi na povrchu zvladkiovaci elekirody.

Jeho podstata pfitom spociva vtom, Ze elektrické pole pro elektrostatické
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zvlaknovani se stfidavé vytvari mezi zvlakfiovaci elektrodou propojenou se
zdrojem stfidavého napéti, a ionty vzduchu a/nebo plynu vytvofenymi a/nebo
prfivedenymi do jejiho okoli, pficemz se dle faze stfidavého napéti na
zvlaknovaci elektrodé vytvafi polymerni nanoviakna s opaénym elektrickym
nabojem a/nebo s Useky s opacnym elektrickym nabojem, kterd se po svém
vzniku v dsledku pisobeni elektrostatickych sil shlukuji do linearniho Gtvaru ve
formé& kabilku nebo pruhu, ktery se volné pohybuje v prostoru ve sméru
gradientu elektrického pole smérem od zvlakhovaci elektrody. Timto zpusobem
vytvofeny linearni utvar z polymernich nanovliaken ma odliSnou makroskopickou
i mikroskopickou strukturu a diky tomu i mechanické parametry nez obdobné
materidly vytvofené elektrostatickym zvlakfiovanim pomoci stejnosmérného
elektrického napéti, a je mozné ho zpracovavat standardnimi textilnimi
technologickymi postupy. Vytvafeny linearni utvar se pak pohybuje v prostoru
nad zvlakfiovaci elektrodou, pfi€emz, pokud je to nutné nebo zadouci, je mozné
ho zachytit na statickém nebo pohyblivém kolektoru. V pfipadé, Zze se zachyti
na plosny staticky nebo pohyblivy kolektor, vytvafi na ném, resp. se uklada do

ploSné vrstvy nanovilaken.

Vhodné parametry stfidavého napéti, které zaru€uji kontinuaini a

dlouhodobé zvliaknovani jsou velikost 12 az 36 kV a frekvence 35 az 400 Hz.

Cile vynalezu se dale dosahne také linearnim Gtvarem z polymernich
nanovlaken vytvofenym timto zpUsobem, jehoZ podstata spociva v tom, Ze je
elektricky neutralni a Ze je tvofen polymernimi nanovlakny uspofadanymi do
nepravidelné mfizkové struktury, ve které jednotliva nanoviakna v Usecich
jednotek mikrometrd méni svlij smér. Diky této struktufe pak tento utvar
dosahuje lepSich mechanickych parametri nez linearni utvary vytvarené dosud
znamymi zpUsoby, pfiéemz je mozné ho dale zpracovavat standardnimi
textiinimi technologickymi postupy, napf. mu udélit zakrut a vytvofit z néj nit
nebo pfizi, apod.

I3 /.
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‘Objasnéni vvkrest/

s
Na pfilozenych vykresech je na @br. 1 schematicky znazornéna jedna z

variant zafizeni pro provadéni zpusobu pro-vyrobu polymernich nanovlaken



10

15.

20

25.

30

t 1
¥
3

: . B
T > ter tEEe

- PS3862€2/

zvidkfiovanim roztoku nebo taveniny polymeru v elektrickém poli podle
vynalezu a princip tohoto zpUsobu, na Qbr 2 snimek Taylorovych kuZzeld
vytvofenych na vrstvé roztoku polymeru, na Qbr 3 snimek linearniho utvaru z
nanovlaken z polyvinyl butyralu vytvofeného zpusobem podle vynalezu, na Qbr
4 SEM snimek tohoto utvaru pr| zvétSeni 24x, na G}br 5 SEM snimek tohoto
Otvaru pn zvétdeni 100x, na Obr 6 SEM snimek tohoto utvaru pfi zvetsem
500x, na @)br 7 SEM snimek jiné ¢asti tohoto Utvaru pfi zvetsenl 500x, na Qbr
8 SEM snimek tohoto utvaru pfi zvétSeni 1010x, a na ﬁQbr. 9 SEM snimek

tohoto utvaru pfi zvétSeni 7220x s odméfenymi priméry jednotlivych viaken.

sraviiden
Priklady uskuteénénivynalezu

ZpUsob pro vyrobu. polymernich nanovlaken podle vynalezu je zaloZen
na zvlakiovani roztoku nebo taveniny polymeru, ktery je uloZen na povrchu
zvlakhovaci elektrody nebo se na né&j kontinualné nebo preruSované dodava,
pficemz ke zvlaknovani dochazi prostfednictvim stfidavého elektrického napéti
pfivadéného na tuto zvlaknovaci elektrodu. Ve varianté zafizeni k provadeéni
tohoto zplsobu znazornéné na ',(S‘br. 1 je znazornéna zvlaknovaci elektroda 1
tvofena statickou tyCinkou propojenou se zdrojem 2 stfidavého napéti, avSak
v dal8ich neznazornénych variantach Ize k provadéni zplsobu podle vynalezu
pouZzit libovolny jiny znamy typ, resp. tvar zvlakrovaci elektrody 1 — jako napf.
statickou zvlakfovaci elektrodu 1 tvofenou tryskou, jehlou, tyCinkou, liStou
apod. nebo jejich svazkem, nebo pohyblivou hladinovou zvlakriovaci elektrodu
1 tvofenou rotujicim valcem, rotujici spiralou, rotujicim diskem, &i jinym
rotujicim télesem, nebo ve sméru své délky se pohybuijici strunou, atd. Obecné
lze jako zvlaknovaci elektrodu 1 pouzit v podstaté libovolné statické nebo
pohybujici se téleso, které je alespori lokalné vypoukié v misté uloZzeni nebo

pfivadéni roztoku nebo taveniny polymeru.

Po privedeni stfidaveho napéti na zvlakfiovaci elektrodu 1 se dle aktualni
faze a polarity tohoto napéti vytvari elektrické pole pro zvliakfiovani mezi touto
zvlaknovaci elektrodou 1 a opacné nabitymi ionty 30 nebo 31 okolniho vzduchu
nebo jiného plynu pfivedeného a/nebo prubézné pfivadéného do jejiho okoli.
Tyto ionty 30 nebo 31 se pfitom v okoli zviakfovaci elektrody 1 vytvafi nebo

jsou do né&j pfitahovany v dusledku na ni pfivedeného napéti. V neznazornéné
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varianté provedeni je pak mozné do blizkosti zvlakrfovaci elektrody 1 umistit
a/nebo nasmérovat vhodny zdroj kladnych a/nebo zapornych iontl 30 nebo 31,
ktery je v provozu alespoii pfed a/nebo b&hem zahjjeni zviakfovani. Silovym
pUsobenim téchto elektrickych poli se pak na povrchu vrstvy 4 roztoku nebo
taveniny polymeru na povrchu zvlaknovaci elektrody 1 vytvéii tzv. Taylorovy
kuzely (viz ébr. 2), ze kterych se nasledné vydluzuji jednotliva polymerni
nanovlakna. Stfidavé napéti na zvlakrovaci elektrodé 1, resp. periodicka
zména polarizace zvlaknovaci elektrody 1 pfitom nedovoli systému vzduch
(plyn)-zviakiovany roztok nebo tavenina polymeru, ktera je v kontaktu se
zvlakiiovaci elektrodou 1, dosahnout trvale rovnovazného stavu distribuce iontt
30, 31 vzduchu (nebo plynu), takze zvlaknovani miZe probihat v podstaté
libovolné dlouho, napf. do vyCerpani pfedem stanoveného mnoZstvi roztoku
nebo taveniny polymeru. Pfitom se béhem experimentu pfekvapivé ukazalo, Zze
pokud je frekvence stfidavého napéti dostate€né vysoka (minimalné cca 35
Hz), nedojde béhem zmény polarizace stfidavého napéti k zaniku Taylorovych

kuzell.

Pfi tomto zpUsobu se vytvofena polymerni nanovldkna formuji do
linearniho prostorového utvaru, ktery bezprostfedné po opusténi zviakhovaci
elektrody 1 splfuje definici aerogelu, tj. porézniho ultralehkého materidlu
(vyrabéného dosud odstranénim kapalné Casti zgelu nebo polymerniho
roztoku). Diky pravidelné zméné faze a polarity stfidavého napéti na
zvlakiiovaci elektrodé 1 pritom jednotliva nanovlakna, nebo dokonce rizné
Useky jednotlivych nanovlaken nesou rizné elektrické naboje, v dusledku ¢ehoz
se témér ihned po svém vzniku plsobenim elektrostatickych sil shiukuji do
kompaktniho linearniho utvaru ve formé kabilku nebo pasu. Viivem stfidavé se
opakuijici polarity elektrickych naboji svych usekl pfitom polymerni nanovlakna
pravidelné méni svUj smér v Usecich o délce jednotek mikrometrl (coz je patrné
napf. z dbr. 3 az 8), a vytvari nepravidelnou mfizkovou strukturu vzajemné
husté provazanych nanovlaken s opakujicimi se misty kontaktu mezi nimi. Diky
této strukture, ktera je podstatné odliSna od struktury podobnych utvaru
vytvofenych  elektrostatickym  zvlaknovanim  pomoci  stejnosmérneho
elektrického napéti, dosahuje tento Utvar také podstatné lepSich mechanickych

parametrd.
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Po svém vzniku se timto zplsobem vytvofeny linearni utvar
z polymernich nanovlaken pohybuje ve sméru gradientu vytvarenych
elektrickych poli kolmo nebo témér kolmo od zvlakiovaci elektrody 1. Sam je
piitom elektricky neutralni, nebot béhem jeho pohybu prostorem dochazi ke
vzajemné rekombinaci opaénych elektrickych néboju jednotlivych nanoviadken
nebo jejich Usekl. Diky tomu je moZné ho snadno mechanicky zachytit na
statickém nebo pohyblivém kolektoru, ktery principieiné nemusi byt elektricky
aktivni (tj. nemusi na néj byt pfivedeno Zzadné elektrické napéti) a ani nemusi
byt vytvofen z elektricky vodivého materialu. Zachyceny linearni utvar je pfitom
diky relativné velkym pfitaZlivym silam mezi jednotlivymi nanovlakny
(elektrostatické sily mezi dipdly, mezimolekularni sily, pfipadné adhezni sily)
schopen dalsiho zpracovani standardnimi textilnimi technologickymi postupy,
napf. je mozné mu udélit zakrut a vytvofit z néj pfizi, nit, apod., pfipadné ho

zpracovat jinym zpusobem.

Pfi zachyceni linearniho utvaru z nanoviaken na plosny staticky nebo
pohyblivy kolektor, jako napf. desku, mfizku, pas, apod. se pak tento linearni
Gtvar na plose takového Kkolektoru uklada do plosné vrstvy polymernich
nanoviaken. Tu lze, stejné jako samostatny linearni atvar z polymernich
nanovlaken, pouzit napf. jako podklad pro péstovani bunék ve tkarovém
inZenyrstvi, nebot jejich morfologie se bliZzi pfirodnim strukturdm mezibunééné
hmoty vice, nez u jinych, k tomuto u€elu dosud pouzivanych struktur. Kromé
toho je v8ak lze pouzit i vjinych technickych aplikacich vyuZzivajicich

nanovlakenné — mikrovlakenné materialy, napf. filtraci, apod.

Pri sérii ovéfovacich pokusl se na zvlakfovaci elektrodu 1 tvofenou
elektricky vodivou ty€inkou o priméru 1 cm pfivadélo stfidavé elektrické napéti
o velikosti 12 az 36 kV, s frekvenci 35 az 400 Hz. Timto zplUsobem se pfitom
bez pouziti sbérné elektrody zvlakriovaly pfikladné roztoky polyvinyl butyralu
(PVB), polykaprolaktonu (PCL) a polyvinyl alkoholu (PVA). Pfitom bylo
pozorovano, ze se zvysujici se frekvenci stfidavého napéti se sniZzoval vykonu

zvliakhovani a vznikala jemné&jsi nanovlakna.
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Pfiklad 1

Prostfednictvim zvlakriovaci elekirody 1 tvofené elektricky vodivou
tyéinkou o priméru 1 cm se zvlakfioval roztok 10 % hmotnostnich polyvinyl
butyralu (PVB) ve smésném rozpoustédle obsahujicim vodu a alkohol v poméru
9:1. Tento roztok se pfitom na zvlakfiovaci elektrodu 1 dodaval kontinuainé
pomoci linearni pumpy v mnozstvi 50 milhbg. Stfidavé efektivni napéti
pfivadéné na zvlakriovaci elektrodu 1 pfitom bylo nastaveno na 25 kV
s frekvenci 50 Hz. DosazZeny vykon zvlakniovani byl 5 g susiny nanoviaken/hbd.
Snimky timto zpﬂspbem vytvofeného linearniho Gtvaru s rlznym pfiblizenim
jsou na ,Cibr. 3 az dbr. 9, pfitemz je z nich zfejme, ze byla skute€né vyrabéna
nanovlakna o priméru mensim nez 1 ym, a ze snimkd na (S_br. 5az é_br. 8i
miizkova struktura vytvoreného linearniho utvaru s patrnou zménou smeéru

jednotlivych nanovlaken.

Pfiklad 2

Stejnym zpusobem jako v prikladu L se zviakioval roztok polyvinyl
alkoholu (PVA) rozpusténého ve vodé. Tento roztok se pfitom diskontinualné
nanasel §tétcem na horizontalné usporadanou zvlakiovaci elektrodu 1 tvorenou
dratem o pruméru 2 mm a délce 200 mm. Stfidavé efektivni napéti pfivadéne
na zvlaknovaci elektrodu 1 pfitom bylo nastaveno na 30 kV s frekvenci 300 Hz.

Dosazeny vykon zvlakfiovani byl pfitom cca 4 g suSiny nanovidken/hpd.
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PATENTOVE NAROKY

1. ZpUsob pro-vyrobu polymernich nanovidken, pfi kterém se polymerni
nanovlakna vytvafi silovym plsobenim elektrického pole na roztok nebo
taveninu polymeru, ktery se nachazi na povrchu zvlakhovaci elektrody,
vyznacujici se tim, ze elektrické pole pro elektrostatické zvlakhovani se
stfidavé vytvafi mezi zvlakfiovaci eiektrodou (1), na kterou se pfivadi stfidavé
napéti, a ionty (30, 31) vzduchu a/nebo plynu vytvofenymi a/nebo pfivedenymi
do jejiho okoli, pficemZ se dle faze stfidavého napéti na zvlaknovaci elektrodé
(1) vytvaii polymerni nanovlakna s opaénym elektrickym nabojem a/nebo
s useky s opacnym elektrickym nabojem, kterd se po svém vzniku v disledku
pusobeni elektrostatickych sil shlukuji do linearniho Utvaru ve formé kabilku
nebo pruhu, ktery se volné pohybuje v prostoru ve sméru gradientu elektrickych

poli smérem od zvlaknovaci elektrody (1).

2. Zplsob podle naroku 1, vyznacujici se tim, Zze linearni utvar
z polymernich nanovlaken se zachytava na statickém nebo pohyblivém

kolektoru.

3. ZpUsob podle naroku 1, vyznacdujici se tim, Ze linearni utvar
z polymernich nanovlaken se =zachytdva na ploSném statickém nebo
pohyblivéem kolektoru, na ktery se uklddad do plosné vrstvy polymernich

nanoviaken.

4. ZpUsob podle libovolného z pfedchazejicich narokl, vyznaéujici se
tim, Ze na zvlaknovaci elektrodu (1) se pfivadi stfidavé napéti o 12 az 36 kV,
s frekvenci 35 az 400 Hz.

5. Linearni utvar z polymernich nanovlaken vytvorfeny zplsobem podle
libovolného z naroku 1, 2 nebo 4, vyznacujici se tim, ze je elektricky neutralni,
a Ze je tvofen polymernimi nanovlakny uspofadanymi do nepravidelné mfizkové
struktury, ve které jednotliva nanovlékna v uUsecich jednotek mikrometri méni

svlj smér.
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Estimation of fiber system orientation for
nonwoven and nanofibrous layers: local
approach based on image analysis

Maro3 Tunak', Jaromir Antoch?, Jii Kula' and Jifi Chvojka®

Abstract

Analysis of textile materials often includes measurement of structural anisotropy or directional orientation of textile
object systems. To that purpose, the real-world objects are replaced by their images, which are analyzed, and the results
of this analysis are used for decisions about the product(s). Study of the image data allows one to understand the image
contents and to perform quantitative and qualitative description of objects of interest. This paper deals in particular with
the problem of estimating the main orientation of fiber systems. Firstly, we present a concise survey of the methods
suitable for estimating orientation of fiber systems stemming from the image analysis. The methods we consider are
based on the two-dimensional discrete Fourier transform combined with the method of moments. Secondly, we suggest
abandoning the currently used global, that is, all-at-once, analysis of the whole image, which typically leads to just one
estimate of the characteristic of interest, and advise replacing it with a “local analysis”. This means splitting the image into
many small, non-overlapping pieces, and estimating the characteristic of interest for each piece separately and inde-
pendently of the others. As a result we obtain many estimates of the characteristic of interest, one for each sub-window
of the original image, and — instead of averaging them to get just one value — we suggest analyzing the distribution of the
estimates obtained for the respective sub-images. The proposed approach seems especially appealing when analyzing
nonwoven textiles and nanofibrous layers, which may often exhibit quite a large anisotropy of the characteristic of
interest.

Keywords
Fiber system, digital image, Fourier analysis, covariance matrix analysis, moments of image, nanofibers layers, histogram,
kernel density estimator

Fibrous textile materials are used almost everywhere
around us. They have various applications, for example
fabric for clothing, materials for technical purposes
(automotive, composites, geotextiles, building industry,
filtering, etc.) or materials for special purposes (textiles
for medicine, structures for scaffolds and tissue engin-
eering, etc.). It is well known that the actual properties
of all textile materials substantially depend on the prop-
erties of individual fibers, together with the arrange-
ment and/or structure that they form.

Arrangement and/or directional orientation of indi-
vidual fibers greatly influences mechanical properties
of linear and planar textiles. Analogously, orientation
of fibers in fibrous porous materials influences proper-
ties such as permeability, absorbance of liquids, etc.
Many papers confirm an intuitive feeling that fiber

orientation considerably influences properties of the
final textile products. For examples, see Tahir and
Tafreshi,) Maoa and Russella’ and Murugan and
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Ramakrishna.® The first paper is devoted to the model-
ing of in-plane and through-plane fiber orientations on
a fibrous medium’s transverse permeability. The second
one demonstrates that fiber orientation is a major
factor influencing the anisotropy of permeability.
Finally, in the third paper its authors show that the
orientation of the fibers is one of the most important
features of a perfect tissue scaffold made of nanofibers.

From this standpoint, measurement of the direc-
tional orientation of a fibrous structure is an important
part of quantitative measurements, both in textile
metrology and practice. Here we must not neglect to
mention an especially influencing series of papers by
Pourdeyhimi and Davis* and Pourdehyhimi et al.’
devoted to measuring fiber orientations. Another
important branch of research in the domain of fiber
orientation of fibrous materials is its mathematical
modeling. For recent stimulating papers, see, for exam-
ple, Murugan and Ramakrishna,® Neckai and Das®
and Neckaf et al.”

Recall that although the first automated image ana-
lysis appeared in 1990, most of the measurements are
currently performed either manually or with the use of
specialized software, where evaluation of object orien-
tation is not performed automatically but is affected by
subjective human decisions. Therefore, the interest in
fully automatic measurement is growing in an attempt
to decrease costs of manufacturing; see, for example,
Tsai and Huang®® or Kang et al.'

Processing image data allows us to understand image
content and to perform quantitative and qualitative
descriptions of objects of interest. These objects are
either randomly placed or they follow a certain direc-
tional placement. In textiles, typical objects can be
linear textiles, fibers, threads, cross-sections of fibers,
etc., and the systems containing these objects can, in
general, be planar textiles, webs, fiber layers, woven
fabrics, knitted fabrics, nonwoven textiles, nanofibrous
layers, cross-sections of layers or projections of three-
dimensional (3D) structures to two dimensions, etc.

In this paper we concentrate especially on estima-
tion of fiber orientation of nanofibrous and nonwo-
ven layers. One of the main tools utilized in this
paper is discrete Fourier transform, which has been
used for image analysis for a very long time, and
which has often been applied both in textile research
and industrial applications. As noticed by Wood!!
and Ravandi and Toriumi,'> Fourier transform also
allows pattern characterization and measuring the
changes in pattern definition and estimation of direc-
tionality and density of yarns on fabric surfaces. The
second main tool used is analysis of the sample image
covariance matrix. Relevant literature and some basic
results are discussed in more detail in the following
section.

This paper is organized as follows. In the following
section, four methods suitable for estimation of the
fibers’ orientation, that is, rose of directions, spectral
approach, moment approach, and a combination of the
spectral and moment approaches, are described. As
already mentioned, among the main tools are two-
dimensional discrete Fourier transform (2DDFT) and
eigenvalue decomposition of the sample image covari-
ance matrix. The first of the novelties of this paper is in
the Combining spectral and moment approaches in esti-
mation of fiber orientation section, where a combination
of spectral and moment methods is suggested in an
effort to increase advantages of both approaches.
Further, the third section concentrates on the main
new idea of this paper, which consists of abandoning
the currently used “‘global approach”, in which it is
typical to characterize the fiber orientation in the
entire image using just one number (index), and repla-
cing it with a “local approach”. This new approach
means splitting the image into many smaller, non-
overlapping sub-windows, estimating the fibers’ orien-
tation in these sub-windows separately and providing
the user with an estimate of the distribution of the fiber
orientation in these sub-windows. A big advantage
of this suggested approach is that it allows us to char-
acterize the fiber orientation in materials that do
not exhibit isotropic structure, for which the character-
ization by one number (index) can be totally mislead-
ing. Examples of its application to both real
and simulated data are presented. We would like to
emphasize that the proposed algorithms were tested
especially on images of nanofibrous and nonwoven
layers.

Estimation of fiber orientation

In this section we describe four methods that have been
shown to be useful for the estimation of fiber orienta-
tion. Firstly, in the Estimation of structural anisotropy
of planar systems section, we concentrate on estimation
of the structural anisotropy of planar systems using the
rose of directions, rose of intersections, and angular
density. Secondly, in the Spectral approach and estima-
tion of fiber orientation section, we turn to estimation of
the fiber orientation via spectral approach. The main
tool here is the 2DDFT. Thirdly, in the Moments of the
image function and estimation of fiber orientation sec-
tion, we show that sample moments of the image file
and the corresponding sample covariance matrix
contain a lot of information that can be used for
the estimation of the fiber orientation. Finally, in the
Combining spectral and moment approaches in estima-
tion of fiber orientation section we show how the spec-
tral- and moment-based approaches can be mutually
combined.
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Estimation of structural anisotropy of planar systems

The quantitative characteristics of structural anisotropy
in planar systems are of practical interest in the domain
of estimating the fiber orientation. Among them, the
rose of directions R(D) and the rose of intersections
R(1), the polar plot of the mean density of intersections
of the fiber system with the line of given orientation,
seem to be most popular. Therefore, angular density
fla) of lengths of threads or fibers, that is, density of
lengths of threads or fibers oriented in an angular seg-
ment o +«/2, is one of the most typical characteristics
of planar anisotropy. The polar plot of f{«) is called the
rose of directions. The estimate of R(D) is accessible by
means of stereological lattice testing systems or by
using an image analyzer, which may not be available
to everybody. Therefore, a simple experimental graph-
ical method for estimation of f{a) is worthy of our
interest. Let us concisely summarize the basic idea
behind one of the proposals; for details see Rataj
and Saxl."

This method uses the set of angles «;,. .., q, situated
at the top of a fiber system that is monitored for con-
struction of the rose of intersections R(/). The rose of
directions as an estimate of function f(«) is obtained
graphically from the rose of intersections R(/) through
the construction of the so-called Steiner compact. As
Rataj and Saxl'*'¥ pointed out, R(J) is unfortunately
an indirect characteristic of the anisotropy and serious
difficulties may be encountered when calculating R(D)
from R([), because an estimate of the second derivative
of R(I) is needed. The maximal number of angles n that
is affordable in practice is, according to the experi-
ence of the authors of this paper, at most n=18.
Otherwise the method becomes non-precise and time
consuming.

Results of the method of the rose of directions have
been included in this paper to offer an opportunity to
compare our newly suggested approach with a totally
different one, which is used as a standard in many
places.

Spectral approach and estimation of fiber orientation

Techniques of image analysis based on the spectral
approach are especially suitable for describing textural
images; images of planar textiles can be considered good
examples. We prefer to use the 2DDFT, which trans-
forms images from the spatial domain to the frequency
domain. The key point is that dominating directions
(gradients of image function) in the directional textures
correspond to large magnitudes of frequency
components distributed along the straight lines in
the Fourier spectrum.® The Fourier transform is

rotation-dependent. Indeed, rotating the original image
by an angle will rotate the corresponding frequency
plane by the same angle. Moreover, the transform of
horizontal lines in the spatial domain appears as vertical
lines in the Fourier domain, that is, a line in the spatial
image and its transformation are orthogonal to each
other. Due to this relationship, the Fourier transform
is useful for describing regular (periodic) patterns in
woven fabric images,w*lz’ls’m where information
about weft or warp sets of yarns is concentrated in the
Fourier spectrum in the vertical or horizontal
direction, respectively. In contrast, purely random tex-
tures, for example random noise, cause the frequency
components in the power spectrum to be approximately
isotropic and possess a nearly circular shape.’

Fourier spectrum and the properties mentioned
above can be useful for description of structural anisot-
ropy or directional orientation of textile object systems.
There are a several articles dealing with the measure-
ment of fiber orientation distribution with the aid of
Fourier transform. Measurement of fiber orientation
in nonwovens is presented by Pourdeyhimi and
Davis,* Pourdehyhimi et al.” and Jeddi et al.,'” where
orientation is estimated by scanning the Fourier spec-
trum radially with annulus of a specific width at a
radius from the center. Fiber orientations in simulated
images of nonwovens are analyzed by Zhang et al.'®

Estimation of directional orientation in fiber-
objected systems with the aid of the Fourier transform
can be found in various other engineering areas, for
example surface characterization in mechanical engin-
eering and metallography,'®*° estimation of cell and
fiber orientation distribution in biology,*'** determin-
ation of fiber orientation in composites,”’24 distribu-
tion of fiber orientation on paper surface,” etc.

Let us take a closer look at this method. Let f{(x,y) be
the gray level at pixel coordinates (x,y). Let the size of a
spatial domain image be M x N. The corresponding
2DDFT (for details see, e.g., Gonzales et al..*® p.108)
is given by

M—1N-1
) =Y~ 3 flx e ),
x=0 y=0
where u=0,1,.... M—1 and v=0,1,...,N—1
are frequency variables and x=0,1,...,.M —1,

y=20,1,...,N—1 are spatial variables. If f{x,y) is a
real function, its Fourier transform is a complex func-
tion. For the subsequent visual analysis it is suitable to
calculate spectrum |F(u,v)| and display it as an image.
Recall that the power spectrum is defined as a squared
modulus of the spectrum, that is, P(u,v) = |F(u,v)|>. For
a visual representation of F(u,v) scaled to eight-bit gray
levels, the spectrum is usually converted using the
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log transformation (for details see, e.g., Gonzales
et al.,?® p.114):

O(u,v) = log(l + |F(u, v)|)

Examples of textile fiber systems in the form of gray-
scale images and the corresponding spectra are dis-
played in Figures 1(a) and 1(b). Figure I(al)
represents a system of simulated fibers with a preferred
direction, and an image size of 800 x 800 pixels.
Figure 1(a2) represents a system of real viscose fibers,
with an image size of 500 x 500 pixels. Figure 1(a3)
represents a nanofibrous layer, with an image size of
500 x 500 pixels.

Readers interested in the fast graphical representa-
tion of the directional arrangements of textile objects,
which is based on 2DDFT, are referred to by Tunak
and Linka,?” where anisotropy estimation is performed
summing all frequency components in the directional
vector of a certain angle « through the whole range of
angles. As an estimate of the rose of directions, the
sums are plotted onto the polar diagram. The main
advantages of this method include its speed and the

possibility of monitoring with a very small angular
step (equal to one degree).

Moments of the image function and estimation
of fiber orientation

As mentioned earlier, directions of significant fre-
quency components corresponding to the dominating
directions in the spatial domain can be found in the
power spectrum. Therefore, it is appealing to transform
the power spectrum to a binary image in which only
significant frequencies remain, and then to analyze this
binary image. In practice it means that we can concen-
trate on cluster(s) of white pixels as object(s)
or region(s) of interest, which considerably simplifies
the task.

It is well known that an important description of an
image file is provided in its moments. For a two-
dimensional (2D) image function f{x,y) the moment
of order (p,q) is defined (for details see, e.g., Gonzales
et al.,*® p.470) as

m["lzzzxpy‘{f(x’y)a P,q=0»1»2>---a
X oy

(b1)

(b2)

(b3)

Figure 1. (a) Grayscale images of textile fibrous systems. (b) Corresponding power spectra.
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and the central moments of order (p, ¢) are defined as

Hpg =Y Y (x =XV (y = Pfix.y).

Recall that moments of the image function are inter-
esting characteristics of objects in the image, that is:

e my/(M x N) in a binary image is a proportion of
white points in the image;

e ratios of first-order moments m;, and mygy, with
the moment of zero order, that is,
X = myo/moy and y = myg; /my, determine the center
of gravity of objects or regions of interest.

Another useful piece of information about the image
can be found using the corresponding data covariance
function:

H20 A

] Moo Moo
covfix,y) =

Hi1 o Hox

Moo Moo

Indeed, the eigenvectors of cov f{x,y) represent the
major/minor axis of the data ellipse and are orthogonal
to each other. Eigenvalues A; and A, of cov f(x,y) are of
the form

20 + o2 4 \/4/1“%1 + (/’L20 - M02)2

Ai
1 2 2 >

i=1,2.

The corresponding cigenvectors are the half-lengths
of the major and minor axes. Moreover, the eigenvector
corresponding to the largest eigenvalue represents a
slope of the major eccentricity of an ellipse matrix,
and the angle 6 between the x-axis and direction of
the major axis of the data ellipse is

1 2
¢ = —arctan (MI),
2 H20 — Ho2
while the eccentricity is given by

L=y1=1/A.

For an example see Figure 8, where Figure 8(a) rep-
resents the image plane.

Combining spectral and moment approaches
in estimation of fiber orientation

It feels appealing to combine the spectral approach and
method of moments as follows.

1. At first we transform the power spectrum to a binary
image via thresholding, so that only significant fre-
quencies remain. Global thresholding was used for
binarization of the image, with the threshold value
being set to 0.5 of the maximum of the logarithm of
the power spectra Q(u, v). Directional orientation of
significant frequencies in the frequency domain
rotated by 90° corresponds to the directional orien-
tation of objects in the spatial domain.

2. In the corresponding binary image we consider a
cluster of white pixels as a region of interest and
analyze it further. Orientation and length of major
and minor axes of the “covering” ellipse (in red in
Figure 8(b)) are computed only for the region of
interest. It is obvious that its orientation reflects
the predominant directions of objects in the spatial
domain.

Examples

This section illustrates the considered approaches on
examples of both real and simulated data.

Example 2.1

As the first example, we present in Figure 9(a)
a 500 x 500 pixel grayscale image of viscose fibers.
In Figure 9(b) the corresponding power spec-
trum rotated by 90° is shown, and in Figure 9(c) a
binary image of its most significant frequencies is
displayed.

Example 2.2

As the second example we present the situation well
known from the literature, which has already been
used by many other authors for a comparison between
methods. Graphical representations of the results of all
methods described above can be found in Figures 2(a)—
(d). The results of all approaches are coherent and
the correspondence in the preferred directions
is evident.

e Figure 2(a) represents a Brodatz texture D15 (for
details see Brodatz texture®).

e Figure 2(b) shows the rose of directions evaluated by
the simple graphical experimental method as
described by Rataj and Saxl."?

e Figure 2(c) shows a polar diagram as an estimator of
the rose of directions according to Tunak and
Linka;?’ the main direction is marked by a small
red circle.

e A red-color ellipse with the lengths of major and
minor axes and its orientation can be seen in
Figure 2(d).
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90

(b)

Figure 2. (a) Brodatz texture D15. (b) Rose of direction constructed by means of Steiner compact according to Rataj and Saxl

|I3

(c) Estimation of directional orientation according to Tunak and Linka.?” (d) Estimate of directional orientation using image moments.

Estimation of the fiber system orientation
for nonwoven textiles and nanofibrous
layers: a local approach

The methods described in the second section are usually
used for estimating the orientation of fibers in the
whole image. However, it turns out that for textile
fibrous layers, such as nonwoven textiles or nanofi-
brous layers, which often bear the stamps of non-
homogeneity and anisotropy, more detailed analysis
would be more suitable. The reason is that it is difficult,
and often even impossible, to characterize the whole
image by just one number that would not necessarily
describe the reality satisfactorily.

This led us to an idea of abandoning the currently
used ‘““‘global approach™, for which it is typical to use
just one number as an estimate of the characteristic of
interest, which is difficult to interpret, especially for
nonwoven and nanofibrous layers. Instead, it seems
appealing to replace this “global point of view” with
the “local one”. By the local point of view we mean
splitting the image into many small, non-overlapping
pieces (sub-windows) covering it, and estimating the
characteristic of interest for each piece independently
from the others. As a result we obtain many estimates
of the characteristic of interest, one for each sub-
window of the original image, and instead of averaging
them in order to get just one value we analyze and
further discuss distribution of these estimates.

Formally, as an estimator of the fiber orientation in
every sub-window, any of the approaches described in
the second section may be used. We suggest using the
method described in the Combining spectral and
moment approaches in estimation of fiber orientation sec-
tion, that is, a combination of spectral and moment

approaches. The threshold value used should be half
of the maximum of the logarithm of power spectrum
calculated in the given sub-window. On the other hand,
use of the rose of directions for small-sized sub-
windows does not seem appropriate; see discussions
in Rataj and Saxl.'>!*

Detailed description of the method

Let us describe our idea in more detail. At first, we
divide the image area into K smaller, non-overlapping
sub-windows of a certain size and estimate the direc-
tion arrangement for each sub-window separately.
Instead of one value characterizing the whole image,
we thus obtain K estimates of the parameter of inter-
est, for example, fiber orientation, ctc. We denote
them T,,...,Tx and estimate the distribution of T;
values by either histogram or kernel estimator.
Recall that procedures for calculation of both histo-
grams and kernel estimators are routinely available in
all software packages and/or image analyzers. For
details about these estimators, sece, for example,
Scott.?’ It is evident that the more evenly dispersed
the values of T; are, the more uniform the considered
characteristic is.

The size of the whole image and splitting it into
small sub-windows considerably influence the quality
of the histogram and/or quality of the kernel density
estimator for the density of fiber orientation. As shown
and discussed by Scott,” sample sizes of 100-200
observations are reasonable for obtaining good-quality
estimates of regular densities if the integrated mean
square error is used as the quality measure. Notice
that if we split an image of 500 x 500 pixels into sub-
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windows of 30 x 30 pixels, it leads to slightly fewer than
300 sub-windows, which is adequate to produce good-
quality estimates of the desired characteristic. The
larger the image size is, the better estimates we will
receive.

On the other hand, the size of the sub-window sub-
stantially influences the quality of fiber orientation
estimates. Too-small sub-window sizes are not able
to capture information about the fiber orientation,
while too-large sub-window sizes do not bring new
information. This phenomenon 1is illustrated in
Figures 10(d)—(f). We are convinced that the optimal
choice depends, among other circumstances, especially
on the fiber thickness and curvature. In the case of
nanofibrous layers we analyzed, the curvature is rather
small. Unfortunately, we are not aware of any theor-
etical results that would help us to solve the problem
of how to choose an optimal sub-window size, so for
now we leave it an open problem. In the simulated
example the thickness was set to one pixel, while in

experimental examples the typical thickness is, accord-
ing to our measurements, between one and three
pixels, sometimes larger. In subsection Examples we
present the results for the sub-window size being 20—
30 times the mean thickness of the fibers, which
yielded good results.

Experimental design: polymers, processing
parameters, and image capturing used

Three kinds of polymers were used for the presented
experiments, all being dissolved in suitable solvent to
prepare polymer solutions. Details of the experiments
follow.

The first polymer used was water soluble polyviny-
lalcohol (PVA) 16wt%, produced by Chemicke
Zavody Novaky, Slovakia, diluted to the concentration
12wt%.  Experiments were conducted  with
NanospiderTM; the distance between the roller and

(b)

i i /
\ | / /
- : /! //
O\ A
. 1
L L

(d)

Figure 3. (a) Image of polyvinylidene fluoride nanofibers (1000 x 1000 pixels). (b) Estimates of orientation according to Tunak and
Linka.”” (c) and (d) Gray-level map of orientation (sub-window sizes 40 x 40 and 20 x 20 pixels). (e) and (f) Directional vectors in
original image. (g) and (h) Density histogram and kernel estimates of the density of orientations.
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Figure 4. (a) Image of polycaprolactone nanofibers (1000 x 1000 pixels). (b) Estimates of orientation according to Tunak and
Linka.?” (c) Gray-level map of orientation (sub-window size 30 x 30 pixels). (d) Directional vectors in original image. (e) Density

histogram and kernel estimates of the density of orientations.
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Figure 5. (a) Image of polyvinylalcohol nanofibers (1000 x 1000 pixels). (b) Estimates of orientation according to Tunak and Linka.

27

(c) Gray-level map of orientation (sub-window size 30 x 30 pixels). (d) Directional vectors in original image. (e) Density histogram and

kernel estimates of the density of orientations.

the collector was 120 mm. The voltage used was 45kV,
the duration of the experiment 15 minutes, ambient
humidity 40%. Selected results are shown in Figures
1(a3), 5, and 6.

The second polymer used was polycaprolactone
(PCL) by Sigma Aldrich. It is biodegradable polyester
with a low melting point and molecular weight
Mw=45.000. The final concentration was 16wt%
and chloroform and acetone (9:1) were used as solvents.

The distance between the syringe and the collector was
15cm (Figures 4 and 7).

The third polymer used was polyvinylidene fluoride
(PVDF), a highly non-reactive and pure thermoplastic
fluoropolymer, prepared from Solef 1006 by Solvay
Solexis with the melt flow index MFI =120 g/min.
For the experiment 16wt% solution was prepared
using dimethylacetamide (DMAc) as a solvent.
Results are presented in Figure 3.
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Figure 6. (a) Image of polyvinylalcohol nanofibers (1000 x 1000 pixels). (b) Estimates of orientation according to Tunak and Linka.?”
(c) Gray-level map of orientation (sub-window size 30 x 30 pixels). (d) Directional vectors in original image. (e) Density histogram and

kernel estimates of the density of orientations.

A needleless electrospinning method called
Nanospider was used for the PVA polymer. A feeding
pump with hypodermic syringe and conductive needle
was used for PVDF and PCL polymers.

Images were captured by a Phenom FEI Scanning
Electron Microscope and stored as image matrices

in an eight-bit gray-level range. This device is capable of
magnifying a specimen from 20 times up to 20,000
times with an image resolution up to 2048x2048
pixels. Matlab software and built-in functions of the
Image Processing Toolbox were used for realization
of the proposed algorithm; for details see Matlab.*®
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Figure 7. (a) Image of polycaprolactone nanofibers (1000 x 1000 pixels). (b) Estimates of orientation according to Tunak and
Linka.?” (c) Gray-level map of orientation (sub-window size 30 x 30 pixels). (d) Directional vectors in original image. (e) Density

histogram and kernel estimates of the density of orientations.

Examples

To get a taste of the idea, take a look at the results of
the proposed approach applied to both simulated and
real data. Parameters of tested images are summarized

in Table 1.

Example 3.1

First we analyzed a simulated fiber system. Data of the
size 800 x 800 pixels are shown in Figure 11(a). It rep-
resents a system of 500 linear fibers randomly oriented
in the interval [0°, 45°]. The figure was divided into sub-
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Table I. Parameters of tested images

Figure no. Size of image Material

I(al), 11(a) 800 x 800 pix Simulated system of fibers; length, gray level, and position of fibers was randomly
generated from the uniform distribution. Orientation of fibers was randomly gen-
erated from the uniform distribution in the interval [0, 45°].

1(@2), 9(a) 500 x 500 pix Viscose fibers

1(a3) PVA nanofibers

2(a) 640 x 640 pix Brodatz texture (D15)*

3(a) 1000 x 1000 pix PVDF nanofibers

8(a), 11(a) 1000 x 1000 pix PCL nanofibers

9(a), 10(a) 1000 x 1000 pix PVA nanofibers

PVA: polyvinylalcohol; PVDF: polyvinylidene fluoride; PCL: polycaprolactone.

windows of 20 x 20 pixels. Preferred orientation of
objects for every sub-window is represented by the dir-
ectional vector displayed in red (where the ratio of
major-to-minor axis length is greater than 2).
Moreover, orientation in degrees is displayed in the
gray-level scale. Results of estimating the orientation
in the form of a gray-level map can be seen in Figure
11(b). Figure 11(c) displays the directional vector in the
original image. Distribution of estimates of the orien-
tations in the respective sub-windows in the form of

density histogram and kernel density estimates are
shown in Figure 11(d). We can see that the distribution
of orientation of fibers is in very good agreement with
the input parameter used for generating the image.

Example 3.2

This example corresponds to the real data comprising
oriented viscose fibers. Image size in this case was
500 x 500 pixels and can be seen in Figure 10(a). We

Setup phase

Set sub-window size k x [ (usually k = /).

Split data into L =
minus infinity)
Main loop (analysis of individual sub-windows W)

using thresholding, i.e.

Bi(u,v) = { 1

Calculate moments of B;

u v

Algorithm 1. Calculation of the estimate of fiber system orientation

Prepare functions calculating kernel density estimator and histogram from given data (notice that Matlab
offers for that purpose functions KSDENSITY and HIST).
Read data image f(x,y),x=0,1,..., M —1,y=0,1,...,N— 1.

[?Aq X [ﬂ non-overlapping sub-windows Wi,..., W,. (note.: [x] means round toward

fori=1:L do
Calculate Fourier transform F; = Fi(u,v),u=0,1,...,k—1,v=0,1,...,]—1, of W;
Calculate log transform Q;(u, v) = log(l + |E(u, v)|)
Calculate threshold #; = 0.5 x max{Q(u, v)}
Prepare new binary image file (in frequency domain) B; = By(u,v),u=0,1,....k—1,v=0,1,...,[— 1,

0 if Q,'(M, V) <t
it Qiu,v) >t

Mg = ZZ“quBf(”’ v p,g=0,12
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Calculate central moments of B;
Mg = Y Y (u— ity (v— ) Bu,v)
u v
Calculate corresponding covariance function
Ko pa
Koo Koo
cov(B;) =
B po
Moo Moo
Calculate eigenvectors of cov(B)), i.e.
N _M20+Mozi\/4ﬂ%1 + (20 — 1o2)” 15
J T 2 P J=1
Calculate orientation (eccentricity) of B;
2
0; = —arctan <¢)
2 M20 — o2
and store it
end for
Estimating distribution of directions
Apply kernel density estimator and histogram estimator to the orientations 6,..., 6; to estimate their
distribution (for given image data f{(x, y)).
Output
Distribution of directions of orientation of individual sub-windows of the global image.

divided the original image into sub-windows of 20 x 20
pixels. Analogous to the previous example, results
of the fiber orientation estimates can be found in
Figures 10(b)—(d).

Example 3.3

Results of the analysis of other real data can be found
in Figure 3. Figure 3(a) represents an image of the
PVDF nanofibers produced via electro-spinning. The
size of the image is 1000 x 1000 pixels. In Figures 3(c)
and (d), gray-level maps of the orientation are pre-
sented for the sub-windows at 40 x 40 pixels and
20 x 20 pixels, respectively, together with the corres-
ponding directional vectors. Figures 3(e) and (f) display
directional vectors in the original image and Figures
3(g) and (h) represent distribution of orientation esti-
mates in the form of density histograms and kernel
density estimators for the sub-window at sizes of
40 x 40 pixels and 20 x 20 pixels, respectively. As can
be seen, regions marked by a middle gray level repre-
sent regions without preferred orientations. A polar

diagram of an orientation estimate constructed accord-
ing to Tunak and Linka®’ is presented in Figure 3(b).
Bimodal density histograms are in accordance with the
polar diagram. Moreover, we can see from Figures 3(c)
and (d) that the placement of the local maxima (peaks)
is practically the same for both sizes of the sub-window.
On the other hand, a smaller sub-window size provides
smoother results.

Example 3.4

Finally, Figures 4-7 represent several typical situations
one can encounter in practice when analyzing images of
nanofiber layers produced via electro-spinning.
Experiments are described in the Experimental design:
polymers, processing parameters, and image capturing
used section. Let us comment on the obtained results
in more detail.

e Figure 4 shows a situation in which one part of the
image exhibits a strong orientation of fibers, while
the other part corresponds to a more-or-less
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Figure 8. (a) Ellipse. (b) Region of interest.

(a)

Figure 9. (2) Image of viscose fibers (500 x 500 pixels). (b) Power spectrum of the image. (c) Estimate of directional orientation

using image moments.
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Figure 10. (a) Real fiber system of viscose fibers (500 x 500 pixels).

(b) Gray-level map of orientation (sub-window size 20 x 20

pixels). (c) Directional vectors in original image. (d) Density histogram and kernel density estimates for sub-window size 10 x 10
pixels, (e) sub-window size 20 x 20 pixels, and (f) sub-window size 30 x 30 pixels.

anisotropic case. Both histogram and kernel esti- e
mates clearly indicate it.

e Figure 5 presents another interesting situation in
which seemingly no direction of the fibers appears
to dominate the image, at least optically. It reflects
the desire of most manufacturers and users, who
usually ask for maximum homogeneity in the prod- e
uct. The obtained results, however, show that direc-
tion of fibers from the left to the right slightly
prevails: compare Figure 5(e).

Figure 6 displays another typical situation when two
directions of fibers with different slopes dominate the
image. The two dominating orientations are rela-
tively close to each other and the larger sub-
window size allows better discrimination between
them.

Finally, Figure 7 corresponds to a situation with
very strong orientation of fibers in only one direc-
tion, that is, from the left to the right. We can clearly
see that both histogram and kernel estimates
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Figure 11. (a) Simulated fiber system (800 x 800 pixels). (b) Gray-level map of orientations (sub-window size 20 x 20 pixels).

(c) Directional vectors in original image. (d) Histogram and kernel density estimate of the fiber orientation. (Color online only).

Table 2. CPU time needed for the analysis of examples presented in the paper. Different sub-window sizes are considered

Overall time

needed for Time needed for
analysis of the Number of analysis of one

Figure no. Size of the image Sub-window size whole image [s] sub-windows sub-window [ms]
5 800 x 800 20 x 20 26.8 1600 16.75
6 500 x 500 10x 10 40.3 2500 16.12
20 x 20 10.4 625 16.64
30 x 30 45 256 17.58
7 1000 x 1000 20 x 20 41.0 2500 16.40
40 x 40 .1 625 17.76
8 1000 x 1000 30 x 30 18.7 1089 17.17
9 1000 x 1000 30 x 30 19.1 1089 17.54
10 1000 x 1000 30 x 30 19.0 1089 17.45
I 1000 x 1000 30 x 30 18.9 1089 17.36

describe the situation very well. Notice that we Moreover, the obtained results clearly demonstrate

would get the same results when rotating the original  that the local idea, that is, “divide-and-conquer”, is
image. Of course, they would be shifted by the angle a very efficient tool, especially when we are trying to
of rotation. describe the orientation of fibers in non-homogeneous
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cases when one, two, or a few directions of fibers prevail in
the image.

Our approach is schematically described in
Algorithm 1. We present only the pseudocode,
which can be used in any programming language.
Therefore, all technicalities taking into account
memory constraints of a given computer, programming
language constructions, etc., which may be of key
importance for an effective implementation, are miss-
ing. Parallelization is not considered.

Table 2 represents computational speed needed for
the analysis of examples presented in the paper. We can
see that the CPU time needed for the analysis of one
sub-window is practically the same regardless of
whether its size is 10 x 10 or 40 x 40. Recall that all
calculations were carried out using Matlab on a PC
computer equipped with Intel Xeon W3530 @
2.80GHz, 4.00 GB RAM, and MS Windows 7 Pro
64-bit.

Unfortunately, a decrease in the sub-window size
dramatically (in a quadratic way) increases the
number of sub-windows and, consequently, the overall
time needed for the analysis of the whole image.
Nevertheless, there exists at least a partial remedy to
this problem, namely, parallelization. We would like to
point out that one of the greatest advantages of our
method is the fact that it can easily be parallelized
using, for example, the so-called CUDA approach.
This means that the main processor (CPU) is respon-
sible just for splitting the analyzed image into smaller
sub-windows (sub-images) and distributing them to a
set of graphical processing units (GPUs) for further
analysis. Analysis of each sub-image is identical and
follows the procedure given in Algorithm 1. Finally,
the results from individual GPUs are collected by the
main CPU (“put together”), and further analyzed. We
are convinced that the parallelization of calculations is
a way of applying our method in real practice for very
large dataset as in the quality control of nonwoven
materials. For details on CUDA see, for example,
CUDA Parallel Computing Platform.?!

Conclusions

In this paper we concentrated on estimation of fiber
orientation of nanofibrous and nonwoven layers. Let
us summarize two most important novelties proposed
in this paper. Firstly, it turned out that combination of
the discrete Fourier transform and results of analysis of
the sample image covariance matrix is effective for this
purpose. Secondly, the most important point consists of
abandoning the currently used “‘global approach” that
characterizes an entire image using just one number
(index) and replaces that with the distribution of
the fiber orientation in sub-windows of the original

image, the so-called ‘“local approach”. Among the
main advantages of this approach are the possibility
of describing more precisely fiber orientation of the
materials (layers) that exhibit a large anisotropy of
the characteristic of interest, for which the character-
ization by one number (index) as used typically now-
adays can be totally misleading.

We devoted our effort to the practically important
case of nanofibrous and nonwoven materials, concen-
trating on the task of monitoring the structure orienta-
tion in such systems. However, the results indicate that
the suggested method might be used for finding other
quantitative characteristics of textile materials as well.

It also appears that the proposed method can be
effectively used for estimating the directional orienta-
tion of fibrous textile materials from the point of view
of their homogeneity, eventual defects, random viola-
tion of regularity of the structure, etc.

We think that the methods of the second and third
sections are suitable for implementation in software for
analysis of fiber orientation, and expect that ongoing
research will bring further improvements.
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Nazev vynalezu:

Linearni vlakenny ttvar s plasStém z
polymernich nanovlaken obalujicim nosny
linearni utvar tvorici jadro, zpisob a
zavizeni k jeho vyrobé

Anotace:

Linearni vldkenny Gitvar s nanovlakennym plastém
obsahuje jadro tvotené nosnym linedrnim utvarem (3) a
polymerni nanoviakna. Polymerni nanovlikna obaluji
nosny linearni utvar (3) tvotici jadro (31) vysledného
linearniho vlakenného utvaru (30) nanovlakennym
plastém (32) tvofenym plochym Gtvarem vytvorenym

z nanovlakenné vle¢ky (6) s uspotadanou strukturou
nanovlaken vznikajici p¥i zvlakiovani stiidavym
vysokym elektrickym napétim. Nanoviakenny plast (32)

je kolem jadra (31) ovinut v pasu ve tvaru Sroubovice. PFi
zpusobu vyroby linearniho vlakenného ttvaru se na
zvlakitovaci elektrodé (5) napajené stiidavym napétim
vytvat nanovlakenna vlecka (6), ktera se ve
zvlakiiovacim prostoru (41) méni na plochy pas

s uspotadanou strukturou nanovlaken, ktery se ptivadi

k obvodu nosného linearniho fitvaru (3) rotujiciho ve
zvlakitovacim prostoru (41) kelem vlastni osy a/nebo
balonujiciho ve zvlakfiovacim prostoru (41) s alespofi
jednou kmitnou. Pas vytvofeny z nanovlakenné vlecky
(6) se kolem linearniho nosného ttvaru (3) oviji a kolem
nosného linearniho utvaru (3) vytvafi Sroubovici.
Zatizeni k vyrobé linearniho vlakenného ttvaru obsahuje
podévaci tstroji (1) nosného linearniho Gtvaru (3) do
zvlakiiovaci komory (4), v niZ je uspofadana alespoi
jedna zvlakitovaci elektroda (5), odtahové zatizeni (8) a
sudici a fixadni zafizeni (7).
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Linedrni vlikenny utvar s pli§tém z polymernich nanovliken obalujicim nosny lineirni
utvar tvorici jadro, zpisob a zafizeni k jeho vyrobg

Oblast techniky

Vynélez se tyka linedrniho vlikenného utvaru s plastém z polymernich nanovlaken obalujicim
nosny linearni tvar tvotici jadro.

Dale se vynalez tykd zplisobu vyroby linearniho vlakenného Utvaru s plastém z polymernich
nanovlaken obalujicim nosny linearni utvar tvofici jadro ve zvldkiiovaci komote, v niz je uspo-
fadana zvlakiovaci elektroda napajena stiidavym vysokym napétim.

Vynalez se rovnéZ tykd zafizeni k vyrob& linearniho vlakenného iitvaru, obsahujiciho podavaci
ustroji nosného linearniho utvaru do zvlakiovaci komory, v niz je uspofadana zvlakiovaci elek-
troda pfipojena ke zdroji stfidavého elektrického napéti k vytvareni nanovlakenné vle¢ky smérem
k draze linedrniho nosného utvaru a odtahové zatizeni vysledného linearniho vlakenného utvaru
tvofeného nosnym linedrnim atvarem s plastém z polymernich nanovlaken ze zvlakiiovaci komo-

ry.

Dosavadni stav techniky

Dosud znamé linearn{ vlakenné ttvary obsahujici jadro tvofené nosnym linearnim textilnim v1a-
kennym utvarem a na jadru vytvofenym plastém z nanovlaken jsou vyrabény technologii elektro-
statického zvlakiiovani, tedy zvlakiiovani Gginkem stejnosmérného napéti vytvoreného rozdilem
potenciali mezi dvéma elektrodami.

CZ PV 2007-179 popisuje linearni vldkenny atvar obsahujici polymerni nanovlakna, kter4 vytva-
feji plast’ na povrchu jadra tvofeného nosnym linearnim vlakennym utvarem, pfi¢emz alesponi
n¢kterd nanovldkna jsou zachycena mezi vlakny povrchové &sti tohoto Jjédra. Nanovlédkna se
vyrabéji elektrostatickym zvlakiiovanim (tj. pomoci stejnosmérnych zdroji vysokého elektric-
kého napéti), pfiCemz zvlakiiovacim prostorem mezi zvlékiiovaci elektrodou a sbérnou elektro-
dou se vede nosny linearni Gtvar, jemuZ se mimo zvlakiovaci prostor udéluje nepravy zakrut.
Proto nosny linearni atvar ve zvlékiiovacim prostoru rotuje kolem své osy a na jeho povrchu se
ukladaji jednotliva nanovlakna unésena zvlakiiovacim prostorem ke sbérné elektrodé. Ne viechna
nanovlakna se zachyti na ngsném linearnim atvaru, ale &ast jich proleti mimo, a zachyti se aZ na
sbéré elektrodé. Tento problém se nepodatilo odstranit ani provedenim, v némzZ je sbérni
elektroda tvofena vodivym nosnym linearnim Gtvarem. I u tohoto provedeni velka &¢ast nano-
vlaken proleti kolem linearniho nosného ttvaru a zachycuje se na sténach zvlékiiovaciho prosto-
ru.

PfestoZe jsou nanovldkna zachycena mezi vlakny povrchové &sti jadra, dochazi pfi jejich odvije-
ni k odtrhavani nanovldkenného plasté od jadra v dasledku sil plsobicich mezi povrchy soused-
nich vldken v navinu, které jsou vétsi nezli soudrzna sila mezi plastém nanovlaken a jadrem.

Vyse uvedené problémy se podafilo ¢astedné vyresit podle CZ PV 2009-797, u néhoz jsou nano-
vlakna k jadru fixovana ovinem alespoii jednou kryci niti. Ovin kryci niti zaji§tuje pro vétsinu
moznych aplikaci dostate¢né& pevné a odolné uloZeni nanovlaken na Jadru a soucasné umoziiuje
plné vyuziti specifickych vlastnosti nanovldken, nebof nebrani v pfistupu k nim. Vlastni
vlakenny Gtvar se vyrabi n&kolikansobnym prichodem nosného linearniho utvaru zvlakiiovacim
prostorem, pfi némz je nosny linearni Gtvar mimo zvlakiiovaci prostor vracen pies ¢ast obvodu
alespori jednoho valce, na ktery nabiha ikmo, takze po vraceni se nosny linearni tvar obrati ke
zvlaktiovaci elektrodé opaénou stranou. U tohoto provedeni nedochéazi k nepravému zékrutu,
takze pfi prichodu zvldkiiovacim prostorem nosny linearni Gtvar nerotuje kolem své osy, takze
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nanovlakna se ukladaji pii kazdém priichodu na tu stranu nosného linearniho utvaru, kterad je
privracend ke zvldkiiovaci elektrodé. Vzhledem k n&kolikanasobnému prichodu nosného
linearniho utvaru zvlakiiovacim prostorem, uloZi se na ném vétsi mnoZstvi nanovlaken, neZ u
predchoziho FeSent, presto viak Cast nanovlaken proleti az ke sbérné elektrod€. Nanovlakna se na
povrch nosného linearniho Gtvaru ukladaji neuspofadané jako samostatna nanovlakna do vrstev a
jejich soudrznost s povrchem jadra je mala. Upevnéni nanovlaken na povrchu nosného linearniho
Gtvaru se dosahne naslednym ovinutim alespoii jednou kryci niti.

US 8 163 227 popisuje zatizeni, které je schopno produkovat vysoce pevnou a stejnomérnou piizi
vyrobenou &aste¢né z nanovlaken. Nanovlakna se vyrabéji metodou elektrostatického zvlakiova-
ni, s vysokou produktivitou a p¥i nizkych nakladech. Zatizeni podle tohoto vynalezu vyuziva
depozici nanovlaken spredenych z tryskové zvlakiiovaci elektrody, které jsou ji produkovéany
téméf stejnomérné. Nanovlakna jsou k niti prochazejici centrem kruhové zvlakiiovaci elektrody
pfitahovana jako ke kolektoru, protoze je tato nit’ elektricky nabita tak, Ze nanovldkna pfitahuje.
Tento zplisob pouzivd pro tvorbu vlaken stejnosmérného, tzv. elektrostatického, zvldkiiovani.
Stiidavych zdroji napéti se zde pouziva v nékterych variantach realizace na kolektoru za uCelem
vytvofeni tzv. ,rotujiciho elektrického pole®, které ma za ukol podpofit vytvofeni Sroubovice
nanovlaken na jadru piize. Je vysoce nepravdépodobné, Ze je zafizeni podle uvedeného zpisobu
schopné dlouhodobé produkce nanovlakenné jadrové prize z nasledujicich divodu:

(1) Zpiisob vyzaduje zménu sméru letu nanovlaken z horizontalniho do vertikalniho. Toho nelze
dosahnout tim, 7e nanovldkna budou sledovat silo¢ary, jak naznaCuji obrdzky i text patentu.
Dutvodem je to, Ze nanovlakna pti svém vzniku silné bi¢uji ve zvlakiovacim prostoru, a proto ze

sméru siloar znaéné vyboduji. Je pravdépodobné&jsi, Ze by se nanovlakna prednostné usazovala
na kolektorech a nikoliv na nabizeném jadru pfize.

(2) Je nepravdépodobné, Ze by nanovlakna pohybujici se ve zvlakiiovacim prostoru rychlosti 3 az
10 m/s byla na své draze vyznamn& ovlivnéna rotadnim pohybem zvlakinovaci elektrody nebo
kolektoru o obvodovych rychlostech nizsich.

(3) Vysoké rychlosti obvodové rychlosti zvlakiiovaci elektrody nebo kolektoru by vak zplisobo-
valy silné odstiedivé sily plsobici i na Taylorovy kuzely na vyustkich kapilar zvlakiovaci
elektrody. Polymerni roztok by tak byl nekontrolovatelné radialné rozstiikovan.

V piipadé, 7e by se piizi podafilo vyrobit, bude mit podobné nevyhody jako vySe popsany
linearni vlakenny utvar podle CZ PV 2007-179.

Cilem vynalezu je vytvofit linearni vlakenny atvar obsahujici jadro a polymerni nanovlakna, u
néhoz by bylo zarugeno pevné spojeni jadra s nanovlakennym plastém bez nutnosti ovijeni kryci
niti a zérovefi zarutena vzajemna nete¢nost povrchii takovych linearnich vldkennych ttvard pii
odvijeni z navinu na civce, kde byl pred tim ulozen v mnozstvi ovinii vedle sebe a mnozstvi
vrstev téchto ovinii nad sebou. Soucasné je cilem vynalezu navrhnout zpiisob vyroby takového
Gtvaru a vytvofit zafizeni k jeho vyrobé.

Podstata vynalezu

Cile vynalezu je dosazeno vytvotenim linearniho vldkenného Gtvaru podle vynalezu, jehoZ pod-
stata spo¢iva v tom, Ze plast’ z polymernich nanovléken je tvofen plochym pasem s uspofadanou
nanovlakennou strukturou vytvofenym z nanovlakenné vle¢ky vznikajici nad zvlakiovaci elek-
trodou p¥i zvlakiiovani stiidavym vysokym elektrickym napétim, ktery je kolem jadra ovinuta ve
tvaru $roubovice. Duta vletka nanovlaken, vytvorena pii zvlakilovani stiidavym napétim, pred-
stavuje jiz pred svym slozenim do plochého atvaru, ktery na jadru vytvari pfi ovijeni $roubovici,
elektricky neutralni Gitvar tvofeny polymernimi nanovlakny uspofadanymi do nepravidelné mfiz-
kové struktury. V diisledku své elektrické neutrality je vlecka nanovlaken i po svém sloZeni do
plochého witvaru a ovinuti kolem jadra v pasu ve tvaru Sroubovice elektricky neutralni a povrch



15

20

25

30

35

40

45

50

55

CZ 306428 B6

vytvofeného linearniho {tvaru je neutralni i vii¢i vem sousednim ovintim v navinu na civce,
takZe vysledny linearni vlakenny utvar lze bez problémd odvijet z navinu na civce a zpracovavat
naslednymi textilnimi technologiemi.

PIast" z polymernich nanovlaken miize po odstranéni jadra z vysledného linedrniho vlakenného
Utvaru vytvorit duty trubicovy utvar, ktery mize slouzit napiiklad jako nanovlakenna cévni
néhrada vhodného priméru.

Podstata zpiisobu vyroby linearniho vlakenného Gtvaru podle vynalezu spociva v tom, Ze vletka
nanovléken vytvafena na zvlakiiovaci elektrod® napajené stiidavym napétim se ve zvlakiiovacim
prostoru méni na plochy pas s uspofadanou strukturou nanovlaken, ktery se pfivadi k obvodu
nosného linearniho Gtvaru rotujictho ve zvlakilovacim prostoru kolem vlastni osy a/nebo ve tvaru
balonu s alespoii jednou kmitnou, pfi¢emz pas vytvofeny z nanovlakenné vlecky se kolem nos-
ného linearniho utvaru oviji a kolem nosného linearniho atvaru vytvafi Sroubovici.

Vyhody tohoto zplisoby vyroby jadrové nanopiize spolivaji ve vytvaieni relativné silného/tlusté-
ho nanovlakenného ovinu pfi relativné vysoké produkéni rychlosti jadrové piize kolem 60 m/-
min. Ulety nanovldken mimo ovin jsou pfitom minimalni.

Podstata zafizeni k vyrobé linearniho vlakenného Gtvaru podle vynalezu spogiva v tom, Ze v dra-
ze nosného linearniho ttvaru je uspofadano zakrutové zafizeni schopné vytvaiet na nosném
linearnim utvaru ve zvlakiiovaci komoie balon nebo alespoi nepravy zakrut, pti¢emz v disledku
balonovani a/nebo rotace nosného linedrniho atvaru se nanovlédkenna vlegka ve formé plochého
pasu s uspofadanou strukturou nanovlaken oviji kolem nosného linearniho atvaru.

Za zvlaknovaci komorou je v draze nosného linearniho dtvaru usporadano susici a fixaéni zafi-
zeni k suSeni a fixaci pasu s uspofadanou nanovlakennou strukturou vytvoreného z nanovlakenné
vleCky a ovinutého kolem nosného linearniho atvaru ve $roubovici. Po usuSeni a fixaci pasu
nanovldken na nosném linearnim utvaru je vysledny linearni vldkenny Gtvar schopen dal$iho
zpracovani béznymi textilnimi technologiemi, napfiklad pletenim.

Objasnéni vvkresu

Dalsi vyhody a vyznaky zplisobu a zafizeni podle vynalezu vyplyvaji z ptilozenych vykresa, kde
jsou na obr. 1, obr. 2 a obr. 4 schematicky znazornény piikladné varianty zafizeni pro provadéni
zpisobu pro vyrobu linedrniho vlakenného utvaru podle vynalezu a princip tohoto zpisobu, na
Obr. 3 je znazornén princip balonovani nebo rotace nosného linearniho Gtvaru (hedvabi, staplova
pfize, monofil) pomoci zakrutového zafizeni s ,,pinolou” neboli se zakrutovou trubici.

Linearni vlakenny utvar podle vynalezu je znazornén na obr. Sa, Sb, Sc a Sdicipfi riiznych zvétse-
nich skenovaciho elektronového mikroskopu (SEM), na obr. 6 je SEM snimek pri¢ného fezu
linedrnim vldkennym atvarem podle vynélezu s plastém z polymernich nanovléken a s nosnym
linedrnim dtvarem tvofenym polyesterovou pfizi, na obr. 7A je SEM snimek pfi¢ného fezu
linearnim vlékennym Gtvarem podle vynalezu s nosnym linedrnim ttvarem tvofenym monofilem,
obr. 7B SEM snimek pti¢ného fezu linearniho vidkenného Utvaru s jadrem tvofenym pfizi a plas-
t€m z nanovlaken a pii¢ny fez nanovlakennou trubici vzniklou po vyjmuti jidra, obr. 8A, B
detailni zobrazeni pfi¢ného fezu nanovlakennou trubici vzniklou po odstranéni jadra.

Piiklady uskutednéni vynalezu

V piikladném provedeni podle obr. 1 jsou ve sméru pohybu nosného linearniho atvaru 3 za sebou
uspotadany podavaci ustroji 1, slouZici k odvijeni nosného linearniho atvaru 3 zndmym zpliso-
bem z neznazornéné piedlohy, zakrutové zatizeni 2, schopné vytvaret na nosném linearnim Gtva-
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ru 3 balon s alespoii jednou kmitnou nebo alespoii nepravy zékrut, a zvlakfiovaci komora 4. Za
zvlakiiovaci komorou 4 je usporadano susici a fixagni zafizeni 7 pro suseni a fixaci nanovlaken-
ného plasté 32, s vyhodou ve tvaru trubice nebo kanalu, a odtahové zafizeni 8, za nimZ je stabili-
zovany vysledny linearni vidkenny atvar 30 s nanovlakennym plastém 32 podle vynalezu nekte-
rym ze znamych zplsobd navijen na neznazornénou civku. Nebo miize byt odtah vysledného
linearniho utvaru realizovan pfimo navijecim strojim.

Zvlakiiovani probiha G¢inkem sttidavého napéti podle CZ 304 137.

Ve zvlakiiovaci komote 4 je uspofadana zvlaknovaci elektroda 5, ktera je pfipojena k neznazor-
nénému regulovatelnému zdroji stiidavého vysokého napéti, napiiklad o napéti 35 kV a frekvenci
50 Hz, a k neznazorn&nému piivodu polymerniho roztoku pro zvlakiiovani, do n€hoZ je polymer-
ni roztok davkovan, napiiklad pomoci neznazornéné linearni pumpy. V okoli ¢ela 51 zvlakfiovaci
elektrody 5 a nad ni se ve zvlakiiovaci komote 4 nachéazi zvlakiiovaci prostor 41. Po pfivedeni
zvlakiiovaného polymeru na &elo 51 zvlakiiovaci elektrody 5 se pii zvlkiiovani stiidavym napé-
tim zaGnou vytvafet nanovlakna po obvodu &ela 51 a smérem vzhiiru stoupa duty prostorovy
nanovlakenny Gtvar o velmi nizké specifické hmotnosti, nazyvany nanovlakenna vlecka 6, kterd
je Gi¢inkem elektrického vétru unasena smérem od zvlakiiovaci elektrody 5 ve sméru gradientu
vytvarenych elektrickych poli k balonujicimu linearnimu nosnému ttvaru 3, ktery protind drahu
nanovlakenné vle¢ky 6 a tvoti jadro 31 vysledného linearniho vlakenného dtvaru 30, v pfipadé
potieby se Glinku elektrického vétru pomaha proudénim vzduchu potfebnym smérem. Nano-
vlakenna vle¢ka 6 je elektricky neutralni, nebot’ béhem jejiho pohybu zvlakiovacim prostorem
41 dochazi ke vzajemné rekombinaci opaénych elektrickych naboji jednotlivych nanovlaken
nebo jejich usekidi. Polymerni nanovlakna jsou v nanovlakenné vlecce 6 usporadana do nepravi-

Mrv

delné miizkové struktury, ve které jednotliva nanovlakna v kratkych isecich méni svij smér.

Jak je znazornéno na obr. 3, nosny linearni Gtvar 3 v disledku rotace excentrického prostfedku 23
zakrutového zafizeni 2, jimz prochazi, napiiklad otvoru umisténého mimo osu rotace zakrutové-
ho zatizeni 2, vytvaii balén o n&kolika kmitnach prochazejicich zvlakiiovaci komorou 4 a ve
zvlakitovacim prostoru 41 se na povrch nosného linearniho utvaru 3 rotujiciho v balénu uklada
nanovlakenna vle¢ka 6, unasend do tohoto prostoru uéinkem elektrického vétru, ktera se kolem
nosného linearniho Gtvaru 3 oviji, pri¢emz se sklada do tvaru pasu, tedy do plochého utvaru
vytvoieného z nanovlakenné vlecky 6, ktery se pfi balonovani oviji kolem jadra 31 tvofeného
nosnym linearnim Gtvarem 3 a vytvafi na ném nanovldkenny plast 32 tvofeny oviny ve tvaru
Sroubovice. Kmitny balénu jsou znézornény na obr. 1, 3 a 4, pfi¢emz na obr. 3 je znazornéno
zakrutové zafizeni a kmitny nosného linearniho Gtvaru 3 tvoficiho jadro 31 vysledného linearniho
vlakenného utvaru ve zvlakiiovaci komote. Nosny linearni Gtvar 3 je poddvan z nezndzornéné
piedlohy podavacim ustrojim 1 s definovanym piedpétim. Zakrutové zafizeni 2 je v ptikladném
provedeni opatfeno vstupnim otvorem 20, ktery je umistén v jeho ose 22 rotace. Ze vstupniho
otvoru 20 je nosny linearni Gtvar 3 veden pies kolik 21 do excentrického ¢lenu 23, ktery je ve
znazornéném provedeni tvofen axialnim otvorem uspofadanym mimo osu 22 rotace zakrutového
zafizeni 2. Rotaci zakrutového zafizeni 2 dochazi k balonovani nosného linearniho Utvaru 3, na
ktery se ve zvlakiiovaci komoie 4 uklada nanovlakenna vlecka 6 ve tvaru pasu.

Pokud je rychlost ovijeni nanovldkenné vleky 6 stejnd jako rychlost jejiho vytvafeni, zistava
usporadani nanovldken v nanovlakenné vledce 6 stejné i po jejim ovinuti kolem jadra, jak je vidét
i na plasti 32 vysledného linearniho vlakenného atvaru 30, znazornéného na obr. 5a — d. Je-li
rychlost ovijeni nanovldkenné vlecky 6 vétsi nez je rychlost jejiho vytvafeni, dochazi ke dlouzeni
nanovldkenné vle¢ky 6, a v diisledku toho mize dojit i k urcité orientaci nanovlaken ve struktufe
nanovlakenné vlecky 6 po jejim navinuti na jadro 31.

Ze zvlakitovaci komory 4 je vyrabény vysledny linearni vlakenny dtvar 30 s nanovlakennym
plastém 32 odtahovan odtahovym zafizenim 8 pres susici a fixa¢ni zafizeni 7, v némzZ se nano-
vidkenny plast’ 32 vysousi a fixuje pfi teplot& (naptiklad 60 az 250 °C) odpovidajici druhu zvlak-
#ovaného polymeru a materidlu nosného linearniho dtvaru 3. Vysledny linearni vlakenny Gtvar
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30 s nanovlakennym plastém 32, obvykle nazyvany nanovldkenna jadrové piize, se za odtaho-
vym zafizenim 8 zndAmym zpiisobem naviji na neznazornénou civku.

Pfi sérii ov€fovacich pokusii se na zvlakiiovaci elektrodu 5 privadélo stfidavé vysoké napéti o
hodnoté + 36 kV, s frekvenci 50 Hz. Jako jadro byl pouZit polyesterovy multifil o jemnosti 150
Tex. Zakrutové zafizeni 2 rotovalo s frekvenci 5000 az 20 000 otadek za minutu a rychlost
odtahu byla nastavena na 10 az 60 metri za minutu. PouZitymi zvlikiiovanymi materialy byl
roztok Polyvinyl butyralu (PVB) nebo polyakrylonitrilu (PAN). Davkovani zvlakiiovaci elektro-
dy bylo nastaveno v rozmezi 80 az 250 mililitri za hodinu. Pro jadrovou ptizi PVB se hodnoty
praméri vlaken pohybovaly v rozmezi 682+280 nm. Pfi zvlakiiovani roztokdt PAN byla namé-
fena stfedni hodnota priméru vidken 1805nm s velkou hodnotou smérodatné odchylky
+1322 nm a tudiz s vyznamnym podilem nanovlaken.

V piikladu provedeni podle obr. 2 je usporadani zafizeni velmi podobné obr. 1, pouze zakrutové
zafizeni 2 je uspofadano mezi suicim a fixa¢nim zafizenim 7 a odtahovym zatizenim 8. U tohoto
provedeni dochazi pii rotaci zakrutového zafizeni 2 k vytvafeni nepravého zakrutu na nosném
linearnim Gtvaru 3 a vysledném linearnim vlakenném utvaru 31 mezi zakrutovym zafizenim 2 a
podavacim Ustrojim 1. Vzhledem k umisténi zakrutového zafizeni 2 balonovani ve zvlakiovaci
komote 4 nevznika nebo jsou jeho kmitny velmi malé. Ve zvlakiovaci komote 4 tedy nosny
vldkenny utvar 3 rotuje kolem své osy a nanovlakenna vlecka 6, jejiz drdhu nosny vlakenny ttvar
3 protina, se na n§j naviji ve tvaru pasu, ktery na jadru 31 vytvaii vrstvu ve tvaru $roubovice.
Balonovani se u tohoto provedeni da dosahnout pulznim foukdnim proudu vzduchu na mechanic-
Ky roztoCeny nosny linearni Gtvar.

V piikladu provedeni podle obr. 4 jsou pouZzita dvé zakrutova zatizeni 2, z nichZ prvni je umisté-
no pied zvlaknovaci komorou 4, jako v pfikladu 1, a zajistuje balonovani nosného linearniho
tvaru 3 ve zvlaknovaci komote 4 a druhé zakrutové zafizeni 2 je umisténo za susicim a fixaénim
zafizenim 7, jako v pfikladu 2, a udili prochazejicimu vyslednému linearnimu vlakennému atvaru
30 nepravy zakrut, ktery se prenasi az do nosného linearniho Gtvaru 3, tvoriciho jadro 31.

Otacky druhého zakrutového zafizeni 2 realizuji nepravy zakrut. Je téeba vzit v (ivahu, Ze skuteg-
né otacky realizujici nepravy zakrut jsou nizsi nez ot4cky druhého zakrutového zafizeni 2, proto-
Ze misto Cistého valeni zakrucovaného vysledného linearniho vlakenného Gtvaru 30 dochézi pfi
piekroceni trecich sil v axidlnim otvoru ke smykani a ke ztrat& na zékrutech. Pokud jsou otatky
druhého zdkrutového zafizeni 2 vétsi neZ otacky prvniho zakrutového zatizeni 2, dojde pii ovijeni
nanovlakenné vlecky 6 na nosny linearni utvar 3 tvofici jadro 31 k ptikrouceni nanovlakenného
pasu v disledku nepravého zékrutu, ¢imz se zlepsi pevnost spojeni nanovlakenného plasté 32 a
jadra 31 ve vysledném linearnim vlikenném ttvaru 30, coZ bylo experimentalné ovéteno. Po prii-
chodu susicim a fixanim zafizenim 7 se nanovlakenny plast zfejmé po anulaci nepravého
zakrutu za druhym zakrutovym zatizenim 2 fixuje na jadru.

V pripadé pozadavku na nanovlakenny plast 32 tvoreny dvéma nebo vice vrstvami nanovlaken se
Jevi vyhodné umistit do zvlakiiovaci komory 4 dvé nebo vice zvlakiiovacich elektrod 5 za sebou,
takZe se z prvni zvlakiovaci elektrody 5 uklada prvni plochy wtvar vytvoreny z duté nanovlaken-
né vlecky 6 na nosny linearni Gtvar 3 pii jeho balonovani a/nebo zakrucovani nepravym zakrutem
a vytvoii tak prvni nanovldkennou vrstvu. Nasledné se z druhé zvlakniovaci elektrody 5 stejnym
zpisobem uklada na prvni vrstvu nanovléken druhy plochy ttvar vytvoreny z duté nanovlakenné
vlecky 6. Ptipadn€ se na druhou vrstvu nanovldken uklada dalsi plochy atvar vytvoteny z duté
nanovlakenné vle¢ky 6 vytvafené dalsi zvlaknovaci elektrodou 5. Jednotlivé vrstvy nanovlaken-
ného plast€ mohou byt vytvoreny z materiald s odlisnymi vlastnostmi. Napfiklad prvni vrstva
obalujici nosny linearni utvar 3 tvofici jadro 31 vysledného nanovlakenného wtvaru 30 je vytvo-
fena z adhezniho materidlu nebo z materialu teplem smrstitelného, naptiklad PVB nebo poly-
kaploaktonu (PCL). Ve vyhodném provedeni je vn&jsi nanovlakenna vrstva nanovlakenného
plasté 32 vytvofena z kryciho materidlu schopného chranit vniténi vrstvy pred poskozenim,
napfiklad z polyvinylidenfluoridu (PVDF) nebo polyuretanu (PU).
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Vicevrstvy nanovlakenny plast 32 lze vyrobit také opakovanym nanaSenim dalsi vrstvy na vrstvu
predchazejici, pfi¢emz kazda vrstva je po naneseni sudena a fixovana.

Pevnym a tésnym ovinem jadrové pfize vhodné tloustky/jemnosti, nebo monofilu vhodného pri-
méru, nebo pevného jadra z jiného materialu vhodného tvaru a prifezu vznikne vysledny linearni
Gtvar 30 s nanovlakennym plastém 32, zndzornény na obr. 6 a 7, ze kterého se vytazenim, rozpus-
t&nim, vyplavenim, nebo jinym vhodnym zpiisobem nosné jadro vyjme. Zachovany nanovlaken-
ny pladt 32, ktery pokryval jadro 31, vytvoFi trubicovy Gtvar zndzornény na obr. 7 a 8, ktery
miize slouZit napiiklad jako nanovlakenna cévni nahrada vhodného priméru.

Vytvateni trubicového Gtvaru Ize provadét kontinualnim nebo diskontinulnim zpisobem podle

potieby. Pro vyrobu trubicového atvaru lze s vyhodou pouZit zatizeni a zpiisob podle obr. 1 nebo
4.

Primyslové vyuzitelnost

Linearni vldkenny utvar podle vynalezu lze zpracovavat jako jadrové pfize naslednymi textilnimi
technologiemi do plosnych nebo trojrozmémych textilnich dtvari, nebo z nich po odstranéni
jadra vytvafet duté nanovlakenné trubicové utvary.

PATENTOVE NAROKY

1. Linearni vldkenny utvar s plastém (32) z polymernich nanovldken obalujicim nosny linearni
atvar (3) tvotici jadro (31), vyzmnaéujici se tim, Ze plast (32) zpolymernich nano-
vlaken je tvoren plochym pasem s usporadanou strukturou nanovlaken vytvofenym z nanovla-
kenné vlecky (6) vznikajici nad zvlékiiovaci elektrodou (5) pii zvlakiiovani stfidavym vysokym
elektrickym napétim, ktery je kolem jadra (31) ovinut ve tvaru Sroubovice.

2. Linearni vlakenny Gtvar podle naroku 1, vyznaéujici se tim, Ze plast (32) z
polymernich nanovlaken je tvofen alespoil dvéma vrstvami plochych nanovlakennych pasi
s uspofadanou strukturou nanovlaken vytvofenych z nanovldkennych vleCek (6) pti zvlaknovani
stfidavym napétim, pfi¢emz prvni vrstva je ovinuta kolem jadra (31) a dalSi vrstva/vrstvy je ovi-
nuta/jsou ovinuty kolem vrstvy predchazejici.

3. Linearni vlakenny utvar podle naroku 2, vyznacéujici se tim, Ze jednotlive vrstvy
plasté (32) z polymernich nanovléken jsou vytvofeny z materiall s odlisnymi vlastnostmi.

4. Linearni viakenny Gtvar podle naroku 2 nebo 3, vyznaédujici se tim, Ze prvni
vrstva plasté (32) z polymernich nanovlaken je vytvotena z adhezniho materialu nebo z materialu
teplem smrstitelného.

5. Linearni vldkenny utvar podle jednoho z narokt 2 az 4, vyznadujici se t im, 7
vn&jsi vrstva je z kryciho materialu, schopného chrénit vnitini vrstvy pied poskozenim.

6. Linearni vlakenny utvar podle jednoho z pfedchazejicich narokd, vyzm adujici se
tim, ze plast (32) zpolymernich nanovlaken vytvaii po odstranéni jadra (31) z vysledného
linearniho vlakenného ttvaru (30) duty trubicovy atvar.

7. Zpuisob vyroby linearniho vlakenného ttvaru s plastém (32) z polymernich nanovléken oba-
lujicim nosny linearni Gtvar (3) tvofici jadro (31) ve zvlakiovaci komote (4), v niZ je uspofadana
zvlakitovaci elektroda (5) napajena stiidavym vysokym napétim, vyznadujici se tim,
¥e na zvlakitovaci elektrod® (5) napajené stfidavym napétim se vytvafi nanovidkenna vlecka (6),
ktera se ve zvlakiiovacim prostoru (41) méni na plochy pas s uspofddanou strukturou nanovlaken,
ktery se ptivadi k obvodu nosného linearniho atvaru (3) rotujiciho ve zvlakiovacim prostoru
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kolem vlastni osy a/nebo balonujiciho ve zvlakiiovacim prostoru s alespoii jednou kmitnou,
pii¢emZ pas vytvoreny z nanovlakenné vlecky (6) se kolem nosného linearniho Gtvaru (3) oviji a
pfi ovijeni kolem nosného linearniho utvaru (3) vytvaii sroubovici.

8. Zpisob podle ndroku 7, vyznadujici se tim, Ze balon se vytvafi rotaci excentric-
kého ¢lenu (23) zakrutového zafizeni (2), jimz prochazi nosny linearni Gtvar (3) pied vstupem do
zvlakniovaciho prostoru (41).

9. Zpisob podle naroku 7, vyznadujici se tim, Ze balon se vytvafi pulznim fouka-
nim proudu vzduchu na mechanicky rozto¢eny nosny linearni utvar (3).

10. Zpiisob podle libovolného z nrokli 7az9, vyznadujici se tim, Ze pas s uspora-
danou nanovlakennou strukturou vytvofeny z nanovlakenné vlecky (6) a ovinuty kolem nosného
linedrniho atvaru (3) ve Sroubovici se na nosném linearnim Gtvaru (3) suii a fixuje.

11. Zatizeni k vyrobé linearniho vlakenného dtvaru obsahujici podavaci Gstroji (1) nosného
linearniho utvaru (3) do zvlakiiovaci komory (4), v niz je uspofadana zvlakiovaci elektroda (5)
pfipojend ke zdroji stfidavého vysokého elektrického napéti k vytvareni nanovlakenné vlecky (6)
smérem k draze linearniho nosného titvaru a odtahové zafizeni (8) vysledného linearniho vlaken-
ného ttvaru (30) tvoteného jadrem (31) a plastém (32) z polymernich nanovlaken ze zvlakiiovaci
komory (4), vyznaéujici se tim, Ze vdraze nosného linearniho Gitvaru (3) je uspoia-
déno zakrutové zarizeni (2) schopné vytvafet na nosném linearnim utvaru (3) ve zvlakiiovaci
komote (4) rotujici balon nebo alespoii nepravy zakrut, pficemz v disledku balonovani a/nebo
rotace nosného linearniho Gtvaru (3) je nanovlakenna vletka ve formé& plochého pasu s uspotada-
nou strukturou nanovlakeniciovijena kolem nosného linearniho utvaru (3).

12. Zafizeni podle naroku 11, vyznacujici se tim, Ze za zvlikiiovaci komorou (4) je
v draze vysledného linearniho utvaru (30) s nanovlikennym plastém (32) uspofadano susici a
fixaén{ zafizeni (7) k suSeni a fixaci pasu s uspofadanou nanovlakennou strukturou vytvofeného
z nanovlakenné vlecky (6) a ovinutého kolem nosného linearniho ttvaru (3) ve $roubovici.

13. Zafizeni podle naroku 11 nebo 12, vyznadujici se tim, ze zikrutové zafizeni (2)
Je uspotadano pred zvlakiiovaci komorou (4).

14. Zafizeni podle libovolného z narokt 11 az 13, vyznadujici se tim, Ze zdkrutové
zatizeni (2) je usporddano za susicim a fixaénim zafizenim (7).

15. Zatizeni podle libovolného z narokd 11 az 14, vyznacdujici se tim, e zakrutové
zafizeni (2) obsahuje rotujici excentricky ¢len (23).

16. Zafizeni podle jednoho z narokd 11 a2 15, vyznaéujici se tim, Ze ve zvlakiiovaci
komofe (4) jsou podle drahy nosného linearniho atvaru (3) uspofadany alespoini dvé zvlakiovaci
elektrody (5) za sebou.

5 vykresu
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Seznam vztahovych znacek:

1 podévaci ustroji

2 zakrutové zafizeni

20 vstupni otvor

21 kolik

22 osa rotace zakrutového zatizeni

23 excentricky ¢len

3 nosny linedrni atvar

30 vysledny linearni vlakenny utvar s nanovldkennym plastém
31 jadro vysledného linearniho vlakenného utvaru
32 nanovlakenny plast

4 zvlaknovaci komora

41 zvlaknovaci prostor

5 zvlaknovaci elektroda

51 &elo zvlakiiovaci elektrody

6 nanovldkennd vlecka

7 susici a fixaéni zafizeni

8 odtahové zatizeni
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Materials combining meltblown and electrospinning products with hydroxyapatite powder as potential
scaffolds for bone tissue engineering are presented here. The combination of these technologies and
parameters and final micro-nanofibrous products are introduced too. The in-vitro testing compared
meltblown material, meltblown material with sputtered particles, meltblown material combined with
electrospun fibers, meltblown material combined with electrospun fibers and sputtered particles. All the
fibrous materials are produced from polycaprolactone. The first in-vitro tests showed the high potential
of developed composite materials in bone tissue engineering. The structure of the tested materials
allows osteoblasts to proliferate into the sample inner structure with the significant contribution of
nanofiber content to cell proliferation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Meltblown is a nonwoven technology which produces fine fibers
(1-5 um) typically from thermoplastic fiber forming polymers by
extrusion through a die containing small orifices. Then the fibers are
rapidly attenuated by converging streams of hot air and subsequently
blown by high-velocity air onto a collector [1]. The technology is very
usable and its products are used in many technical, hygienic and
medical applications such as filtration media, sorption pads, diapers,
breathing masks, disposable cloth and others. The basic polymers used
for meltblown nonwoven production are polypropylene [1,2], poly-
ethylene [3], polystyrene [4], polyethylene terephthalate [1,5], poly-
lactic acid [6], polybutylene terephthalate [1] and others. With the
exception of polylactic acid, these polymers are not biodegradable and
they cannot be used as scaffolds for tissue engineering. Nevertheless,
structurally, meltblown materials are suitable for the bone or knee
cartilage scaffold due to the small diameter of their fibers, random
orientation of fibers, three-dimensional structure, high porosity, opti-
mal pore size etc. [7].

Electrospinning is generally a well known technology for polymer
nanofibrous materials production with respect to their application in

* Corresponding author. Tel.: +420 48 535 3233.
E-mail address: eva.kostakova@tul.cz (E. Kuzelova Kostakova).

http://dx.doi.org/10.1016/j.matlet.2014.12.100
0167-577X/© 2015 Elsevier B.V. All rights reserved.

biomedical applications [8]. There are many publications confirming
their appropriateness as scaffolds for tissue engineering [9,10]. The
combination of electrospun materials and particles like hydroxyapatite
either inside fibers [11] or in between fibers [12,13] was observed and
proposed.

This study aims to fabricate a novel composite material for bone
tissue engineering consisting of microfibers produced by meltblown
technology ensuring an optimal three-dimensional porous structure
and sufficient mechanical properties, electrospun nanofibers for
good cell adhesion [14,15] and particles enhancing the biological
activity and mineralization of regenerated bone tissue. The produc-
tion is continuous and all technologies are composed into one step.
No additional bonding, shaping etc. is necessary. The successful pre-
liminary in-vitro tests of the scaffolds prepared by the method are
described here. The results showed that the composite materials
significantly promoted proliferation, viability and cell adhesion com-
pared to simple meltblown materials.

2. Experimental part

Materials: Poly-e-caprolactone (PCL; My, 45,000; Sigma
Aldrich), chloroform (Penta), ethanol (Et-OH; Penta), hydroxyapa-
tite (HA; calcium hydroxyphosphate; M,,,, 502.31; powder; Sigma
Aldrich) were used for the composite materials production.
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Scaffold fabrication: A solution of 16 wt% PCL in chloroform/
ethanol (9:1 by weight) was prepared for electrospinning. The scheme
of production equipment set-up with optimal conditions is shown in
Fig. 1. The whole set-up consists of a meltblown device (laboratory
equipment J&M Laboratories, USA), electrospinning device (needle-
less roller electrospinning) and sputtering device. The meltblown
extruder screw rotated at 40 rpm, which means 100 g of polymer
per 1h and air velocity at 20 cm from meltblown die was 20 ms~ .
The meltblown die length is 15 cm. The spinning of electrospin roller
was 50 rpm, diameter was 30 mm and length 15 cm. The roller
charging was 35 kV positive and collector charging 20 kV negative.

The sputtering device based on vibration principle consists of three
electric motors with the cam amounting to a total length of 15 cm, the
movements of which force the powder to fall from a gap of 1 mm. The
study compares four different materials: (i) meltblown material (M);
(ii) meltblown material with sputtered particles (MS); (iii) meltblown
material combining with electrospun fibers (ME); (iv) meltblown
material combining with electrospun fibers and sputtered particles
(MES). Ambient temperature and relative humidity were 23 °C; 45%
during all experiments.

Characterization: Dry scaffolds were sputter-coated with gold and
then observed by a scanning electron microscopy (SEM, Tescan

250
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Fig. 1. Scheme of the combination of meltblown and electrospinning with integration of particles in-situ into the producing fibrous material: scheme of whole set-up (A);
proportion description in millimeters and optimal temperature set-up (B); details of needle-less electrospinning spinning electrode (C), sputtering device (D) and meltblown

die (E) set-ups.
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Vega 3SB Easy Probe). The biocompatibility of the material, cell
proliferation and ability to migrate into the structure of scaffold was
tested in vitro using MG-63 osteoblasts.

In-vitro testing: In-vitro culture of MG-63 osteoblasts: Human osteo-
blasts (MG63) were maintained in EMEM (Eagle’s minimal Essentials
medium; ATCC) with 10% (v/v) FBS (fetal bovine serum; Lonza) and 1%
penicilin/streptomycin/amfotericin B (Lonza). Cells (the second pas-
sage culture) were cultivated in an incubator (37 °C/5% CO,). The
medium was changed 3 times a week.

Sample preparation, cell seeding: Discs (diameter 15 mm, thick-
ness 5 mm) were cut from meltblown layers, they were then ster-
ilized (70% Et-OH, 30 min) and washed in PBS (phosphate buffered
saline) (pH 7.4) prior to cell seeding. MG63 cells were seeded
(1 x 10° cells per sample) on scaffolds placed in 24-well tissue cul-
ture plates.

MTT assay for the cell proliferation: Cell proliferation was mon-
itored after 1, 3, 7, 14 and 21 days by MTT assay (quantitative colo-
rimetric assay for mammalian cell survival and proliferation based
on the reduction of tetrazolium salt by living cells). A 250 pl solu-
tion of MTT (2 mg/ml in PBS; pH 7.4) was added to 750 ul of sam-
ple medium (EMEM) and incubated with the sample for 3 h at
37 °C/5% CO,. Formazane crystals were solubilized with isopropyl
alcohol. Absorbance of the formazane solution was measured at
570 nm (reference at 650 nm).

Microscopy analysis (SEM and fluorescence): After 1, 3, 7 and 14
days of cell seeding, the cell-cultured scaffolds were processed for
microscopy analysis. The scaffolds were fixed by 2.5% glutaraldehyde
and dehydrated with upgrading concentrations of Et-OH (60%, 70%,
80%, 90% and 100%). Samples were analyzed by scanning electron
microscope and image analysis software (NIS Elements, Nikon). The
cells were fixed in frozen methanol for 15 min, washed in PBS and
stained with propidium iodide for 15 min in the dark. Then the layers
were washed in PBS and analyzed using a fluorescence microscope
(NICON Eclipse Ti-E). A splitting of the samples in half through the
thickness allow to observe cell behavior inside the materials.

3. Results and discussion

The resulting materials without HA particles (M and ME) had a
surface density of 250 g~2. When the density of PCL is 1145 g cm 3

and the thickness of materials is 5 mm then porosity is about 95%.
The weight percentage of HA was 10%, thus the final surface density
of materials with HA particles (MS and MES) was 275 g~ 2. Morphol-
ogy characteristics were studied by SEM visualization, see Fig. 2 and
image analysis. The average electrospun fiber diameter was 732 +
292 nm. Average meltblown fiber diameter was 6.5 + 4.4 pm. Nano-
fibers (fibers with diameter bellow 1 pm) volume fraction estimation
in ME materials compared to other fibers was 1% and nanofibers
numerical fraction compared to the number of other fibers was 56%.
In contrast, nanofibers volume fraction estimation in M materials
compared to other fibers was 0.1% and nanofibers numerical fraction
compared to the number of other fibers was 9%.

In-vitro tests: The pictures from microscopy and MTT assay data
reveal similar rates of adhered MG-63 osteoblasts in all kinds of
tested materials. However, from the 7th day after cell seeding diffe-
rences in the cell proliferation rates had been observed. Osteoblasts
on samples containing electrospun fibers (ME, MES) showed a
significant increase in proliferation (Fig. 3). Also sputtered particles
(MS, MES) seem to have a positive effect on the proliferation rate
compared to materials without sputtered particles (M, ME). Images
showing materials inside (Fig. 3) confirm osteoblasts proliferation
into the inner structure of the materials with a significantly higher
rate in materials containing nanofibers (ME, MES). Many studies
have investigated the effect of porosity on bone tissue regeneration
in vivo or bone cells adhesion and proliferation in vitro [16,17]. It
was observed that high porosity and large pores of materials enha-
nced bone ingrowth and the osteointegration of the scaffold after
implantation in vivo and enhanced cell proliferation and migration
into scaffold in vitro [18-20].

4. Conclusions

A novel scaffold produced by combining meltblown and electro-
spinning technology with in-situ particle integration in-between fib-
ers was developed. The scaffold has sufficient surface properties and
a porous structure. This scaffold is beneficial for cell growth, adhesion
and proliferation and may be served as bone substitutes in tissue
engineering application. Further studies are focused on its implanta-
tion into animal models for the investigation of its behavior in vivo.

Fig. 2. Scaffold morphology observed by SEM for all four tested materials, the scale bar is 20 pm.
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Fig. 3. Fluorescent microscopy images (upper part) of MG-63 cells on the materials (external view) in days 1, 3, 7 and 14. Images are composed of 100 images captured by
motorized microscope stage with a changing focus in the z axis of the 1 pm distance. Fluorescence microscopy images of MG-63 cells on the inner surface of tested materials
in day 14 (day 14 inside) presented here as basic views. Cell proliferation on the scaffolds was determined by MTT assay (bottom). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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( :ell infiltration is a critical param-

eter for the successful development
of 3D matrices for tissue engineering.
Application of electrospun nanofibers in
tissue engineering has recently attracted
much attention. Notwithstanding sev-
eral of their advantages, small pore size
and small thickness of the electrospun
layer limit their application for develop-
ment of 3D scaffolds. Several methods
for the pore size and/or electrospun layer
thickness increase have been recently
developed. Nevertheless, tissue engineer-
ing still needs emerging of either novel
nanofiber-enriched composites or new
techniques for 3D nanofiber fabrication.
Forcespinning® seems to be a promising
alternative. The potential of the Forces-
pinning® method is illustrated in pre-
liminary experiment with mesenchymal
stem cells.

Strategies to Increase the Pore
Size of Electrospun Layers

Because of their structure, which
mimics the natural extracellular matrix,
nano- and microfibrous layers are prom-
ising materials for tissue engineering and
for regenerative medicine.! They have
some extraordinary properties, such as
huge porosity, fiber diameter similar to
that of fibrillar proteins, and an enormous
surface-to-volume ratio. However, elec-
trospun fibers have some disadvantages
for tissue engineering applications, above

Cell Adhesion & Migration

all their limited thickness, their small
pore size, and their planar 2D structure.
Various strategies have been applied to
overcome these disadvantages and to fab-
ricate nanofibers with huge pores and a
3D structure.

Systems combining insoluble fibers and

23 salt leaching,* ice

sacrificial co-fibers,
crystals,’ and photopatterning® have been
used to increase the pore size of prepared
nanofibers. Ultrasonification in an aque-
ous solution is another physical method
that has been used in the electrospinning
process to extend the thickness and the
porosity of the layer.” The application of
ultrasound resulted in increased scaffold
pore size and enhanced cellular infiltra-
tion and proliferation in vitro. In another
study, PLGA nanofibers with Degrapol®
(a bioresorbable polyurethane) as a sacrifi-
cial part of the system enabled deeper cell
penetration to the scaffold.®

In addition, systems employing pat
terned collectors have been wused to
increase the pore size. The use of classi-
cal non-patterned collectors results in
homogeneous distribution of the elec-
tric field and random orientation of the
nanofibers. Non-homogenous distribu-
tion of the electric field on the patterned
collector results in changed deposition of
the nanofibers, which correlates with the
local electric field intensity and is driven
by Coulombic forces.” Li et al.*" devel-
oped patterned static collectors consist-
ing of conductive and non-conductive
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bar 100 um.

Figure 1. Morphology of layers produced by Forcespinning® technology (A). Macroscopic view
of Sample 2 deposited by static deposition (B). Macroscopic view of Sample 3 deposited by vac-
uum assisted deposition (C). SEM morphology of Sample 1 (D), Sample 2 (E), Sample 3 (F). Scale

void spaces. Nanofibers were aligned
across a non-conductive void. Another
approach was introduced by Zussman
et al.'? They used a rotating table placed
on a rotating disc moving 90° between
the steps of deposition. The fibrous mesh
that was produced had a square “mesh”
orientation of the nanofibers, as the sec-
ond layer was oriented perpendicular to
the first layer. Another approach is based
on parallelization of the nanofibers.
Parallelizing the fibers increased the pore
size of the meshes without altering the
fiber diameter. For example, Zhu et al.”?
used a rotating frame cylinder for prepar-
ing a parallelized fibrous mesh. Vaquette
and Cooper-White" tested nanofibrous
meshes deposited on patterned collectors.
They found that increased pore size of a
patterned mesh enabled deeper cell pene-
tration to the scaffold. Recently, we intro-
duced a study® in which nanofibrous layers
prepared using a structured collector were
used as a scaffold for mesenchymal stem
cell (MSC) seeding. The structure of the
scaffold with increased pore size improved
the cell proliferation and, moreover, the
osteogenic differentiation of the cells, in
comparison with a non-structured layer.
A patterned surface with spots of different
surface mass density caused increased pore
sizes in the less dense areas. The pore sizes
were huge enough to enable MSCs to pen-
etrate through the fibrous layer. Migration

www.landesbioscience.com

of cells is very advantageous in bone tissue
engineering applications.

Interestingly, the knitted-like structure
of the fibrous mesh also improved the bio-
mechanical properties of the mesh, which
is of importance for tissue engineering of
skin or tendon.

Strategies to Increase the
Thickness of Electrospun Layers

In addition, various strategies were
used to increase the thickness of the
fibrous layers. One of the easiest ways to
produce 3D fibrous structures is with the
use of sequential or multilayering elec-
trospinning. Using these methods, elec-
trospun layers hundreds of microns in
thickness can be produced. Han et al.'®
prepared a multilayered electrospun layer
mimicking the ECM of the urinary blad-
der in a single-step process. Another way
is to modify simple electrospun layer by
bending, folding, or stacking. Chen et
al.” prepared nanofiber structures with
aligned or randomly oriented nanofibers.
They overlaid five cell-seeded layers, and
prepared two types of 3D scaffold, with
aligned or random orientation of the
nanofibers. An interesting method for
preparing thicker nanofibrous layer was
introduced by Shabani et al.'® They used
focused infrared irradiation during the
electrospinning process. The lamps were

Cell Adhesion & Migration
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arrayed in a manner such that their light
was focused on the last third of the top-
to-collector distance. As a result, a nano-
fibrous layer was prepared, which was 10
times thicker than the layer from conven-
tional electrospinning and showed a less
dense structure than when conventional
electrospinning was used. In addition,
special collectors were used to prepare 3D
nanofibers. A liquid bath was used as a
collector in an electrospinning technique
known as “wet electrospinning.” The
pore size and the thickness of the nanofi-
bers that were produced was dramatically
increased.” Blakeney et al.?* demonstrated
the use of a grounded spherical dish col-
lector with an array of needle-like probes.
The nanofibers that were prepared exhib-
ited a loosely packed 3D structure with a
ball-like morphology. The loose ball-like
morphology enabled cell penetration into

the scaffold.

Forcespinning as an
Alternative Method for
Producing 3D Nanofibers

Recently, Forcespinning® was intro-
duced as a novel method for producing
polymeric nanofibers. While electrospin-
ning is based on the electrostatic forces
between an electrically charged solution
and a collector with the opposite charge,
Forcespinning® uses a centrifugal force
to produce ultra-thin fibers. As a conse-
quence, Forcespinning® can prepare lay-
ers both from solutions and from melts.
This eliminates some limitations of elec-
trospinning, e.g., high electric voltage,
and the need to use dielectric solvents.
The Forcespinning® process has already
been described in detail elsewhere.?"??
The device for Forcespinning® is com-
posed of a spinneret loaded with a poly-
mer solution or a melt. While the fiber is
being produced, the polymer solution is
drawn from the orifice by rotating forces.
Subsequently, the solution is evaporated
from the fibers and they are deposited on a
collector. The main parameters influenc-
ing the Forcespinning® process are the
centrifugal force that is used, the viscos-
ity of the solution or melt, the diameter
of the collector, the radius of the orifice,
and solvent evaporation rate.”> A well-
balanced force must be used. It must be
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Figure 2. Proportional distribution of pore sizes determined from SEM stereological analysis. Different distributions of pore sizes were seen in the
samples. While proportional representations of pores were similar in samples prepared by classic deposition (Sample 1 [A] and Sample 2 [B]), smaller

high enough to overcome the surface ten-
sion of the solution or melt, but not too
high to form polymeric beads. Similarly,
the viscosity of the polymer solution has
to be chosen appropriately. If the viscosity
is high, the forces being used to draw the
fiber may not be strong enough to create a
jet. However, beads can be produced when
a solution with low viscosity is used. The
diameter of the orifice is also an impor-
tant factor in the process. A decrease in the
diameter of the orifice reduced the overall
diameter of the fibers. The orientation and
the geometry of the orifice also have effect
on fiber formation.?! Another important
parameter is the evaporation rate of the
solvents from the polymer solution. If the
evaporation rate of the solvent is too low,
the fibers may be converted into a thin
film as the layers build up on the collec-
tor and the fibers that are still wet merge.
If the evaporation rate is relatively high,
the elongation process of the polymer jet
is disturbed, and fibers of large diameter
are produced. The distance between the
spinneret and the collector, which is deter-
mined by the diameter of the collector, is
not as crucial as in electrospinning. The
critical distance is too short to enable the
fibers to be stretched. However, when this
critical distance is exceeded, the reduction
in fiber diameter with increasing distance
becomes minimal. The Forcespinning®
process enables relatively thick, fluffy
fibrous layers to be produced. Scaffolds of
this kind, with a highly porous 3D struc-
ture, are desired for tissue engineering
applications.

Forcespinning® produces a loose and
highly porous fibrous mesh. To the best
of our knowledge, no study has been
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Table 1. Description of prepared micro/nano-fibers

Sample 1 Sample 2 Sample 3
Solution 50% PCL 50% PCL 50% PCL
RPM 10 000 10 000 10 000
Orifice G20 G30 G30
Deposition . - . - -,
static deposition static deposition vacuum deposition
mode
in- +
Fiber thin-0.76 £ 0.21 um; t:l“nnth?cf)—; (3)613 thin-0.76 + 0.3 um;
diameter | thick-237+144um | "™ 2OF | thick-2.27 +1.12 um
1.03 um
Mean pore 64.5+119.2 421 +537 2084272
size (um?)
Maximal
pore size 1592.3 762.9 253.7
(um?)

published describing the interaction of
mesenchymal stem cells with Forcespun
nanofibers. We therefore performed a
preliminary experiment, in which scaf-
folds from PCL layers prepared by
Forcespinning® were seeded with MSCs
and visualized by confocal microscopy.
Forcespinning® of 40% (w/v) PCL in
chloroform:ethanol (volume ratio 9:1)
were processed using Cyclone 1000 L/M
Forcespinning® equipment with a metal-
lic plate with a G30 or G20 orifice with a
rotation speed of 10 000 RPM (Fig. 1A).
The samples were deposited either on a
stationary deposition system or with the
use of vacuum-assisted deposition. The
meshes that we produced had different
macroscopic and microscopic morpholo-
gies. While the bulk fiber mesh depos-
ited on the stationary deposition system
exhibited a loosely-packed 3D struc-
ture (Sample 1 and Sample 2 [Fig. 1A
and B], Forcespinning® conditions are

Cell Adhesion & Migration

listed in Table 1), the fibers deposited
by vacuum-assisted deposition exhibited
a packed “electrospinning-like” mor-
phology (Sample 3 [Fig. 1C]). The SEM
measurements (Fig. 1D-F) showed that
Forcespinning® resulted in the formation
of nano- and microfibers. The diameters
of the fibers for all samples were similar.
The thin nanofibers had mean diam-
eter of 0.76 pm, and the mean diameter
of thick microfibers was around 2.3 pm.
Stereological analysis showed differences
between studied groups. Sample 1 had the
biggest mean pore size (64.5 pm?) and the
biggest maximal pore size (1592.3 pm?).
The mean pore size of Sample 2 was
smaller (42.1 pm?); however, it still was
higher than Sample 3, which was depos-
ited using vacuum-assisted deposition
(29.8 pm?). All stereological data are
showed in Table 1. Proportional represen-
tation of pore sizes in the samples is shown
in Figure 2. The samples were sterilized
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Figure 3. Confocal microscopy of MSCs seeded on fibers scaffolds prepared by Forcespinning®. Cells were stained with DiOC6 (green color) and prop-
idium iodide (red color)—left column. Depth color projection was used to visualize distribution of the cells in scaffolds (right column). Cells penetrated
to the depth more than 200 um in scaffold Sample 1 (50% PCL, G20 orifice) (A and B) In the case of Sample 2—50% PCL, G30 orifice, classic deposition
(C and D); and Sample 3—50% PCL, G30 orifice, CVD (E and F) the penetration was considerably smaller. The micrograph shows in figures A, C, and E
mesenchymal stem cells stained with DiOC6 for membranes (green) and propidium iodide for nuclei (red). Figures B, D, and F represent color-coded
depth profile of cells on scaffolds.
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in 70% ethanol and seeded with porcine
mesenchymal stem cells (approximately 5.4
x 10° cells/cm?). In order to visualize the
penetration of the cells into the scaffolds,
on day 6 after cell seeding, the samples were
stained with DiOC and propidium iodide
and were visualized by confocal micros-
copy, as was described previously.” Briefly,
the samples were fixed in frozen methyl-
alcohol (-20 ° C) and incubated with the
fluorescent probe 3,3'-diethyloxacarbocya-
nine iodide (DIOC6; 0.1-1 pg/mL in PBS;
pH 7.4) and subsequently with propidium
iodide (PI; 5 pg/mL in PBS). A ZEISS
LSM 5 DUO confocal microscope was
used for visualizing the samples (PI: X__
= 561 nm, X_ = 630-700 nm; DiOCo6:
X =488 nm, X =505-550 nm). The
results of the study showed that the MSCs
on Sample 1 (50% PCL from G20 orifice
at speed 10 000 RPM) penetrated through
the scaffold to a depth greater than 250 pm
(Fig. 3B). This kind of deep cellular infil-
tration is sufficient for the formation of 3D
scaffolds. However, the cells on Sample 2
and Sample 3 did not penetrate deeper than
50 pm (Fig. 3D and F). This kind of pen-
etration is similar to the penetration in elec-
trospun nanofibers. On non-patterned 2D
PCL nanofibers, the cell infiltration depth
was 50 pm (Fig. 4B), while on patterned
3D nanofibers, the infiltration depth was
80 pm (Fig. 4D). The Forcespinning®
method is able to produce 3D constructs,
but the cell penetration is highly dependent
on pore size. In the case of samples with
high porosity and huge pores, the penetra-
tion rate overcame the electrospun nanofi-
bers. These preliminary results suggest that
Forcespun nanofibers have huge potential
for tissue engineering applications where
deep cell penetration is necessary. However,
the method is relatively new, and it is neces-
sary to carry out more detailed testing and
optimization in order to take full advantage

of the prepared scaffolds.

Conclusion

Electrospinning, a well-known
nanofiber fabrication technique, effi-
ciently form nanofibrous meshes from
various polymers. However, the classi-
cal deposition technique often suffers
from the formation of a fibrous mesh

with small pore size, resulting in poor
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Figure 4. Penetration of mesenchymal stem cells to electrospun nanofibers on day 7. Penetration
to non-patterned 2D nanofibers (A and B) and patterned 3D nanofibers (C and D). The micrograph
shows in figures A and C MSCs stained with DiOC6 for membranes (green) and propidium iodide for
nuclei (red). Figures B and D represents color-coded depth profile of cells on scaffolds.

cellular infiltration. Cellular infiltra-
tion is critical for the formation of 3D
tissue engineering constructs. Various
strategies to increase the mean pore size
and the thickness of the fibrous layer
have therefore been proposed in recent
years. Although the results of the stud-
ies are promising, the methods often
use a complex experimental setup and
their productivity is limited. However, a
novel method based on centrifugal spin-
ning may overcome these disadvantages.
Forcespinning® technology enables the
preparation of highly porous micro- and
nanofibrous layers with considerable
thickness. These properties are advan-
tageous for tissue engineering applica-
tions, where 3D structured fibers with
huge interconnected pores are necessary
to enable the cells to migrate and com-
municate. The properties, the thickness,
and the pore size of forcespun fibers are

Cell Adhesion & Migration

highly dependent on the device settings,
which makes this method easily scalable
for various applications.
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Nazev piihlasky vynalezu:

Kryt kiize nebo rany, ktery obsahuje
canabidiol a/nebo jeho derivit/derivaty,
polymerni nanovlikna a/nebo mikrovlikna
obsahujici canabidiol a/nebo jeho
derivat/derivity, a zpiisob vyreby
polymernich nanovliken a/nebo
mikrovliken obsahujicich canabidiol a/nebo
jeho derivat/derivaty

Anotace:

Vynalez se tyka krytu kiize nebo rany, ktery obsahuje
canabidiol a/nebo jeho derivat/derivaty, ktery je tvofen
nebo obsahuje vrstvu (1), kterd obsahuje nanovlakna
a/nebo mikrovlakna biologicky kompatibilniho
polymerw/polymerd, kterd obsahuje canabidiol a/nebo
jeho derivat/derivéty uloZeny na povrchu a/nebo

v materialu nanovlaken a/nebo mikrovlaken.

Y,




10

15

20

25

30

Kryt kize nebo rany, ktery obsahuje canabidiol alnebo jeho
derivat/derivaty, polymerni nanovlakna a/nebo mikrovlakna obsahujici
canabidiol a/nebo jeho derivat/derivaty, a zplsob vyroby polymernich
nanoviaken a/nebo mikrovlaken obsahujicich canabidiol a/nebo jeho

derivat/derivaty

Oblast techniky

Vynalez se tyka krytu k(ize nebo rany, ktery obsahuje canabidiol a/nebo

jeho derivat/derivaty.

Vynalez se dale tyka také polymernich nanovlaken a/nebo mikroviaken,

ktera obsahuji canabidiol a/nebo jeho derivat/derivaty.

Kromé& toho se vynalez tyka také zpusobu vyroby polymernich
nanovlaken a/nebo mikrovidken obsahujicich canabidiol a/nebo jeho

derivat/derivaty.

Dosavadni stav techniky

S rostouci intenzitou pouzivani konopi pro lékafské ugely, a stim
souvisejicim vyzkumem, se v posledni dobé postupné ukazuje, Ze fada lécivych
sloZek je, a to Gasto ve vét§im mnozstvi neZ v konopi indickém, obsazena take
v technickych odriidach konopi, jako napf. v konopim setém. Nejvyznamneéjsi
takovou slozkou je canabidiol (nebo také cannabidiol & CBD), coz je
kyselina acetylsalicylova) a bolest tlumicimi Gcinky, kterd méa velmi pfiznivy viiv
zejména na kozni problémy - zanéty, ekzémy (v&. atopického), akné,

opruzeniny, opary, lupénku, atd., pfipadné i na Ié€eni ran Ci popalenin.

V souéasné dob& se canabidiol a/nebo jeho derivat/derivaty
zapracovavaji do masti nebo gelll, které se pak aplikuji pfimo na postizené
misto a pfipadné i jeho okoli. Nevyhodou této formy aplikace je vSak to, Ze
mast, resp. gel, a ani samotné postizené misto nejsou nijak chranény proti
vn&j§im vlivim, takZe v/na masti/gelu mohou ulpivat neZadouci biologicke

a/nebo mechanické nedistoty, a soutasné se z ni/né miuze volné odparovat
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voda, v dusledku &ehoZz muze dochazet ke zméné jejich/ieho viastnosti a ke
zméné uvolfiovaného mnoZstvi canabidiolu a/nebo jeho derivatu/derivatu.
Krom& toho je mast/gel vystavena/vystaven nebezpeCi nezadouciho
nahodného otéru, takZe po aplikaci je obvykle nutné néjakou dobu pockat, nez
se alespoi urdita &ast masti/gelu vsakne do kuze, a pfipadny pfebytek pak
z kiize setfit. Pfi tomuto postupu se véak k/do mista poZadovaného plsobeni
dostane narazové pouze malé mnozstvi canabidiolu a/nebo jeho

derivatu/derivatil, a nedosahne se poZadovanych dlouhodobych G€inkd.

Z tohoto diivodu je cilem vynalezu navrhnout vhodny kryt kiize pro kryti
oblasti kiize s koznim problémem, napf. ekzémem, apod. nebo kryt rany pro
kryti rany (pfipadné i pooperacni), popaleniny, apod., ktery by obsahoval
canabidiol a/nebo jeho derivat/derivaty a umozZrfioval jeholjejich postupné a

dlouhodobé uvolfiovani k/do mista poZadovaného pUusobeni.

Podstata vynalezu

Cile vynalezu se dosahne krytem kiZe nebo rany, ktery obsahuje
canabidiol a/nebo jeho derivat/derivaty, jehoZ podstata spociva v tom, Ze je
tvofen nebo obsahuje vrstvu, kterd obsahuje nanovlékna a/nebo mikroviakna
biologicky kompatibilniho polymeru/polymerd, ktera obsahuje canabidiol a/nebo
jeho derivat/derivaty uloZzeny na povrchu a/nebo v materialu nanoviaken a/nebo

mikrovlaken.

Pfitom je vyhodné, pokud je biologicky kompatibilni polymer soutasné
biologicky degradovatelny, takZze se pii pouZiti krytu podle vynalezu rozpousti
plisobenim télnich tekutin nebo télniho prostredi, piicemZ se z né&j canabidiol

a/nebo jeho derivat/derivaty postupné uvolfiuje/uvolfiuji.

vvvvvv

Ve slozit&jsi varianté krytu kiiZze nebo rany podle vynalezu je vrstva, ktera
obsahuje nanovlakna a/nebo mikrovldkna biologicky kompatibilniho polymeru,
ktera obsahuje canabidiol a/nebo jeho derivat/derivaty smérem ke kQzi uZivatele
prekryta alespofi jednou pomocnou vrstvou prostupnou pro canabidiol a/nebo
jeho derivat/derivaty, nebo vytvofenou z biologicky kompatibilniho a biologicky
degradovatelného polymeru, ktera do jisté miry fidi uvolfiovani canabidiolu

a/nebo jeho derivatu/derivatd. Ve druhé varianté nemusi byt pomocna vrstva
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nutné vytvofena jako prostupna pro canabidiol a/nebo jeho derivat/derivaty, a
canabidiol a/nebo jeho derivat/derivaty ji pronikaji aZ po jejim naru$eni t&lnimi

tekutinami.

Pro praktické pouZiti kterékoliv varianty krytu kuZe nebo rany podle
vynalezu je dale vyhodné, pokud je vrstva, ktera obsahuje nanovlakna a/nebo
mikroviakna obsahujici canabidiol a/nebo jeho derivat/derivaty, uloZzena na
nosné vrstve, pfiéemz kterakoliv z vrstev krytu miZe byt opatiena adhezivem

pro pfipojeni ke kuZi uZivatele.

Vjiné varianté provedeni krytu k(ize nebo rany podle vynalezu je
canabidiol a/nebo jeho derivat/derivaty obsazen v jadru mikroviaken typu jadro-
plast, pfic¢emz plast téchto mikrovidken je vytvofeny z biologicky kompatibilniho
a biologicky degradovatelného polymeru, napf. polymeru ze skupiny poly-¢-
kaprolakton, polyvinylalkohol, kyselina mlé¢na, kopolymer polykaprolaktonu a
kyseliny mlé&né, kopolymer kyseliny mlécné a kyseliny polyglykolové. V této
varianté umozfiuje postupné rozpousténi plasteé mikroviaken uvolfovani

canabidiolu a/nebo jeho derivatu/derivatl z jadra.

Kryt kGize nebo rany pifitom mlZe byt vytvofen jako nebo mize
obsahovat vrstvu tvofenou pleteninu nebo tkaninou, kterd obsahuje prizi
tvofenou polymernimi nanoviakny, které ve svém materialu obsahuji canabidiol
a/nebo jeho derivat/derivaty, alnebo mizZe byt vytvofen nebo mize obsahovat
pleteninu nebo tkaninu z jadrové pfize, ktera ve svém plasti obsahuje polymerni
nanoviakna a/nebo mikrolvakna, které ve svém materialu obsahuji canabidiol

a/nebo jeho derivat/derivaty.

Cile vynalezu se dale dosadhne také polymernimi nanovlakny a
polymernimi mikrovlakny z biologicky kompatibilnino polymeru, ktera maji ve
své struktufe zakomponované molekuly a/nebo shluky molekul a/nebo
nanodastice canabidiolu a/nebo jeho derivatu/derivatl. Pfipadné polymernimi
mikrovlakny typu jadro-plast, ktera maji molekuly a/nebo shluky molekul a/nebo
nano&astice canabidiolu a/nebo jeho derivatu/derivati zakomponované ve
svém plasti a/nebo ve svém jadru, pficemz plast téchto mikroviaken je

s vyhodou vytvofen z biologicky degradovatelneho polymeru.
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Kromé toho se cile vynalezu dosahne také smési polymernich
nanoviaken a mikrovliaken z biologicky kompatibilnino polymeru/polymerd
v libovolném poméru nanoviaken a mikrovidken, u které maji polymerni
nanoviakna a/nebo mikrovidkna ve své struktufe zakomponované molekuly
a/nebo shiuky molekul a/nebo nanocastice canabidiolu a/nebo jeho

derivatu/derivatl.

Cile vynalezu se dale dosahne také zplsobem vyroby polymernich
nanovlaken a/nebo mikrovidken, jehoZ podstata spofiva vtom, Ze se vytvori
roztok pro zvlakiiovani, ktery obsahuje 8 az 25 % alespofi jednoho biologicky
kompatibilnino  polymeru nebo  kopolymeru rozpusténého v biologicky
kompatibilnim rozpoustédle a 0,1 az 25 % canabidiolu a/nebo jeho
derivatu/derivatil rozpusténého v etanolu, a ztohoto roztoku se elektrickym
nebo odstfedivym zvlakfiovanim vytvofi polymerni nanoviakna a/nebo
mikroviakna, ktera maji ve svém struktufe zakomponované molekuly a/nebo

shluky molekul a/nebo nanocastice canabidiolu a/nebo jeho derivatu/derivatu.

Vhodnym biologicky kompatibilnim polymerem je pfitom polymer ze
skupiny poly-g-kaprolakton, polyvinylalkohol, kyselina mlééna, kopolymer
polykaprolaktonu a kyseliny mié¢ne, kopolymer kyseliny mlééné a kyseliny

polyglykolové.

Pii pouziti poly-¢-kaprolaktonu pak roztok pro zviakrovani s vyhodou
obsahuje chloroform a etanol v objemovém poméru 7:3 az 9:1, s vyhodou 8:2,
canabidiol a/nebo jeho derivat/derivaty v hmotnostnim poméru vuci etanolu
1:100 az 1:1, s vyhodou 1:10, a 10 az 25 % hm. poly-e-kaprolaktonu. Pro
snizeni primérl vytvafenych vidken mizZe tento roztok dale obsahovat pridavek
aZ 15 % obj. kyseliny mravenci.

Pfi pouziti polyvinylalkoholu pak roztok pro zvlakiovani s vyhodou
obsahuje 8 az 16 % polyvinylalkoholu rozpusténého ve vodé a 0,1 az 15 %

canabidiolu rozpusténého v etanolu.

Vhodnou variantou elektrického zvlakhovani je elektrické zvidkfiovani
v elektrickych polich, ktera se prib&Zné vytvaii mezi alespori jednou
zvlakniovaci elektrodou, na kterou se pfivadi vysoke stfidavé elektrické napéti, a

ionty vzduchu/plynu v jeji blizkosti, nebot se pfi tomto zplsobu elektrickeho
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zvlakfiovani se dosahuje nejvy3si produktivity, a vytvafeny atvar nanovlaken je

mozné diky jeho specifické vnitini struktufe dale mechanicky zpracovavat.

Dalsi vyhodou variantou elektrického zvidkfiovani je koaxialni
elektrostatické zvlakiovani, pfi kterém se z roztoku pro zvlakfiovani
obsahuijiciho canabidiol a/nebo jeho derivat/derivaty vytvafi jadro a/nebo plast
mikroviaken. Ve vyhodné variant®¢ provedeni se plast mikroviaken vytvari
z biologicky kompatibilniho a biologicky degradovatelného polymeru, ze kterého
se b&hem jeho rozpousténi uvoliiuje canabidiol a/nebo jeho derivat/derivaty,
nebo ktery svym rozpusténim umoziiuje uvolfiovani canabidiolu a/nebo jeho

derivatu/derivatl z jadra mikroviaken typu jadro-plast.

Jadro mikroviaken se pfitom muZe vytvorit i z roztoku canabidiolu a/nebo
jeho derivatu/derivatt nebo oleje obsahujiciho canabidiol a/nebo jeho
derivat/derivaty.

Objasnéni vykrest

Na pfiloZzeném vykrese je na obr. 1 SEM snimek smési polymernich
nanovlaken a mikroviaken obsahujicich canabidiol, vytvofenych zpUsobem
podle vynalezu v pfiblizeni 1000x, na obr. 2 SEM snimek smési polymernich
nanoviaken a mikroviaken obsahujicich canabidiol, vytvofenych druhou
variantou zpUsobu podle vynalezu v pfiblizeni 5000x, na obr. 3 SEM snimek
smési polymernich nanovlaken a mikrovldken obsahujicich canabidiol,
vytvofenych tfeti variantou zplisobu podle vynalezu v pfiblizeni 10000x, na obr.
4 SEM snimek polymernich nanovldken obsahujicich canabidiol, vytvofenych
zplisobem podle vynalezu v pfiblizeni 10000x, na obr. 5 SEM snimek
polymernich nanoviaken obsahujicich canabidiol, vytvofenych zpisobem podie
vynalezu v pfiblizeni 3000x, na obr. 6 SEM snimek polymernich nanovlaken
obsahujicich canabidiol, vytvofenych zpUsobem podie vynalezu v pfiblizeni
2000x, na obr. 7 SEM snimek polymernich nanovlaken obsahujicich canabidiol,
vytvofenych zplsobem podle vynalezu v pfiblizeni 3000x, na obr. 8
schematicky znazornén prifez krytem rany v jedné varianté jeho provedeni, a

na obr. 9 prafez krytem rany v druhé varianté provedeni.
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Piikiady uskute¢néni vynalezu

Kryt klize pro kryti oblasti kiiZze s koznim problémem, napf. zanétem,
ekzémem, oparem, apod., nebo kryt rany pro prekryti rany (v€. pooperacni),
popaleniny, apod. podle vynalezu (obr. 8 a 9) je tvofen nebo obsahuje jako
jednu ze svych slozek nanovidkna a/nebo mikroviakna z biologicky
kompatibilniho a pfipadné i biologicky degradovateiného polymeru, kterd maji
ve své struktufe a/nebo na svém povrchu a/nebo ve svych meziviakennych
prostorech zakomponovany canabidiol a/nebo jeho derivat/derivaty. Tato
polymerni nanoviakna a/nebo mikrovidkna piitom mohou byt béhem své vyroby
zformovana do ploéné, nebo napf. postupem dle PV CZ 2013-244 prostorové
tvarované vrstvy 1, ktera je s vyhodou uloZzena na vhodné nosné vrstvé 2 -
nap¥. folii, filmu, textilii (napf. netkané textilii typu spunbond nebo meltblown,
apod.), nebo pfimo na nékterém ze v souasnosti znamych krytl kuze nebo
rany opatfenym adhezivem nebo bez néj, pfic¢emZ jsou orientovana smérem ke
kGzi uzivatele. Nosna vrstva 2 pfitom poskytuje t€mto polymernim nanovidkniim
a/nebo mikroviaknim pozadované mechanické vlastnosti pro snadnou
manipulaci s nimi, a soutasné je z vné&j§i strany chrani pfed mechanickym
poskozenim a pfipadné i nezadoucim strzenim z mista aplikace, pficemz vsak
sama jejich strZeni v pfipadné potfeby s vyhodou umoZiiuje. Polymerni
nanovlakna a/nebo mikrovldkna s canabidiolem a/nebo jeho derivatem/derivaty
mohou byt v pfipadé potfeby dopinéna polymernimi nanovlakny a/nebo
mikrovlakny s alespofi jednou jinou Gé&innou latkou, kterd plsobeni canabidiolu
a/lnebo jeho derivatu/derivatl vhodné podporuje nebo dopliiuje, nebo
polymernimi nanovlakny a/nebo mikrovidkny bez uginné latky. Tato polymerni
nanoviakna a/nebo mikrovidkna jsou rozptylena mezi nanovidkny a/nebo
mikrovlakny s canabidiolem a/nebo jeho derivatem/derivaty, a/nebo jsou ve
formé vrstvy uloZzena na nékterém z povrchil vrstvy 1 téchto nanovidken a/nebo
mikroviaken. Pro moznost fizeného uvolfiovani canabidiolu a/nebo jeho
derivatu/derivatl k/do mista poZzadovaného plsobeni mizZe byt vrstva 1
polymernich nanovldken a/nebo mikrovidken ze strany pfivracene ke kazi
uZivatele prekryta alespofi jednou pomocnou vrstvou 3 prostupnou pro
canabidiol a/nebo jeho derivat/derivaty. Tato pomocna vrstva 3 mlZe byt

tvofena napf. perforovanou folii, filmem, textilni nebo netextilni mfizkou, nebo
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vrstvou polymernich nanovidken bez aktivni latky, pfipadné s vhodnou aktivni
latkou, v&. canabidiolu a/nebo jeho derivatu/derivatd. V jiné varianté provedeni
je pomocna vrstva 3 tvofena biologicky kompatibilnim a soucasné biologicky
degradovatelnym polymerem, takze pii pouZiti krytu kuZe nebo rany se tato
vrstva 3 pusobenim télnich tekutin postupné rozpousti, ¢imz umoziuje do jisté
miry fidit uvolfiovani canabidiolu a/nebo jeho derivatu/derivatd. V této varianté
pak nemusi byt pomocna vrstva 3 nutné vytvofena jako prostupna pro
canabidiol a/nebo jeho derivat/derivaty, a canabidiol a/nebo jeho
derivat/derivaty ji pronikaji az po jejim naruseni.

Canabidiol a/nebo jeho derivat/derivaty se zpovrchu polymernich
nanovlaken a/nebo mikroviaken, a/nebo z jejich materidlu samovolné uvolfiuje.
V pfipadé, kdy jsou nanovldkna a/nebo mikroviakna vytvorena alespon
gastednd z biologicky degradovatelného polymeru, dochazi k uvolfovani
canabidiolu a/nebo jeho derivatu zejména v dUsledku degradace, resp. alespori

¢asteéného rozpusténi nebo rozpadu nanoviaken.

Vyhodou krytu kize nebo rany podle vynalezu je, Ze je pruzny a
tvarovatelny podle povrchu &asti téla, na kterou se aplikuje, coz umoziuje jeho
dokonaly kontakt s kiZi a velmi dobry pfestup canabidiolu a/nebo jeho
derivatu/derivatd z polymernich nanovidken a/nebo mikroviaken k/do mista
pozadovaného plsobeni, a sou€asné i to, Ze jeho vrstva 1 polymernich
nanoviaken a/nebo mikrovlaken v podstaté uzavie misto poZadovaného
plisobeni a pfipadné i jeho okoli proti vnéj§im vlivim a vytvofi vhodné prostredi
pro proces hojeni, nebot je v podstaté neprichozi pro vétsinu biologickych
nedistot (zejména bakterii) i mechanickych netistot (zejména prachu), avsak
souéasné prichozi pro vzdudny kyslik. Diky adhezivu nanesenému pfimo na
krytu k(ize nebo rany podle vynalezu - na vrstvé 1 nanoviaken a/nebo
mikroviaken obsahuijici canabidiol a/nebo jeho derivat/derivaty a/nebo na nosné
vrstvé 2, a/nebo diky dodate€nému pfekryti tohoto krytu pfi jeho aplikaci
prostfedkem s vrstvou adheziva a/nebo jinym prvkem pro fixaci k mistu
pozadovaného pUsobeni je mozné se s nim, na rozdil od aplikace masti nebo
gelu, ihned po aplikaci normainé pohybovat, bez nebezpeCi jeho setfeni,
piitemz canabidiol a/nebo jeho derivat/derivaty a pfipadné i dalsi aktivni latky

se z n&j mohou do mista poZzadovaného plsobeni prib&zné uvoliiovat po delSi
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dobu, takze se rychleji dosahne stejného nebo vyssiho ucinku jako pii aplikaci

masti/gelu, a tento uginek je dlouhodobéjsi.

Zplsob  vyroby polymernich  nanovidken a/nebo mikrovlaken
obsahujicich canabidiol a/nebo jeho derivat/derivaty, a potazmo i jedné varianty
krytu kiize nebo rany podle vynalezu, pak spoCiva v tom, Ze se nejprve vytvori
roztok pro zvlakiovani, ktery obsahuje canabidiol a/nebo jeho derivat/derivaty,
biologicky kompatibilni a pfipadné i biologicky degradovatelny a pro lékaiske
gely vhodny polymer (s vyhodou napf. poly-e-kaprolakton, polyvinylalkohol,
kyselinu mléénou, kopolymer polykaprolaktonu a kyseliny miééné, kopolymer
kyseliny mlé&né a kyseliny polyglykolové, apod. pfipadné smés alespon dvou
z nich, nebo smés alespofi jednoho biologicky degradovatelnéh a alespoii
jednoho biologicky nedegradovatelného polymeru), rozpoustédio nebo smés
rozpoustédel (s vyhodou napf. smés chioroformu a etanolu), pficemz nezaleZi
na poradi pfidavani jednotlivych slozek (mlZe se napf. smichat pfedem
piipraveny roztok biologicky kompatibilniho polymeru v chloroformu s pfedem
pfipravenym roztokem canabidiolu a/nebo jeho derivatu/derivatd v etanolu).
Takto pfipraveny roztok pro zvidkiiovani se nasledné zviakiuje libovolnym
znamym zplsobem elektrického nebo odstfedivého zvlakhovani, pficemz se dle
pouzité technologie, pfipadné kombinace technologii, a jejinoljejich nastaveni,
vytvaFi bud pouze polymerni nanovlakna nebo polymerni mikroviakna nebo
smés polymernich nanovlaken a mikrovidken, v jejichz polymeru jsou
zakomponovany molekuly a/nebo shluky molekul, pfipadné nanocastice
canabidiolu a/nebo jeho derivatu/derivatl. Nanovlakna a mikroviakna pfitom

mohou byt vytvofena ze stejného nebo z rozdilnych polymerd.

Vhodnym zplisobem pro vyrobu polymernich nanovlaken obsahujicich
canabidiol a/nebo jeho derivat/derivaty, je elektrostatické zviakiovani roztoku
pro zvlakiovani v elektrickém poli vytvofeném mezi alespori jednou zviakiovaci
elektrodou a alespoil jednou sb&mou elektrodou, na které se privadi vysoké
stejnosmémé napéti opacné polarity, nebo je jedna z nich uzemnéna.
Zvlakiiovaci elektroda pfitom miZe byt staticka (tvofena napf. jehlou, trubickou,
tryskou, nebo skupinou jehel, trubiCek nebo trysek, listou, strunou, apod.) nebo
pohybliva (tvofena napf. rotujicim podlouhlym télesem dle CZ 294274, diskem,

spiralou, prstencem, atd., ve sméru sve delky se pohybuijici strunou dle CZ
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300345, po kruhové draze se pohybujicimi strunami dle CZ 299549, previjenym
pasem dle CZ 2008-529, atd., pfi¢emZ se roztok pro zvlaknovani zvlaknuje z
povrchu této zvlakiovaci elektrody, resp. jejiho zvlaknovaciho prvku/prvk(). Pfi
pouziti té&chto technologii, které jsou komertné dostupné pod oznacenim
Nanospider™ (Elmarco) se dosahuje nejvy3si rovnomémosti vytvarené vrstvy 1

polymernich nanoviaken.

Jinym vhodnym zplsobem pro vyrobu takovych nanoviaken je napf.
elektrické zviakiovani dle CZ 304137, kdy se elektrické pole pro elektrické
zviakiovani vytvari mezi zvidkfovaci elektrodou, na kterou se pfivadi vysoké
stfidavé napéti, a ionty vzduchu a/nebo plynu vytvofenymi a/nebo pfivedenymi
do jejiho okoli. Podle aktudlni faze stfidavého napéti se pak na zvlakhovaci
elektrodé vytvaFi polymerni nanoviakna s opacnym elektrickym nabojem a/nebo
s Useky s opa&nym elektrickym nabojem, kterd po svém vzniku v dasledku
plisobeni elektrostatickych sil vytvafi objemovy utvar, ktery se volné pohybuje
ve sméru gradientu elektrickych poli smérem od zvlaknovaci elektrody. Dle
teoretickych srovnani dosahuje tato varianta aZ nékolikanasobné vysSiho
vykonu neZ varianty zalozené na pouziti vysokeho stejnosmérného napéti. Pri
tomto zplsobu elektrického zvldkiovani se piitom vytvafi objemovy utvar
nanoviaken, ktery bezprostiedné po opusténi zvidkfiovaci elektrody spliuje
definici aerogelu, tj. porézniho ultralehkého materialu. Diky pravidelné zméné
faze a polarity stfidavého napéti na zvlakiovaci elektrodé pfitom jednotliva
nanovlakna, nebo dokonce riizné Useky jednotlivych nanovlaken nesou riizné
elektrické naboje, v disledku &ehoz se téméF ihned po svém vzniku pusobenim
elektrostatickych sil shiukuji do kompaktniho objemového dtvaru, ve kterém
polymerni nanovlakna pravidelné méni sv(j smér a vytvali nepravidelnou
miizkovou strukturu vzajemné& hust& provazanych nanovidken. Diky teto
struktuie dosahuje tento Gtvar podstatné lepsich mechanickych parametrd, nez
jiné Gtvary nanovlaken, diky ¢emuz ho lze dale mechanicky zpracovavat
standardnimi textilnimi technologiemi, napf. je mozné mu udélit zakrut a vytvofit
z néj pfizi nebo nit. V CZ PV 2015-382 je pak popsan zpUsob vytvareni jadrové
pfize s vyuZitim objemového Utvaru pfipraveneho timto zplsobem elektrického

zvlakiovani, ktery se naviji na vhodné jadro ve tvaru Sroubovice.
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Pfi téchto postupech vyroby je vyhodné, pokud se polymerni nanovilakna
jiz béhem své vyroby nebo po ni ukladaji na material, ktery bude nasledné
slouzit jako nosna vrstva 2 pfipravovaného kozniho krytu nebo krytu rany,
nebot v takovém pfipadé se obé& vrstvy 1, 2 velmi dobfe spoji pfirozenou
adhezi, obvykle bez nutnosti pouZiti pojiva nebo dalsich technologickych krokd.
Pokud je to v8ak napi. vzhledem k uvaZovanému pouziti a/nebo charakteru
a/nebo materialu podkladu a/nebo polymernich nanoviaken vyhodné, je mozZné
ob& vrstvy 1, 2 (pfipadné vice vrstev tvoficich kozni kryt nebo kryt rany)

dodate&né pojit napf. tavnym nebo jinym lepidlem nebo jinak laminovat.

Z CZ 2009-797, resp. analogického EP2565302 a EP2504471 je dale
znamy zplisob vytvafeni linearnich atvard obsahujicich jadro, na kterém je
uloZen plast tvofeny nanoviakny, ktery je k jadru fixovan ovinem alespori jednou
kryci niti nebo tepelnou fixaci. Z tohoto linearniho atvaru, resp. jadrové pfize
Ize, stejné jako z jadrové pfize dle CZ PV 2015-382, vytvofit kryt kiZe nebo
rany, ktery bude tvofeny, nebo ktery bude obsahovat vrstvu tvofenou pleteninou
nebo tkaninou vytvofenou alespon Gastecné ztohoto linearniho utvaru, u
kterého je canabidiol a/nebo jeho derivat/derivaty ulozen v materialu

nanovlaken tvoficich plast jadrove prize.

Vhodnym zplisobem pro vyrobu mikroviaken obsahuijicich canabidiol
a/nebo jeho derivat/derivaty je pak elektrostatické zvlaknovani z trysky/trysek,
pfipadné koaxialni elektrostatické zvlaknovani z koaxialni trysky/trysek. Pfi
jejich vyrobé se pak vytvafi mikroviakna typu jadro-plast, pfitemz z roztoku pro
zvlakfiovani obsahujiciho canabidiol a/nebo jeho derivat/derivaty se vytvari
jadro a/nebo plast téchto mikroviaken. Ve varianté, kdy se zroztoku
obsahujiciho canabidiol a/nebo jeho derivat/derivaty vytvari jadro i plast
mikrovlaken, m(iZe byt obsah canabidiolu a/nebo jeho derivatu/derivatd v obou
slozkach mikroviaken stejny, nebo odligny, napf. mize byt v jadru mikroviaken
v&tsi. Plast a jadro t&chto mikrovlaken pfitom mohou byt vytvofeny ze stejného,

nebo naopak odliSného polymeru.

V ptipadé, kdy se zroztoku pro zviakiovani obsahujiciho canabidiol
a/nebo jeho derivat/derivaty vytvali pouze jadro mikrovlaken, je vyhodné, pokud
se jejich plast vytvafi z biologicky kompatibiiniho a soutasné biologicky

degradovatelného polymeru, takZe pfi pouziti krytu kGiZze nebo rany se tento
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plast pisobenim t&nich tekutin postupné rozpousti, ¢imz umoziiuje do jisté

miry Fidit uvolfiovani canabidiolu a/nebo jeho derivatu/derivattl z mikroviaken.

V dal$i variant& vyroby mikrovlaken obsahujicich canabidiol a/nebo jeho
derivat/derivaty typu jadro-plast se pro vytvofeni plasté téchto mikroviaken
pouzije roztok pro zviakfiovani biologicky kompatibilniho a sougasné biologicky
degradovatelného polymeru, ktery mlze ale nemusi obsahovat canabidiol
a/nebo jeho derivat/derivaty, a pro vytvofeni jadra téchto mikroviaken roztok
canabidiolu a/nebo jeho derivatu/derivatd napf. v alkoholu, nebo v jiném
rozpou$tédle, nebo jeho smés napf. s vhodnym olejem (napf. olivovym). PFi
tomto postupu se canabidiol a/nebo jeho derivat/derivaty uloZi v jadre
mikrovlaken, pfiéemZ pfi pouZiti téchto mikroviaken nebo krytu kize nebo rany,
ktery je obsahuje, dojde kjeho uvoinéni v dusledku degradace plaste

mikrovliaken pUsobenim télnich tekutin.

Pl pozadavku vyroby smési nanovlaken a mikrovidken je pak mozne
vhodnym zplUsobem nastavit technologii pro vyrobu nanovlaken nebo
mikroviaken, nebo tyto dvé technologie pro vyrobu smési s poZadovanym
podilem nanoviaken a mikroviaken vhodnym zplsobem kombinovat — viz napf.
zpUsob vyroby smési nanoviaken a mikrovidken dle CZ PV 2014-947, u kterého
se vytvaFi objemovy Gtvar tvofeny polymernimi nanovlakny, do kterého se
zanadeji polymerni mikrovidkna vytvofena technologii meltblown a/nebo
spunbond a/nebo elektrostatického zvlakiovani a/nebo jinou technologii pro

vyrobu mikrovlaken.

Kromé& elektrického zvlakfiovani je mozné pro vyrobu polymernich
nanoviaken, mikrovidken nebo jejich smési pouzit take odstfedivé zviakfovani,
kdy se roztok pro zvlakrovani, ktery obsahuje canabidiol a/nebo jeho
derivat/derivaty vytlaGuje odstfedivou silou zotvorl vytvofenych v plasti
rotujiciho t&lesa ve tvaru disku (napf. ve smyslu DE 102005048939) nebo valce
(napf. ve smyslu JP 2008127726).

Dle fady experimentl se jako vhodné sloZeni roztoku pro véechny typy
zvlakiovani jevi sloZeni, kdy tento roztok obsahuje chloroform a etanol
v objemovém poméru 7:3 az 9:1, s vyhodou 8:2, pfi¢emZ mlZze dale obsahovat

az 15 % obj. kyseliny mravenéi, kterd svou pfitomnosti zplUsobuje vytvareni
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nanovldken s mensim primérem, canabidiol a/nebo jeho derivat/derivaty
v hmotnostnim poméru vi&i etanolu 1:100 aZ 1:1, s vyhodou 1:10, a podil
polymeru dle jeho molekularni hmotnosti 10 az 25 % hm, pficemz se s vyhodou
nejorve rozpusti canabidiol a/nebo jeho derivat/derivaty v etanolu a do takto
vytvofeného roztoku se poté pfida chloroform a pote dany polymer/polymery,
pfipadné kopolymer. V pfipadé potfeby miZe roztok pro zvlaknovani obsahovat
dalsi pomocné slozky, napf. slozky, které zvySuji jeho elektrickou vodivost
a/nebo snizuji jeho viskozitu, &imz zvySuji jeho ochotu vytvafet nanovlakna
a/nebo mikrovlakna, jako napf. NaCl, tetrahydrofuran, anion &i kation aktivni

tenzid/tenzidy, apod.

Dal$i vyhodné sloZeni roztoku pro v8echny typy zviakiovani je slozeni,
kdy tento roztok obsahuje 8 az 16 % polyvinylalkoholu rozpusténého ve vodé a
0.1 az 15 % canabidiolu rozpusténého v etanolu. | vtomto pfipadé je mozné

tento roztok doplnit pomocnou slozkou/sloZzkami uvedenymi vyse.

V jinych variantach provedeni krytu kiize nebo rany podle vynalezu je
canabidiol a/nebo jeho derivat/derivaty uloZzeny na povrchu polymernich
nanovlaken a/nebo mikrovlaken z biologicky kompatibilniho polymeru (které
mohou, ale nemusi obsahovat canabidiol a/nebo jeho derivat/derivaty ve sve
struktufe), kam se nanese napf. ve formé disperze nebo roztoku napf. v lazni,

promyvanim, nastfikem, impregnaci, nebo povlakovanim, apod.

Minimalni mnoZstvi canabidiolu v polymernich nanoviaknech a/nebo
mikrovlaknech ve vdech variantach provedeni pro dosazeni lé€iveho ucinku je
0,1 % hm.

NiZe jsou pro nazornost popsany konkrétni pfiklad vyroby polymernich
nanovlaken a mikrovlaken, které obsahuji canabidiol zakomponovany ve své

struktufe, a na obr. 1 az 7 jejich SEM snimky.

Priklad 1

Smichanim chloroformu a etanolu vobjemovém poméru 8:2 s
canabidiolem v hmotnostnim poméru vigi etanolu 1:10 a poly-g-kaprolaktonu
s molekularni hmotnosti 45000 se vytvofil roztok pro zviakiovéani, ktery

obsahoval 16 % hm. poly-e-kaprolaktonu. Tento roztok se poté zviakroval
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elektrostatickym zvlakfovanim z povrchu testovaci zvlakfiovaci elektrody
tvofené elektricky vodivym hrotem, na kterou se pfivadélo napéti +18 kV, a proti
které byl uspofadan uzemnény kolektor pro uloZeni vytvarenych viaken.
Zvlakiiovani probihalo v atmosféfe vzduchu s relativni vihkosti 56 % a teplotou
23 °C.

Timto zplsobem se vytvofila smés polymernich nanoviaken a
mikrovlaken, pfigemZ nanovlakna i mikroviakna ve svém materialu obsahovala
molekuly, shluky molekul a nanocastice canabidiolu, jejiz SEM snimek je na
obr. 1.

Priklad 2

Smichanim chloroformu a etanolu v objemovém poméru 8:2, canabidiolu
v hmotnostnim poméru vig&i etanolu 1:10 a poly-e-kaprolaktonu o molekulové
hmotnosti 45000 se vytvofil roztok pro zviakfovani, ktery obsahoval 16 % hm
poly-e-kaprolaktonu. Ten se poté zviakiioval elektrostatickym zvlakfiovanim
z povrchu zvlakriovacich prvkd ve tvaru struny dle CZ 300345, na které se
ptivadélo napéti — 35 kV, proti kterym byla uspofadana sbérna elektroda
tvofena strunou, na kterou se pfivadélo napéti + 18 kV. Zvlakrfiovani probihalo
v atmosféfe vzduchu s relativni vihkosti 50 % pfi teploté 21 °C. Vytvarena
vlakna se pfitom ukladala na podklad tvofeny netkanou textilii, ktery byl

z prostoru zvlakfiovani odtahovan rychlosti 20 mm/min.

Timto zplGsobem se vytvofila smés polymernich nanoviaken a
mikrovlaken, pfig¢emz nanovlakna i mikrovidkna ve svém materialu obsahovala
molekuly, shluky molekul a nano&astice canabidiolu, jejiz SEM snimek je na
obr. 2.

Priklad 3

vews w

Pfi koaxialnim zvlakfovani se do vnéjsi stérbiny trysky pro koaxialni
zvlakfiovani davkoval roztok poly-g-kaprolaktonu ve smési chloroformu a
etanolu (9:1), s obsahem poly-e-kaprolaktonu 16 % hm., a do jeji stfedni

Stérbiny se davkoval olivovy olej obsahuijici 2,3 % canabidiolu, pficemz pomér
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materialu davkovaného do vné&jsi a vnitini §térbiny byl 2:1. Na trysku se pfitom
pfivadélo napéti + 15 kV, na kolektor tvofeny elektricky vodivou deskou
vzdalenou od ni 150 mm napéti — 30 kV, pficemz zvldkfovani probihalo

v atmosféfe vzduchu s relativni vinkosti 34 % pfi teploté 22 °C.

Timto zplsobem se vytvofila smés polymernich nanoviaken a
mikrovlaken, pfitemz nanovlakna i mikroviakna ve svém materialu obsahovala
molekuly, shluky molekul a nanotastice canabidiolu, jejiz SEM snimek je na
obr. 3.

Priklad 4

Smichanim chloroformu, etanolu a kyseliny mravenéi v objemovem
poméru 8:1:1, canabidiolu v hmotnostnim pomeéru viéi etanolu 1:10 a poly-¢-
kaprolaktonu o molekulové hmotnosti 45000 se vytvofil roztok pro zvlaknovani,
ktery obsahoval 10 % hm poly-e-kaprolaktonu. Tento roztok se zvlaknoval
stejné jako roztok v pfikladu 2. Timto zplsobem se vytvofila polymerni
nanovlakna, ktera ve svém materialu obsahovala molekuly, shluky molekul a
nanodastice canabidiolu, jejichz SEM snimek je na obr. 4.

Priklad 5

Smichanim chloroformu, etanolu a kyseliny mravenéi v objemoveém
pomeéru 8:1:1, canabidiolu v hmotnostnim pomeru vUci etanolu 1:10 a poly-¢-
kaprolaktonu o molekulové hmotnosti 45000 se vytvoril roztok pro zvlakiovani,
ktery obsahoval 15 % hm poly-e-kaprolaktonu. Tento roztok se zvlaknoval
stejné jako roztok v piikladu 2. Timto zplsobem se vytvofila polymerni
nanovlakna, ktera ve svém materialu obsahovala molekuly, shluky molekul a

nano&astice canabidiolu, jejichz SEM snimek je na obr. 5.

Pfiklad 6

Smichanim chloroformu, etanolu a kyseliny mravenéi v objemovem
poméru 8:1:1, canabidiolu v hmotnostnim poméru vidi etanolu 1:10 a poly-¢-

kaprolaktonu o molekulové hmotnosti 45000 se vytvoril roztok pro zvlakfiovani,
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ktery obsahoval 20 % hm poly-¢-kaprolaktonu. Tento roztok se zvlakfoval
stejné jako roztok v pfikladu 2. Timto zpUsobem se vytvofila polymerni
nanovlakna, ktera ve svém materialu obsahovala molekuly, shluky molekul a

nanoé&astice canabidiolu, jejichz SEM snimek je na obr. 6.

Priklad 7

Smichanim chloroformu, etanolu a kyseliny mravenéi v objemoveém
poméru 8:1:1, canabidiolu v hmotnostnim pomeéru vuéi etanolu 1:10 a poly-e-
kaprolaktonu o molekulové hmotnosti 45000 se vytvoril roztok pro zvlaknovani,
ktery obsahoval 25 % hm poly-e-kaprolaktonu. Tento roztok se zviakfoval
stejné jako roztok v piikladu 2. Timto zpUsobem se vytvofila polymerni
nanovlakna, ktera ve svém materialu obsahovala molekuly, shluky molekul a

nano&astice canabidiolu, jejichz SEM snimek je na obr. 7.

Priklad 8

Do 10,3 g 12% vodného roztoku polyvinylalkoholu se pfidalo 1,1 g 50%
roztoku canabidiolu v etanolu. Takto vytvofeny roztok pro zviakfiovani se
nasledné zvlakiioval stejnym zplsobem jako v piikladu 1, €¢imZ se vytvorila
smés nanovidken a mikrovldken, pfi¢emz nanoviakna i mikrovidkna ve svéem

materialu obsahovala molekuly, shluky molekul a nano&astice canabidiolu.
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PATENTOVE NAROKY

1. Kryt kGZe nebo rany, ktery obsahuje canabidiol a/nebo jeho
derivat/derivaty, vyznaéujici se tim, Ze je tvofen, nebo obsahuje vrstvu (1),
ktera obsahuje nanovlidkna a/nebo mikroviakna biologicky kompatibilniho
polymeru/polymert, ktera obsahuje canabidiol a/nebo jeho derivat/derivaty

uloZeny na povrchu a/nebo v materialu nanoviaken a/nebo mikroviaken.

2. Kryt kGize nebo rany podle néroku 1, vyznaéujici se tim, Ze biologicky

kompatibilni polymer je sou¢asné biologicky degradovatelny.

3. Kryt kiize nebo rany podle naroku 1, vyznaéujici se tim, Ze vrstva (1)
obsahujici nanovlakna a/nebo mikrovlakna biologicky kompatibilniho polymeru,
ktera obsahuje canabidiol a/nebo jeho derivat/derivaty, je smérem ke kuUZi
uZivatele prekryta alespoii jednou pomocnou vrstvou (3) prostupnou pro
canabidiol a/nebo jeho derivat/derivaty, nebo pomocnou vrstvou (3) vytvofenou

z biologicky kompatibilniho a biologicky degradovateiného polymeru.

4. Kryt kiize nebo rany podle naroku 1 nebo 3, vyznadujici se tim, ze
vrstva (1) obsahujici nanovlakna a/nebo mikroviakna obsahujici canabidiol

a/nebo jeho derivat/derivaty je z vnéjSi strany opatfena nosnou vrstvou (2).

5. Kryt kize nebo rany podle libovolného znarokd 1, 3 nebo 4,
vyznaéujici se tim, Ze vrstva (1) obsahujici nanovlakna a/nebo mikroviakna
obsahujici canabidiol a/nebo jeho derivat/derivaty, a/nebo nosna vrstva (2), je

opatfena adhezivem pro pfipojeni ke kizi uZivatele.

6. Kryt kiize nebo rany podle naroku 1, vyznacujici se tim, ze canabidiol
a/nebo jeho derivaty je obsaZen v jadru mikrovidken typu jadro-plast, pricemz
plast téchto mikroviaken je vytvofeny z biologicky kompatibilniho a biologicky

degradovatelného polymeru.

7. Kryt kiize nebo rany podle libovolného z pfedchazejicich narokl,
vyznaéujici se tim, Ze biologicky kompatibilnim polymerem je polymer ze

skupiny poly-e-kaprolakton, polyvinylalkohol, kyselina mlécna, kopolymer
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polykaprolaktonu a kyseliny miécné, kopolymer kyseliny mlééné a kyseliny

polyglykolové.

8. Kryt kiize nebo rany podle naroku 1, vyznaéuijici se tim, Ze je tvofeny,
nebo obsahuje pleteninu nebo tkaninu, kterd obsahuje pfizi tvofenou
polymernimi nanovlakny a/nebo mikrovlakny, ktera ve svem materialu obsahuji

canabidiol a/nebo jeho derivat/derivaty.

9. Kryt k(ize nebo rany podie néroku 1, vyznacuijici se tim, Ze je tvofeny,
nebo obsahuje pleteninu nebo tkaninu, ktera obsahuje jadrovou pfizi, ktera
obsahuje plast, ktery obsahuje polymerni nanovlakna, ktera ve svem materialu

obsahuiji canabidiol a/nebo jeho derivat/derivaty.

10. Polymerni nanovidkna z biologicky kompatibilniho polymeru,
vyznaéujici se tim, Ze maji ve své struktufe zakomponované molekuly a/nebo

shluky molekul a/nebo nanocastice canabidiolu a/nebo jeho derivatu/derivatd.

11. Polymerni mikrovlakna z biologicky kompatibilniho polymeru,
vyznaéuijici se tim, Zze maji ve své struktufe zakomponované molekuly a/nebo

shluky molekul a/nebo nanocastice canabidiolu a/nebo jeho derivatu/derivatu.

12. Polymerni mikroviakna typu jadro-pladt z biologicky kompatibilniho
polymeru/polymer(, vyznadujici se tim, Ze maji ve svem plasti a/nebo ve svem
jadru zakomponované molekuly a/nebo shluky molekul a/nebo nanocastice

canabidiolu a/nebo jeho derivatu/derivatd.

13. Polymerni mikrovlakna typu jadro-plast z biologicky kompatibiiniho
polymeru/polymer podle naroku 12, vyznacujici se tim, Ze jejich plast je
tvofen biologicky degradovatelnym polymerem nebo smési nebo kopolymerem

dvou takovych polymeru.

14. Smés polymernich nanovidken a mikroviaken z biologicky
kompatibilniho  polymeru/polymer(l, vyznaéujici se tim, Ze polymerni
nanovlakna a/nebo mikroviakna maiji ve své strukture zakomponované molekuly
a/nebo shluky molekul a/mebo nanotastice canabidiolu a/nebo jeho

derivatu/derivatu.
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15. Zplsob vyroby polymernich nanovlaken a/nebo mikroviaken,
vyznadujici se tim, Ze se vytvofi roztok pro zvidkfovani, ktery obsahuje
alesporl jeden biologicky kompatibilni polymer nebo kopolymer rozpustény
v biologicky kompatibilnim rozpoustédle a 0,1 az 25 % canabidiolu a/nebo jeho
derivatu/derivattl rozpusténého v etanolu, a ztohoto roztoku se elektrickym
nebo odstfedivym zvlakfiovanim vytvofi polymerni nanoviakna a/nebo
mikroviakna, ktera maji ve svém struktufe zakomponované molekuly a/nebo

shluky molekul a/nebo nano&astice canabidiolu a/nebo jeho derivatu/derivatu.

16. Zplsob podle naroku 15, vyznacujici se tim, Ze biologicky
kompatibilnim polymerem je polymer ze skupiny poly-e-kaprolakton,
polyvinylalkohol, kyselina milééna, kopolymer polykaprolaktonu a kyseliny

mlé&né, kopolymer kyseliny mlécné a kyseliny polyglykolové.

17. Zpusob podle naroku 15, vyznacujici se tim, Ze roztok pro
zvlakiovani obsahuje chloroform a etanol v objemovém poméru 7:3 aZz 9:1,
canabidiol a/nebo jeho derivat/derivaty v hmotnostnim poméru vigi etanolu
1:100 az 1:1, a 10 aZ 25 % hm. poly-e-kaprolaktonu, a z tohoto roztoku se
elektrickym nebo odstfedivym zviakiovanim vytvofi polymerni nanoviakna
a/nebo mikrovliakna, kterd maji ve svém struktufe zakomponované molekuly
a/nebo shluky molekul a/nebo nanocastice canabidiolu a/nebo jeho

derivatu/derivat(.

18. Zpusob podle naroku 17, vyznacujici se tim, Ze roztok pro
zvlakiovani, obsahuje chloroform a etanol v objemovém pomeéru 8:2 a
canabidiol a/nebo jeho derivat/derivaty v hmotnostnim poméru vici etanolu
1:10.

19. Zplisob podle naroku 17 nebo 18, vyznaéujici se tim, Ze roztok pro

zviaknovani dale obsahuje az 15 % obj. kyseliny mravenci.

20. Zpusob podle naroku 15, vyznaéujici se tim, Ze roztok pro
zvlakiovani obsahuje 8 az 16 % polyvinylalkoholu rozpusténého ve vodé a 0,1

aZ 15 % canabidiolu rozpusténého v etanolu.
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21. Zptisob podle libovolného z narokil 15 az 20, vyznaéuijici se tim, ze
roztok pro zvlakfiovani se zvlakiuje elektrickym zvlakfiovanim v elektrickych
polich, ktera se prlib&zné vytvali mezi alespofi jednou zvlakiovaci elektrodou,
na kterou se pfivadi vysoké stfidavé elektrické napéti, a ionty vzduchu/plynu

v jeji blizkosti.

22. ZpUsob podle libovoiného z narokil 15 az 20, vyznaéujici se tim, ze
roztok pro zvlakfiovani se zviakiuje koaxialnim elektrostatickym zvlakfiovanim,
pficemz z roztoku pro zvidkiovani obsahujiciho canabidiol a/nebo jeho

derivat/derivaty se vytvafi jadro a/nebo plast mikroviaken.

23. Zplsob podle naroku 22, vyznaéujici se tim, Ze plast mikroviaken
se vytvafi z biologicky kompatibilniho a biologicky degradovatelného polymeru.

22. Zpusob podle naroku 18, vyznaéujici se tim, Ze polymerni
mikrovlakna obsahujicim canabidol a/nebo jeho derivat/derivaty se vytvari
koaxialnim elektrostatickym zvlakrnovanim, pfi kterém se plast mikroviaken
vytvafi zroztoku biologicky kompatibilniho a biologicky degradabiiniho
polymeru, a jadro t&chto mikroviaken se vytvafi z roztoku canabidiolu a/nebo
jeho derivatu/derivati nebo oleje obsahujiciho canabidiol a/nebo jeho
derivat/derivaty.
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This study describes the production, testing and characterization of biodegradable scaffolds for bone
tissue, which consist of the exact ratio of meltblown microfibers and nanofibers produced through the
electrostatic field. All fibrous materials were produced from polycaprolactone. Three kinds of materials
were prepared in the experiment with the same area density and with different well-defined ratio of
microfibers as a mechanical component and nanofibers as a cells adherent component. All prepared
materials showed optimum porosity of the inner structure for cell proliferation and in comparison to the
materials with nanofibers they had good mechanical properties. Important structural properties and
homogenity of each material were observed by electron microscopy and analyzed by image analysis. The
effect of various ratios of microfibers and nanofibers on adhesion and proliferation of osteoblasts in-vitro
was characterized.

Nanofibers
Tissue engineering
Polycaprolactone

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Electrospinning is a technology used for the production of
polymer nanofibrous materials from polymer solutions or melts.
This technique is thoroughly described in literature [1] and the
nanofibrous materials prepared by electrospinning are suitable for
tissue engineering as scaffolds [1,2]. The structure of nanofibrous
mats is appropriate for cell adhesion and proliferation [2-4].
However, mechanical properties of these mats are often not ade-
quate. The mechanical properties can be improved by a combi-
nation of electrospinning with another nonwoven technology
which produces microfibers, typically 1-7 um in diameter [6]. The
meltblown technology produces fibers from polymer melt by ex-
trusion through a die with small orifices [5].

This article is based on our previous research [7], where the
basic development of the first composite materials for bone tissue
engineering had been presented. These materials consist of na-
nofibers and microfibers with confirmed mechanical functionality
and with excellent performance properties for cell proliferation
[8-10]. The aim of this follow-up study is to describe the rate of
cell viability, depending on the ratio of micro and nanofibers in the
composite. The results have shown that the cell viability increases
with the increasing content of nanofibers in the composite while

* Corresponding author.
E-mail address: erben.jaakub@gmail.com (J. Erben).

http://dx.doi.org/10.1016/j.matlet.2016.02.147
0167-577X/© 2016 Elsevier B.V. All rights reserved.

maintaining the required structural properties. Based on the ob-
tained results we can therefore determine the critical value of the
smallest possible content of nanofibers in the composite. On the
other hand, the composite shows mechanical instability beyond
this critical value of nanofibers.

2. Experimental part
2.1. Materials

Poly-e-caprolactone (PCL; Mw 45,000; Sigma Aldrich), absolute
ethanol (Penta Chemicals) and chloroform (Penta Chemicals) were
used for the composite materials production.

2.2. Scaffold fabrication

Solution of 16 wt% polycaprolactone (PCL) in chloroform/etha-
nol (9:1) was prepared for the electrospinning process. The
scheme of the production equipment set-up in optimal conditions
is shown in Fig.1. The set-up was composed of a meltblown device
(J&M Laboratories), an electrospinning device (a multi needle
spinner and a countervailing pressure cylinder) and computer-
controlled pumps. The meltblown extruder screw rotated at 3-
15 rpm for 30-120 min, respectively (depending on the ratio of
micro- and nanofibers in the sample). 100 g of polymer per sample
was always extruded. Air velocity was 20 ms~! at 200 mm from a
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Temperature [°F] 176 250 300 340 340 370
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Fig. 1. The scheme of the combination of meltblown technology and electrospinning: the scheme of the overall set-up (A); detail of the multi needle spinning electrode (B); the
meltblown die and extruder with heating zones - the optimal temperature set-up (C); the detail of meltblown die (D); the device proportion description in millimeters (E).

meltblown die. The meltblown die length was 100 mm. The needle
spinner had adjustable spacing and a number of needles. There
were 10 needles with a diameter of 1.2 mm with the spacing of
25 mm. The polymer dosage was 70 ml/h. The spinner was
charged up to 35 kV positive and the collector 20 kV negative.
Fibers were deposited on an intercepting drum collector which
rotated at 4 rpm. The study compares three materials containing
nanofibers with the numerical ratio in the composite: 1) 26%
(ME26); 2) 55% (ME55); 3) 71% (ME71). The ratio represents the
number of nanofibers relative to the total number of all fibers
(micro and nano). The ratio was calculated from three SEM images
for each sample. The ratio of micro and nanofibers in the com-
posite was only influenced by changing the meltblown extruder
rotation speed. Production and structural variables for all three
created samples are shown in Fig. 2. During all experiments, the
ambient temperature and relative humidity were set to 23 °C; 45%.

A: 1 - drum collector, 2 - composite fiber layer, 3 - multi
needle spinner, 4 - airstream with fibers, 5 - needle collector, 6 -
meltblown die, 7 - pumps, 8 - extruder, 9 - high voltage sources,
10 - hopper, 11 - transmission, 12 - engine.

2.3. Morphology characterization

The dry samples were sputter coated with gold (5nm) and
observed by a scanning electron microscope (SEM, TescanVega
3SB). The biocompatibility of the material, cell proliferation and
ability of the cells to migrate into the structure of scaffold were
tested in-vitro by means of MG-63 osteoblasts.

2.4. In-vitro testing of MG-63 osteoblasts

Human osteoblasts-MG63 (ATCC) were maintained in EMEM
(ATCC) with 10% (v/v) FBS (Lonza) and 1% penicillin/streptomycin/
amfotericin B (Lonza). The cells were cultivated in the incubator
(37 °C/5% CO,). The medium was changed 3 times a week. The
second passage culture was used for the experiments.

2.5. Sample preparation, cell seeding

The discs of a diameter of 15 mm and thickness of 5 mm were
cut from prepared layers. Discs were sterilized (70% ethanol,
30 min) and washed in PBS (pH 7.4) prior to the cell seeding.
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MES5

ME71

ME26 MES5 ME71
Production time [min] 30 60 120
Speed of extruder screw [rpm] 15 75 L ¥ §
Average pore diameter [um] 87.9+2934 | 48.1x141.7 | 35.5%90.2
Nanofibers volume fraction [%] 0.5 1 2
Nanofibers numerical fraction [%] 26 55 Fk
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Fig. 2. The upper part - scaffold contour for all three tested materials observed by a projector, the scale bars are 10 mm long. The middle part-scaffold morphology observed
by SEM scale bar is 20 um. The lower part describes the production and structural variables for all three created samples.

MG63 cells were seeded (1*10° cells per sample) on scaffolds
placed in 24-well tissue culture plates.

2.6. MTT assay for the cell proliferation

Cell proliferation was monitored after 1, 7, 14 and 21 days by
MTT assay. A 250 pl of MTT solution (2 mg/ml in PBS pH 7.4) was
added to 750 pl of a medium (EMEM) and incubated with a
sample for 3 h at 37 °C/5% CO,. Formazane crystals were solubi-
lized with isopropyl alcohol. Absorbance of the formazane solution
was measured at 570 nm (ref. wavelength at 650 nm).

2.7. Microscopy analysis (SEM and fluorescence)

After day 1 and 21 after the cell seeding, the cell-cultured
scaffolds were processed for microscopy analysis. The scaffolds
were fixed by 2.5% glutaraldehyde and dehydrated with upgrading
concentrations of ethanol (60-100%). The samples were analyzed
by SEM (TescanVega 3SB) and image analysis software (NIS Ele-
ments, Nikon). For fluorescence microscopy (FM) the cells were
fixed in ice - cold methanol for 15 min at 4 °C, washed in PBS and
stained with propidium iodide for 15 min in the dark. Then the
samples were washed in PBS and analyzed by means of a fluor-
escence microscope (NICON Eclipse). Splitting of the samples into
halves allowed us to observe the cell behavior inside the materials.

3. Results and discussion

Each sample had the same area density of 250 g~ 2. When the
density of PCL is 1.145 g cm 3 and the thickness of all three ma-
terials was 5 mm with the same 95% porosity. Morphology char-
acteristics of the materials (fibers and pores diameters) were
studied by SEM. The produced fibrous structures (Fig. 2) were
analyzed by the image analysis software. Overall, the average
electrospun fiber diameter was 701 + 227 nm and the meltblown
fibers diameter was 7.1 + 4.9 um in all samples. The volume frac-
tion of nanofibers in all three materials was compared with micro
fibers, these fractions were 0,5%, 1% and 2%. The numerical ratios
of nanofibers and microfibers were 26%, 55% and 71%. The contour
projection of samples ME55 and ME71 (Fig. 2) showed very good
shape integrity of these two samples in comparison to the sample
ME26, which was disintegrated to layers of irregular thickness. The
sample ME26 with the numerical ratio of the nanofibers of 26%
was thus unsuitable in terms of mechanical properties (Fig. 3).

3.1. In-vitro tests

The images from FM showed a similar degree of adhered cells
on the first day of testing. From the 7th to 21st testing day the
sample with the highest ratio of nanofibers (ME71) showed the
highest rate of cell proliferation. Generally, microscopy shows that
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Fig. 3. FM images (upper part) of MG-63 cells on the materials (external view) on days 1, 7, 14 and 21. Images from a FM composed of 100 images was captured by a
motorized microscope stage with a changing focus in the z axis of the 1 um distance, the scale bar was 100 pm. FM images of MG-63 cells on the inner surface of the tested
materials on day 21 (day 21 included) are presented here as basic views. Cell proliferation on the scaffolds was determined by MTT assay (lower part).

together with the increasing ratio of nanofibers in the composite
the cell proliferation and confluence colonization of material in-
crease as well. Proliferation into the inner structure was observed
mainly from the edges into the center of the materials, and was
similar in extent for all tested samples. The results from MTT assay
showed contradictory results compared to the microscopy of the
ME26 sample, where this material showed the highest cell viabi-
lity. However, this was caused by shape disintegration. The sam-
ples made from this material were disintegrated to individual
layers with different thickness. In comparison with other samples,

these layers provided a higher surface area for cell proliferation.
Therefore, the results from MTT assay for material ME26 should be
taken as relevant.

4. Conclusion
Various materials with controllable ratio of micro and nanofi-

bers and their manufacturing technology have been developed. In
this article we have demonstrated the beneficial effect of the
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increasing ratio of nanofibers in the composite on the cell pro-
liferation. The critical limit of the minimal ratio of nanofibers in
the composite has been determined. The composite with lower
nanofiber content disintegrates. On the basis of these results from
in-vitro testing, we propose the ME71 composite as most suitable
for bone tissue engineering. Further studies will include in-vivo
tests and tests of manufacture reproducibility.
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Zpisob a zaFizeni pro vyrobu textilniho kompozitniho materiilu obsahujiciho polymerni
nanovlikna, textilni kompozitni material obsahujici polymerni nanovlakna

Oblast techniky

Vynélez se tyka zpiisobu pro vyrobu textilniho kompozitniho materialu obsahujiciho polymerni
nanovlékna.

Vynalez se dale tyka také zafizeni pro vyrobu textilniho kompozitniho materialu obsahujiciho po-

lymerni nanovlakna. Kromé toho se vynalez dale tyka také tohoto textilniho kompozitniho mate-
rialu obsahujiciho polymerni nanovlakna.

Dosavadni stav techniky

Do soucasné doby bylo vyvinuto nékolik postupti pro vyrobu nanovlaken, tj. vlaken o priiméru
pod 1 mikrometr, které jsou zaloZeny na riiznych fyzikalnich nebo chemickych procesech. Nej-
vyznamnéj§im z nich, a v soudasné dobé také jedinym, ktery je schopen vyrabét nanovlakna
v primyslovém méFitku, je elektrostatické zvlaknovani vyuzivajici stejnosmérné napéti, pfi kte-
rém se nanovlakna formuji silovym pisobenim elektrického pole vytvofeného mezi alespori jed-
nou sbérnou elektrodou a alespoti jednou zvlakiovaci elektrodou z roztoku nebo taveniny poly-
meru. PFitom je vyhodné, pokud je zvlakilovaci elektroda tvofena télesem protahlého tvaru —
napt. dle CZ 294 274, nebo pokud obsahuje protdhly zvlakiiovaci prvek/prvky — napi. dle
CZ 299 549 po kruhové draze se pohybujici nebo dle CZ 300 345 statickou nebo ve sméru své
délky se pohybujici strunu, atd., a roztok nebo tavenina polymeru se zvlakiiuje z povrchu této
zvlakiiovaci elektrody, resp. jejiho zvlakilovaciho prvku/prvki, nebot’ v takovych ptipadech se
dosahuje nejvyss§i rovnom&rnosti vytvarené vrstvy polymernich nanovlaken.

V CZ 304 137 pak byla navrzena modifikace tohoto procesu, u které se elektrické pole pro elek-
trostatické zvlakiiovani vytvaii mezi zvlakiiovaci elektrodou, na kterou se piivadi stfidavé napéti,
a ionty vzduchu a/nebo plynu vytvofenymi a/nebo pfivedenymi do jejiho okoli. Podle aktualni
faze stfidavého napéti se pak na zvlakiiovaci elektrodé vytvafi polymerni nanovlakna s opatnym
elektrickym nabojem a/nebo s Gseky s opaénym elektrickym nabojem, kterd po svém vzniku
v ditsledku pisobeni elektrostatickych sil vytvaii objemovy utvar, ktery se voln¢ pohybuje ve
sméru gradientu elektrickych poli smérem od zvlaknovaci elektrody. Dle teoretickych srovnani
dosahuje tato varianta az nékolikanasobné vy3siho vykonu nez varianty zaloZené na stejnosmer-
ném napéti.

Kromé téchto postupl zaloZenych na vyuzZiti silového pasobeni elektrického pole je dale znamy
také zptsob pro vyrobu nanovlaken zalozeny na vyuZiti odstredivé sily, kdy je roztok nebo tave-
nina polymeru vytladovan/vytlacovana odstfedivou silou z otvortli vytvotenych v plasti rotujiciho
télesa ve tvaru disku (viz napt. DE 102005048939) nebo vaélce (viz napt. JP 2008/127 726).

Nevyhodou nanovlaken vytvarenych kterymkoliv z vySe popsanych postupl je to, Ze je nelze
diky jejich velmi nizké pevnosti a soudrznosti vyuzit samostatng, a vzdy je nutné je, obvykle jiz
béhem vyroby, ukladat na vhodné podpiirné materialy (napf. textilii, papir, kovovou nebo plasto-
vou folii nebo mfizku, apod.), které jim poskytuji pozadované mechanické vlastnosti, aviak
soucasné svou pritomnosti znacn¢ omezuji jejich redlné vyuziti. Bez ulozeni na podkladovy
material, pfipadné po sejmuti z n¢j, se nanovldkna diky svému velkému mérnému povrchu
(obvykle jesté v kombinaci se zbytkovym elektrickym nebo elektrostatickym nabojem) a z toho
vyplyvajici vysoké adhezi samovolné shlukuji a velmi ochotné ulpivaji na okolnich pfedmétech,
takze manipulace s nimi a jejich pfipadné vyuziti, je diky tomu zna¢n¢ problematické. Pokud se
pak tyto shluky pouZiji pro pfipravu kompozitnich materiali, nezarucuji vytvofeni struktur
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s obvykle pozadovanym rovnomérnym rozlozenim nanovlaken, a tedy ani s rovnomérnym rozlo-
Zenim vlastnosti, resp. parametra.

Cilem vynalezu je navrhnout zplsob pro vyrobu textilniho kompozitniho materialu, ktery by
obsahoval polymerni nanovilakna a dalsi slozku/slozky, kterd/které by tomuto materialu poskyto-
valy pozadované mechanické vlastnosti a morfologii, aniz by vSak svou pfitomnosti omezovaly
realné vyuziti tohoto materialu, specifickych vlastnosti nanovlaken, nebo pfistup k nanovlakniim.

Kromé toho je cilem vynalezu navrhnout zafizeni k provadéni tohoto zpiisobu a textilni kompo-

zitni material, ktery by obsahoval nanovlakna a pfitom mél vhodné mechanické vlastnosti pro
praktické vyuziti.

Podstata vynalezu

Cile vynalezu se dosahne zplisobem vyroby kompozitniho textilniho materialu obsahujiciho poly-
merni nanovlakna, pfi kterém se alespoi jednim zvlakniovacim prvkem (na principu odstredivého
zvlaknovani nebo elektrického zvlakiovani) vytvari objemovy atvar tvofeny polymernimi nano-
vlakny, ktery se uklada na povrch kolektoru, na ktery se soucasné ukladaji také mikrovlakna vy-
tvofena technologii meltblown a/nebo spunbond a/nebo elektrostatického zvlakiiovani a/nebo
jinou technologii pro vyrobu mikrovlaken. Pfitom na povrchu kolektoru vznika kompozitni textil-
ni material, ktery kombinuje vyhodné vlastnosti polymernich nanovlaken — zejména jejich velky
mérny povrch, vysokou sorpéni kapacitu, mikronové ¢i submikronové mezivlakenné prostory,
apod. s vyhodnymi mechanickymi vlastnostmi mikrovlaken, diky ¢emuz je mozné s nim velmi
dobie manipulovat nebo ho dale zpracovévat.

Objemovy Utvar tvofeny polymernimi nanovlakny a mikrovlakna se pfitom na povrchu kolektoru
ukladaji navzijem nezavisle, nebo se objemovy utvar tvofeny polymernimi nanovldkny pied ulo-
Zenim na povrchu kolektoru paralelizuje mezni vrstvou vytvofenou proudem vzduchu nebo plynu
nesouciho nebo usmérfiujiciho mikrovlakna s témito mikrovlakny, pfi¢emz v obou pfipadech se
polymerni nanovlakna a mikrovlakna na povrch kolektoru ukladaji do samostatnych, stfidajicich
se, vrstev.

V jiné varianté tohoto zpisobu se do objemového utvaru tvofeného polymernimi nanovlakny
pied jeho uloZenim na povrchu kolektoru zanasi mikrovlakna vytvofena technologii meltblown
a/nebo spunbond a/nebo elektrostatického zvlakiiovani. V takovém ptipadé se polymerni nano-
vlakna zachytdvaji a ukladaji na povrchu mikrovldken a spojuji se s nimi, ¢imZ se vytvari smés
polymernich nanovlaken a mikrovléken, ktera se poté uklada na kolektor nebo se odvadi do mista
jejiho dalsiho zpracovani a/nebo vyuZiti.

Kromé toho se cile vynalezu dosahne také zafizenim pro vyrobu textilniho kompozitniho mate-
rialu obsahujiciho polymerni nanovlakna, které obsahuje alespoii jeden zvlakiiovaci prvek pro
vyrobu objemového utvaru tvoreného polymernimi nanovlakny, jehoz podstata spociva v tom, Ze
do prostoru vyroby polymernich nanovlaken a/nebo formovéani objemového utvaru tvofeného
polymernimi nanovlakny je vyisténa alespoii jedna tryska zafizeni pro vyrobu mikrovléken tech-
nologii meltblown a/nebo spunbond a/nebo elektrostatického zvlakiiovani a/nebo jinou technolo-
gii pro vyroby mikrovlaken.

V jedné varianté je pak proti trysce/tryskam zafizeni pro vyrobu mikrovlaken technologii melt-
blown a/nebo spunbond a/nebo elektrostatického zvlakiiovani a/nebo jiného zpisobu vyroby
mikrovlaken na opaéné strané zvlakfiovaciho prvku/prvki uspofadan pohyblivy nebo staticky
kolektor pro uloZeni vytvofeného kompozitniho textilniho materidlu obsahujiciho polymerni
nanovlakna, nebo odvod vytvotreného kompozitniho textilniho materidlu obsahujiciho polymerni
nanovlakna.
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Kolektor je pak s vyhodu vytvofeny jako elektricky vodivy, pfi¢emz je uzemnény, takze umozZiu-
je odvod elektrického naboje z polymernich nanovlaken a/nebo mikrovlaken, nebo je propojeny
se zdrojem elektrického napéti o opatné polarité nez tryska/trysky zafizeni pro vyrobu mikrovla-
ken, v diisledku ¢ehoz jsou k nému mikrovlakna a pfipadné vytvofena smés polymernich nano-
vldken a mikrovlaken pfitahovana.

V jiné varianté provedeni obsahuje kolektor elektricky vodivé prvky vzajemné oddélené elektric-
ky nevodivymi prvky nebo vzduchovymi mezerami, pfi¢emz tyto elektricky vodivé prvky jsou
uzemnéné, nebo jsou alespoti nékteré z nich propojené se zdrojem elektrického napéti o opacné
polarité nez tryska/trysky zafizeni pro vyrobu mikrovlaken. Mikrovldkna a/nebo nanovlikna se
pfitom s vyhodou formuji kolmo na tyto elektricky vodivé prvky.

V nékterych piipadech je pro dosaZeni poZadovaného pohybu polymernich nanovliken a/nebo
mikrovldken nutné, aby byl prostor ve sméru pohybu mikrovlaken za pro vzduch prichozim
kolektorem, a/nebo vnitini prostor dutého kolektoru s pro vzduch priichozim plastém, propojen se
zdrojem podtlaku. Pfipadné¢ miZe byt na opa&né strané zvlaktiovaciho prvku/prvki, nez na které
je vyusténa tryska/trysky zafizeni pro vyrobu mikrovldken technologii meltblown a/nebo spun-
bond a/nebo elektrostatického zvlakiiovani, nebo proti zvlakiiovacimu prvku/prvkiim uspofadana
podtlakova tryska nebo vedeni propojené s podtlakovou tryskou pro odvod vytvateného textilni-
ho kompozitniho materidlu obsahujiciho polymerni nanovlakna do mista jejiho daltho zpracova-
ni a/nebo vyuziti.

Cile vynalezu se dile dosdhne také kompozitnim textilnim materidlem obsahujicim polymerni
nanovlakna, u kterého jsou polymerni nanovlakna uloZzena na povrchu a mezi mikrovlakny.

Polymerni nanovlakna pfitom mohou byt uspofadana do vrstvy ulozené na vrstvé mikrovlaken
nebo mezi dvéma vrstvami mikrovlaken, nebo s nimi mohou tvofit homogenni nebo v podstaté
homogenni smés.

V obou variantich pak muZe v piipadé potieby byt v materialu polymernich nanovlaken a/nebo
mikrovlaken a/nebo v mezivlakennych prostorech polymernich nanovlaken a/nebo mikroviaken
zakomponovana alespoii jedna vhodna ptidavna latka, ktera nanovlakntim a/nebo mikrovlakniim
poskytuje vyhodné vlastnosti a/nebo zvlastni efekt.

Objasnéni vykresu

Na pfilozeném vykrese je na obr. 1 znidzornéno schéma jedné varianty zafizeni pro vyrobu textil-
niho kompozitniho materidlu obsahujiciho polymerni nanovlikna podle vynélezu a princip jeho
funkce, na obr. 2 schéma druhé varianty zafizeni pro vyrobu textilniho kompozitniho materialu
obsahujiciho polymerni nanovldkna podle vynalezu a princip jeho funkce, na obr. 3 SEM snimek
textilniho kompozitniho materialu vytvofeného zpiisobem podle vynalezu pti zvétseni 1000x, na
obr. 4 SEM snimek textilniho kompozitniho materialu vytvoteného jinou variantou zplisobu po-
dle vynalezu pti zvétseni 10000, na obr. 5 SEM snimek textilniho kompozitniho materialu vy-
tvofeného jinou variantou zpisobu podle vynélezu pii zvétseni 4990x, na obr. 6 SEM snimek
textilniho kompozitniho materialu vytvofeného jinou variantou zptisobu podle vynalezu pfi zvét-
Seni 100x, na obr. 7 SEM snimek textilniho kompozitniho materialu vytvoteného jinou variantou
zpusobu podle vynalezu pfi zvétSeni 5000x, na obr. 8 schéma tfeti varianty zafizeni pro vyrobu
textilniho kompozitniho materidlu obsahujiciho polymerni nanovlékna podle vynalezu a princip
Jeho funkce, a na obr. 9 SEM snimek textilniho kompozitniho materialu vytvofeného variantou
zplisobu podle vynalezu dle obr. 8, pti zvétieni S00x.
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Piiklady uskute¢néni vynalezu

Zafizeni pro vyrobu textilniho kompozitniho materialu obsahujiciho polymerni nanovlakna podle
vynalezu obsahuje alespon jeden zvlakiiovaci prvek 1, kterym je ve variantdch znazornénych na
obr. 1, obr. 2 a obr. 8 zvlaknovaci elektroda pro vyrobu polymernich nanovldken zvidkiiovanim
roztoku nebo taveniny polymeru v elektrickém poli zpisobem dle CZ 304 137, kdy se elektrické
pole, resp. elektricka pole, vytvari mezi alespofi jednou zvlakiiovaci elektrodou, na kterou se
z neznazornéného zdroje pfivadi stfidavé napéti, a ionty vzduchu a/nebo plynu vytvotrenymi ioni-
zaci vzduchu a/nebo plynu v blizkosti zvlakinovaci elektrody a/nebo pfivedenymi, resp. priabézné
piivadénymi ¢i ptitaZzenymi resp. pribézné pfitahovanymi do jejiho okoli. Ve variantach znazor-
nénych na obr. 1, obr. 2 a obr. 8 je tato zvlakiovaci elektroda tvorena statickou trubickou, avsak
v dal$ich, nezndzornénych variantach miZe byt tvofena v podstaté libovolnym jinym statickym
télesem (napf. jehlou, tryskou, listou, strunou, atd.) nebo libovolnym pohybujicim se télesem
(napt. rotujicim podlouhlym télesem, valcem, diskem, spirdlou, prstencem, atd., nebo ve sméru
své délky nebo po kruhové draze se pohybujici strunou nebo skupinou strun, atd.).

V jiné, neznazornéné varianté provedeni zafizeni pro vyrobu textilniho kompozitniho materialu
podle vynalezu pak muze byt zvlakniovaci prvek 1 tvofen zvlakiiovaci hlavou pro vyrobu poly-
mernich nanovlaken odstiedivym zvlakiiovanim. Tato hlava pfitom obsahuje duty plast’ ve tvaru
valce nebo disku, pfipadné jiného télesa, ktery je perforovany mnozstvim otvort, ze kterych je
roztok nebo tavenina polymeru vytvafejici polymerni nanovlakna vytlatovan/vytlaovana odstre-
divou silou vznikajici pfi jeho rotaci. V jiné varianté odstfedivého zvlakinovani se mize zvlakio-
vat i z povrchu rotujici plochy. Plsobeni odstiedivé sily mize byt v ptipad€ potfeby doplnéno
plsobenim pomocného proudu vzduchu/plynu a/nebo pomocného elektrického pole vytvofeného
mezi zvlakiovaci hlavou a kolektorem pro ukladani vytvarenych nanovlaken.

Do prostoru, ve kterém se vytvaii polymerni nanovldkna 10 a/nebo do prostoru, ve kterém se
formuji do objemového utvaru (jak bude detailnéji popsano nize) je pak vydsténa alespoii jedna
tryska 2 zafizeni pro vyrobu mikrovlaken 20 technologii meltblown a/nebo spunbond a/nebo
elektrostatického zvlakfiovani a/nebo jinou znamou technologii. Proti usti této trysky/trysek 2 je
na opaéné strané zvlakiiovaciho prvku 1 usporadan kolektor 3 tvofeny ve varianté znazornéné na
obr. 1 otadejicim se valcem, a ve varianté znazornéné na obr. 2 pohybujicim se nekone¢nym pa-
sem, ktery je uréen pro ukladani vytvaieného textilniho kompozitniho materialu. Povrch tohoto
kolektoru 3, resp. jeho prvki je s vyhodou vytvofen z materialu, ke kterému méa tento kompozitni
material co nejmensi pfilnavost, tj. napf. z polytetrafluoretylenu (PTFE, teflon), apod., aby bylo
mozné ho z n&j snadno a bez poskozeni sejmout. V jinych variantach provedeni pak mize mit
kolektor 3 libovolny jiny tvar &i konstrukci, pfi¢emz miize na svém povrchu obsahovat elektricky
vodivé prvky uspotadané napf. rovnobézné s jeho podélnou osou, oddélené vzajemné elektricky
nevodivymi prvky nebo vzduchovymi mezerami (napf. ve smyslu élanku Dan LI, Yuliang Wang
and Younan Xia: Electrospinning of Polymeric and Ceramic Nanofibers as Uniaxially Aligned
Arrays, Nano Letters 2003, Vol. 3, No. 8, p. 1167-1171) nebo miZe byt tvofen napt. kontinualng,
krokové, ptipadné vratné se pohybujicim nekoneénym pasem vhodného elektricky vodivého
nebo elektricky nevodivého materidlu, pfipadné skupinou nebo nekone¢nym pasem obsahujicim
elektricky vodivé prvky vzajemné oddélené vzduchovou mezerou nebo prvky z elektricky nevo-
divého materialu (napf. ve smyslu US 2 123 992 nebo WO 2008/062 264, apod.), pohyblivou
nebo statickou miizkou, ptipadn& v podstaté libovolnym jinym pohyblivym nebo statickym
prvkem/prvky priichozim nebo neprichozim pro vzduch. Pokud je kolektor 3 vytvofen z elek-
tricky vodivého materialu, nebo pokud obsahuje prvky pro ukladani textilniho kompozitniho
materialu z elektricky vodivého materidlu, je vyhodné pokud je, resp. jeho prvky jsou, uzem-
nén/uzemnény, takze umoZiiuji odvod pfipadného zbytkového elektrického néboje uloZeného
v polymernich nanovlaknech 10 a/nebo mikrovlaknech 20, nebo pokud je na ngj pfivedeno napéti
opatné polarity, neZ je napéti pfivadéné na trysku/trysky 2 zatizeni pro vyrobu mikrovlaken 20.
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Ve varianté provedeni znazornéné na obr. 1 je kolektor 3 uloZen svou podélnou osou na vodo-
rovné rovin€ prochazejici Gstim trysky 2, ptipadn¢ vedle sebe uspofadanych trysek 2 pro vyrobu
mikrovlaken 20, avSak dle potfeby muiZe byt svou osou uloZen pod nebo naopak nad touto rovi-
nou. Prostor za kolektorem 3 a/nebo vnitini prostor dutého kolektoru 3 s plastém priichozim pro
vzduch (napf. perforovanym nebo tvofenym m#iZkou nebo obsahujicim vzduchové mezery odde-
lujici jeho elektricky vodivé prvky, apod.) je pak s vyhodou propojen s nezndzornénym zdrojem
podtlaku, ktery svym piisobenim ptitahuje vytvafena polymerni nanovlakna 10 a mikrovlakna 20
k povrchu kolektoru 3 a pfitlacuje je k nému.

V ptipadé€ potfeby muize byt kolektor 3 nahrazen jinym prosttedkem pro odvod vytvafeného tex-
tilniho kompozitniho materialu do mista jeho dal$iho pouziti nebo zpracovani, jako napf. nezna-
zornénou podtlakovou tryskou, resp. vedenim propojenym s podtlakovou tryskou, apod. Takova
podtlakova tryska nebo s ni propojené vedeni jsou s vyhodou uloZeny na opa¢né strané zvlakiio-
vaciho prvku 1, nez na které je vyusténa tryska/tryska 2 pro vyrobu mikrovlaken 20, av$ak v ne-
znazorn€nych variantach provedeni mize byt tato tryska nebo toto vedeni uloZené/uloZzeno na
opacn€ stran€ zafizeni pro vyrobu textilniho kompozitniho materidlu obsahujiciho polymerni
nanovlakna 10 nez zvlakiiovaci prvek/prvky 1.

V dal8ich, neznazornénych variantach provedeni miZe byt do prostoru mezi zvlakiiovaci
prvek/prvky 1 a usti trysky/trysek 2 pro vyrobu mikrovliken dale vyusténa alespoti jedna doplii-
kova vzduchova/plynova tryska pro vhodné usmérnéni a/nebo urychleni pohybu polymernich
nanovlaken 10 a/nebo mikrovlaken 20 a/nebo smési polymernich nanovlaken 10 a mikrovlaken
20, ktera piipadné také napomaha tuhnuti polymernich nanovldken 10 a/nebo mikrovldken 20
Jejich ochlazenim a/nebo odvodem par rozpoustédla.

Pti provozu zafizeni pro vyrobu textilniho kompozitniho materialu obsahujiciho polymerni nano-
vlakna 10 podle vynalezu osazeného alespoti jednim zvlakiiovacim prvkem 1 tvofenym zvlikfio-
vaci elektrodou pro vyrobu polymernich nanovlaken 10 zvlikiiovanim roztoku nebo taveniny
polymeru v elektrickém poli zpisobem dle CZ 304 137 se na tuto zvlakiiovaci elektrodu pfivadi
stiidavé napéti a elektrické pole, resp. elektricka pole pro zvlikiiovani se vytvaii mezi touto
zvlaknovaci elektrodou a ionty vzduchu a/nebo plynu vytvofenymi ionizaci vzduchu a/nebo
plynu v blizkosti zvlakfiovaci elektrody a/nebo pfivedenymi, resp. priib&zné privadénymi &i prita-
Zenymi, resp. priibézné pfitahovanymi do jejiho okoli. Silovym piisobenim t&chto elektrickych
poli se pak na povrchu roztoku nebo taveniny polymeru na povrchu zvlakiiovaci elektrody vytva-
fi tzv. Taylorovy kuZely, ze kterych se nasledné vydluzuji jednotliva polymerni nanovlakna 10.
Stfidavé napéti na zvlakiiovaci elektrodg, resp. periodickd zména polarizace zvlakiiovaci elektro-
dy pfitom nedovoli systému vzduch (plyn) — zvlakilovany roztok nebo tavenina polymeru dosah-
nout trvale rovnovazného stavu distribuce iontdl vzduchu/plynu, takZe zvlakiiovani mize probihat
se stalym vykonem v podstatné libovolné dlouho. Pitom se dle teoretickych odhadii i experimen-
ti ukazuje, Ze vykon tohoto typ elektrostatického zvlaktiovani je nékolikanasobné (cca az Skrat &i
dokonce az 10kfat) vét3i nez u elektrostatického zvlakiovani pti pouziti stejnomé&rného napéti.
Vytvafena polymerni nanovldkna 10 se pfitom vyhodné formuji do objemového utvaru, ktery se
pohybuje ve sméru gradientu vytvatenych elektrickych poli smérem od zvlakiiovaci elektrody.

Na zvlakfiovaci elektrodu se s vyhodou pfivadi stfidavé napéti o velikosti 10 az 70 KV, s frek-
venci 35 az 400 Hz.

Pti provozu zatizeni pro vyrobu textilniho kompozitniho materialu obsahujiciho polymerni nano-
vlékna 10 podle vynélezu osazeného zvlakiiovacim prvkem | tvotenym zvlékiiovaci hlavou pro
vyrobu nanovléken odstfedivym zvlakiiovanim vytvati polymerni nanovlikna 10 objemovy
utvar, ktery se pohybuje smérem od této hlavy v disledku své setrvagnosti pfipadné doplnéné
alespoti jednim pomocnym proudem vzduchu/plynu a/nebo piisobenim pomocného elektrického
pole.
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Do objemového Gtvaru tvofeného polymernimi nanovlakny 10 a pohybujiciho se smérem od
zvlakiovaciho prvku 1 se z trysky/trysek 2 zafizeni pro vyrobu mikrovlaken 20 ptivadi mikro-
vlakna 20, na kterych se polymerni nanovlakna 10 zachytavaji, ukladaji a piipadné je (alespoti
Castedné) obaluji, a vytvaii tak s nimi kompozitni, samonosny material textilniho charakteru, s v
podstaté homogennim uspofadanim polymernich nanovldken 10 a mikrovlaken 20 (viz napf.
obr. 3, 5, 6, 7). Polymerni nanovlakna 10 a/nebo mikrovlakna 20 pfitom mohou v ptipad¢€ potfeby
byt, diky vhodnému vzajemnému uspotadani jednotlivych prvki zafizeni podle vynélezu, v oka-
mziku kontaktu alespoii ¢aste¢né v plastickém, resp. ne zcela ztuhlém stavu, diky ¢emuz se oba
typy vlaken velmi snadno a soucasné velmi pevné spojuji. Takto vytvoreny textilni kompozitni
material se pfitom diky kinetické energii mikrovlaken 20 a pfipadné i pisobeni proudu vzduchu
nebo jiného plynu, ktery je vytvaii a/nebo unasi, a pripadn¢ i elektrické pfitazlivosti (napf. pokud
je kolektor 3 nebo jeho elektricky vodivé prvky elektricky nabity a mikrovlakna se vytvaii elek-
trostatickym zvlakiiovanim), pohybuje smérem ke kolektoru 3, na ktery se uklada. Takto vytvore-
ny textilni kompozitni material pak v sob& kombinuje vyhodné vlastnosti polymernich nanovla-
ken 10 — tj. napt. velky mérny povrch, vysokou sorpéni kapacitu, mikronové ¢i submikronové
mezivlakenné prostory, apod. s vyhodnymi mechanickymi vlastnostmi mikrovlaken 20, diky
&emuZ je mozné s nim velmi dobfe manipulovat. Vzhledem k tomu, Ze kolektor 3 nemusi byt ve
vétding ptipadl elektricky nabity, resp. ani elektricky aktivni, a textilni kompozitni material se
tak k nému pohybuje diky své setrvaénosti a/nebo v dusledku piisobeni alespori jednoho proudu
vzduchu/plynu, nedochdzi pfi uloZeni vétsi vrstvy textilntho kompozitniho materidlu na ném
k jeho ,,odstinéni®, takZe vytvafeny textilni kompozitni material se na kolektor 3 uklada po celou
dobu stejné ochotné, resp. se stejnou intenzitou. Diky tomu lze pfipravit vrstvu tohoto textilniho
kompozitniho materialu s v podstaté libovolnou pozadovanou tloustkou a/nebo tento material
kombinovat s alespori jednou vrstvou libovolného vhodného materialu a vytvaret tak vicevrstvy
material.

Jako kolektor 3 je mozné pouzit také pfimo materidl nebo vyrobek, na kterém ma byt vytvoreny
textilni kompozitni material ulozeny béhem svého pouZiti.

Jak se béhem experimentii ukazuje, vytvaii se pfi pouziti technologie meltblown pro vyrobu
mikrovlaken 20 urgity maly podil nanovldken (cca kolem 1 %), které jsou z hlediska vyroby
mikrovlaken 20 zanedbatelné, avsak z hlediska vysledného textilniho kompozitniho materialu
a jeho vyslednych vlastnosti hraji nezanedbatelnou roli.

Vhodnym uspofadanim jednotlivych prvka zafizeni pro vyrobu textilniho kompozitniho mate-
rialu obsahujictho polymerni nanovlakna 10 podle vynalezu, jejich po¢tu a nastavenim jednotli-
vych technologii je pak moZné s vyuzitim tohoto zafizeni vytvafet textilni kompozitni material
s v podstaté libovolnym podilem polymernich nanovlaken 10 a mikrovldken 20, dle pozadavka
a ptedpokladané aplikace. Polymerni nanovlakna 10 a/nebo mikrovlakna 20 pfitom mohou byt
vytvofena ze stejného nebo odli§ného materialu, pfipadné mohou byt polymerni nanovlékna 10
(napf. pfi vyuziti vétsiho po&tu zvlakiiovacich prvki 1) a/nebo mikrovldkna 20 (pfi vyuziti vetsi-
ho poétu trysek 2) vytvafena postupné nebo pribézné z riznych materialii. Kromé toho mohou
v ptipadé potfeby polymerni nanovlakna 10 a/nebo mikrovldkna 20 ve své struktufe obsahovat
(nano)&astice vhodné pridavné latky, které, nebo jejichz prekurzor, se pfed zvlakfiovanim pfidaji
do roztoku nebo taveniny polymeru (viz napi. CZ 300 797), a pfi zvlakiiovani se zakomponuji do
struktury vytvafenych nanovlaken 10 a/nebo mikrovlaken 20. Kromé toho nebo v kombinaci
s tim se mohou do polymernich nanovlaken 10 a/nebo mikrovlaken 20 a/nebo do jejich smési pfi-
davat alespoii jednim neznizornénym davkovacim zafizenim Céstice alespoii jedné kapalné
a/nebo pevné pridavné, resp. aktivni latky, dle predpokladaného pouZiti textilniho kompozitniho
materilu, které se pak ukladaji ve struktufe vytvafeného textilniho kompozitniho materialu.

V dalgich neznazornénych variantach provedeni mohou byt jednotlivé prvky zafizeni pro vyrobu
textilniho kompozitniho materialu obsahujiciho polymerni nanovlakna 10 podie vynalezu uspora-
dany jinak, nez je znazornéno ve variantach na obr. 1, obr. 2 a obr. 8, pfi¢emZ vytvafeni polymer-
nich nanovlaken 10 mize probihat v podstaté libovoln& (3ikmo) nahoru, (8ikmo) do boku, nebo
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(8ikmo) doli, a vytvafeni mikrovlaken 20 pak podle toho ($ikmo) do boku, nebo ($ikmo) nahoru
nebo (Sikmo) doli, s vyhodou tak, aby mikrovlakna 20 pronikala do objemového atvaru tvofené-
ho polymernimi nanovlakny 10 pod pravym nebo libovolnym ostrym thlem. V kazdém ptipadé
se v8ak kompozitni material tvofeny smési polymernich nanovlédken 10 a mikrovlaken 20 vytvori
jesté pred dopadem na kolektor 3, a po dopadu na ngj se jiz jeho struktura a rozloZeni jednotli-
vych slozek, resp. typtl vlaken neméni.

Vyhodou ptipravy polymernich nanovlaken 10 prostfednictvim stfidavého napéti nebo odstredivé
sily je to, Ze vytvofeny objemovy utvar polymernich nanovlaken 10 je elektricky neutralni (bud’
nenese Zadny elektricky naboj, nebo se elektrické naboje v jeho riznych &astech navzajem vyru-
$i), a zejména to, Ze tyto procesy umoziiuji vytvaret polymerni nanovlakna 10 v nékolikanasobné
vét§im mnozstvi nez elektrostatické zvlakiiovani s vyuZitim stejnomérného napéti, coz umoziiuje
také stejnym pomeérem zvysit kapacitu pouziti technologie/technologii pro vyrobu mikrovlaken
10, a dosahnout n¢kolikanasobné vyssi produktivity.

NiZe jsou pro nazornost uvedeny konkrétni pfiklady provedeni zafizeni pro vyrobu textilniho
kompozitniho materidlu obsahujictho polymerni nanovlékna 10 podle vynéalezu a podminky jeho
provozu, s popisem a fotografiemi pfipravenych textilnich kompozitnich materiald.

Priklad 1

Pro vyrobu textilniho kompozitniho materialu obsahujiciho polymemi nanovlakna 10 se pouzilo
zafizeni podle vynalezu, které obsahovalo jeden zvlakiiovaci prostfedek 1 tvofeny zvlakiiovaci
elektrodou ve tvaru trubi¢ky uspofadanou pro zvlakiiovani smérem nahoru (obr. 1), na kterou se
pfivadelo stiidavé napéti o velikosti 50 kV a frekvenci 50 Hz. Ve vertikalni vzdalenosti 20 cm
nad ustim této zvlakiovaci elektrody a v horizontalni vzdalenosti 51 cm od néj byla vyusténa
Jedna tryska 2 zafizeni pro vyrobu mikrovlaken 20 technologii meltblown, proti které byl na
opacné¢ strané zvlakilovaciho prostfedku 1 v horizontalni vzdalenosti 17 cm od usti zvlakiiovani
elektrody uloZen oto¢ny valcovy kolektor 3 vytvofeny z elektricky nevodivého materialu. Tlak
vzduchu dodavaného do trysky 2 pro vyrobu mikrovlaken 20 byl 10 Psi.

SEM snimek takto vytvofeného textilniho kompozitniho materialu je na obr. 3.

Priklad 2

Pro vyrobu textilniho kompozitniho materialu obsahujiciho polymerni nanovldkna 10 se pouzilo
stejné zafizeni podle vynélezu se stejnym nastavenim jako v p¥ikladu 1, s tim rozdilem, ze tlak
vzduchu dodavaného do trysky 2 pro vyrobu mikrovlaken 20 byl 20 Psi.

SEM snimek takto vytvofeného textilniho kompozitniho materialu je na obr. 4, ze kterého je
zfejmé, Ze zvyseni tlaku vzduchu p¥i vyrob& mikrovlaken vedlo k vytvoteni svazkd polymernich
nanovldken 10 a mikrovlaken 20.

Piiklad 3

Pro vyrobu textilniho kompozitniho materidlu obsahujiciho polymerni nanovlakna 10 se pouZzilo
stejné zafizeni podle vynalezu se stejnym nastavenim jako v prikladu 1, s tim rozdilem, Ze
vzduch dodavany do trysky 2 pro vyrobu mikrovldken 20 mél teplotu 204,44 °C.

SEM snimek takto vytvofeného textilniho kompozitniho materidlu Je na obr. 5, ze kterého je
zfejmé, Ze zvyseni teploty vzduchu pfi vyrobé mikrovldken 20 vedlo ke spojovani mikrovlaken
20 a polymernich nanovlaken 10 prostfednictvim pevnych kontakta.
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Priklad 4

Pro vyrobu textilniho kompozitniho materialu obsahujiciho polymerni nanoviakna 10 se pouzilo
stejné zarizeni podle vynalezu se stejnym nastavenim jako v ptikladu 1, s tim rozdilem, Ze verti-
kalni vzdalenost trysky 2 zatizeni pro vyrobu mikrovldken 20 technologii meltblown nad {stim
20 zvlaknovaci elektrody byla 10 cm.

SEM snimek takto vytvofeného textilniho kompozitniho materialu je na obr. 6, ze kterého je
ziejmé, ze zmenseni vertikalni vzdalenosti trysky 2 zafizeni pro vyrobu mikrovldken 20 nad
Gstim zvlakinovaci elektrody vedlo k vytvoteni orientované struktury obsahujici polymerni nano-
vldkna 10 a mikrovlakna 20.

Priklad 5

Pro vyrobu textilniho kompozitniho materialu obsahujictho polymerni nanovlakna 10 se pouzilo
stejné zatizeni podle vynalezu se stejnym nastavenim jako v piikladu 4, s tim rozdilem, Ze
vzduch dodavany do trysky 2 pro vyrobu mikrovlaken 20 mél teplotu 93,3 °C.

SEM snimek takto vytvofeného textilniho kompozitniho materidlu je na obr. 7, ze kterého je
ziejmé, ze zvySena teplota vzduchu pfi vyrob€ mikrovldken 20 nebyla dostate¢na k vytvofeni
pevnych kontaktd mezi polymernimi nanovlakny 10 a mikrovlakny 20.

Ve varianté zafizeni pro vyrobu kompozitniho materialu obsahujiciho polymerni nanovlakna 10
podle vynalezu znazornéné na obr. 8, jsou tryska/trysky 2 zatizeni pro vyrobu mikrovlaken 20
a zvlaknovaci prvek/prvky 1 pro vyrobu polymernich nanovidken 10 uspofadany tak, Ze vytvare-
na polymerni nanovlakna 10 nevstupuji do proudu mikrovldken 20, ale jsou strhavana mezni
vrstvou vytvofenou proudem vzduchu/plynu nesouciho mikrovldkna 20. V takovém ptipad¢ pre-
kvapivé nedochazi k miSeni polymernich nanovlaken 10 s mikrovlakny 20 a vytvareni smési, ale
k paralelizaci polymernich nanovlaken 10 s mikrovlakny 20, pfiCemz se oba typy vliken na
kolektoru 3 ukladaji do samostatnych vrstev — viz ptiklad 6 a obr. 9.

Piiklad 6

Pro vyrobu textilniho kompozitniho materialu obsahujiciho polymerni nanovlakna 10 se pouZilo
zafizeni podle vynalezu, které obsahovalo jeden zvlakiiovaci prostfedek 1 tvofeny zvlakiovaci
elektrodou ve tvaru trubiky uspofadanou pro zvlakifiovani smérem nahoru (obr. 8), na kterou se
privadélo stiidavé napéti o velikosti 50 kV a frekvenci 50 Hz. Ve vertikalni vzdalenosti 20 cm
nad Gstim této zvlakiiovaci elektrody a v horizontalni vzdalenosti 55 cm od néj byla vylsténa
jedna tryska 2 zafizeni pro vyrobu mikrovlaken 20 technologii meltblown, proti které byl na
opa¢né strané zvlakiovaciho prostfedku 1 v horizontalni vzdalenosti 17 cm od Gsti zvlakiiovani
elektrody ulozen otoény valcovy kolektor 3 vytvofeny z elektricky nevodivého materialu. Tlak
vzduchu dodavaného do trysky 2 pro vyrobu mikrovlaken 20 byl 8 Psi.

Polymerni nanovldkna 10 byla v tomto pfipadé strhdvana mezni vrstvou vytvofenou proudem
vzduchu nesouciho mikrovlakna 20. Na obr. 9 je SEM snimek takto vytvofeného textilniho kom-
pozitniho materialu, ze kterého je zfejmé Ze polymerni nanovlakna 10 i mikrovlékna 20 se na
povrchu podkladu ukladala do samostatnych, stidajicich se, vrstev.

V jiné, neznazornéné varianté provedeni zafizeni pro vyrobu kompozitniho materialu obsahujici-
ho polymerni nanovlékna podle vynélezu, jsou tryska/trysky 2 zafizeni pro vyrobu mikrovlaken
20 a zvlakiiovaci prvek/prvky 1 pro vyrobu polymernich nanovlaken uspotadany zcela oddélené,
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pficemz kazdy typ vlaken se na kolektor 3 nanasi samostatné a piipadné i v jiném mist& kolektoru
3, coz vede k vytvafeni vrstev samostatnych polymernich nanovlaken 10 a mikrovlaken 20, po-
dobn¢ jako v pfedchozi varianté. Pfitom je vyhodné, pokud je napt. kolektor 3 ulozen nad zvlak-
fiovacim prvkem/prvky 1 pro vyrobu polymernich nanovlaken 10, takze polymerni nanovlakna
10 se na néj ukladaji bez nutnosti jejich usmértiovani a/nebo neseni napt. proudem vzduchu/ply-
nu, a mikrovlakna 20 se k nému pohybuji pisobenim proudu vzduchu/plynu pouZitého pro jejich
vyrobu a/nebo elektrického pole vytvofeného mezi tryskou/tryskami 2 zafizeni pro vyrobu
mikrovldken 20 a kolektorem 3. V jiném prostorovém uspofadani a/nebo v pripadé potieby je
v8ak mozné i polymerni nanovldkna unaset a/nebo usmériiovat ke kolektoru 3 proudem vzdu-
chu/plynu, a/nebo, v piipadé, kdy b&hem jejich vyroby dojde k jejich nabiti elektrickym nabojem,
elektrickym polem, resp. pfivedenim elektrického néboje opacné polarity na kolektor 3.

Textilni kompozitni material podle vynalezu v kterékoliv varianté ma celou fadu vyuziti, pfi¢emz
Jjako nejvhodnéjsi se v soucasné dobg jevi jeho vyuziti jako scaffoldu, resp. nosie pro osazeni
Zivymi butikami pro tkafiové inZenyrstvi, popf. krytu ran. Tomuto vyuziti pak musi odpovidat po-
uzité materialy polymernich nanovlaken 10 a mikrovlaken 20, a piipadné i pfidavné, resp. aktivni
latka/latky zakomponované v materidlu polymernich nanovlaken 10 a/nebo mikrovlaken 20,
a/nebo v mezivlakennych prostorech textilniho kompozitniho materialu.

Dal8im vyznamnym vyuzZitim textilniho kompozitniho materialu podle vynalezu je i oblast filtra-
ce, pfiCemz tento material umoziiuje zkonstruovat vladkenny filtr o vy3ssi porézité a tudiz nizsich
narocich na tlakové spady. Mikrovlakna 20 pfitom vytvateji tuzsi kostru filtru a polymerni nano-
vlakna 10 vyznamné zvySuji jeho efektivitu pii hloubkové filtraci.

PATENTOVE NAROKY

1. Zpisob vyroby kompozitniho textilniho materidlu obsahujiciho polymerni nanovlékna (10),
pii kterém se alespoti jednim zvlakiiovacim prvkem (1) vytvati objemovy ttvar tvofeny polymer-
nimi nanovlékny (10), vyznadujici se tim, Ze tento objemovy atvar tvofeny polymer-
nimi nanovlakny (10) se uklada na povrch kolektoru (3), na ktery se soudasné ukladaji také
mikrovldkna (20) vytvofena technologii meltblown a/nebo spunbond a/nebo elektrostatického
zvlakiovani.

2. Zpusob podle naroku 1, vyznacdujici se tim, Ze objemovy Gitvar tvofeny polymer-
nimi nanovlakny (10) a mikrovlakna (20) se na povrchu kolektoru (3) ukladaji navzajem nezavis-
le do samostatnych, sttidajicich se, vrstev.

3. Zpisob podle naroku 1, vyzna&ujici se tim, e objemovy utvar tvofeny polymer-
nimi nanovlakny (10) se ped ulozenim na povrchu kolektoru (3) paralelizuje mezni vrstvou vy-
tvofenou proudem vzduchu nebo plynu nesouciho nebo usmériujiciho mikrovlakna (20) s témito
mikrovlékny (20), pfi¢emz polymerni nanovlékna (10) a mikrovlékna (20) se na povrch kolekto-
ru (3) ukladaji navzajem nezavisle do samostatnych, st¥idajicich se, vrstev.

4. Zpusob vyroby kompozitniho textilniho materidlu obsahujiciho polymerni nanovlakna (10),
pii kterém se alespori jednim zvlakiiovacim prvkem (1) vytvaii objemovy ttvar tvoteny polymer-
nimi nanovlakny (10), vyznaéujici se tim, ze do objemového wtvaru tvofeného poly-
mernimi nanovlakny (10) se pied jeho uloZenim na povrchu kolektoru (3) zana$i mikrovldkna
(20) vytvofend technologii meltblown a/nebo spunbond a/nebo elektrostatického zvlakinovani,
pfi¢emz polymerni nanovlakna (10) se zachytéavaji a ukladaji na povrchu mikrovléken (20) a spo-
Jjuji se s nimi, ¢imZ se vytvaii smés polymernich nanovlaken (10) a mikrovlaken (20), ktera se
pot¢ uklada na kolektor (3) nebo se odvadi do mista jejiho dalsiho zpracovani a/nebo vyuziti.
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5. Zakizeni pro vyrobu textilniho kompozitniho materidlu podle libovolného z naroki 1 az 4,
obsahujiciho polymerni nanovlakna (10), které obsahuje alesponi jeden zvlakriovaci prvek (1) pro
vyrobu objemového utvaru tvofeného polymernimi nanovldkny (10), vyznacéujici se
tim, Ze do prostoru vyroby polymernich nanovlaken (10) a/nebo formovani objemového tvaru
tvofeného polymernimi nanovlakny (10) je vylisténa alesponi jedna tryska (2) zatizeni pro vyrobu
mikrovlaken (20) technologii meltblown a/nebo spunbond a/nebo elektrostatického zvlakiovani.

6. Zafizeni podle naroku 5, vyznacujici se tim, Ze proti trysce/tryskam (2) zafizeni
pro vyrobu mikrovlaken (20) technologii meltblown a/nebo spunbond a/nebo elektrostatického
zvlakiiovani je na opacné strané zvlakiiovaciho prvku/prvki (1) uspofadan pohyblivy nebo static-
ky kolektor (3) pro uloZeni vytvotfené¢ho kompozitniho textilniho materidlu obsahujiciho poly-
merni nanovlakna (10), nebo odvod vytvofeného kompozitniho textilniho materialu obsahujiciho
polymerni nanovlakna (10).

7. Zafizeni podle naroku 6, vyznacéujici se tim, Ze kolektor (3) je elektricky vodivy,
a je uzemnény, nebo je propojeny se zdrojem elektrického napéti o opacné polarité nez trys-
ka/trysky (2) zatizeni pro vyrobu mikrovlaken (20).

8. Zafizeni podle naroku 5, vyznadujici se tim, Ze kolektor (3) obsahuje elektricky
vodivé prvky vzajemné oddélené elektricky nevodivymi prvky nebo vzduchovymi mezerami, pfi-
Cemz tyto elektricky vodivé prvky jsou uzemnéné, nebo jsou alespoti nékteré z nich propojené se
zdrojem elektrického napéti o opaéné polarité nez tryska/trysky (2) zafizeni pro vyrobu mikro-
vlaken (20).

9. Zafizeni podle libovolného z narokli 5 az 8, vyznacujici se tim, Ze prostor ve
sméru pohybu mikrovlaken (20) za pro vzduch prichozim kolektorem (3) a/nebo vnitini prostor
dutého kolektoru (3) s pro vzduch priichozim plastém je propojen se zdrojem podtlaku.

10. Zafizeni podle naroku 5, vyznacujici se tim, Ze na opacné strané zvlakiiovaciho
prvku/prvki (1), nez na které je vyusténa tryska/trysky (2) zafizeni pro vyrobu mikrovlaken (20)
technologii meltblown a/nebo spunbond a/nebo elektrostatického zvlakiovéni, nebo proti zvlak-
fiovacimu prvku/prvkam (1) je uspofadana podtlakova tryska nebo vedeni propojené s podtlako-
vou tryskou pro odvod vytvafeného textilniho kompozitniho materidlu obsahujiciho polymerni
nanovlakna (10).

11. Kompozitni textilni material vytvofeny zptisobem podle libovolného z narokd 1 az 4 na
zatizeni podle libovolného z narokd 5 az 10, obsahujici polymerni nanovlédkna (10), vyzna-
¢ujici se tim, Ze polymerni nanovlakna (10) jsou ulozena na povrchu a mezi mikrovlakny
(20).

12. Kompozitni textilni material vytvofeny zpisobem podle libovolného z narokii 1 az 4 na zafi-
zeni podle libovolného z narokd 5 az 10, obsahujici polymerni nanovldkna (10), vyznacu-
jici se tim, Ze polymerni nanovlakna (10) jsou uspofadana do vrstvy uloZené na vrstvé
mikrovlaken (20) nebo mezi dvéma vrstvami mikrovlaken (20).

13. Kompozitni textilni material podle naroku 11 nebo 12, vyznadujici se tim, Ze
v materialu polymernich nanovlaken (10) a/nebo mikrovlaken (20) a/nebo v mezivlakennych pro-

storech polymernich nanovlaken (10) a/nebo mikrovlaken (20) je zakomponovéna alespofi jedna
ptidavna latka.

8 vykrest

-10 -
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Herein, we describe a simple spinneret setup for needleless coaxial electrospinning that exceeds the
limited production capacity of current approaches. The proposed weir spinneret enables coaxial
electrospinning from free liquid surface. This approach leads to the formation of coaxial nanofibers with
higher and uniform shell/core ratio, which results in the possibility of better tuning of the degradation
rate. The throughput and quality increase favor the broader application of coaxial nanofibers from weir
spinnerets as systems for controlled drug delivery in regenerative medicine and tissue engineering.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Electrospinning is a recent fiber-forming nanotechnology that
enables us to create submicron fibers drawn from polymer
solutions and melts by electrical forces. Electrospinning technolo-
gy can be divided into needle, needleless and core-shell methods
(Lukas et al.,, 2009). The electrospinning process affords the
opportunity to engineer tissue engineering scaffolds with micro-
to nanoscale topography and high porosity, similar to the natural
extracellular matrix (ECM) (Li et al., 2005). Besides scaffolding
function, electrospun nanofibers could be utilized for drug delivery
of active molecules. The classical approach for preparation of
nanofibers with incorporated growth factors is blend electro-
spinning. The polymer/drug composite is prepared by simple
mixing of miscible solutions. Main constraint of using blend
electrospinning for delivery of protein-based therapeutics is their
denaturation in organic solvents. Biocompatible polymers (such as
PCL, PLGA, PU etc.) supporting adhesion of cells are typically

* Corresponding author at: University Centre for Energy Efiicient Buildings, Czech
Technical University in Prague, Trinecka 1024, 273 43, Bustehrad, Czechia.
E-mail address: buzgo@labdemo.cz (M. Buzgo).
1 Both authors contributed to this work equally.

http://dx.doi.org/10.1016/j.ijpharm.2016.11.034
0378-5173/© 2016 Elsevier B.V. All rights reserved.

hydrophobic and soluble in organic solvents and mixing of proteins
with organic solvents decreases their activity (Puppi et al., 2010).

Coaxial electrospinning is a unique, sophisticated method of
producing second generation nanofibers. It is an alternative way,
which enables production of composite functionalized nanofibers
with a strictly organized core/shell structure (Song et al., 2005).
The spinning electrode of the apparatus for coaxial electrospinning
consists of two capillaries coaxially placed together (Kalra et al.,
2009). The polymeric fluids from the shell and core needle can be
either miscible or immiscible, since the short time of fiber
solidification significantly prevents mixing of fluids (Yu et al.,
2004). Versatility of core/shell polymers and solvents enables
incorporation of diverse bioactive substances including growth
factors including bFGF (Sahoo et al., 2010), VEGF (Jia et al., 2011)
and PDGF-bb (Zhang et al., 2013). Zhang et al. (2013) prepared two-
layer coaxial nanofibrous composite from PEG-PLCL loaded by
VEGF or PDGF-bb for vascular tissue engineering. The inner mesh
loaded by VEGF and outer layer loaded by PDGF-bb showed dual
release profile. They showed that the inner layer loaded by VEGF
could accelerate proliferation of vascular endothelial cells during
the first 6days after seeding. On the other hand, the outer layer
loaded by PDGF-bb stimulated proliferation after day 6. Such
regeneration pattern was shown as favorable for vascular
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regeneration in vivo. The results of drug release studies with
coaxial nanofibers show versatility of the method. Main advan-
tages of the process are possibility of core/shell nanofiber
formation from miscible and immiscible polymers, high loading
capacity of bioactive molecules, sustained release from fibers and
less harsh process enabling delivery of susceptible compounds.
However, the main disadvantage of this method is its very low
production rate. As described previously, one needle of a spinner
produces only one polymer jet as a rule. As a result, the
productivity of this method cannot be higher than 300 mg/h
(Niu et al., 2009). This productivity can be enhanced by increasing
the number of needles (Ding et al., 2004); however, this so-called
multiple-jet setup has problems with deformation of the electric
field and aberrant electrospinning processes and it requires regular
cleaning. A revolutionary idea for a needleless electrospinning
method that can raise the productivity by orders of magnitude
without any need for needle-spinning electrodes was proposed by
Yarin and Zussman (2004). Recently, an idea based on the
observation that jets rise up even from unconstrained and nearly
flat liquid surfaces (Jirsak et al., 2005) has led to mass production of

(a) Inner needle (b)

11, Outer needle

— Shell
polymer

Core
polymer

nanofibers and commercialization of the developed technology
under the brand name Nanospider™.

The principle of needle coaxial electrospinning is based on the
creation of a composite droplet in the orifice of a spinneret
consisting of two coaxially arranged capillaries. The composite
droplet forms a composite Taylor cone that pulls up both the shell
polymer and the core polymer. Then, both polymers together are
drawn and elongated by the electrospinning jet and collected on
the grounded collector (Reznik et al., 2006). As mentioned above, a
clear disadvantage of this needle coaxial method is its low
productivity. Clearly, the small spinning area in this setup, i.e., the
area of the spinneret orifice, cannot produce more than one jet.

In this study, we have developed and introduced a novel weir
spinneret for needleless coaxial electrospinning. The principle of
the spinneret is based on electrospinning from an unconstrained
liquid surface of a flowing polymeric bilayer that cascades over a
metallic threshold. Such an approach leads to a significant increase
in coaxial nanofiber production. In addition, the produced nano-
fibers usually have better stability, resulting in well-regulated and
prolonged drug release. This is a necessary property for broader

Metal plate

Core polymer chamber

Shell polymer
chamber

Outflow chamber

Shell

iber jets polymer

Fig. 1. Coaxial spinnerets: (a) model of the coaxial needle spinneret, (b) model of the needleless coaxial (weir) spinneret, (c) image of the needle coaxial spinneret with a
polymeric droplet, (d) image of the needleless coaxial spinneret with a polymeric bilayer, (e) image of the polymer droplet on the needle coaxial spinneret captured by a high-
speed camera, and (f) image of the bilayer on the needleless coaxial spinneret captured by a high-speed camera.
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application of coaxial nanofibers as drug release systems in tissue
engineering and regenerative medicine.

2. Material and methods
2.1. Needle coaxial electrospinning electrode

The needle coaxial spinneret (Fig. 1a) is composed of two
coaxially arranged needles. The inner needle protrudes from the
orifice of the outer one by 1/3 of the outer needle diameter. Core
and shell polymeric liquids are delivered to core and shell capillary
compartment and composite droplet is formed on the orifice of
spinneret.

2.2. Needleless coaxial electrospinning electrode

The proposed needleless coaxial spinning electrode is 800 mm
long and 30 mm thick and consists of three chambers (Fig. 1b). The
first chamber has a volume of 1 ml and is fed with the shell polymer
solution. The next chamber has a volume of 1 ml and is supplied
with the core polymer solution, and the last chamber is for the
outflow of excess polymer mixture. Located between the feeding
chambers and the outflow chamber is a metal plate with a
thickness of 2 mm. The shell polymer solution floats above the core
polymer solution, and a thin bilayer of polymeric materials is
formed. The metal plate between the feeding chambers and the
outflow chamber was connected to the positive pole of the high-
voltage power supply.

2.3. Electrospinning setup

The custom made electrospinning apparatus (Fig. 2) consisted
of either a needle or needleless coaxial spinning electrode, a high-
voltage power supply (SL100, Spellman), and a collector composed
of a metallic disc (radius of 150 mm, thickness of 3 mm, and
distance between collector and spinning electrode of 120 mm).
Two syringe pumps (KDS-100-CE, KD Scientific Inc.) were used to
deliver the core and shell solutions. For needle coaxial electro-
spinning, the feed rate for the core polymer was 2.5 ml/h and the
feed rate for the shell polymer was 4ml/h. For needleless
electrospinning, the feed rates were higher: the feed rate for the
shell polymer was 12 ml/h and that for the core polymer was 8 ml/
h. A high-voltage power supply was used to generate voltages of up
to 55KkV, and a spunbond nonwoven substrate was used to collect
the nanofibers. The nanofibers were prepared from water-soluble
polyvinyl alcohol (PVA, Sloviol R16, Novacke Chemicke Zavody, SK).
A 12% (w/v) PVA solution prepared by dissolving PVA in distilled

Fig. 2. Image of electrospinning setup. The custom made electrospinning setup
consisted of spinning electrode, collector, positive and negative power supply and
syringe pumps for core and shell polymer delivery.

water was used as the shell polymer. The core solution consisted of
5% (w/v) PVA, and red food pigment was added to facilitate better
observation of the electrospinning process. Core polymer is not
spinnable alone and incorporation of pigment is connected with
successful coaxial electrospinning process with shell polymer. All
electrospinning processes were performed at room temperature,
21°C, and at 45% humidity.

2.4. Monitoring of electrospinning process

Morphology of liquid phase on spinnerets under electric field
were visualized using high speed video camera (iSPEED 3,
Olympus). Observation was focused on self-organization of Taylor
cones. Number of Taylor cones on spinneret were calculated in
Image] software. Productivity of process was monitored utilizing
gravimetric measurement of fibers at 15 min time interval. The
mean productivity was calculated from 5 independent experi-
ments. In order to evaluate the surface morphology of fibrous
samples was analyzed using SEM. Gold coated samples were
visualized on Phenom G2 electron microscope (FEI) in BSE mode.
The detailed images of nanofibers were obtained on Vega 3 SBU
(Tescan) in SE mode. The diameters of the coaxial nanofibers were
measured using the image analysis software NIS Elements 0.3.

2.5. Confocal microscopy and fiber coaxiality

The core-shell morphology of the prepared nanofibers was
investigated using confocal laser scanning microscopy. To verify
the structure, another fibrous mesh with specific fluorophoresin
core and shell polymers was prepared. For this mesh, a shell
solution of 12% (w/v) PVA was mixed with FITC-dextran (2 mg/ml,
MW 10000, Sigma Aldrich). The nanofiber core consisted of 5% (w/
v) PVA with an added protein conjugated with phycoerythrin and
Alexa Fluor 700 (IgG-PE-AF700, 0, 5mg/ml, Molecular Probes).
Phycoerythrin absorbs blue light (420-700 nm) as a donor, and
when it is in proximity to any acceptor (e.g., the red-absorbing dye
Alexa Fluor 700), a red shift in the emission spectrum occurs as a
result of Forster resonance energy transfer. This phenomenon is
accompanied by the appearance of acceptor emission. These
spectral properties of the selected fluorophores thus allowed
single-wavelength excitation of both fluorophores (i.e., excitation
at 488 nm for both FITC-dextran and IgG-PE-AF700). The difference
between the emission spectra of FITC-dextran and IgG-PE-AF700
enables the signals from the nanofiber core and shell to be
distinguished. The distribution of encapsulated FITC-dextran and
IgG-PE-AF700 within the nanofibers prepared using needle and
needleless coaxial electrospinning were observed using a Zeiss
LSM 5 DUO confocal laser scanning microscope (FITC-dextran has
Aex =488 nm, Aem = 520 nm; IgG-PE-AF700 has Nex =488 nm, Aoy =
780 nm).

2.6. Release from samples with different core/shell crosslinking

In order to characterize release from core and shell of
nanofibers and verify coaxiality of fibers, another batch coaxial
nanofibers was prepared. Solution of 12% (w/v) PVA without
additions of crosslinking agents was utilized for production of
water soluble shell part of nanofibers. Solution of 5% (w/v) PVA
without additions of crosslinking agents was utilized for produc-
tion of water soluble core part of nanofibers. Solution of 12% (w/v)
PVA with glyoxal (PVA glyoxal ratio 4:1 (w/w)) and 3% (w/v) H3PO4
was utilized for production of water insoluble shell crosslinked
shell part of nanofibers. Solution of 5% (w/v) PVA with glyoxal 20%
(PVA glyoxal ratio 4:1 (w/w)) and 3% (w/v) H3PO,4 was utilized for
production of water insoluble crosslinked core part of nanofibers.
Core of nanofibers was enriched by 2 mg/ml TRITC-dextran (MW
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Table 1
Characteristics of Needle and Needleless Electrospinning.
Table 1 Number of Taylor cones formed Flow rate Fiber production Mean fiber diameter
Needle coaxial electrospinning 1 Shell (4 ml/h), Core (2.5 ml/h) 0.644+0.03g/h 330+ 60nm
Needleless coaxial electrospinning 40+8 Shell (12 ml/h), Core 2.67+0.99¢g/h 270 +£60nm
(8 ml/h)

10000, Sigma) and shell of fibers was labeled by 2 mg/ml FITC-
dextran (MW 10000, Sigma).

Core/shell nanofibers prepared either by needle and needleless
electrospinning were produced by various mixtures of crosslinked
and non-crosslinked PVA: 12% PVA crosslinked shell/5% PVA
crosslinked core, 12% PVA non-crosslinked shell/5% PVA cross-
linked core, 12% PVA crosslinked shell/5% PVA non-crosslinked
core. These groups were produced both by needle and needleless
coaxial electrospinning.

After the electrospinning process, all samples were crosslinked
(10 min, 130°C), cut into patches with diameters of 1cm and
incubated with 1 ml of TBS buffer at room temperature. At specific
intervals, the TBS buffer was withdrawn and replaced with fresh
buffer. The time interval was chosen in order to maintain a balance
between the release of detectable amounts of FITC-dextran and
TRITC-dextran and maintenance of the sink conditions. Drug
release was quantified using fluorescence spectroscopy. Briefly,
200 pl of the samples and blank samples were measured on a
multiplate fluorescence reader (Synergy HT; FITC-dextran
Aex=480-500nm, Aem=520-540nm; TRITC-dextran Aex=560-
580 nm, Ay = 600-620 nm), and then background subtraction was
performed. All values are presented as the mean + SD of at least
four independent experiments. The cumulative release profile of
FITC-dextran and TRITC-dextran was obtained.

3. Results and discussion
3.1. Needle and needleless coaxial electrospinning

Coaxial nanofibers were produced utilizing either needle or
needleless spinnerets. Needle spinneret is composed of two
coaxially arranged capillaries. Core and shell polymers produce
composite drop on the orifice of spinneret. An external electro-
static field pulls up both the shell polymer and the core polymer
(Fig. 1c). Both polymers together are drawn and elongated by the
coaxial electrospinning jet and collected on the grounded collector.
Structure of needle coaxial spinneret was previously described by
numerous groups (Sun et al., 2003; Teo and Ramakrishna, 2006;
Zhang et al., 2004) including our group (Buzgo et al., 2013; Lukas
et al., 2009; Mickova et al., 2012). Coaxial needle arrangement is a
standard spinneret composition for production of shell nanofibers.

In this manuscript we introduce a novel needleless coaxial
spinneret. The needleless coaxial spinner is a unique new
electrospinning setup capable of producing coaxial nanofibers
with core-shell structures from the unconstrained liquid surfaces
of polymeric bilayers. The bilayer consists of the core polymer
covered by a thin layer of the shell polymer. The external
electrostatic field induces the creation of Taylor cones on the
top layer. As the electrostatic forces increase, polymer jets are
created from these Taylor cones. The polymer jets of the shell
polymer draw up the core polymer from the bilayer, and nanofibers
with a core/shell morphology are produced, as in the classic coaxial
electrospinning setup (Fig. 1d). Recently, the pyramid shaped
spinneret enabling needleless core-shell electrospinning was
developed (Jiang et al., 2013). Similarly, linear-slit electrode was
described by Yan et al. (2015) for needleless production of core/
shell nanofibers. Forward et. al (Forward et al., 2013) prepared
coaxial nanofibers by formation of bi-liquid structure on rotating

wire electrode. Our approach delivers a simplified construction of
electrodes and extends the application potential of system and
scalability.

The parameters of the process are shown in Table 1. The
electrospinning process was examined using a high-speed video
camera. In the needle coaxial electrospinning process, a single
Taylor cone emerged in the surface of the composite droplet
(Fig. 1e). On other hand, under an applied electric field, more than
40 Taylor cones emerged on the surface of the bilayer in the
needleless coaxial setup (Table 1). This increase in the number of
Taylor cones strongly enhances production rate of the system. The
production rate increased from 0.64 4 0.03 g/h for needle coaxial
electrospinning to 2.67 +0.99 g/h for needleless coaxial electro-
spinning, which is an increase in the production rate of
approximately four times. It is worth emphasizing that the
production rate is dependent on the weir length, which was only
5cm in our spinneret. Naturally, a longer weir would result in a
proportionally higher production rate. The approach is similar to
the process implemented by the Nanospider™ device for
production of non-coaxial monolithic nanofibers and has great
potential for enabling mass production of coaxial nanofibers.
Another important result is that the extension of spinning area
enables production of a more homogenous fibrous mesh (Burger
et al,, 2006; Zhou et al., 2009).

The morphologies of the nanofibrous layers prepared both
using needle and needleless coaxial electrospinning were exam-
ined using scanning electron microscopy (SEM), as shown in Fig. 3.
Fig. 3a shows the nanofibers produced using needle coaxial
electrospinning, while Fig. 3b shows the nanofibers produced
using the needleless coaxial spinner. The average diameter of the
nanofibers from the coaxial needle spinner was 330 & 60 nm, and
that from the needleless coaxial spinner was 270+ 60 nm. The
coaxial nanofibers produced with the needleless coaxial technolo-
gy were fine in comparison to those produced with needle coaxial
electrospinning, which is preferable for biological applications
(Tian et al., 2008). The SEM images show no defects on the fibrous
mesh in case of both needle and needleless electrospinning
process. This indicates, that the non-spinnable core phase (5% PVA)
is embedded in spinnable shell phase (12% PVA). The core phase is
not emitted from electrode and does not form non-fibrous defects
on the surface of fibrous mesh. High homogeneity of fibers
combined with low abundance of defect indicates proper coaxial
electrospinning process. The fiber surface is smooth and core
polymer was not observable even under higher magnifications
(Fig. 3c and d).

3.2. Needle and needleless coaxial electrospinning enables production
of core/shell nanofibers

In order to characterize core/shell morphology of prepared
nanofibers, nanofibrous sample with FITC-dextran was embedded
in shell of fibers. Core of nanofibers was labeled by IgG-PE-AF700.
Such combination of fluorophores enabled excitation of both labels
at single wavelength. Confocal microscopy images show the core-
shell morphology of the prepared nanofibrous meshes. Fig. 4
shows detailed confocal image and Supplementary Fig. 1 shows
morphology of fibers with lower magnification. The micrograph
shows the signal of the shell-embedded fluorophore (FITC-dextran,
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Fig. 3. SEM images of coaxial nanofibers: (a) morphology of fibrous mesh produced by needle coaxial electrospinning and (b) morphology of fibrous mesh produced by
needleless coaxial electrospinning. Scale bar indicates 20 wm. Detailed morphology of fibers shows smooth fiber surface of needle (c) and needleless (d) coaxial fibers. Scale
bar indicates 5 pwm.

Fig. 4. Visualization of core/shell structure of nanofibers produced by (a-c) needle electrospinning and (d-f) needleless electrospinning. (a, d) Signal of shell-incorporated
FITC-dextran. (b, e) Signal of core-incorporated IgG-PE-AF700. (c, f) Combination of both signals.
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Fig. 5. Signal intensity profiles of fluorophores for (a) needle electrospinning and
(b) needleless electrospinning. Fluorescence intensity profiles of the shell FITC-
dextran (green) and core TRITC-dextran (red). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

green) and the signal of the core-embedded fluorophore (IgG-PE-
AF700, red), as well as both signals combined. The signal intensity
of the IgG-PE-AF700 embedded in the core of the coaxial
nanofibers is lower because of energy loss during resonance
transfer, its lower quantum yield, and signal loss caused by crossing
the barrier between the core and shell polymers. The signal
intensity profile of the coaxial fibers from the needle spinner
(Fig. 5A) shows that the signal from the shell polymer (FITC-
dextran) increased near the periphery of the nanofibers and
peaked in the central part of the fibers. Interestingly, the signal
from the core polymer (IgG-PE-AF700) had a delayed increase in
the fluorescence intensity, and the signal peaked in the central part
of the fibers. In order to characterize these peaks, the full width at
half-maximum (FWHM) was determined for both the core and
shell intensity profiles. The ratio of shell FWHM to core FWHM of
the coaxial fibers from the needle spinner was 1.64 4+ 0.35. These
results demonstrate that the shell polymer layer is thicker than the
core polymer layer and confirm the coaxial morphology of the
prepared fibers. A similar distribution profile was observed for the
coaxial fibers from the needleless spinner, as well (Fig. 5B). In this
case, the ratio of shell to core FWHM was 1.35 £ 0.13. These results
indicate that the needleless coaxial apparatus enables the
production of nanofibers with coaxial morphologies.

3.3. Crosslinking of core and shell polymer results in distinct release
profiles

To further confirm that the novel needleless electrospinning
system is able to produce coaxial nanofibers, we profiled the
release of FITC-dextran from the shell and of TRITC-dextran from
the core of coaxial meshes produced by the needle and needleless
systems. The release kinetics of the embedded content is
determined by the form of interaction between the fiber and
the drug. In a biodegradable system, the drug may be released by
diffusion as well as degradation of the material. A recent work has
argued that the release mechanism is governed by desorption from
nanopores on the surface of the fibers rather than by a solid-state
diffusion mechanism (Srikar et al., 2008). For non-biodegradable
materials, the release process depends on the diffusion rate of the
molecule from the fibers (Gandhi et al., 2009). On other hand, for
biodegradable materials the process additionally depends on the
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kinetics of the material degradation, where the release rate is
significantly higher for rapidly degradable materials (Sill and von
Recum, 2008; Zeng et al., 2005). In addition, the release from the
nanofibers depends significantly on the physicochemical proper-
ties of the delivered substances, like the molecular weight,
hydrophobicity, and charge of the molecule (Frank et al., 2005;
Gandhi et al., 2009). In particular, drug-polymer-solvent compati-
bility plays a crucial role in the process: hydrophobic drugs should
be combined with hydrophobic polymers, and hydrophilic drugs,
with hydrophilic polymers. Otherwise, the drug cannot completely
dissolve in the polymer solution and becomes noncovalently
attached to the nanofiber surface, causing intense burst release of
the drug (Zeng et al., 2005). To evaluate the fibers produced here,
we used both FITC-dextran and TRITC-dextran with molecular
weights of 10,000 to avoid the possible influence of different
physicochemical parameters of the fluorophores on the release
kinetics. In addition, hydrophilic molecules with higher molecular
weights will be more homogenously dispersed in hydrophilic PVA
fibers, and thus their release kinetics will depend on the
degradation rate of the polymer.

Nanofibrous layers were electrospun using needle and needle-
less coaxial electrospinning with various combinations of cross-
linked (insoluble in water) and non-cross-linked PVA (soluble in
water) in the core and shell. Samples containing both cross-linked
shell and cross-linked core PVA (called needle shell-crosslinked/
core-crosslinked and needleless shell-crosslinked/core-cross-
linked) were expected to release both fluorophores at similar
rates. The crosslinking reduces both degradation and diffusion rate
from fibers and should eliminate the burst release and prolong the
release rate. The obtained release profiles of samples with a cross-
linked shell and a cross-linked core (Fig. 6A, B) show sustained
release of the fluorophores. The fluorophores were released from
the samples with similar kinetics. Because the release profiles of
both fluorophores were similar, the release rate must not be
affected by the fluorophore used, and thus these profiles can serve
as a positive control. Fibrous meshes containing a cross-linked
shell and a non-cross-linked core (needle shell-crosslinked/core-
noncrosslinked and needleless shell-crosslinked/core-noncros-
slinked) are supposed to release the soluble-core-encapsulated
TRITC-dextran faster than the FITC-dextran embedded in the
insoluble shell. Samples with a cross-linked shell and a non-cross-
linked core (Fig. 6C, D) released the shell fluorophore more slowly
and the core TRITC-dextran faster. This is caused by limited
stability of core phase in aqueous environment. The core is
degraded and the TRITC-dextran embedded in core phase is
released from the fibers. The key limiting step for release is
diffusion of molecule from the core through the shell phase. On the
other hand, the shell polymer is crosslinked and the embedded
FITC-dextran is released in slower manner than the core TRITC-
dextran. The crosslinking limits the degradation of shell PVA phase
and limits the diffusion due to lower swelling compared to non-
crosslinked PVA. Finally, fibrous meshes consisting of a non-cross-
linked shell and a cross-linked core (needle shell-noncrosslinked/
core-crosslinked and needleless shell-noncrosslinked/core-cross-
linked) were expected to release the insoluble-core-encapsulated
TRITC-dextran slower than the FITC-dextran embedded in the non-
cross-linked, soluble shell. Interestingly, in samples with non-
cross-linked shells and cross-linked cores (Fig. 6E, F), the release of
the fluorophores was altered: FIITC-dextran was released faster
from the shell and TRITC-dextran showed a more sustained release
from the core. This indicates, that the shell of fibers made of non-
crosslinked PVA was unstable in aqueous environment and was
dissolved during the first days of incubation. The crosslinked core
was stable and release of TRITC-dextran encapsulated in core was
prolonged due to higher stability of core polymer and limited
diffusion. However, core of nanofibers prepared by needleless
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Fig. 6. Cumulative release profile of fluorophores incorporated to either the core (TRITC-dextran) or shell (FITC-dextran) of the coaxial nanofibers. The nanofibers were
produced ether by (a, c, e) needle coaxial electrospinning or (b, d, f) needleless coaxial electrospinning. C indicates cross-linked PVA, N indicates non-cross-linked PVA. Shell-
crosslinked/core-crosslinked indicates a cross-linked shell and a cross-linked core PVA by glyoxal.

coaxial electrospinning (needleless shell-noncrosslinked/core-
crosslinked) were more stable than core of fibers produced by
needle electrospinning (needle shell-noncrosslinked/core-cross-
linked). This indicates that there was a higher amount of the core
polymer in the coaxial nanofibers produced by needleless coaxial
spinning.

In addition, similar release profiles were observed for the
nanofibers produced by needle and needleless coaxial electro-
spinning. The release from fibers made by standard needle coaxial
electrospinning method was similar to fibers made by needleless
coaxial spinning method indicating similar morphology and
release properties of fibrous mesh prepared by these two methods.
This feature is important for simple transfer of experimental
protocols from needle to needleless electrodes. Nevertheless, as is
indicated by higher stability of core phase in Needleless N/C group,
the needleless spinning method supports encapsulation of higher
amount of core polymer, which may result in improved
encapsulation efficacy.

The results of the release study were consistent with our
expectations. Specifically, it was demonstrated that the core (5%
PVA) and shell (12% PVA) polymers form separate layers of coaxial
fibers and that the stability of each layer could be regulated
separately by controlling the cross-linking. Our experiments

showed that coaxial nanofibers were formed by both needle and
needleless coaxial electrospinning. This finding was confirmed by
both the different localization of the core and shell fluorophores
observed using confocal microscopy and by the results of the
release study, where the nanofiber meshes prepared using needle
and needleless coaxial electrospinning released their fluorophores
differently depending on the cross-linking of either the core or
shell.

4. Conclusion

In conclusion, we proved that the novel spinneret enabled the
production of coaxial nanofibers on scales larger than the
laboratory scale. The proposed weir spinneret enables formation
of bi-liquid layer on the top of linear spinneret and supports
formation of coaxial nanofibers by needleless electrospinning. The
increase of fiber production capacity was demonstrated by
increase in production capacity compared to needle coaxial
spinneret. In addition, we have demonstrated the core/shell
morphology of fibers and possibility to use such fibers for time-
regulated release of model molecules. In addition, this novel
approach led to the formation of coaxial nanofibers with a higher
and uniform shell/core ratio. This better production uniformity
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leads to the possibility of better degradation rate tuning. Notably,
the nanofiber production rate can be easily increased by
lengthening the spinneret weir. These parameters favor broader
applications of coaxial nanofibers produced from weir spinnerets
as systems for controlled drug delivery in regenerative medicine
and tissue engineering.
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simuluje strukturu pars reticularis koria, a proto je idealni
zakladnou pro reparaci a regeneraci tkani. PCL
nanovlakenna vrstva je velmi flexibilni, a proto snadno
pfilne ke spodiné rany. PCL nanovldkenné vrstvy
vyrobené podle tohoto zpiisobu maji vysokou pérovitost
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Zpusob vyroby ploéného utvaru z biodegradabilnich a biokompatibilnich
nanovlaken, piredev$im pro kryt koZnich ran, a zafizeni k provadéni tohoto

zpusobu.

Oblast techniky

Vynalez se tykad zplsobu vyroby nanovidkenné vrstvy vyrobene z Cistych
biodegradabilnich a biokompatibilnich polymerd (napfiklad polykaprolaktonu
(PCL)), pfi kterém se nanovlakna ukladaji na nosnou netkanou textili metodou
stejnosmémého nebo stiidavého elektrického zvlakriovani (DC elektrospinning
nebo AC elektrospinning), odstiedivého zvlakiiovani, meltblownu nebo pomoci

kombinace téchto technologii.

Vynalez se dale tyka zafizeni kzaji$téni vyroby plosného Utvaru
z biodegradabilnich a biokompatibilnich nanovlaken, pfedevSim pro kryt koZnich

ran

Dosavadni stav techniky

Jednim zrevoluénich materiall moderni lékafské védy jsou bezpochyby
nanovlakna. Pro své specifické vlastnosti nachazeji uplatnéni nejen v mnoha

technickych oborech, ale oteviraji také nové moznosti v soutasné mediciné.

NejpouZivangj§im zplsobem vyroby nanoviaken je tzv. elektrostatické
zvlakiiovani (DC elektrospinning) Uginkem zdrojl stejnosmérného vysokého
napéti. Z polymerniho roztoku nebo polymerni taveniny se pomoci
elektrostatickych sil utvareji jemna vlakna, jejichZz primeér se pohybuje v rozsahu
nanometr(i, tedy miliontinach milimetru. Diky tomu ma nanovlakenny material
velkou povrchovou plochu, je vysoce porézni a vyznacuje se extrémné nizkou

tuhosti.
Piedmétem rozsahlého vyzkumuje uplatnéni nanomateriall v biomediciné.
Nanomaterialy mohou byt pouzity pfi vyrob&é umélych organi, kize, krevnich cév

nebo hojicich prostfedkd.
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Odbornici se zabyvaji vyrobou nanovidken z biokompatibilnich materialll, které
svymi vlastnostmi napodobuiji skuteéné tkané a organismus je schopen je po urcité

dobé vstiebat.

Testuje se uplatnéni nanovldken jako matrice pro rust kmenovych bunék a
moznost inkorporovat do jejich vrstev rtizné bioaktivni materialy, napf. rustové
faktory nebo imunosupresiva. Nanovlakna vyrobena z biopolymerl mohou slouZit
jako kryci material na rany obohaceny o antibakterialni &i jiné latky, které pfispéji

k rychlej§imu hojeni rany.

Nicméné veskeré Upravy samotného kozniho krytu (neboli scaffoldu) at bé&hem
jeho vyroby nebo jiz hotového materialu se zdaji spise nevyhodné. Zaprvé proces
vyroby znaéné prodluZuji. Zaroven funkcionalizace scaffoldu jakymikoliv
biologickymi latkami, at se jiz jedna o vytazky z bylin nebo napfiklad osazeni
scaffoldu bufikami pacienta, znesnadiiuje reprodukovatelnost vyroby materialu.
Navic tyto biologicky aktivni latky pfi vyrobé& nebo pfi dlouhodobém skiadovani
velmi &asto ztraci svou aktivitu a jejich G&inek se tudiz snizuje. Dal$i prekazkou, se
kterou je nutné se vyporadat, je postupne fizené uvolfiovani lécivych latek z
kozniho krytu, alespofi do doby, nez dojde k jeho vyméne. Pfi osazeni scaffoldu
buiikami zase narazime na problém, kdy je nutna biopsie pacientovy tkané,
kultivace jeho vlastnich bunék in vitro a nasledné osazeni scaffoldu. Toto je velmi

zdlouhavy a také nakladny proces.

Pii funkcionalizaci scaffoldd jinymi latkami, jako jsou napfiklad soli stfibra, o kterém
je znamo, Ze ma antibakteriaini ucinky, je nutné velmi presné odhadnout
koncentraci dané latky. Pi vétich koncentracich je totiz stribro toxicke i pro buiky

lidského t&la a mohlo by dojit k odumirani pacientovy tkané.
Vy$e uvedenymi problémy a jejich feSenim se zabyvaji rlzné patenty a odborné
¢lanky, jako napfiklad:

1. J. Chong, T.T. Phan, |.J. Lim, Y.Z. Zhang, B.H. Bay, S. Ramakrishna, C.T.
Lim, Evaluation of electrospun PCL/gelatin nanofibrous scaffold for wound
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healing and layered dermal reconstitution, Acta Biomaterialia 3 (2007) 321—
330.

Souéasnym pozadavkem na nosi¢e vhodné pro tkanoveé inZenyrstvi je biologicky
rozlozZitelny scaffold uvnitf néhoZ mohou fibroblasty migrovat a proliferovat. Takova
uméla dermalni vrstva musi pfilnout k rané a integrovat se do ni, coZ neni u fady
umélych koznich nahrad splnéno. Vysoka cena soucasnych umeélych koznich
nahrad omezuje &etnost jejich aplikaci jak u lékafl, tak u pacientd. V Clanku je
navrzen cenové efektivni kompozit sestavajici z nanovlakenné vrstvy vytvofené
metodou elektrického zvlakiiovani pfimo na polyuretanovy kryt (TegadermTM 3M
Medical) pro dermalni hojeni koznich ran. Bun&tna kultura je nasazena na obou
stranach nanovlakenné vrstvy a testovana na adhezi fibroblasti a jejich proliferaci.
V praci se pfedpokladalo, Ze fibroblasty osidlené trojrozmérné nanovlakenne
struktury pfekryté pfes ranu podpofi tvorbu dermis a umozni naslednou re-
epitelizaci. Vysledky ziskané v této studii ukazuji, ze nanovlakenny scaffold z obou
stran osidleny fibroblasty vykazoval dobrou bunétnou adhezi, rast a proliferaci. Je
to Usp&sny prvni krok pro aplikaci nanoviakennych materialll jako vhodnych
trojrozmérnych nosiél pro péstovani autogennich populaci fibroblastl. Poznatky
ziskané studii poskytuji velky potencial pro Ié¢bu koznich ran pomoci aplikace
vrstevnatych vlakennych prostredkd.
Nevyhody:
e Osazovani in vitro pred viastni aplikaci, ktera neumozZiiuje okamzité pouZiti
scaffoldu.
o Nanovlakenné struktury pfedpokladaji reepitelizaci rany in situ bez nutnosti
predchozi kultivace
e Idealnd osazovani scaffoldu vlastnimi builkami — biopsie, kultivace -
zdlouhavé, finanéné narocné

o Pokud buriky cizi, nebezpeti odmitnuti scaffoldu
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2. X. Liu, T. Lin, J. Fang, G. Yao, H. Zhao, M. Dodson, X. Wang, In vivo wound
healing and antibacterial performance of electrospun nanofibre membranes,
Journal of Biomedical Materials Research Part A 94A (2010) 499 — 508.

V této praci autofi posuzovali 5 materiall jako moZné kandidaty na kryti ran:
poly(vinyl alkoho) (PVA), poly (E-caprolacton) (PCL), polyakrylonitrii  (PAN),
poly(vinyliden fluorid-co-hexaflouropropen) (PVdF-HFP) a PAN-polyuretan (PEU).
Autofi poukazuiji na hlavni viastnosti, které by mél idealni kryt rany mit a to, ze by
mél napomahat hojeni rany a minimalizovat velikost jizvy. Proto by takovy scaffold
mél spliiovat pozadavky na to, aby chranil ranu pfed infekci, aby umoznoval pfisun
vzduchu k rané a zaroveh odvadél piebyteéné tekutiny zrany. Tyto vlastnosti
vlastnosti maji scaffoldy pfipravené elektrostatickym zvlakiovanim. Vyznaluji se
vysokou porozitou, coZz napomaha odvadéni tekutiny z rany. Zaroven jsou tyto pory
dostateéné malé na to, aby zamezily vnikani baterii do rany. Autofi ¢lanku pro
svoje experimenty vyuzili in vivo testovani kryti na potkanech. Z jejich vysledku je
patrné, Ze vdechny pouzité materidly napomahaji hojeni rany. Hydrofilni scaffoldy
podporuji proces hojeni 1épe, nez hydrofobni. Vétsi porozita materialu a tudiz vé&tsi
prody$nost vedou k lepdimu hojeni rany. DalSim vysledkem této studie také bylo,
7e scaffoldy z PCL a PVdF-HFP oproti ostatnim materialim vyrazné lépe pfilnuly
k rané. To by mohla byt u téchto scaffoldii vyhodou, jelikoz by nedochazelo
k odlupovani scaffoldu b&hem procesil hojeni, coz by mohlo cely proces urychlit.
Nevyhody:

e Preference hydrofilnich nanoviakennych materiald, které nedostateéné

adheruji k rané

e Smacivost nanovlakennych material( je obtizné méfiteina veli¢ina

3. J. G. Merrel. S. W. McLaughlin, L. Tie, C. T. Laurencin, A. F. Chen, L. S.
Nair, Curcumin loaded poly(€-caprolacton) nanofibres: Diabetic wound
dressing with antioxidant and anti-inflammatory properties, Clinical and
Experimental Pharmacology and Physiology 36(12) (2009) 1149 — 1156.
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V ramci této studie se autofi zaméfili na funkcionalizaci PCL scaffoldu pomoci
kurkuminu, fenolické slougeniny, o které je znamo, ze ma antioxidacni a
protizanétlivé Gginky. Plsobi také proti vzniku infekci. To déla z kurkuminu
vyborného adepta pro hojeni ran. Tato molekula ma vSak velmi nizkou in vivo
stabilitu. Proto se autofi tohoto &lanku rozhodli pouzit PCL scaffold jako nosic této
slou¢eniny. Zarover priméry vlaken scaffoldu jsou podobneé priméru vilaken
kolagenu a napodobuji tak extracelularni matrix a napomahaji tak lepsi adhezi a
proliferaci bunék na scaffoldu. Vyhodou take je, ze k uvolfiovani kurkuminu
dochazi pozvolna béhem nékolika dni, coz zajiStuje trvaly a pfisun teéto léCive latky
do rany bé&hem celého procesu hojeni. Zjejich in vitro i in vivo experimentt
vyplyva, ze scaffold obohaceny kurkuminem vyrazné lépe napomaha hojeni rany
oproti kontrolnimu PCL scaffoldu bez kurkuminu. Tato studie naznacuje dalsi
mozny budouci vyvoj scaffoldi smérem ke zlepSeni jejich uz i tak vyjimecnych
schopnosti hojit rany.
Nevyhody:
» Nutnost izolace jakychkoliv bioaktivnich molekul asto narocna na cas i
instrumentaci
e Izolované slouc¢eniny asto nestabilni, pfipadné ztraci aktivitu po inkorporaci
do scaffoldu

e Problém s fizenym postupnym uvoliiovanim

4. G. Jin, M. P. Prabhakaran, D. Kai, S. K. Annamalai, K. D. Arunachalam, S.
Ramakrishna, Tissue engineered plant extracts as nanofibrous wound
dressing, Biomaterials 34 (2013) 724 — 734.

Autofi tohoto &lanku navazuji na mnohaleté poznatky mediciny, kdy se vyuzivaji
rizné 1ééivé byliny a jejich extrakty nejen k lécbé riznych onemocnéni, ale také
k hojeni napfiklad popalenin a jinych koznich ran. V této studii si k testovani vybrali
rostliny Indigofera aspalathoides (PCL/IA), Azadirachta indica (PCL/AI),
Memecylon edule (PCL/ME) a Myristica andamanica (PCL/MA). Jako scaffold si
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zvolili nanovlakna PCL vyrobena elektrostatickym zvlakfiovanim. Z jejich studie
vyplyva, Ze vdechny pouZzité scaffoldy jsou cytokompatibilni, netoxicke a podporuji
proliferaci bunék. VSechny vyrobené scaffoldy vykazuji lep$i vlastnosti nez
samotné PCL, nejlepsi vysledky vak celkové vykazoval material PCL/ME. Toto je
dalsi studie poukazujici na to, Ze budoucnost krytl ran bude ve funkcionalizaci
nanovlakennych scaffoldli, coZ jesté podpofi jejich jiz tak vynikajici mechanickeé
viastnosti, diky kterym se jiz v sou¢asné dobé vyborné hodi pro vyuZiti jako kryth
ran.

Nevyhody:

e Funkcionalizace PCL nanovldkenného scaffoldu neni nezbytné nutna,
scaffold nevyvolava zanétlive reakce, bakteriaini kontaminaci je zabranéno
diky malym pérdm nanovlakenné vrtsvy

e Slozitost systému, nanovlakenné PCL, samo o sobé vykazuje podporu
hojeni rany a navozeni regenerace poranéni

e Vpfipadé potfeby je mozné nanovlakenny PCL scaffold kombinovat

s dal$imi pfipravky pouzivanymi pro podporu hojeni ran

5. R. V. Madhavan, M. J. Rosemary, M. A. Nandkumar, K. V. Krishnan, L. K.
Krishnan, Silver nanoparticle impregnated poly (E-caprolacton) scaffolds:
Optimization of antimicrobial and nontoxic concentrations, Tissue
Engineering Part A 17 (2011), 439 — 449.

V této studii se autofi zamé&fili na vyrobu PCL scaffoldu s pfimési nanocastic
stiibra. Stfibrné nanod&astice maji vynikajici antimikrobialni ucinky proti Sirokému
spektru mikroorganismu i pfi nizkych koncentracich napfiklad oproti antibiotikiim,
které &asto maji relativné Uzkou specifitu. Navic proti antibiotikiim  si
mikroorganismy umi velice uginné ziskat rezistenci. Stribrné nanocastice plsobi
jak proti Gram pozitivnim, tak Gram negativnim bateriim, virdm a plisnim. Navic
tyto Gastice vykazuji i protizanétlivé aCinky pfi hojeni diabetickych i chronickych ran

a popalenin. Je ovéem dllezité nelézt optimalni koncentraci, protoZze vysoké
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koncentrace stiibra mohou byt toxické pro pacientovu tkan. Tento ¢lanek popisuje
dalsi mozné modifikace tkafiovych nosiél, tentokrat anorganickymi slou¢eninami,
které predevsim vykazuji antimikrobialni aktivitu, zamezuji vzniku infekce, ¢imz
napomahaiji efektivnéjSimu hojeni.
Nevyhody:

e Pouziti nano&astic stfibra, které mohou byt toxicke

o Zabrana kontaminace je zajisténa malymi pory v nanovidkenné vrtsvé, ktera

zabrani priniku bakterii a jinych mikrobialnich agens

Degradace PCL:

6. Hongfan Sun, Lin Mei, Cunxian Song, Xiumin Cui, Pengyan Wang, The in
vivo degradation, absorption and excretion of PCL-based implant,
Biomaterials 27 (2006) 1735-1740.

V této praci byla studovana in vivo degradace poly(e-kaprolaktonu) (PCL). Studie
byla provadéna po dobu 3 let na laboratornich potkanech. Distribuce, vstfebavani
a vyludovani PCL byly sledovany pomoci radioaktivniho znaceni PCL Tritiem.
Vysledky ukazaly, ze kapsle z PCL s pocatecni molekulovou hmotnosti (MW)
66 000 si zachovala svoji formu b&hem implantace po dobu 2 let. Béhem 30
mésicti doslo k snizeni molekulové hmotnosti PCL na hodnotu (Mw 8000).
Molekulova hmotnost PCL se snizovala s &asem podie linearniho vztahu mezi
log(Mw) a &asem. Tritiem znaéené PCL (molekulova hmotnost 3000) ve formé
podkoznich implantati u potkanl byly testovany na vstiebavani a vylu¢ovani.
Radioaktivni stopovaci latky byly poprvé zjistény v krevni plazmé potkani 15 dn(
po implantaci. Sou¢asné radioaktivni byly radioaktivné znacené latky extrahovany
z vykall a mogi. Celkem 92% implantovaneho PCL a produktll jeho rozpadu bylo
vylougeno cestou vykalli a mo¢i 135 dnli po implantaci. V té dobé radioaktivita

plazmy klesla na uroveii pozadi. Radioaktivita v organech potkan( bylo blizko
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hodnot urovné pozadi. To potvrzuje, Ze material PCL a produkty jeho rozkladu se
neakumuluji v télesné tkani pokusnych zvifat. Naopak jejich kumulace v tkanich

byla pokusem zcela vyloucena.

Nevyhody:
e V ¢lanku byla zkoumana biodegradabilita PCL kapsli, nikoliv PCL vlaken
nebo nano-vlaken.

o PCL material zde nebyl pouZit pro studium hojeni koZnich poranéni.

7. N. Bolgen, Y.Z. Menceloglu, K. Acatay, I. Vargel, E. Piskin, In vitro and in
vivo degradation of non-woven materials made of poly(e-caprolactone)
nanofibers prepared by electrospinning under different conditions, J
Biomater Sci Polymer Edn 16 (2005) 1537-1555.

Prace vy$e zminénych autorl byla zaméfena na studium degradace nanoviakenne
vrsty z polykaprolaktonu v podminkach in vitro a in vivo. Bylo zjisténo, Ze rychlost
degradace zavisi na priméru viaken, slabsi vlakna degraduji rychleji diky vétsi
plo§né hmotnosti. Degradace v podminkach in vitro byla testovana po dobu 6
mésicll. Degradace probihala pfedevsim mechanismem hydrolyzy. Po 6 mésicich
doslo ke snizeni molekulové hmotnosti polykaprolaktonu a ke zhorSeni
mechanickych vlastnosti (pokles pevnosti v tahu, Youngova modulu a
prodlouZeni). Pokusy v in vivo podminkach byly provadény na laboratornich
potkanech subkutanni implantaci po dobu 90 dnl. Doba degradace byla rychlejsi v
in vivo podminkach diky enzymatické degradaci, ktera je mimo hydrolyzy dalSim
mechanismem degradace polykaprolaktonu.
Nevyhody:

Degradace PCL byla sledovana po subkutanni implantaci, PCL pro kryty ran

miize degradovat odli§nou rychlosti diky pfitomnosti jinych enzym, jinemu

pH v misté rany apod.
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Dale uvadime jako stav techniky patent z oblasti ,Nanovlakenné kryty ran®.
US 20130150763 A1

Electro spun nanofibrous wound dressing and a method of synthesizing the

same
Tento patent popisuje 3 vrstvou nanovidkennou vrstvu pouzivanou pro kryty ran.
Vnéjsi vrstva je hydrofilni a ma podpirnou funkci. Stiedni vrstva je tvofena ze
zesitovaného genipinu a obsahuje extrakt Melilotus officinalis. Vnitini vrstva je
tvofena nesitovanym chitosanem. Do vrstev mohou byt pfidavana rizna aditiva,
ktera ovliviiuji rychlost uvoliiovani bylinného extraktu.
Nevyhody:

e Hydrofilni vrstvy neumoziuji dobrou adhezi k rané

e Sitovani polymeru ve stiedni vrstvé musi byt piné kontrolovano, uvolfiovani

léGivych latek pfesné fizeno

Podstata vynalezu

Cilem tohoto feseni by mélo byt zajisténi jednoduchého Ulo$ného utvaru

z biokompatibilnich polymerl piedevsim pro kryti koZnich ran.

Pomoci technologie elektrického zvlakiiovani, odstiediveho zvlakiovani,
meltblownu a kombinaci téchto technologii je mozné vytvofit nanoviakenny
material, ktery vykazuje vlastnosti netkané textilie. Jedine¢nosti tohoto materialu je
pramér viaken, tedy nano-vlakenného materialu, ktery je pouzit pro vytvofeni
materialu kozniho krytu. Vyhodou je struktura vyrobeného materialu, kdy kozZni kryt
plisobi sou¢asné jako bariera proti plsobeni bakterii a zaroven jako polopropustna
membrana pro prinik kysliku a odvod nezadoucich latek. V soucCasnosti se
takovéto jednoduché membrany nevyuZivaji jako kozni kryty. Vyhodou je zde
patentovany zplisob vyroby nanovlakenného krytu bezvdodateéného pridavku

léGiva, ktery je moZno bez problému pfidat ex post. Vyhodou je vyuziti
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biokompatibilniho a biodegradabilniho polymerniho materialu pro kryti koznich
defektd.

Dalsi vyhodou nanovldkenné vrstvy z polycaprolaktonu vyrobené podle tohoto
vynalezuje dosazeni stejnych vlastnosti vrstev nanovlaken diky zachovani
molekulové hmotnosti pouZitého polymeru, coZ u biologickych polymerd neni
mozné. Tudiz pfi dodrzeni vyrobnich podminek miiZzeme zarucit, Ze vyrobeny
material bude mit vzdy stejné vlastnosti. Zaroveii vyroba nanovlakenneho PCL
pomoci elektrostatického zvidkiiovani je na primyslové urovni, tudiz je mozné
zajistit vysokou produkci krutli ran za pfijatelnou cenu. Diky tomu, ze scaffold neni
nigim funkcionalizovany, je jej tudiz mozné sterilizovat studenym etylenoxidem,
aniz by to ovlivnilo jeho funkci. To je schvaleny proces sterilizace materialll
v mediciné. Vyrobeny material je snadno aplikovateiny a ma [éCivé uéinky
predev&im diky své primarni struktufe. Svym uspofadanim napodobuje vlakna
kolagenu v extracelularni matrix, coz napomaha adhezi a proliferaci pacientovych
bunék na scaffoldu a tim dochazi k uzavirani rany. Zarovefi diky své vysoké
porozité umoznuje difundaci plyni mezi ranou a okolim, pfisunu kysliku, coZ opét
piiznivé ovliviluje vyvoj hojeni rany. Diky vysoké porozité navic dochazi k odtoku
piebyteénych tekutin zrany. Tyto péry scaffoldu jsou ovSem natolik malé, Ze
zamezuji priniku baterii. To znamena, Ze nami vyrobeny scaffold plisobi zaroven
jako antibakterialni bariéra. Velkou vyhodou je, Ze jej Ize kombinovat s dalSimi
bézné dostupnymi légivy na podporu hojeni rany, jako jsou lokalni antibiotika,
antiseptika a podobné. Neni tudiz nutné takovyto scaffold dale upravovat a

funkcionalizovat.

Aplikace je rovnéZz nova v tom, Ze takovy material na trhu neni a veskeré reserse,
které byly provedeny hovofi jenom o materialech z nanovlaken, které navic byly

dotovany biologicky aktivni latkou (napf. s bakterocidnim ucinkem)

Zafizeni pro vyrobu plosného viakenného utvaru obsahujiciho polymerni
nanovlakna podle tohoto vynalezu sestava z dopravnikového pasu na némz je

umisténa netkana textilie slouZici jako nosi¢ vlakenného utvaru podie tonoto
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vynalezu, ktery je vytvafen dvéma zdroji - zvidkiujici elektrodou napajenou
stfidavym napétim a metodou odstiedivého zvlanovani, kdy je timto postupem
vytvofena na povrchu netkané textilie vrstva z biodegradabilnich a

biokompatibilnich polymer( podle tohoto vynalezu.

Tento typ krytu koZnich defektd ma nasledujici vyhody: V mezidobi lé¢eni defektu,
kdy nejsou k dispozici definitivni vysledky, je Casto pod standardnim dodasnym
krytim nastartovan proces hojeni, ktery je nasledné narusen pfi jeho snimani pfed
planovanym definitivnim feSenim rany nékterou z plastickych technik. Pro pacienty
tento postup znamena stresovou zatéz a proces hojeni zacina opét od zacatku.
Pfilozeni nanoviakennych scaffolddl, vyrobenych podle tohoto zplsobu, po primarni

excizi bez uzavéru rany se v téchto piipadech jevi jako Setrnéjsi a pfiznivéjsi.

Nanovlakenna PCL struktura vyrobena elektrospinningem je velice podobna pars
reticularis koria (lat. hlub$i vrstva kary), a proto je idealni k vyuziti jako zakladny
pro reparaci a regeneraci tkani. DalSi vyhodou je, ze nanovlakna jsou extrémné
tenka. V disledku toho jsou velmi flexibilni (tj. vykazuji extrémné nizké hodnoty
ohybového modulu). V disledku toho tenké vrstvy z nich vyrobené snadno pfilnou
ke spodiné rany.

PCL nanovidkenné vrstvy vyrobené podle tohoto zplisobu maji vysokou poérovitost
a svou pfistupnosti pro vzdudny kyslik usnadfiuji a urychluji hojeni ran. Velkym
pozitivem je také to, Ze tyto nanovlakenné struktury znesnadfuji prichod bunék o

velikosti bakterii, a tim plsobi jako antibakterialni bariéra.

Piehled obrazka na vykrese

Obr. 1 : Vliakenny material vyrobeny technologii elektrostatického zvlaknovani
z polykaprolaktonu pfipravovaného v pfikladu 1 ve dvou zvétdenich dle méfitka

v li§t& snimku snimané mikroskopem Phenom FEL
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Obr. 2: Vlakenny material vyrobeny technologii elektrostatického zvlaknovani
z polykaprolaktonu pfipravovaného v pfikladu 2 ve dvou zvétSenich dle méfitka

v li§t& snimku snimané mikroskopem Tescan Vega.

Obr. 3: Vlakenny material vyrobeny technologii odstfedivého zvlakiovani z roztoku
polykaprolaktonu pfipravovaného v pfikladu 3 ve dvou zvétSenich dle méritka

v li§t& snimku snimané mikroskopem Tescan Vega.

Obr. 4: Vlakenny material vyrobeny technologii odstfedivého zvlakiovani
z taveniny polykaprolaktonu pfipravovaného v pfikladu 4 ve dvou zvétsenich dle

méfitka v li§t& snimku snimané mikroskopem Tescan Vega.

Obr. 5: Viakenny material vyrobeny kombinaci technologii meltblown a
elektrostatické zvlakfiovani z polykaprolaktonu pfipravovaného v piikladu 5 ve

dvou zvétsenich dle méfitka v listé snimku snimané mikroskopem Tescan Vega.

Obr. 6: Schéma zazizeni pro vyrobu plodného viakenného utvaru obsahujiciho

polymerni nanovlakna.

Snimky vlakennych materialdl byly provedeny na mikroskopu Tescan Vega 3SB
Easy Probe a Phenom FEI. Urychlovaci napéti pouzité na mikroskopu Phenom FEI
bylo 5kV, tlak v komofe: vysoké vakuum, zobrazovaci rezim: sekundarni elektrony.
Urychlovaci napéti pouzité na mikroskopu Tescan Vega 3SB Easy Probe bylo 20
kV a 30 kV, tlak v komofe: vysoké vacuum, zobrazovaci reZim: sekundarni

elektrony, pracovni vzdalenost: WD od 13 do 18 mm.

Vlakenna vrstva byla nalepena uhlikovou oboustranné lepici paskou na kovovy
teréik a nasledné naprasena zlatem. Vrstva zlata navzorku: cca 7nm, naprasujici
stroj: Q150R (Quorum Technologies, UK).

K méfeni pramért viaken ze snimkd vytvofenych pomoci rastrovacich
elektronovych mikroskopl byl vyuZit software NIS ELEMENTS (LIM s.r.o., Ceska
Republika).
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Pfiklady uskuteénéni vynalezu

Priklad 1. Pfiprava vrstev z polykaprolaktonu pomoci elektrostatického zvlaknovani

Polykaprolaton (Poly-e-caprolactone (PCL; Mw 45,000; Sigma Aldrich) byl
rozpustén ve smési chioroform (Penta)/ etanol (Penta) v hmotnostnim poméru 9:1.
Polymeru v roztoku bylo 16hm%. Takto pfipraveny roztok byl umistén na 12 hodin
na magnetické michadlo za laboratornich podminek. Dale byl roztok elektrostaticky
zvlaknén na zafizeni Nanospider NS 4S1000U (Elmarco, Ceska republika) a to se
strunou jako zvlakfovaci elektrodou. Zviakfiovaci elektroda byla na +30kV,
kolektor, pod nimz prochazi podkladova textilie (spunbond), byl nabijen na -10kV.
Odtahova rychlost podkiadové textilie byla v tomto pfikladu 15mm/min. Vysledna
elektrostaticky zvlaknéna vrstva méla plosnou hmotnost 3g/m2. Prdméry vlaken se
pohybuji u nanovlaken okolo stfedni hodnoty 239+94 nm, zatimco mikrovlakna
maiji stfedni hodnotu 3664+731 nm.

Priklad 2: Priprava vrstev z polykaprolaktonu pomoci elektrostatického zvlakfiovani

Polykaprolaton (Poly-e-caprolactone (PCL; Mw 45,000; Sigma Aldrich) byl
rozpustén ve smési chloroform (Penta)/ etanol (Penta)/ kyselina octova (Penta)
v hmotnostnim poméru 8:1:1. Polymeru v roztoku bylo 16hm%. Takto pfipraveny
roztok byl umistén na 12 hodin na magnetické michadlo za laboratornich
podminek. Dale byl roztok elektrostaticky zvlaknén na zafizeni Nanospider NS
4S1000U (Elmarco, Ceska republika) a to se strunovym valeCckem jako
sviakiiovaci elektrodou. Zvlakrovaci elektroda byla na +30kV, kolektor, pod nimz
prochazi podkladova textilie (spunbond), byl nabijen na -10kV. Odtahova rychlost
podkladové textilie byla vtomto pfikladu 15mm/min. Vysledna elektrostaticky
zvlaknéna vrstva méla plosnou hmotnost 4,6 g/mz. Priméry vlaken se pohybuji u

nanovlaken okolo stiedni hodnoty 239+94 nm, zastoupeni mikrovlaken bylo 5,3%.
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Piiklad 3. Pfiprava vrstvy z polykaprolaktonu pomoci odstfedivého zvlakiovani z

roztoku

Polykaprolaton (Poly-g-caprolactone (PCL; Mw 80,000; Sigma Aldrich) byl
rozpustén ve smési chloroform (Penta)/ etanol (Penta) v hmotnostnim poméru 9:1.
Polymeru v roztoku bylo 12hm%. Takto pfipraveny roztok byl umistén na 12 hodin
na magnetické michadlo za laboratornich podminek. Dale byl roztok ostredivé
zvlaknén pomoci zafizeni Fiber Engine 1.1 (FibeRio Technology Corporation,
USA). Otagky zvlakhovacich spinneret byly 11000 otacek za minutu. Vysledna
plosna hmotnost vrstvy byla 2,89/m2. Stfedni hodnota primérl vlaken byla

942+347nm, zastoupeni mikroviaken bylo 38%.

Pfiklad 4. Pfiprava vrstvy z polykaprolaktonu pomoci odstiediveho zvlaknovani

z taveniny

Polykaprolaton (Poly-e-caprolactone (PCL; Mw 45,000; Sigma Aldrich) byl
odstfedivé zvlakiiovan pomoci primyslového zafizeni na vyrobu cukrové vaty
s otackami zvlakiiovaci jednotky 3500 otacek za minutu a teplotou 90°C. Vrstva
byla zachytdvana na sérii tyCovych kolektorli s vy3kou 25 cm umisténe ve
vzdalenosti 50 cm od stiedu zvlakiovaci jednotky. Vysledna plosna hmotnost
vrstvy byla 7 g/m?. Stfedni hodnota priméri viaken byla 1552484 7m, zastoupeni

mikroviaken bylo 49%.

Priklad 5. Pfiprava vrstvy z polykaprolaktonu pomoci kombinace technologii

meltblown a elektrostatické zvlaknovani

Poly-e-caprolactone (PCL; Mw 45,000; Sigma Aldrich), chloroform (Penta), etanol
(Et-OH; Penta) byly pouzity pro vyrobu vlakennych materiall. Roztok 16hm% PCL
ve smési chloroform/etanol (9:1 hmotnostn&) byl pfipraven pro elektrostaticke
zvlakiiovani. Zafizeni na vyrobu jsou laboratorni zafizeni meltblown (laboratory

equipment J&M Laboratories, USA) a zafizeni na elektrostatické bezjehiové
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zvlakiovani s vyuzitim strunového valecku rotujicino ve vanicce s polymernim
roztokem (princip technologie NanospiderTM) jako zvlaknovaci elektrody. Sroub
extrudéru meltblowu rotoval 40 otadek za minutu, coz znamena 100g polymeru za
hodinu. Rychlost vzduchu ve vzdalenosti 20 cm od zvlakfovaci trysky byla 20 ms™.
Délka zvlakhovaci trysky byla 15 cm. Otageni zvldkfovaci elektrody u
elektrostatického zvlakiiovani bylo 50 otacek za minutu s primérem valecku 30
mm a délkou 15 cm. Valegek byl nabijen zdrojem vysokého napéti na +35kV a
kolektor byl nabijen na -20kV. Okolni teplota a vihkost byly 23°C; 45%RH. Finalni
plodna hmotnost vyrobeného materialu byla 15 g/m?, stfedni hodnota primeéru
elektrostaticky zvlaknénych viaken byla 7324292 nm, stfedni hodnota vlaken

vyrobenych technologii meltblown byla 6,5+4,4um. Zastoupeni nanoviaken (vlaken

s primérem pod 1 um) bylo objemové 1%, pocetné pak 56% v celém materialu.

Zafizeni pro vyrobu plodného Utvaru z biodegradabilnich a biokompatibilnich
nanovlaken, predevsim pro kryt kozZnich ran sestava z nejmené dvou zdroji pro
generovani nanovlaken, a to ze zvlakiovaci elektrody 1 napajené stfidavym
napétim a zafizenim 4 pro tvorbu nanovlaken 3 a 5 metodou odstfedivého
zvlakriovani, kdy je vytvofena vrstva 7 z nanoviaken 3 a 5 na povrchu nosné

netkané textilie 6 ktera je unasena dopravnikovym pasem 1.

Priumyslova vyuzitelnost

Obvazovy material (kryt ran) z polykaprolaktonovych (PCL) nanovlaken otvira
celou fadu novych moZnosti v souvislosti s rychlym vyvojem véd o nano-
materialech a nanotechnologie. Jednou z aplikaci je vyroba krytd koZnich ran
v podobé& tenké nanovlakenné netkané textiliie, ktera svymi vlastnostmi podporuje

epitelizaci a hojeni rany.
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1. Zplsob vyroby plo$ného utvaru z biodegradabilnich a biokompatibilnich
nanovlaken, pfedevdim pro kryt koZnich ran, a zafizeni k provadéni tohoto
zplsobu, vyznaéujici se tim, Ze je vyroben biokompatibilniho nebo
biodegradabilniho polymeru, kyseliny polyglykolové (PG;;}_i)Tkyseliny w;‘)_alyrnql_e"g“;[\é
(PLA,v PLLA, VPlA_DA), po-lyvinylalkoholu (PVA) 'k(')nlagenu, chitosanu: fibroinu a
véetné jejich kopolymerﬁ a smési metodami elektrického ‘zvlaknovani,
odstifedivého zvlakfiovani, meltblownu a kombinaci téchto technologii,ze vSech
téchto materialli ; polykaprolakton (PCL), pficemz vysledny material je sterilizovany

etylenoxidem.

2. Zplsob vyroby plo§ného Utvaru z biodegradabilnich a biokompatibilnich
nanovlaken, piedevdim pro kryt koznich ran, a zafizeni k provadéni tohoto
zplsobu podle bodu 1, vyznaéujici se tim, Ze, tenka nanovlakenna vrstva se
uklada na povrch nosné textilie metodou stejnosmerneho zvlaknovani

z polymerniho roztoku nebo z taveniny.

3. ZpUsob vyroby plodného Utvaru z biodegradabilnich a biokompatibilnich
nanoviaken, piedev§im pro kryt koznich ran, a zafizeni k provadéni tohoto
zplisobu podle pfedchozich bodd, vyznadujici se tim, Ze, tenka nanovlakenna

vrstva se uklada na povrch nosné textilie metodou meltblown.

4. Zpusob vyroby plodného Utvaru z biodegradabilnich a biokompatibilnich
nanovlaken, pfedev&im pro kryt koznich ran, a zafizeni k provadéni tohoto
zptisobu, vyznadujici se tim, Ze zafizeni pro vyrobu ploSného utvaru
z biodegradabilnich a biokompatibilnich nanovlaken, pfedevsim pro kryt koznich
ran sestavad znejméné dvou zdroji pro generovani nanovlaken, a to ze
zvlakiovaci elektrody (2) napajené stiidavym napétim a zafizenim (4) pro tvorbu

nanoviaken metodou odstiedivého zvlakiovani kdy je vytvofena vrstva (7)
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z nanovlaken (3) a (5) na povrchu nosné netkané textilie (6) ktera je unasena
dopravnikovym pasem (1)



@//ﬁ - 47?1

Z

4/]

St

Obr 1

o
—

Obr. 2

15



LR J e LX) »0 * *Be e
L .0 L . L L4 ee .
. . L 3 [ . L LA 2 J
* . o o & * L ] L 3 . L
L] * [ ] . L [ 4 ] L
oon s (2] LR J sose o0 e 008

Obr. 4

15




LA [ X 4 LX ] (X ] .« odsw

L L2 ] . * L 2N L] *e -
LN L . L L] L X 2%
L J . e o € L 4 . L] L] L
L L] L LJ L A L] [ ]
onse L] e [ 2 XX 200 S0 °

7 Stranka 20 z 21

—

Obr. 5

5 Obr. 6:




Patent: Cévni ndhrada, zejména maloprimérova cévni ndhrada

Priloha €. 8



’ (11) Cislo dokumentu:
PATENTOVY SPIS 306 213

(13) Druh dokumentu: B6

(21) Cislo prihlagky: 2015-159 (51 Int. Cl.:
(19) 22) Prihlaseno: 06.03.2015
CESKA ( 40; I og (1)3 231 . AGLF 2/06 (2013.01)
REPUBLIKA (40) Zvetejnino S AG61L 27/26 (2006.01)
(Véstnik & 40/2016) 1L 2738 (2006.01)
(47) Udgleno: 24.08.2016 AGIL 27/54 (200601)
(24) Oznameni o udéleni ve véstniku: 05.10.2016 IL 27 2006'01
(Véstnik & 40/2016) AGIL 27/58 (2006.01)
. B82Y 5/00 (2011.01)

URAD ,
PRUMYSLOVEHO
VLASTNICTVI

(56)  Relevantni dokumenty:
Wang, Sheng, et al. "Fabrication of small-diameter vascular scaffolds by heparin-bonded P (LLA-CL) composite nanofibers to improve graft patency.”
International journal of nanomedicine 8 (2013): 2131..
EP 1815820 Al WO 03/072748 A2, WO 2008/094971 A2; WO 2006/124365 A2.

CZ 306213 B6

(73) Majitel patentu:
Technicka univerzita v Liberci, Liberec, CZ

(72)  Pivodee:
Mgr. Jana Horakova, Jablonné v Podjestédi, CZ
Ing. Petr Mike§, Ph.D., Mnisek u Liberce, CZ
Ing. Véra Jencova, Ph.D., Liberec 6, CZ
Ing. Jifi Chvojka, Ph.D., Liberec, CZ
prof. David Lukas, CSc., Liberec, CZ
Ing. Ales Saman, Hradek nad Nisou, CZ

(74)  Zastupce:
Ing. Dobroslav Musil, patentova kancelaf,
Zabrdovicka 11, 615 00 Brno

(54) Nazev vynalezu:
Cévni nahrada, zejména malopriimérova
cévni nahrada

(57)  Anotace:
Vynilez se tyka cévni nahrady, zejména malopriimérové
cévni nahrady, kterd obsahuje vnitini vrstvu tvofenou
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Cévni nihrada, zejména maloprimérova cévni nahrada

Oblast techniky

Vynalez se tyka cévni nahrady, zejména malopriamérové cévni nahrady.

Dosavadni stav techniky

V soucasné dob€ se jako cévni néhrady pouZivaji hadicky vytvotené z inertnich materiall, jako
napi. polytetrafluorethylenu (ePTFE), polyesteru (PES, Dacron®) nebo polyuretanu (PUR). Jak
se postupné¢ ukazuje v praxi, jsou tyto ndhrady dobie pouzitelné pro nahradu cév s vnitinim prii-
mérem nad 6 mm, ve kterych je dostate&ny pritok krve, aviak zcela nevhodné pro nahradu cév s
men3im vnitfnim primérem, nebot’ u nich, diky inertnosti a hydrofobicité pouzitého materialu a
nizkému pritoku krve, snadno dochazi ke vzniku krevnich sraZenin (trombotizaci), prorlstani
hladkosvalovych bungk z vngjsku do vnitiniho prostoru cévy (intimalni hyperplasii) nebo naopak
vytvafeni vyduti (aneurysma).

Tyto nedostatky jsou do jisté miry odstranény cévnimi nahradami vytvofenymi z biodegradabil-
nich materidld, jako napf. poly—e—kaprolaktonu (PCL) nebo kyseliny poly-L-mlé&né (PLLA),
apod., které na pocatku slouzi jako podpora pro zachyceni a rist bunék pfijemce, pficemz svym
postupnym rozkladem umoZiiuji témto buiikdm tzv. remodelaci tkang, resp. postupné vytvofeni
nove cévy s jeji prirozenou strukturou a diky tomu i pfirozenymi vlastnostmi. Pii implantaci téch-
to ceévnich néhrad u potkanti doslo zcela k odstranéni trombotizace, a ke znagnému omezeni hy-
perplasie.

Nevyhodou téchto materiald jsou vsak jejich nedostate¢né mechanické vlastnosti zplsobené
znacnym podilem krystalické faze. Navic degradaéni produkty PLLA snizuji fyziologické pH v
okoli néhrady, ¢imz mohou zplsobovat zanét. Spole¢nou nevyhodou PLLA, PCL, ale i jinych
polymer( je pak neménna délka jejich degradace, pficemZ PLLA se rozpada v podstaté najednou,
a PCL se naopak rozpada velmi neochotné.

Cilem vynalezu je navrhnout cévni nahradu, zejména maloprimérovou cévni nahradu, kterou by

bylo mozné pouzit okamzit&, bez nutnosti predchoziho osazeni endotelovymi burikami, a jejiz
material by umoziioval Fidit, resp. predem nastavit dobu rozpadu této nahrady v téle ptijemce.

Podstata vynilezu

Cile vynalezu se dosdhne cévni ndhradou, jejiz podstata spociva v tom, Ze obsahuje vnitin{ vrstvu
tvofenou nanovlakny a/nebo mikrovlakny pro zachyceni a rist endotelovych bungk, a vn&jsi
vrstvu tvofenou nanovldkny a/nebo mikrovlakny pro zachyceni a rist hladkosvalovych bungk,
pfi¢emZ obé tyto vrstvy jsou tvoreny nanovlakny a/nebo mikrovlékny z kopolymeru kyseliny
polymléEné (PLA) a polykaprolaktonu (PCL), s pomérem PLA a PCL dle pozadavkii 9:1 aZ 1:9.
Tento kopolymer ma podstatné lepsi mechanicko—elastické vlastnosti néz kterykoliv biologicky
degradovatelny polymer a soucasné umoziiuje pomérem PLA a PCL doséhnout pozadované dél-
ky rozpadu cévni nahrady.

Pro usnadnéni adheze endotelovych bunék je na vnitinim povrchu cévni nahrady s vyhodou na-
vazan alespott jeden adhezni protein, jako nap. fibronektin, apod.

V kterékoliv z vrstev cévni nahrady podie vynalezu mize byt zakomponovana alespoii jedna
aktivni latka podporujici riist endotelovych bunék a/nebo omezujici rst hladkosvalovych bungk
a/nebo potladujici srazeni krve a/nebo potlaCujici i tlumici zanét. Tato latka je pfitom uloZena v
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materialu nanovldken a/nebo mikrovlaken vnéjsi vrstvy a/nebo vnitini vrstvy cévni nahrady,
a/nebo je ulozena v kapslich z biologicky kompatibilniho a biologicky degradovatelného polyme-
ru, které jsou ulozeny mezi nanovlakny a/nebo mikroviakny vnéjsi vrstvy a/nebo vnitini vrstvy
cévni nahrady.

Vyhodnou aktivni latkou je pfitom napiiklad vhodny donor oxidu dusnatého (NO), jako napf. S—
nitrosothiol nebo N-diazenium diolat, apod.

Pro usnadnéni zachyceni a ristu hladkosvalovych bunék na vngjsi vrstvé cévni nahrady je vy-
hodné, pokud jsou vlédkna této vrstvy uspofadana po obvodu cévni nahrady pfednostné kolmo
nebo v podstaté kolmo k jeji podéiné ose.

Ve vyhodné varianté provedeni cévni nahrady podle vynalezu ma jeji vnitini vrstva tloustku 5 az

50 mikrometrd, a jeji vnéjsi vrstva tloustku 100 az 300 mikrometri.

Objasnéni vvkresi

Na ptilozenych vykresech je na obr. 1 schematicky znazornéno zatizeni pro vyrobu cévni nahra-
dy podle vynalezu v prvni piikladné variant& provedeni, na obr. 2 zafizeni pro vyrobu cévni na-
hrady podle vynélezu ve druhé piikladné varianté provedeni, na obr. 3a SEM snimek vnitfni vrst-
vy cévni nahrady podle vynalezu pfi zvétseni 993x, na obr. 3b SEM snimek vné€jsi vrstvy cévni
nahrady podle vynalezu pti zvétieni 1000x, na obr. 4a az 4c SEM snimky prafezd cévnich nahrad
podle vynalezu s riznymi vnitfnimi praiméry pti zvétSeni 100x, a na obr. 5 kfivky méteni mecha-
nického napéti cévnich nahrad podle vynalezu s vnitinim primérem 4 mm, na obr. 6a SEM sni-
mek cévni nahrady vytvorené z PCL osazené in—vitro endotelovymi buiikami, na obr. 6b SEM
snimek cévni nahrady podle vynalezu osazené in—vitro endotelovymi buitkami, na obr. 7a snimek
cévni nahrady vytvorené z PCL osazené in—vitro endotelovymi buiikami dle obr. 6a z fluorescen-
¢niho mikroskopu, a na obr. 7b snimek cévni nahrady podle vynalezu osazené in-vitro endotelo-
vymi butikami dle obr. 6b z fluorescenéniho mikroskopu.

Piiklady uskutednéni vynalezu

Cévni nahrada podle vynalezu je vytvofena jako dvou- (viz napt. obr. 4a az 4c) pfipadné vice-
vrstva cévni nahrada, jejiz vrstva umoziiuje p¥irozenou infiltraci a rist hladkosvalovych bunék, a
jejiz vnitini vrstva s mensi pordzitou a mensi tloudtkou (fadové jednotky mikrometr() nez vn&jsi
vrstva umoziiuje pfirozenou infiltraci a riist endotelovych bunék - viz napf. obr. 3a, na kterém je
SEM snimek vnitini vrstvy cévni nahrady tvofené nanovlakny, a obr. 3b, na kterém je SEM sni-
mek vné&j$i vrstvy cévni nahrady tvofené nanovlédkny. VSechny tyto vrstvy jsou pfitom tvoreny
vlakny (zejména nanovlakny, smési nanovlaken a mikrovlaken, nebo mikrovlakny) z biologicky
kompatibilniho a biologicky degradovatelného materidlu - kopolymeru vytvofeného kopolymera-
ci kyseliny polymlééné (PLA) a polykaprolaktonu (PCL) ve vzajemném poméru 9:1 az 1:9. Ten-
to kopolymer ma pfitom ve srovnani se samotnym PCL nebo PLA vynikajici mechanicko—
elastické vlastnosti (napi. pti poméru PLA a PCL 7:3 bylo priimérné napéti v okamziku nevratné
deformace 9,34 MPa a primérné elastické nataZeni 618 %, coz je zhruba 4x vice neZz pro samotny
PCL), piiemz si viak zachovava svoji biologickou degradovatelnost. Tu lze navic fidit pom¢rem
PLA a PCL v kopolymeru (PLA degraduje rychleji nez PCL) a morfologii jednotlivych vrstev
cévni ndhrady. Souc¢asné se béhem in-vitro testovani piekvapivé ukazalo, Ze vrstva tvofena na-
novlakny z tohoto kopolymeru se Iépe a rychleji infiltruje a osidluje endotelovymi buiikami nez
obdobn4 vrstva vytvofena z PCL nebo PLA (viz napf. obr. 6a az 7b), takze je mozné cévni na-
hradu vytvofenou z tohoto materialu vyuZit v klinické praxi i bez pfedchoziho osazeni endotelo-
vymi nebo jinymi burikami.
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Na obr. 5 je pak graf odezvy na protahovani tii stejnych vzorki cévni nahrady o vnitinim primé-
ru 4 mm a délce 5 cm podle vynalezu az do pietrzeni. Tyto vzorky byly uchyceny do trhaciho
stroje a zat€zovany rychlosti 300 mm/min, pfiemz se sledovala silova odezva na zat&ovani.

Ve vyhodné varianté provedeni cévni nahrady podle vynalezu, jsou pak vSechny jeji vrstvy tvo-
feny vyhradn¢ nanovlakny, nebot’ vnitini struktura nanovlakennych vrstev vytvorenych nékterym
ze znamych zpisobi vytvateni nanovlaken, je velmi podobné piirozené extracelularni hmots, co
infiltraci a osidlovani endotelovymi buiikami dale napomahé. Mezi vnéjsi vrstvou a vnitini vrst-
vou piitom miize byt ulozena alespoii jedna oddélovaci vrstva vytvofena z nanovlaken a/nebo
mikrovlaken ze stejného kopolymeru.

V dalsi vyhodné varianté je tloustka vnitini vrstvy cévni nahrady fadové desitky mikrometrd (s
vyhodou cca 5 az 50 mikrometrii) a tloustka vngjsi vrstvy cévni nahrady fadové stovky mikrome-
tri (s vyhodou 100 az 300 mikrometrd), pfi¢éemz vnitini vrstva obsahuje pouze nanovldkna o
priméru do I mikronu, a vngjsi vrstva obsahuje vldkna o priméru kolem 1 mikronu, s vyhodou
cca 0,8 az 1,5 mikronu, pfipadné i vice, tj. je tvofena nanovldkny, nebo smési nanovlaken a mi-
krovlaken, pfipadné pouze mikrovlakny.

Vsechny vrstvy cévni nahrady mohou byt vytvoteny ze stejného kopolymeru PLA a PCL, nebo z
odlisné varianty tohoto kopolymeru s odlisnym pomérem PLA a PCL.

Kterakoliv z vrstev cévni nahrady podle vyndlezu mize v piipadé potieby obsahovat alespori
Jednu aktivni latku, ktera podporuje rist endotelovych bunék (napf. endotelovy ristovy faktor
VEGF (= vascular endothelial growth factor), RGD nebo REDV sekvence apod.) a/nebo omezuje
rist hladkosvalovych bunék a/nebo potlacuje srazeni krve (napiiklad heparin) a/nebo potlacuje ¢&i
utlumi zanétlivou reakci (napfiklad latky uvoliiujici oxid dusnaty), apod. Tato aktivni latka/latky
pfitom miize byt ulozend ptimo v materilu vidken dané vrstvy (kdyZ tvofi napf. ¢ast priméru
a/nebo délky vlaken, nebo jsou v materialu vidken zachyceny jeji molekuly, shluky molekul,
nanoCastice nebo mikro¢astice), nebo miize byt ulozena v kapslich z biologicky degradovatelné-
ho polymeru, napf. polyvinylalkoholu (PVA), polyvinylpyrolidonu (PVP), polyethylenoxidu
(PEO), kopolymeru polymléené a polyglykolové kyseliny (PLGA), apod., které jsou ulozené
mezi vlakny dané vrstvy cévni nahrady, v piipadé RGD a REDV sekvenci pak mize byt vazana
pfimo na povrchu vldken. Ve vech variantach provedeni se pfitom tato aktivni latka/latky uvol-
fuje z biologicky degradovatelného polymeru vlaken a/nebo kapsli dlouhodobé (po dobu az né-
kolika mésich) a do jisté miry (napf. volbou polymeru a/nebo jeho sitovanim/nesitovanim,
apod.) také fizené. Vhodnou aktivni latkou jsou napt. donory oxidu dusnatého (NO), jako napt.
S—nitrosothioly nebo N—diazenium diolaty, apod., nebot’ oxid dusnaty pisobi protektivné na kar-
diovaskularni systém tim, ze tlumi aktivaci a agregaci krevnich desticek, ¢imz zamezuje vzniku
trombu, podporuje endotelizaci, tlumi proliferaci hladkosvalovych buné&k, ¢imz zamezuje vzniku
intimalni hyperplazie a sou¢asné tlumi zanétlivou reakci, kterd v t&le pfijemce nastava vzdy po
implantaci cizorodého materialu.

Kromé toho miZze byt vnitini povrch cévni nahrady opatien riiznymi adheznimi proteiny, napf.
fibronektinem, apod., které podporuji adhezi endotelovych bunék. Tyto proteiny se pfitom vazi k
povrchu vldken nevazebnymi reakcemi.

Na obr. 6a az 7b je pak srovnan vysledek testu endotelizace nanovlakenné vrstvy z PCL a odpo-
vidajici nanovldkenné vrstvy z kopolymeru PLA a PCL. Obé vrstvy pfitom byly osdzeny endote-
lovymi buiikami (Human Umbilical Vein Endothelial Celis, Lonza) a kultivovany v podminkach
in vitro po dobu jednoho tydne. Po uplynuti této doby se buiiky v dané vrstvé zafixovaly a zhod-
notily se elektronovou mikroskopii (TESCAN) — viz obr. 6a (pro nanovlakennou vrstvu z PCL) a
obr. 6b (pro nanovlakennou vrstvu z kopolymeru PLA a PCL) a fluorescenéni mikroskopii po
obarveni propidium jodidem — viz obr. 7a (pro nanovldkennou vrstvu z PCL) a obr. 7b (pro na-
novlakennou vrstvu z kopolymeru PLA a PCL). Ze snimkii Jjasné€ vyplyva, Ze endotelizace nano-

vvvvvv

vlakenné vrstvy z kopolymeru PLA a PCL je podstatné aspésnéjsi.
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Cévni nahrada podle vynalezu miZze mit libovolny vnitini pramér, die pozadavki, s vyhodou se
viak jedna o maloprimérovou cévni nahradu s vnitinim primérem pod 6 mm urenou napf. pro
bypass.

Vyhodny zpiisob vyroby cévni nahrady podle vynalezu bude dale popsan ptihlédnutim k obr. 1 a
2, na kterych jsou schematicky znazornény dvé pfikladné varianty zafizeni pro vyrobu téchto
cévnich nahrad. Ve varianté znazornéné na obr. 1 obsahuje toto zafizeni zvlakiovaci elektrodu 1,
ktera obsahuje zvlaknovaci prvek tvofeny kapilarou 10, a ktera je ulozena pohyblivé vratné (Sip-
ky A a B) po horizontalni draze, pficemZ je propojena s neznazornénym zasobnikem kopolymeru
PLA a PCL, a s neznazornénym zdrojem vysokého stejnosmérného napéti nebo stiidavého napé-
ti. Proti usti kapilary 10 je pak ve vzdalenosti 10 az 30 cm, rovnob&zné s jeji drahou, uspofadan
kolektor 2 pro ukladani jednotlivych vrstev cévni nahrady podle vynalezu, ktery je spfaZen s ne-
znazornénym pohonem pro rotaci kolem své podélné osy 20. Tento kolektor 2 je s vyhodou val-
covy, vyrobeny z materialu, ke kterému maji vytvafena vlakna 3 nizkou adhezi, napt. nerezové
oceli, teflonu &i uhlikového kompozitu, apod., nebo z jiného materialu s takovou povrchovou
vrstvou nebo pravou. Primér kolektoru 2 je pfitom dan pozadovanym vnitfnim priimérem cévni
nahrady. V piipadg, kdy je vytvoren z elektricky vodivého materialu, miize byt soucasné propo-
jen s opaénym polem zdroje vysokého stejnosmérného napéti nez kapilara 10 nebo v ni ulozeny,
resp. vedeny roztok kopolymeru, nebo uzemnén, ¢imz se mezi nim a kapilarou 10, nebo na jejim
povrchu ulozenym roztokem kopolymeru vytvoii elektrostatické pole pro zvlakfiovani. Toto elek-
trostatické pole pak svym silovym pisobenim vydluzuje z roztoku kopolymeru na hrotu kapilary
10 jednotliva viakna 3 (dle nastaveni nanovldkna a/nebo mikrovlakna), ktera jsou pak timto po-
lem unasena smérem ke kolektoru 2, na kterém se zachytavaji a ukladaji. Pfi rychlosti otaceni
kolektoru 2 vyssi nez 5000 otacek/min se tato vldkna 3 sougasné orientuji po jeho obvodu kolmo
nebo v podstaté kolmo k jeho podélné ose 20, resp. k podéIné ose vytvarené cévni nahrady.

V neznazornéné varianté provedeni lze pro vyrobu vlaken 3 vyuzit vice kapilar 10, které se po-
hybuji podél alespon ¢asti délky kolektoru 2, nebo jsou statické (pokud jsou upotfadany po celé
jeho délce, nebo po pozadované &asti jeho délky). V jiné nezndzornéné varianté provedeni lze
viak pouzit i jiny typ zvlakfiovaci elektrody 1, napf. alespon jednu zvlakiiovaci elektrodu 1tvore-
nou jehlou, tryskou, nebo skupinou jehel, trubi¢ek nebo trysek, listou, strunou, apod. nebo pohyb-
livou zvlakiiovaci elektrodu 1 tvofenou napf. rotujicim podlouhlym télesem dle CZ 294274, rotu-
jicim diskem, spiralou, prstencem, atd., ve sméru své délky se pohybujici strunou dle CZ 300345,
po kruhové draze se pohybujicimi strunami dle CZ 299549, pievijenym pasem dle CZ 2008529,
atd., pficemz se roztok pro zvlakiovani zvlakiiuje z povrchu této zvlakiovaci elektrody 1, resp.
jejiho zvlakiovaciho prvku/prvkd. Pokud je délka zviakiiovaci elektrody 1 blizka délce kolektoru
2, resp. pozadované délce cévni nahrady, pfipadné je vétsi, nemusi se béhem zvlakiiovani pohy-
bovat podél kolektoru 2. P¥i pouziti téchto technologii, které jsou komeréné dostupné napi. pod
oznaéenim Nanospider™ (Elmarco) se soucasné dosahuje nejvy$si rovnomérnosti vytvarené
vrstvy vlaken, zejména nanovlaken.

V jiné neznazornéné varianté provedeni lze namisto elektrostatického zvlakiovani, kdy se na
zvlaknovaci elektrodu 1 privadi vysoké stejnosmérné napéti urité polarity a piipadné na kolektor
2 napéti opaéné polarity, nebo je kolektor 2 uzemnén, lze vyuzit také zpisob dle CZ 304137, kdy
se elektrické pole pro elektrostatické zvlakfiovani vytvaii mezi zvlakiovaci elektrodou 1, na kte-
rou se piivadi vysoké stfidavé napéti, a ionty vzduchu a/nebo plynu vytvofenymi a/nebo privede-
nymi do jejiho okoli. Podle aktudlni faze stfidavého napéti se pak na zvlakiiovaci elektrodé 1,
resp. jejim zvlakiovacim prvku/prveich vytvafi polymerni vlakna s opacnym elektrickym nabo-
jem a/nebo s Gseky s opatnym elektrickym nabojem, ktera po svém vzniku v disledku pisobeni
elektrostatickych sil vytvaii objemovy utvar, ktery se volné pohybuje ve sméru gradientu elek-
trickych poli smérem od zvlakiiovaci elektrody 1, a na kolektoru 2, ktery ptitom nemusi byt elek-
tricky nabity, a nemusi byt vytvofen z elektrického materialu, se zachytava mechanicky.

Kromé elektrostatického &i elektrického zvlakfiovani je vsak mozné pro vyrobu polymernich
nanovléken, mikrovlaken nebo jejich smési pouzit také odstfedivé zvlaknovani, kdy se roztok pro



20

25

30

40

45

50

55

CZ 306213 B6

zvlaknovani vytlatuje odstiedivou silou z otvorii vytvotenych v plasti rotujiciho télesa ve tvaru
disku (napf. ve smyslu DE 102005048939) nebo valce (napk. ve smyslu JP 2008127726).

Ve vsech variantach pak mize byt vzajemné prostorové uspotadani Jjednotlivych prvkia daného
zafizeni jiné nez na obr. | a 2, piiGemz smér zvlakiiovani mize byt nahoru, Sikmo nahoru, doli,
Sikmo dold, ptipadné do boku, pfipadné se miize kombinovat vice sméra zvlakitovanim. V které-
koliv varianté pak mohou byt vytvatend vldkna 3 usmérfiovana a/nebo urychlovana ke kolektoru
2, ktery mize byt uspotadan i jinak, nez proti zvlakiiovaci elektrodé 1, resp. jejimu zvlaknovaci-
mu prvku/prvkiim, napf. proudem vzduchu nebo plynu.

Po ulozeni vlaken 3, kterd vytvofi vnitini vrstvu cévni nahrady, se kolektor 2 s vyhodou zaéne
otacet rychlosti alespoit 5000 otacek/min, pfi které se nasledné ukladana vlédkna vytvarejici vnéjsi
vrstvu do znacné miry paralelizuji a orientuji se po obvodu kolektoru, resp. vnitini vrstvy cévni
nahrady kolmo nebo v podstaté kolmo k podélné ose vytvaiené cévni nahrady, ¢imz se dosahne
pozadované struktury vn&jsi vrstvy cévni nahrady vhodné pro zachyceni a riist hladkosvalovych
bunek.

Po sejmuti z kolektoru 2 se vytvoiena cévni néhrada sterilizuje, napt. ethylenoxidem, a za vhod-
nych podminek se skladuje, pficemz muze byt bez dalsiho okamzité pouzita v klinické praxi.

Rizné parametry jednotlivych vrstev cévni nahrady, zejména odlisna poréznost vnejsi vrstvy a
vnitini vrstvy se pak doséhne pouZitim kopolymeru s jinym pomérem PLA a PCL a/nebo pouzi-
tim jiného rozpoustédla/rozpoustédlového systému a/nebo jinymi podminkami zvlakiiovani pri
vytvafeni jednotlivych vrstev — napf. vzdalenosti zvlakiiovaci elektrody/elektrod 1nebo jiného
zvlakiovaciho prvku/prvkii od kolektoru 2 a/nebo velikosti a/nebo charakterem elektrického
napéti pfivadéného na zvlakinovaci elektrodu/elektrody nebo jeji zvlakiiovaci prvek/prvky, a/nebo
dobou zvlakiiovani, a/nebo rychlosti otaeni kolektoru 2, atd.

Na obr. 2 je pak zndzornéna druha varianta zatizeni pro vyrobu cévnich nahrad podle vynalezu, u
které je zvlakinovaci elektroda 1doplnéna zafizenim 4 pro dod4vani a/nebo vytvareni kapsli 5 z
biologicky degradovatelného polymeru s alespo jednou aktivni latkou. To je ve znazornéné va-
rianté proveden{ tvofeno sprejovaci kapildrou 5, ktera je pohybliva podél kolektoru 2 spole¢né se
zvlaknovaci elektrodou 1. V neznazornénych variantach provedeni viak mize byt toto zafizeni
tvofené sprejovaci kapilarou 5 nebo jingm znidmym prostiedkem, napf. rozprasSovacem, resp.
sprejovaci tryskou, apod., pfi¢emz ve viech variantach provedeni miize byt uspofadano v prosto-
ru nezavisle na zvlaknovaci elektrodé/elektrodach 1. Vytvarené kapsle 4 se pfitom nanasi bud’
samostatné na kolektor 2, resp. na jiz na ném ulozena vlakna 3, ptipadné do mista ukladani téchto
vlaken 3 na kolektor 2, nebo se zanasi do proudu vlaken 3 a ukladaji se na kolektor 2 spole¢né s
nimi. V pfipadé potfeby pak miZe byt pouzito vice zafizeni 4 pro dodavani a/nebo vytvareni
polymernich kapsli 5, coz umoziiuje do struktury cévni nahrady nebo jeji vrstvy/vrstev ukladat
polymerni kapsle 5 z riiznych polymert s odlignou dobou rozkladu a/nebo s odlisnou aktivni
latkou/latkami.

PATENTOVE NAROKY

1. Cévni nihrada, zejména maloprimérova cévni néhrada, v yznacujici se tim, e
obsahuje vnitini vrstvu s tloustkou 5 az 50 mikrometrii tvofenou nahodné usporadanymi nano-
vlakny z kopolymeru kyseliny polymlééné (PLA) a polykaprolaktonu (PCL), s pomérem PLA a
PCL 9:1 az 1:9, a na ni uloZzenou vn&jsi vrstvu s tloustkou 100 az 300 mikrometrii tvofenou na-
novlakny a/nebo mikrovlakny z kopolymeru kyseliny polymlééné (PLA) a polykaprolaktonu
(PCL), s pomérem PLA a PCL 9:1 az 1:9, ktera jsou uspofadana po obvodu cévni néhrady, kol-
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mo nebo v podstaté kolmo k jeji podéiné ose, pficemz vnitini vrstva ma mensi velikost pora nez
vnéjsi vrstva.

2. Cévni nahrada podle ndroku 1, vyzna€ujici se tim, Ze na vnitinim povrchu jeji
vnitini vrstvy je navazan alespoil jeden adhezni protein.

3. Cévni néhrada podle naroku 1, vyznaéujici se tim, Ze v jeji vnitini vrstvé a/nebo
v jeji vn&j§i vrstvé je zakomponovana alespoii jedna aktivni latka podporujici rist endotelovych
bunék a/nebo omezujici rist hladkosvalovych bungk a/nebo potlacujici srazeni krve a/nebo potla-
Cujici ¢i tlumici zanét.

4. Cévni nahrada podle naroku 3, vyznadujici se tim, Ze alespoi jedna aktivni latka
je uloZena v materidlu nanovlédken a/nebo mikrovlaken vnéjsi vrstvy a/nebo vnitini vrstvy cévni
nahrady.

5. Cévni nahrada podle naroku 3, vyzna&ujici se tim, Ze alespoi jedna aktivni latka
je ulozena v kapslich z biologicky kompatibilniho a biologicky degradovatelného polymeru, ktere
jsou ulozeny mezi nanovlakny a/nebo mikrovlakny vné&jsi vrstvy a/nebo nanovlakny vnitini vrst-
vy cévni nahrady.

6. Cévni nahrada podle narokii 3, 4 nebo 5, vyznaéujici se tim, Ze aktivni latkou je
donor oxidu dusnatého (NO).

6 vykresii
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Vrstveny material pro lesténi tvrdych povrchd
oblast techniky:

Vyndlez se tyka vytvoreni materialu pro lesténi tvrdych povrchd, ktery se bude sklddat z polymernich

nanovldken se zabudovanymi ¢asticemi nanoabraziv.

Dosavadni stav techniky:

Znamé materidly pro lesténi povrchii jsou textilni plsti nebo flanelové textilie. Plsténé materialy se
pfevaZné vyrabéji z pfirodnich vinénych vidken. Jedna se o technologii valchovéni a plsténi, ktera
vede k objemnym a tuhym vyrobkim. Flanelovd textilie (flanel) je tkanina v keprové nebo platnové
vazbé, upravena Cesanim po jedné nebo obou stranéch, vyrobend z viskdzy, baviny nebo viny.

Z pravidla se zndmé textilie vyuZivajf jako lestici kotouge. Pro dosazeni lepsi drsnosti drsnosti se
pouZivaji flanelové textilie. Tyto se pouZivaji pfevazné pii ruénim ledténi. Nevyhodou téchto lesticich

prostfedkil je obtiZnost a nékdy také nemoznost jejich funkcionalizace.

Pro pFesné (strojové) lesténi se pouZivaji zejména syntetickych podloZek na bazi PES, PUR, syntetické
gumy aj. v tloustce max. 0,5 mm. Néroky na podlozku jsou zejména tvarovd trvanlivost a dostateéna

smacivost leStici suspenzi (pokud je nutné pfiddvat).

Cilem tohoto technického feseni je vyroba tenké nanovldkenné vrstvy, kters je funkcionalizovana

zabudovanym abrazivem, pro dosaZeni optimalniho lesticiho ucinku.

Podstata vynélezu:

Cile technického Feseni je dosaZeno vytvofenim tenkého nanovldkenného materialu se zabudovanym
abrazivem, pro leSténi tvrdych povrchd, ktery je vyrobeny z polyvinylidenfluoridu (PVDF) pomoci
elektrostatického zvldkriovani. Tato nanovldkennd vrstva muze byt pouzita ve standardnich lesticich

strojich.

Optimalizace morfologickych a mechanickych vlastnosti je dosazeno kombinaci nasledujicich
rozpoustédel. Aceton v poméru 10-50%, benzaldehyd v poméru 30-50%, tetrahydrofuran v poméru
10-100%, dimetylacetamid 10-100%, dimetylformamid 10-100%, dimetylsulfoxid 30-70% a déle pak

vytvofenim jejich vhodnych poméra (smési).

Dalsi moZnosti optimalizace jsou parametry vzdusniny ve zvlakfiovacim prostoru (zejména kontrola

relativni vihkosti).
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Vznikajici nanovlékenna vrstva je nanasena na podkladovy material tvofeny z polypropylenové

netkané textilie.

Kontakt mezi nanovidkennou vrstvou a netkanou textilii tvoii adhezni sily vznikajici pfimo pfi vyrobé
nanovldken, kdy je netkand textilie pouZita jako substrat. Silu adhezni vrstvy Ize ovlivnit pouzitim

pojiv, a/nebo plasmatickou Upravou t&sné pFed nanesenim vrstvy nanovldken.

Zabudovani praski je zajisténo pouzitim dispergace prasku v polymernim roztoku. Je nutné
dispergovat pfesné dané mnoistvi pro zaruéeni optimalni viskozity polymerniho roztoku. Dispergace

prasku je provddéna sonifikaci pomoci ultrazvuku.

Optimalniho lesticiho Ginku se dosahne pfi plo¥né hmotnosti 50-200g/m>. Vyhodou tohoto
materidlu je jednoduchost jeho vyroby a diky funkcionalizaci nanovldkenné vrstvy moznost
ovliviiovat mechanicky proces lesténi, slozenim lesticiho materialu. Proces je vhodny pro laboratorni i

pramyslové procesy le3téni na stévajicich zaFizenich, bez nutnosti jejich Upravy.

Textilni materidl se zabudovanym abrazivnim praskem bude vyuzit pro proces legténi, pfipadné

dolestovéni pfesnych optickych elementdi.

Ptiklad provedeni vynalezu:

Podle jednoho pfikladného provedeni funkcionalizovaného lesticiho kotouge je pouZit
polypropylenovy spunbond se smacivou Gpravou o plo$né hmotnosti 50g/m2 pojeny rastrovanym
kalandrem a stfedni priméru vidken 20 um. Nanovldkenna vrstva je nanesena pfimo na spunbond,
ktery slouZi jako substrat pro stejnosmérné bezjehlové elektrostatické zvlakfiovani. Pro zvldkfiovani je
pouzit polyvinyliden fluorid (PVDF) o molekulové hmotnosti Mw 50.000 g/mol. Smésny
rozpoustédlovy systém je tvofen dimetylacetamid (DMAc) a aceton (Ac) ve hmotnostnim poméru
8:2. Koncentrace polymeru je 16 hmotnostnich %. Relativni vihkost je nastavena na 55%. Abrazivni
prasek je dispergovén p¥imo ve zvldkfiovacim roztoku. Z nanovldkny povrstveného spunbondu je
vyseknut kruh o poZadovaném priiméru pro dané lestici zafizeni. Umisténi nanovldkenné vrstvy na
leSticim kotouci jet na licni nebo rubové strané néstroje.

Optimaini rozméry astic abrazivniho materidlu se pohybuji od 0,04um do 500 pm, v idedInim
pFipadé distribuce ¢astic dosahuje 14,17um. Prasek je dispergovan v hmotnostnim podilu 10%

optimalni dispergace je dosazeno pomoci sonifikaéniho ultrazvukového zafizeni Qsonica.

Priimyslovd vyuZitelnost

Technické FeSeni je vyuitelné pro lesténi tvrdych kovovych, krystalicky materiali nebo skel pro

$pitkové poutiti v optice, rentgenové optice, aj. Material je aplikovatelny bez provedeni dprav na



stdvajicich zafizenich. Pro nékteré materialy je letici G¢inek kotoute vytvoieného podle tohoto

pramyslového vzoru lepsi neZ u lesticich materiald stavajicich. Zejména odpad4 nutnost pfimazdvani

lestici suspenze.
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PATENTOVE NAROKY

1. Vrstveny materidl pro ledténi tvrdych povrch( vyznadujici se tim, Ze zahrnuje nejméné jednu
vrstvu netkané textilie — polypropylenové netkané textilie 18-25g/m? (spunbond) a vrstvu
nanovldken z polymeru polyvinyliden fluoridu se zabudovanym leétivem o velikosti &4stic od

0,04pum do 500 um, pficemz lestivo je dispergovano rovnomérné v roztoku od 3% do 30%
hmotnostniho podilu.
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The history of electrospinning is briefly introduced at the beginning of the article. The
fundaments of the process are then analysed physically to be translated into a successful
technology. Self-organisation of fluid in electrospinning is perceived as a consequence of
various instabilities, based on electrohydrodynamics and, thus, highlighted as a key fac-tor,
theorising the subject successfully to elevate it to a highly productive technology to
manufacture nano-scale materials. The main physical principle of the self-organisation is
appearance of unstable tiny capillary waves on liquid surfaces, either on a free liquid surface
or on that confined in a capillary, which is influenced by external fields. The jet path is
described, as well as its possible control, by special collectors and spinning electrodes. Two
electrospinning variants, i.e. melt and core—shell electrospinning, are discussed in detail.
Two scarcely referred exceptional features of electrospinning, elec-tric wind and
accompanying irradiations, are introduced in in-depth detail. Lastly, care is taken over the
quality of polymeric solutions for electrospinning from the standpoint of Hansen solubility
parameters and entanglements among polymeric chains.

Keywords: electrospinning; electrospinning variants; nanofibres; liquid jet; self-
organisation; dielectric diffusion; radiation; polymer solution

5. Special collectors

The concept of special collectors in electrospinning is very topical but unfortunately nei-
ther much explored nor frequently referred to. Probably the first modern concept working
on special collectors was presented by Wannatong et al. [58], who used a rotating drum
wrapped by an aluminum foil to collect electrospun fibres. Wannatong observed and de-
scribed various effects of a drum movement on fibre mass properties. It was found that
nanofibres grasped by a whirling drum dried faster than in common apparatuses with fixed
collectors and, as supposed, they were aligned in a more isotropic manner depending on
the drum’s peripheral velocity. On the other hand, surprisingly, even the earliest works on
electrospinning: Morton [8], Cooley [59] and Formhals [11], suggested how to use rotating
wheels/reels to collect heaps of nanofibres in yarn-like structures. Recently, it is acknowl-
edged in general that special collectors have a significant effect on morphology of resultant
nanofibrous layers produced by electrospinning and so they are used to control fibre mass
anisotropy, homogeneity, patterning, porosity, etc.
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Application of a special collector is based on the fact that a spatial distribution of
electric field has a significant effect on the jet path and, consequently, on geometrical
features of the deposited electrospun layer. Even fixed grounded special collectors,
consisting of conductive and non-conductive patterns, are able to invoke influential control
over the local deposition of nanofibres. Inside the class of special collectors it is also very
common to use one or more auxiliary electrodes. To manipulate the external electric field
so as to exert some control on the electrospinning jet, the shape, position and a potential of
the auxiliary electrode(s), relative to the potential of an electrospinning jet, have to be
considered, suggested by Teo and Ramakrishna [60]. The effect of auxiliary electrode
action on a jet path is also described in sub-section 7.1 of this work.

Special collectors can be divided into two main groups. The first of which consists of
static collectors, while the last encompasses dynamic collectors, e.g. rotating collectors or
collector performing any other movement. Dynamic spinning electrodes will also be
discussed further within the last group. The idea of special static collectors is based on the
fact that, in spite of wild whipping and gyrating electrospinning jets, nanofibres can be
selectively attracted by inhomogeneous electrostatic field in the vicinity of patterned
collectors. More details about this astonishing finding will be discussed in the theoretical
part of this section. An alternative and more detailed approach to the division of special
collectors has been introduced by Teo and Ramakrishna [60]. Their classification is based
on a structure of a resultant nanofibrous layers.

5.1 Static collectors

In standard electrospinning set-ups, collectors are made of conductive materials,
commonly metals such as aluminium or copper. Standard collectors are homogenous and
so the electric field in the vicinity of them is nearly homogenous too. On the other hand,
special static collectors consist of conducting and non-conducting materials that are
distributed in appropriate patterns. These patterns cause electrostatic charges not to be
homogeneously distributed in them. Obviously, the electric charge density is less on non-
conducting and much higher on conducting areas of a pattern. The consequence of the
inhomogeneous charge distribution is an uneven electrostatic field in the vicinity of the
collector. So, charged jets/nanofibres are collected on the non-conducting areas with lower
packing density compared to their density on conducting parts, if they are charged
oppositely relative to the jet type of charge.

Figure 22 shows a specimen of a static special collector composed of conductive and non-
conductive parallel strips. It was approved that nanofibres in the set-up were preferentially
deposited on the conducting strips, as obvious from the same figure. Between these strips, the
sparse nanofibrous collection is strongly isotropic and nearly perpendicular to the strips, as
supported by polyvinylalcohol (PVA) fibres electrospun from their aqueous solution in Figure
23a. The explanation of the parallelism lies in qualitative investigation of electrostatic forces
acting on a piece of an electrospun jet/nanofibre in the vicinity of the neighbouring pair of
conductive strips. Suggesting that the flying nanofibre piece carries an opposite charge to the
charge on both conductive strips. So, both of them attract nanofibrous elements more than non-
conductive parts of the special collector and the nanofibres align preferentially on individual
strips are collected on them in piles. On the other hand, elements of the jet that appear in an
area just in the middle above two neighbouring strips are equally attracted by them. These two
electrostatic forces will simultaneously pull the piece of a fibre/jet towards both conductive
strips causing a moment of force that will lead to a change in a fibre piece orientation. These
moments of force will eventually lead to a uniaxial
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Figure 22. Special static collector consisting of Cooper strips on a laminate. Partially detached
nanofibrous layer was prepared from PV A aqueous solution.

1
4

2
5 3

Figure 23. (a) Highly isotropic polyvinyl alcohol (PVVA) nanofibrous layer collected between Cooper
strips of the static special collector depicted in 22. (Courtesy of E. Kostakova, Technical University
of Liberec.) (b) Schema of an apparatus consisting from a spinning electrode (1) and a high voltage
source (4), where a coiled jet (2) is attracted by two charged strips serving as collector (3) that enable
parallel alignment of nanofibres between the strips. Ground is denoted as (5). (c) A special collector,
composed of two grounded metal stripes, collected a highly oriented nanofibrous layer. The distance
between the strips is 4 cm
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Figure 24. Three various static collectors designed as printed circuits with different shapes of
conducting patterns. The attached scale is in centimetres.

alignment of a nanofibrous mass across the gap between neighbouring conductive strips,
as sketched in Figure 23b. This orientation effect can be utilised for formation of oriented
groups of elementary fibres to produce yarns formed by nanofibres.

More complex static-structured collectors are depicted in Figure 24. The three kinds of
collectors shown there are made as flat-printed circuits without any three-dimensional
elevations. The pattern thinness should be in the range of fractions of millimetre still
keeping the chance for selective collection of nanofibres. This ability of nanofibres to be
aligned selectively copying such fine patterns is surprising, since the field non-homogenity
spans outside the structured collector only on the distance comparable with the
characteristic spacing of the pattern, as will be shown further in this section, vide Equation
(5.5) and its commentary. Special structured collectors can also be designed as a
combination of an insulator and two electrically independent groups of conductive
patterns. The groups of conductors are then kept on different electrostatic potentials. One
of these potentials can be chosen in such a manner that it is repulsive for the stream of
impinging nanofibres/jets, and the other one as attractive. The fibrous mass, obtained on
such a special collector, is a quite inhomogeneous sheet of nanofibres with empty and
highly covered areas, as depicted in Figure 25.

Apart from two-dimensional special static collectors, there are also three-dimensional ones.
An example of such a collector designed from a set of slender edges/lamellae is shown in Figure
26. On the top of each lamella accumulates electrostatic charge and, hence, electrospun
nanofibres are deposited preferentially on the top of this kind of special, comb-like, three-
dimensional collector. Various textures and spatial morphologies of nanofibrous meshes may
be formed by using patterned three-dimensional collectors. For instance, several parallel combs
of lamellae are able to create either voluminous nanofibrous piles, shown in Figure 27, that are
potentially applicable for cultivation of living cells for tissue engineering, or these collectors
can be exploited for production of pieces of yarns, as shown in Figure 28. Elementary fibres of
these yarns have prevailing uniaxial orientation due to the effect, that has been described above,
of nanofibrous elements orientation between two conductors, in this case lamellae, of a special
structured comb-like collector.

Another kind of special porous collector could be engineered from the point of view of
porosity. Porous collectors, as has been referred to by Liu and Hsieh [61], enhance
diffusion and rate of evaporation of the residual solvent from the collected fibres. In a
porous target, the faster solvent evaporation is due to the higher surface area that allows
the solvent vapour to escape the sample, while compact collector surfaces may cause an
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Figure 25. Special structured collector composed of combination of charged and uncharged circular
patterns was covered by a white layer of PVA nanofibres.

accumulation of a solvent around the fibres due to the low solvent evaporation rate. As a
consequence of wicking and diffusion of the residual solvents, the freshly collected fibres may
be pulled together by capillary forces to constitute more densely packed structures. As the fibres
dry faster on porous collectors, it is more likely that the residual charges remain longer on non-
conductive dry collected fibres which can repulse following fibre collection.

Figure 26. Two static special three-dimensional collectors composed of combs of metallic lamellae.
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Figure 27. A cross-section of a three-dimensional voluminous nanofibrous mass, collected using a
comb-like special collector depicted in the left-hand part of (26). (Courtesy of E. Kostakova,
Technical University of Liberec.)

However, on a smooth surface, the residual solvents will support the residual charges to
be conducted away to the collector.

5.2 Dynamic collectors and spinning electrodes

Next family of special collectors constitutes three-dimensional movable ones, as discussed by
Sundaray et al. [62]. The special movable collector could be a drum made from homo-geneous
conductive material or it could be also realised as a wire drum. Rotation of the conducting
collector may result in a formation of aligned fibre structures. Effect of rotating collector on
fibre alignment is caused by mechanical drag force transmitted by trapped nanofibres; therefore,
the fibres are parallelised depending on the speed of revolution of the drum. However, even for
the conductive collector, when the deposition rate is high and the fibre mesh is thick enough,
there is a high accumulation of residual charges on the fibre mass since polymer nanofibres are
generally non-conductive. This collected charged fibrous layer repels next nanofibres from the
collector.

When a rotating collector is used to collect aligned fibres, the movement of the yielded
nanofibrous materials assists in their drying. This is useful because certain polymer solvents,
such as DMF, have a high boiling point that may result in collection of very wet fibres. A
rotating collector will give the solvent more time to evaporate, as highlighted by Wannatong
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Figure 28. A detailed view of a yarn with nanofibres oriented along the yarn axis. (Courtesy of E.
Kostakova, Technical University of Liberec.)

et al. [58]. More intensive evaporation improves the morphology of the fibre layers where
distinct fibres are required.

The last way to create some especially arranged nanofibrous layers that is mentioned
here is the utilisation of special spinning electrodes instead of simple common collectors,
e.g. fixed needles or rods. For instance, the fixed metallic rod, introduced in Figure 29, has
been used to prepare nanofibrous specimens depicted in Figure 25. Shape of spinning
electrode affects electrostatic field-like collector shape, and hence it is possible to influence
a jet path as well as the structure of the final nanofibrous layer in this way. If a special rod-
like spinning electrode, depicted in Figure 30, rotates along its vertical axes, then angular
velocity of the revolution regulates the diameter of the nanofibrous layer deposited on a
collector. Higher angular velocities provide with bigger diameters of collected nanofibrous
layers, as shown in Figure 31. Also, depending on diameter of rotation of the spinning
electrode, one could say that is continual proportion.

A special spinning electrode shaped as a rotating cylinder was first introduced by Jirsak et

al. [14] under the brand name of NANOSPIDER ™. The cylinder slowly rotates in a pool,
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Figure 29. The rod-like spinning electrode for production nanofibrous layer and detailed top view
of it.

Figure 30. The rod-like spinning electrode that can rotate along its vertical axis: nanofibres are
trapped by a collector in circular spots whose radii depend on the velocity of revolution, as shown in
the upper part of the figure.
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Figure 31. The rotating cylinder for production nanofibrous layer according to the innovative patent
of Jirsak et al. [14].

filled with a polymeric solution, as depicted in Figure 31. The electrostatic field organised
between the cylinder and a parallel oblong collector enables the self-organisation of jets
along the upper surface of the cylinder (Figure 32) and, hence, nanofibres cover the
collector in long oblong-like spot, whose length matches the length of the cylinder. If
nanofibres are collected on a thin textile substrate, localised just before the collector and
drawn slowly away from a spinning zone, then ‘infinite’ two-ply fabric, comprising a
nanofibrous layer, are continuously produced.

5.3 Electrostatic field in a vicinity of a charged grid

As has been highlighted previously, special collectors are mainly designed to influence an
electrostatic field in a spinning zone. Hence, it is critical to investigate electrostatic field
mainly in a vicinity of structured conductive bodies. As a model, a stripped special
collector will serve here as a charged regular grid of parallel wires lying in a plane having
a uniform distance, a, between neighbouring wires (consult Figure 33 with indicated cross-
sections of equipotential surfaces). Since the wires are placed parallel to each other, the
electric field has translational symmetry along the direction parallel to the wire axes. The
electrostatic potential ¢ outside the wires satisfies the Laplace Equation ¢ = 0. Considering
the wires being oriented along y-axis, Laplace Equation reduces to

&4
2

dx= +dz= =0. (5.1)
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Figure 32. Side view of a special spinning electrode, applied in NANOSPIDER ™ : Jets are self-
organised on the upper part of surface of a long cylinder that slowly rotates in a pool filled with a
polymeric solution.

Feynmann et al. [33] suggested the following trial solution of the aforementioned
reduced Laplace Equation:

#(X, z) = Fn(2) cos kx, (5.2)

where the wave number k is equal to 2z/a, since the distance between neighbouring fibres plays

the role of a wavelength of undulating equipotentials, and Fn(z) are originally unknown
functions of z. The axes z is perpendicular to the plane of the wire grid. The

Z a
L. e

Figure 33. A grid of parallel wires: tiny wires oriented perpendicularly to the plane of the drawing
are equidistantly separated along the axis x. The axis z is oriented perpendicularly to the plane of
wires.
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solution proposal substituted into Equation (5.1) gives
47 2n? d%Fn(2)

- a® Fn@coskx+ dz® coskx=0. (5.3)

Hence, the functions Fn(z) have to fulfil the following standard differential equation:

d?Fn(2)
d? - k?nFn(z) = 0. (5.4)

Solving Equation (5.4) with constant coefficients gives the solution as

Fn(z) = An exp(-z/20), (5.5)

where z0 = a/(2z n) and An are constants. Hence, the nth Fourier component of the
electrostatic field ¢n(x, z) = An exp(-z/z0) cos(x/z0) decreases exponentially with the
characteristic scale length zo. Higher is the component order n, quicker is the decrement of

field with the increasing distance from the plane of the grid. Within a distance from the
grid that is not greater than the characteristic pattern spacing, a, the field is nearly

homogeneous because the oscillating components of the field ¢n, for n> 0, are negligibly
small. Behind this distance remains merely the zero harmonic component of the field ¢o,
for which n = 0 and ¢0 = —Eoz, where EQ is the field intensity on ‘sufficiently long’
distances from the plane of the grid.

It is supposed as well as experimentally proven, see sub-section 7.1, that polymer jets
are speedily discharged during their path through their whipping zones, due to interactions
of their net charges with conversely charged ambient ions. Then, nearly dried and almost
neutral nanofibres strike the collector. Surprisingly, despite a massive loss of their net
charge, it is possible to pattern nanofibrous layers with accuracy 0.1 mm using static
special collectors and fabricate nanofibrous patterned layers. It has also to be underlined
that special spinning electrodes are probably the best tools for elevating elctrospinning
technology to industrial levels.
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Nanofibrous materials are essential components for a wide range of applications, particularly in the fields
of medicine and material engineering. These include protective materials, sensors, cosmetics, hygiene,
filtration and energy storage. The most widely used and researched technology in these fields is
electrospinning. This method for producing fibers yields highly promising results thanks to its versatility
and simplicity. Electrospinning is employed in multiple forms, among which needle and needleless direct
current (DC) variants are the most distinctive. The former is based on the generation of just one single
jet from a nozzle; hence this fabrication process is not very productive. The latter uses the destabilization
of free liquid surfaces by means of an electric field, which enhances the throughput since it produces
numerous jets, emitted from the surfaces of rollers, spheres, strings and spirals. However, although some
progress in total producibility has been achieved, the efficiency of the DC method still remains relatively
low. A further drawback of DC electrospinning is that both variants need a collector, which makes it
difficult to combine DC electrospinning easily with other technologies due to the presence of the high
field strength within the entire spinning zone. This paper describes our experiments with AC electro-
spinning. We show that alternating current (AC) electrospinning based on a needleless spinning-electrode
provides a highly productive smoke-like aerogel composed of nanofibers. This aerogel rises rapidly from
the electrode like a thin plume of smoke, without any need for a collector. Our work shows that AC
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needleless electrospinning gains its efficiency and collector-less feature thanks to the creation of a
perpetually charge-changing virtual counter-electrode composed of the nanofibers emitted. High-speed
DOI: 10.1039/c4cp04346d camera recordings demonstrate the formation mechanism of the nanofibrous plume, which is wafted by

an electric wind. This wind's velocity field is experimentally investigated. One potential use of AC needleless
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Introduction

Electrospinning, one of the methods currently available for the
production of fibrous nanostructures, is a unique technology not
only because of its operational simplicity, but since it can also be
effectively scaled up to the industrial level. Electrospinning usually
has two variants: needle and needleless. The needle variant, which
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tion 1: a ‘nanofibrous plume’ emanating from the virtual collector, supplemen-

tary information 2: the nanofibrous plume, comprising recombined strands of

nanofibers, moves away from the rod spinning-electrode, supplementary infor-

mation 3: successive and repeated jet creations during AC electrospinning,

supplementary information 4: a promising application of the nanofibrous plume

in the production of nanofibrous yarns. See DOI: 10.1039/c4cp04346d
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electrospinning is demonstrated here by spinning it into a yarn.

has a limited production rate in terms of unit grams per hour,
prevailed in the eighties and nineties. Recently, more produc-
tive needleless electrospinning technologies have been developed
based on the creation of numerous self-organized jets emerging
from free liquid surfaces."” Our experiments have shown that
further enhancement of this technology can be achieved using a
combination of AC high voltage and a needleless spinning-
electrode.

Over the past decade, little research has been carried out into
AC electrospinning, in contrast to the numerous detailed studies
of its DC variant. The few studies available on AC electrospinning
have focused on needle electrospinning processes driven by
voltages ranging from 5 kV up to 10 kV.*>” Our AC electrospinning
apparatus consists of a 100 mm long metallic rod, 10 mm in
diameter, employed as a spinning-electrode. The top of the rod is
supplied with a polymeric solution using an infusion syringe
pump. For the experiments, a 50 Hz line AC voltage was applied
to the rod using a variable transformer with a maximal root mean
square output of 30 kV. The apparatus works without an

Phys. Chem. Chem. Phys.
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Fig. 1 The apparatus for AC electrospinning. (a and b) A schematic diagram and photograph of the AC electrospinning set-up, consisting of a metal rod
(3) used as the spinning-electrode. The electrode is supplied with a polymeric solution. This is done using a syringe, which is powered by a hydraulic
transmission device (5) controlled by an infusion pump (2). The high voltage supply is provided by means of a transformer (1) and a variable transformer
(4). The apparatus works without an electrically active collector. (c) The fibers are formed inside a spinning zone that spans no more than 40 mm from the
spinning-electrode. The spinning zone is formed between the top of the spinning-electrode and the virtual counter-electrode (6) composed of the
nanofibers, which have been emitted. (d) The nanofibrous plume composed of PVB nanofibers generated by a rod-shaped spinning-electrode.

electrically active collector (Fig. 1a and b). Poly(vinyl butyral)
(PVB) and polyacrylonitrile (PAN) were chosen as prototypical
polymers, since they can be used for electrospinning at moderate
potentials.

Experimental

Our AC electrospinning set-up showed fiber formation occur-
ring at a critical voltage of 15.8 = 7 kV and an optimum
operating voltage of 30 kv for both PVB and PAN solutions.
After switching the field on, the initiation of the formation
of numerous jets could be seen (Fig. 1c). The solvent evapo-
rating from the jets produced strands of solid nanofibers.
These nanofibers formed a plastic aerogel that bears a strong
resemblance to a plume of wispy smoke, which rises up from the
spinning-electrode (Fig. 1d), (ESLt supplementary information 1).
Inside the plume, the nanofibers become entangled with each other.

Phys. Chem. Chem. Phys.

The nanofibrous plume can therefore be easily taken hold of
and gently manipulated using an appropriate tool. Moreover,
this rising column of nanofibers is “compact”, in the sense that
no nanofiber segment is able to escape from it. The column can
be wound up into continuous ligaments, piled up on a flat
surface or twisted into a yarn. At the same time, it is extremely
sticky and cannot move along any surface it makes contact
with. A similar aerogel consisting of carbon nanotubes was
produced by Windle et al.® and was called ‘elastic smoke’. After
much consideration, we decided upon the term ‘“‘nanofibrous
plume”, since this expression best conveys the peculiar
mechanical properties of the nanofibrous aerogel produced
by our AC electrospinning method. This, then, is the term we
have used throughout the paper.

The high-speed camera recordings showed that the number
of jets per area was of the order of 1 mm™>. This is one order
of magnitude higher than conventional electrospinning pro-
cesses. Maximum throughputs of AC and DC methods for

This journal is © the Owner Societies 2014
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equivalent spinning-electrodes, polymeric solutions and volt-
age differences are compared in Table 1.

Table 1 Electrospinning throughputs. The maximum throughputs of AC
and DC electrospinning variants are compared for PVB and a voltage of
30 kV

AC electrospinning DC electrospinning

Type of spinning-

electrode throughput in ml h™"  throughput in ml h™*
Needle ¢ 0.7 mm 80 1-3

Needleless ¢ 10 mm 180 30

Methods

The AC needleless electrospinning set-up consisted of four com-
ponents: an ABB KGUG 36 high-voltage transformer with a con-
version ratio of 36 000/230 V, a residual-current device, a New Era
NE-1000X dosing pump, and a rod electrode. The output voltage
was controlled by a Thalheimer-Trafowerke ESS 104 variable
transformer, designed for 230 V AC input and an output of
0-250 V. The maximum output current was 4 A with a capacity
(KVA) of 1.2. A hydraulic transmission device (Technical University
of Liberec) was used to isolate the pump from the AC high voltage
supply. The transmission was achieved using two syringes, fixed in
a polycarbonate holder, facing in opposite directions, with their
plungers touching. The first syringe, containing water, was con-
nected by a tube to a linear pump. The second syringe supplied the
spinning-electrode with a polymer solution. The two plungers,
which touch one another, transmitted the pressure inside the
syringes and electrically insulated the water circuit from the
polymer solution. Aluminum rod spinning-electrodes with outer
diameters of 6, 8 and 10 mm, and of various lengths, spanning
from 18 mm up to 150 mm, were used. The polymer solution was
fed to the tip of the spinning-electrode via a 3 mm wide coaxial
channel. The PVB, Mowital® B 60 H, was obtained from Kuraray
America, Inc., and had an average molecular weight of 60 000 amu.
A 10 wt% solution was prepared in ethanol-water (9:1 v/v). The
polyacrylonitrile (PAN) was supplied by Sigma-Aldrich and had an
average molecular weight of 150000 amu. A 15 wt% solution of
PAN was prepared in dimethylformamide from Penta, Czech
Republic. The movement of nanofibers was detected using a
high-speed camera system i-SPEED 3 with an F-mount lens con-
nection and a recording frequency of 2000 Hz to obtain a
maximum picture resolution of 1280 x 1024 px. The light source
used was an ILP-1 with a discharge lamp of 120 W at a temperature
of 5600 K and was focused using an optical cable. The analysis of
the video obtained was carried out using the I-SPEED Suite soft-
ware. A hot wire anemometer TESTO 425 with a resolution of
0.01 m s~ "and arange 0-20 m s~ " was used to measure ionic wind
velocity. All the experiments were performed at a room tempera-
ture of 21 £ 2 °C and a humidity rate of 52 £ 5%.

Results and discussion

What follows is a phenomenological description of the fiber
formation mechanisms under the AC potential, based on the

This journal is © the Owner Societies 2014
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analysis of high-speed camera videos. The most obvious
difference between DC and AC needleless variants of electro-
spinning is that the latter needs no counter-electrode/collector.
Even when a grounded collector was provided, the AC spinning
process was not affected by this. Therefore we hypothesize that
the AC process possesses some kind of self-organized counter-
electrode, which enables the appearance of super-critical field
strength values on the polymer solution surface. This strength
was estimated to be greater than 2.5 MV m .' We also
hypothesize that the self-organized counter-electrode is formed
repeatedly in the immediate vicinity of the spinning-electrode.
This counter-electrode consists of electrically charged nano-
fiber segments. The groups of nanofibers created by the spinning-
electrode rapidly alternate (every 10 ms) between being either
positively or negatively charged. Their electric charge corresponds
to the respective positive or negative charge of the currently
ongoing voltaic half-wave, generated by the AC power-supply.

The newly-spun nanofibers partially recombine with those
that have already formed the virtual counter-electrode. This
process is continuously repeated due to the AC nature of the high
voltage applied (Fig. 1c), (ESL, supplementary information 2).
Alternately-charged nanofibrous groups from successive emissions
attract each other to form what is described here as a ‘nanofibrous
plume’ emanating from the virtual collector (Fig. 1d). The nano-
fibrous plume, comprising recombined strands of nanofibers, rose
from the rod-shaped spinning-electrode along the direction of its
axis. It moved at 0.25-0.6 m s~ " due to an electric wind created by
the spinning-electrode.” When the nanofibrous plume was at a
distance of 2-5 cm from the spinning-electrode, it was internally
immobile without any fiber regrouping (ESLi supplementary
information 2). Our hypothesis that the virtual collector causes a
charge recombination of the nanofibrous groups was supported by
our aforementioned observations.

The movement of the nanofibrous plume caused by the
electric wind is an important part of the AC collectorless
electrospinning technique. The wind does not allow the
newly-created nanofibers to be attracted back to the spinning-
electrode during the next AC half-wave, when the spinning-
electrode polarity is changed. Instead, they are attracted to one
another to form groups inside the plume as a result of the
Coulomb force, and are then blown away.

Electric, ionic or corona winds are gas flows driven by ions
generated by corona discharges and accelerated in an applied
electric field.>® Field-accelerated ions transfer momentum to
surrounding gas. The electric wind is caused by both DC and
AC fields and its velocity depends on actuator geometry, field
strength and, in the case of the latter, also on AC frequency.
Drews et al.® observed that during high frequency AC regimes,
the electric force causing the wind is localized near the point
electrode. Therefore AC coronas can sustain wind velocity
independently of electrode separation. Our set-up resembled
the so-called “point-plate” actuator'® with a counter-electrode,
i.e., a collector, infinitely distant.

Fig. 2a shows the field of vertical components of electric
wind velocity created by the spinning-electrode. In this experi-
ment the spinning-electrode had a diameter of 10 mm and a

Phys. Chem. Chem. Phys
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Fig. 2 Electric wind measurements. (a) Contour plot of vertical components of the electric wind velocity in m s~* created by the spinning-electrode with
a diameter of 10 mm whose axis coincidences with the z coordinate. This is connected to a 50 Hz AC frequency power supply of a root mean square
voltage of 30 kV. The tip of the spinning-electrode is positioned at z = 0. (b) The typical track of a polymeric droplet inside the nanofibrous plume,
recorded using a high-speed camera. A plot of the velocity magnitude values v is included as a function of the z-axis distance from the spinning-
electrode, which exhibits an abrupt change in the velocity derivative close to the distance z = 30 mm.

length of 150 mm, and was connected to a 50 Hz AC frequency
power supply of the root mean square voltage of 30 kV. Velocity
values were measured using the hot wire anemometer at an array of
points, spanning 400 x 450 mm. This array was situated 250 mm
above the spinning-electrode and lay in a plane containing the
spinning-electrode axis. The top velocity at the point nearest to the
spinning-electrode was 0.57 + 0.14 m s~ . A minimum distance of
250 mm of the measurement area from the spinning-electrode
ensured that the hot wire anemometer was protected from a
possible electric discharge. The velocities of the electric wind
measured at the same point array, without the electric field
switched on, were negligible. Their values were 0.01 + 0.01 m s .

The effect of the electric wind combined with a movement of
the nanofibrous plume was also investigated. This was done by
tracking polymeric droplets inside the nanofibrous plume as
shown in Fig. 2b. The software I-SPEED provides us with
velocity magnitude values that are plotted in the same figure.
Velocity magnitude values have a significant change in their
derivative at a distance of 29 £ 8 mm above the tip of the
spinning-electrode, as was measured using 10 tracking trials.
Therefore, we assume that the virtual collector was formed at
this distance and electric charges of nanofibrous groups were
recombined here. The velocity magnitude before the virtual
collector steeply decays, while behind it, is nearly constant,

Fig. 3 Jet formation in AC Electrospinning. In repeated AC initiation, the time delay from the moment when (a) the jets have dispersed until (b) the new

jets have formed is only 0.0006 s.

Phys. Chem. Chem. Phys.

This journal is © the Owner Societies 2014
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Fig. 4 SEM images of AC electrospun materials. (a) A SEM image of the PVB nanofibrous material produced by AC needleless electrospinning (scale bar 5 um).
(b) PVB fibers electrospun, using a DC method with the same rod-shaped spinning-electrode, from the same solution and at the same voltage as the former AC
material (scale bar 5 um). (c) Varicosity of two randomly-selected AC (continuous curves) and two DC (dashed curves) fibers evaluated as diameter
measurements along fiber axes. (d) A SEM image of AC electrospun PVB fibers as an example of the nanofibrous material produced from organic solvents using

the technology described. (scale bar 500 pum and 1 um for the inset image).

0.46 + 0.08 m s~ '. This value coincides with electric wind
velocities measured using the anemometer.

The initiation of AC electrospinning is similar to that of DC
electrospinning in the duration and formation of Taylor cones.
High speed imaging revealed that the DC as well as the first AC
initiations took about 0.0358-0.2486 s, depending on the poly-
meric solution composition and the voltage applied. However, our
research revealed two differences. Firstly, the time for successive
and repeated jet creation during AC electrospinning was extremely
short. The jets disappeared at the end of each voltaic half-wave and
were newly created when the voltage increased. Recordings from
the high-speed camera showed that it took only 0.0006 s for the
jets to form again (ESIL,T supplementary information 3). In addi-
tion, the large conical protuberances (Taylor cones) did not appear

This journal is © the Owner Societies 2014

in the case of AC electrospinning. Instead, the jets emanated
directly from a seemingly relaxed polymeric droplet attached to
the spinning-electrode (Fig. 3a).

Fig. 4a shows the microscopic image of a PVB nanofibrous
material produced under AC conditions with a potential of
20 kV. Fibers in this material are highly tortuous (inter-twined)
due to the mechanism of their creation, in which positively and
negatively charged jet segments are mutually attracted. The AC
electrospun PAN material exhibits similar morphological
features (Fig. 4d). The most striking feature of AC nanofibers
is their varicose appearance. Varicosity is expressed here as a
plot of fiber diameter measured along a fiber length. The
varicosity of AC and DC electrospun PVB nanofibers is com-
pared, in order to show the differences (Fig. 4c). These AC and

Phys. Chem. Chem. Phys.
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DC nanofibrous samples were prepared from the same PVB
solution and a similar voltage was applied in their production.

Our investigations into AC electrospinning have revealed that
the nanofibrous plume has mechanical properties which make it
eminently suitable for twisting to form a yarn. This plume is
enormously ductile and hence its ends can be attached to a
circular brush which, in turn, is attached to an FBS 115/E
Proxxon Rotary Tool. This tool is capable of producing a rotation
speed between 5000 and 20 000 rpm. The number of twists per
unit length allows the formation of nanofibrous yarns of a
predetermined density (ESIL,{ supplementary information 4).
A similar short-yarn spinning technology has been developed
for short electrospun nanofibrous yarns gathered from a
special multi-plate rotating collector."" SEM images of PVB
yarns electrospun from the nanofibrous plume are introduced
in Fig. 5a-c. In addition, the average fiber diameter of the

Phys. Chem. Chem. Phys.
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Fig. 5 SEM images of PVB yarns spun from the nanofibrous plume and a fiber diameter histogram. (a) Nanofibrous yarn was directly produced from the
nanofibrous plume and formed using the circular brush attached to the Proxxon Rotary Tool (scale bar 50 pm). (b) Three yarn pieces taken from the ends
and the middle part of a 5 m long yarn, which show good reproducibility of its diameter (scale bar 500 pm). (c) The detailed picture of the same material
(scale bar 10 pum). (d) Histogram of the fiber diameter in the PVB needleless AC electrospun yarn.
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AC-spun PVB nanofibers spun onto the yarn is far less than
1 um (Fig. 5d).

Conclusions

In summary, our experiments have shown that AC electro-
spinning combined with an appropriately shaped, needleless
spinning-electrode is highly efficient at generating a dense
plume of nanofibers. The efficiency of this method is achieved
by means of the virtual counter-electrode. This virtual counter-
electrode formed by a cloud of nanofibers is recreated periodically
in each half-wave of the AC cycle. The recombined pieces of newly-
formed nanofibers are then moved by the electric wind to create
the nanofibrous plume. The AC needleless electrospinning
method introduced in this work has the potential to be linked

This journal is © the Owner Societies 2014
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to existing technologies. There are two significant reasons for
this. Firstly, there is no obstacle, such as a collector, along the
spinning line. AC electrospinning can therefore be used for the
mass production of nanofibers thanks to its remarkable
throughput. In addition, the immediate product of AC electro-
spinning is a compact aerogel (i.e. the plume of nanofibers),
which can be readily manipulated for further processing. As
an example of this, we have introduced a promising application
of the nanofibrous plume, namely the production of nano-
fibrous yarns.

With the rapid developments in nano-science and nano-
technology, yarns composed of nanofibers may open up a
whole range of new possibilities. One such application is the
production of a porous artificial proboscis, which could be used
to collect tiny liquid samples.’* Nanofibrous yarns are also the
basic material element for the development of nanofibrous
structures, such as woven and knitted fabrics, macrame and
laces,”” whose mechanical, sorption and filtration properties
will significantly differ from that of conventional textiles.
Nanofibrous textiles may also have great potential uses in the
field of medicine. They are able to meet the criteria for medical
applications® largely as a result of the unique characteristics
mentioned here in this paper.
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ROZHODNUTI

Statni Gstav pro kontrolu léciv, se sidlem v Praze 10, Srobarova 48 (déle jen ,Ustav”), jako organ pfisluiny k rozhodnuti
podle § 9 pism. h) a § 15 zdkona &. 268/2014 Sb., o zdravotnickych prostfedcich a o zméné zdkona ¢&. 634/2004 Sb.,
o spravnich poplatcich, ve znéni pozdéjsich predpisti (déle jen ,zakon o zdravotnickych prostfedcich®), rozhodl v souladu
s timto zakonem a s § 67 zakona €. 500/2004 Sb., spravni fad, ve znéni pozdéjsich predpist (dale jen ,spravni fad“),

takto:

Uéastnikovi spravniho fizeni, sp. zn. sukls176924/2016, zahajeného dne 28. 6. 2016 na zakladé zadosti o povoleni provedeni
klinické zkousky Hod i zd kého prostiedku NANOTARDIS k Ié&bé Cistych ak ich a ch kych koinich
defekti, spole¢nosti Technické univerzita v Liberci., se sidlem Studentska 1402/2, 461 17 Liberec 1, IC: 46747885, Ustav
timto v souladu s § 9 pism. h) a § 15 zdkona o zdravotnickych prostfedcich povoluje provedeni klinické zkousky:

Nazev klinické zkoudky Hodnoceni zdravotnického prostfedku NANOTARDIS k l1é¢bé Cistych akutnich)
a chronickych koznich defektd
Nazev zdravotnického prostiedku NANOTARDIS
Cislo protokolu 1/2016
Oduvodnéni

V souladu § 68 odst. 4 spravniho fadu neni odivodnéni tieba, jestlize spravni organ prvniho stupné viem Géastnikim
v pIném rozsahu vyhovi.

Pouéeni

Proti tomuto rozhodnuti je mozno podat podle § 81 spravniho fadu u Ustavu odvolani, a to ve Ih(ité do 15 dnti ode dne
jeho doruéeni. O odvolani rozhoduje Ministerstvo zdravotnictvi CR. V souladu s § 81 odst. 2 spravniho fadu se Ize vzdat prava
na odvolani, a to pisemné nebo Ustné do protokolu. Rozhodnuti vtakovém pfipadé nabyva pravni moci vsouladu
s § 73 odst. 1 spravniho fadu dnem vzdani se prava na odvolani.

Otisk uredniho razitka

MVDr. Irena Vichova
vedouci oddéleni klinického hodnoceni
zdravotnickych prostiedkd
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Navod k pouziti zdravotnického prostedku NANOTARDIS
pro klinickou zkousku

Zdravotnicky progedek NANOTARDIS je ufen k pouZiti jako zdravotnicky pradstiek v klinické
zkouSce. Za timtodglem je dodavan v podshvrstvené nanovlakenné a mikrovlakenné netkané
textilie. Vrstva podkladového materialu je fena netkanou textilii spunbond z polypropylenu (PP)
ktery je mode barven ve hmeét Podkladova vrstva usnagie manipulaci se zdravotnickym
prostedkem ped aplikaci. Vlastni furdni vrstva zdravotnického pragstlku NANOTARDIS je
nanovlakenna vrstva vyrobena z PCL. Rimikvrstva ma podobu tenké membrany bilé barvy Ob
vrstvy, funkéni i podkladova, jsou vzajemarspojené pouze fyzikalnimi (Van der Waalsovymi)
silami a Ize je snadno od sebe d&dd Strany funkni bilé netkané nanovlakenné vrstvy jsou
identické, proto je moZnéifpZzit tuto vrstvu na porami z obou stran, tedy z rubové i licni strany.
Jelikoz je zdravotnicky prosidek NANOTARDIS biodegradabilni, nemusi bylivpdni kryt
strhavan ¢imz by se narusil proces hojeni. Porebéni kozniho krytu Ize znovu aplikovat novou
vrstvu zdravotnického prasidku NANOTARDIS. Cetnost aplikaci zdravotnického priestku
NANOTARDIS se voli individuala dle vzhledu rany.

Zdravotnicky prosedek NANOTARDIS ma tyto vlastnosti:

» snadna aplikace zdravotnického predku,

» dobré snésenlivost pacienty,

» dobra splyvavost materialu,

» prostedek je dodavan ve sterilnim baleni a neni mozmaglsi resterilizace,

» baleni zdravotnického pragstlku NANOTARDIS je po jednotlivych kusech,

» zdravotnicky progsedek NANOTARDIS lIze vyrobit v libovolnych rozirech, pro klinické
zkousky bude dovan o roznech 7 x 7 crfy

e expira&ni doba progedku po sterilizaci je 12 tydn

NANOTARDIS je slozen z koméné¢ dostupného polymeru polykaprolaktonu (PCL).
Polykaprolakton je biologicky odbouratelny polyeste nizkou teplotou tani 58 °C a teplotou
skelného pechodu piblizn¢ -72 °C. PCL degraduje hydrolyzou esterovych vazefyziologickych
podminek.

PCL byl schvalen americkou Food and Drug Admintgire (FDA) pro specifické aplikace v
lidském ¢tle, nagiiklad pro vyrobu prosédki pro podani l&v a chirurgické ni¢ (obchodni nazev
Monocryl). Je tedy vhodny jako biomaterial, kterg yyuzivan pro vyrobu dlouhodobych
implantabilnich prosedki. V sowasné dob je intenzivig testovan jako material pro tzv. scaffoldy
pro reparaci tkani pragtdnictvim tkéového inzenyrstvi

Popis mechanismu dinku zkouSeného zdravotnického prodtedku spolé&né s podpirnou
védeckou literaturou
Proces hojeni akutnich i chronickych ran je kompiedkj. V sowasné dob pouzivané ,vihké

hojeni ran“ ma své limity stejntak jako déasné kryti ran. Nanovlakenna PCL struktura vyrobena
elektrospinningem je velice podobna svou morfologgziburéné hmok kiuze, a proto je idealni k
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vyuziti jako zakladny pro reparaci a regenera® t&are. DalSi vyhodou je, Ze nanovlakna jsou
extrémm tenka a snadnainou ke spodia rany. Diky pouziti biodegradabilniho materialu kdézi
postup® k vstebavani materialu a neni nutné jeho odsivani v pfibéhu I&by, coz u jinych
zdravotnickych prosedki uréenych khojeni ran naruSuje jiz z&pty proces hojeni.
Nanovladkenné vrstvy maji vysokou pérovitost a spoistupnosti pro vzdusny kyslik ushiagi a
urychluji hojeni ran. Velkym pozitivem je také tde malé mezivlakenné poryagobi jako
antibakterialni bariéra.

CZ: Nanoviakenny ka2ni kryt. steriini

7x7 cm

VYLUGNE PRO KLINICKE ZKOUSKY

c
Obr. 1: (a) Zdravotnicky progtdek NANOTARDIS ve sterilnim obalu-licni stranalwbé#b)
Zdravotnicky prosedek NANOTARDIS ve steriinim obalu - rubova stramlalu. (c)
Makroskopicky pohled na nanovldkennou vrstvu NANRDOIS oddlenou od nanovlakené netkané
textilie typu spunbond.
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Pokyny vyrobce pro pouziti zkouSeného zdravotnickéh prostiedku wetné vSech nezbytnych

pozadavki na skladovani a manipulaci, @ipravu k pouziti, vSech kontrol bezpé&nosti nebo
funk énosti a vSech opateni, ktera je potteba provést po pouziti (nap. likvidace)

Pro klinické zkousky je zdravotnicky préstiek NANOTARDIS dodavan o rozmech 7 x 7 crfy
viz Obr. 1. Po vyjmuti NANOTARDIS ze sterilniho dbdéka zvoli velikost aplikovaného dilu
podle rozrgri koZniho pora#gni. Za sterilnich podminek pomociizek pak upravi tvar dilu
NANOTARDIS tak, aby odpovidal rozZ¢mm rany. Rozrary odstizeného dilu musi byt takove,
aby NANOTARDIS pokryl pouze ranu a riepnival do oblasti zdravé okolniike. V gipadc
rozsahlejSiho kozniho porami se dily NANOTARDIS skladaji na rénésné k sok¥. Sowasti
sterilniho baleni je i modra podkladova netkan&iltexspunbond. Tu je nutnoied aplikaci
odstizenych diti zdravotnického proggdku NANOTARDIS za sterilnich podminek odstrania N
defekt jemi a za sterilnich podminekikladejte pouze bilou nanovlakennou vrstvu z PO, &by
mezi dilem NANOTARDIS a koznim por&mim nevznikaly prostory vyptmé vzduchem.

Cetnost aplikaci zdravotnického priestku NANOTARDIS Ize volit dle posouzeni ofgiciho
lékare v zavislosti na aktualnim stavu rany a nutnagthp oSatovani. Jelikoz je zdravotnicky
prostedek NANOTARDIS biodegradabilni, néhby byt pavodni kryt strhavaniimz by se narusil
proces hojeni. Po wstbani kozniho krytu lze znovu aplikovat novou wistzdravotnické
prostedku  NANOTARDIS. Nanovladkennou textili Ize kombied s vybranymi produkty
uréenymi k hojeni kozZnich ran.

Identifikace rizik spojenych s pouZzitim zdravotrétlo prostedku NANOTARDIS, jejich drovni a
pravaspodobnosti je uvedena WiRiéce zkousejiciho v kapitole 3iGzeni rizika.

Popis zdravotnického prdastlku NANOTARDIS je dopléen fotodokumentaci uvygici
makroskopické i mikroskopické pohledy na nanovl&anvrstvu z PCL.

Vzor etikety véetné symboli o vlastnostech zdravotnického prosedku NANOTARDIS

NANOTARDIS

CZ: Nanoviakenny koZni kryt, stenini

X7 cm

VYLUCNE PRO KLINICKE ZKDUSKY
= () o] oo
Yﬂ_ﬂac 2016-10 2017-10

MepouZival pokud je baleni poSkozemnd
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