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Anotace: 

Habilitační práce je předložena ve formě komentovaného souboru prací dle Zákona č. 111/1998 

Sb. Publikované výsledky přibližují význačný svět nanovláken a mikrovláken, zároveň také 

samotné technologie vedoucí k jejich přípravě. Habilitační práce je sepsána jako komentovaný 

soubor sebraných vědeckých prací. Jedná se o soubor impaktovaných článků, které jsou 

zaznamenány v databázích WoS nebo Scopus. Všechny publikované články jsou podpořeny 

uveřejněnými patenty, užitnými vzory, nebo přijatými patentovými přihláškami. Propojení 

všech těchto vědeckých a inženýrských prací může být důkazem, že aplikace nanovlákenných 

i mikrovlákenných materiálů směřují do průmyslové praxe. Dle zákona č. 111/1998 Sb je nutné 

uvádět také výstupy vědecko-pedagogické činnosti. Kvantifikace výsledků VaV bude uvedena 

v přehledné souhrnné tabulce v kapitole soubor vědeckých prací. 

Habilitační práce je orientována na textilní technologie výroby vlákenných i nanovlákenných 

materiálů vhodných pro zdravotnické i technické aplikace. V práci jsou uveřejněny výsledky 

technického i biologického zaměření. Originalita práce spočívá zejména v propojení vědeckých 

publikací přímo s uveřejněnými patenty nebo užitnými vzory. V současné době je  cíleno na 

možnou komercionalizaci vědeckých výstupů ve formě spolupráce s výrobním subjektem. V 

práci je uvedena přímá návaznost vědeckých článků a jejich propojení s průmyslovou sférou. 

Přínosem podaných výsledků je zejména novost vytvořených nanovlákenných materiálů a 

jejich následný aplikační potenciál. Příkladem může být nanovlákenný kožní kryt pro léčbu 

kožních poranění, který je ve fázi klinického testování. Pedagogická činnost zahrnuje výuku 

dvou předmětů, Zdravotnické textilie a předmětu 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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Úvod do vědecké problematiky. 

 První kapitola této habilitační práce je rešerší v oblasti elektrostatického zvlákňování a 

nanovláken. Na publikace uvedené v rešerši, navazuji svou habilitační prací, ve které je řešena   

technologická problematika v oblasti výroby vlákenných nanomateriálů.   

 Pokud se podíváme do historie nanovláken a nanovlákenných materiálů jako takových, 

dostaneme se do novověku. První zmínky, které je možné najít ve vědeckých publikacích a 

patentech ohledně elektrostatiky, se datují od 19. století, jejich autorem je Boys (1887). Ve 

svém článku píše o elektrospinningu jako o známé metodě, ale velice málo probádané. Autor 

se v tomto věnuje fyzikálnímu popisu procesu, o kterém tvrdí, že nemůže dosáhnout žádného 

praktického využití. Další záznam pochází od Mortona (1902) a patentový spis No. 705,691 

nese název: Method of dispersing fluids.  Zejména Zeleny (1914) provedl pokusy s měřením 

intenzity elektrostatického pole na vrcholu kapiláry. Prvotní experimenty s elektrostatickým 

rozprašováním by vedly k samotné výrobě nanovláken, pokud by byl použit vhodný polymerní 

roztok. V 60. letech 19. století publikuje následně firma Dupont patenty pro výrobu 

polymerních vláken z mnoha nových polymerů, což za dalších 40 let otevřelo nové možnosti 

ve zvlákňování, zejména v posunu do oblasti nanovláken. 

 V publikaci Deitzel et al. (2001) se uvádí možnost řízeně ukládat nanovlákna. Zařízení 

se sestává z jehly a kolektoru, ve kterém se mohou ukládat nanovlákna na přesně stanovená 

místa.  Řešení ukázalo novou technologickou možnost, která byla následně využita v širokém 

měřítku. Stále se jedná o jehlové zvlákňování, které popisuje několik set, možná i tisíc publikací 

a patentů.  

 Velmi důležitý je patent Jirsáka a kol. (2005), díky němuž mohla být zahájena  

průmyslová výroba nanovláken. V současné době rozlišují dva základní typy zvlákňování, a to 

jehlové a bezjehlové. Jehlové probíhá za použití jednotlivých jehel a bezjehlové zvlákňování 

probíhá z volné hladiny. Bezjehlové zvlákňování umožňuje vyšší výrobnost a produktivitu, 

přičemž je možné vytvářet plošné nanovlákenné vrstvy. Výrobnosti současných strojů se 

pohybují v desítkách centimetrů až jednotek metrů za minutu a dosažené šíře činí  1,5 m i 2 m. 
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 V následujících letech je možné nalézt nové konstrukční řešení elektrostatického 

zvlákňování za použití kolektoru. Využití fyzikálních zákonů, jakožto podpůrných metod 

ovlivnění elektrostatického pole v blízkosti kolektoru, popsal již Feynman (2001). V práci 

autorů Mitchell and Sanders (2006) jsou zmínky o možnosti vytvoření strukturně specifické 

plošné vrstvy nanovláken vlivem elektrostatických sil. V současné době se začíná objevovat 

nová možnost, jak vlákna vyrábět a zároveň ovlivňovat jejich strukturní parametry. Plošná 

hmotnost je jedním z hlavních materiálových parametrů, který spoluurčuje vlastnosti textilie. 

Možnosti ovlivňování plošné hmotnosti, a tím i 3D struktury, jsou popsány již o dva roky dříve 

autorem je Kessick et al. (2004).  Porovnávání strukturních parametrů a mechanických 

vlastností nanovlákenných vrstev publikovali Kim G. H. (2006) a Kim C.H. (2006). V těchto 

publikacích byly srovnávány zejména klasické plošné nanovlákenné vrstvy se strukturovanými 

2D-vrstvami a současně nanovlákennými vrstvami s vyšší plošnou hmotností. Výsledky 

buněčné migrace a proliferace jasně ukazují, že lepší výsledky  poskytují strukturované vrstvy 

a vrstvy s vyšší plošnou hmotností. Současně se rozvíjí výroba 3D nanovlákenných materiálů.  

 Při využití objemných materiálů s vyšší plošnou hmotností musí být zajištěna dobrá 

pórovitost vytvořeného materiálu pro možnost migrace buněk do jeho vnitřních částí. O tomto 

referoval již Li,W. J. et al. (2005), který řešil výrobu materiálu s ohledem na jeho strukturní 

parametry. Tan, S. H. et al. (2005) hledal další technologické možnosti výroby pro zlepšení 

migrace buněk. Podle Tuzlakoglu et al. (2005) je v případě objemných materiálů nejdůležitější 

penetrace buněk do celého objemu scaffoldu, tj. zajištění optimálních podmínek nejen na 

povrchu, ale i uvnitř materiálu. Ve výsledku studie je definována určitá, přesně daná porozita 

nanovlákenného materiálu. Vzhledem k velikosti pórů je nezbytně nutné dopravovat živiny a 

další potřebné látky do celého objemu vlákenné struktury a současně zajistit buňkám 

dostatečnou oporu pro adhezi a následný růst. Struktura materiálu umožňuje  místům s nižší 

plošnou hmotností snadnější penetraci buněk Ma, Z. et al. (2005). Vše je určeno velikostí 

mezivlákenných pórů a tím, že místa s vyšší plošnou hmotností působí jako rigidní členy pro 

mechanickou pevnost.  

 Materiály byly testovány i na mezenchymální kmenové buňky, viz Pan and Jiang 

(2006), především byla sledována migrace buněk dovnitř daného materiálu. Dalším 

parametrem byla vhodná diferenciace kmenových buněk v daném materiálu. Materiál ovlivňuje 

chování kmenových buněk a je nutné ho přesně specifikovat pro daný typ nahrazované tkáně, 

jak uvádí Schindler et al. (2005). 
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 V návaznosti na materiály je potřeba zmínit také novou technologii výroby koaxiálních 

vláken. Tato technologie výroby vláken jádro-plášť je popsána např. ve článcích Hong, Y. L. 

et al. (2005), Dong et al. (2004). Autoři uvádějí možnosti vytvoření vlákna sestávajícího ze 

dvou různých polymerů nebo složek, které budou spojeny v jeden celek. Následně je zmiňována 

možnost inkorporace různých složek pro tkáňové nosiče. Při vhodně zvoleném biologickém 

nebo chemickém aditivu je takto vyrobený materiál  optimální pro regenerativní medicínu a 

tkáňové inženýrství, zejména z důvodu uvolňování dané složky, která se nachází v jádře 

koaxiálního vlákna, viz Katti et al. (2004). Vzhledem k rychlosti degradace nosného polymeru, 

tedy obalu, lze uvolňování účinné látky v jádře nanovláken řídit.    

 Materiálová stránka výroby nanovláken je v současnosti určována polymerními 

materiály a zvláknitelností daného polymerního roztoku do formy mikro- nebo nanovláken. 

Inkorporace nanočástic a obecně částic do polymerů je přístup, který se používá v mnoha 

materiálních oblastech vědy, viz Capadon (2007).  Inkorporace umožňuje vytvářet materiály s 

novými nebo zlepšenými vlastnostmi homogenizací více různých složek a využitím 

synergických efektů. Zajímavou možností je návrh nových funkčních materiálů s jedinečnými 

elektronickými vlastnostmi, katalytickou aktivitou, atd. Využití polymerních nanokompozitů je  

však limitováno nedostatkem efektivních metod kontroly dispergace nanočástic a mikročástic.  

 Polymerní materiály s vhodnou molekulovou  hmotností je nutné rozpustit. Výběr 

vhodného rozpouštědla nebo rozpouštědlového systému jako nosiče konkrétního polymeru je 

základem optimalizace elektrostatického zvlákňování. Výběr rozpouštědla je stěžejní při 

stanovení kritické minimální koncentrace roztoku, jak je uvedeno v práci Luo (2010). 

Koncentrace roztoku je klíčová pro přechod od elektrostatického rozprašování 

k elektrostatickému zvlákňování. Rozpouštědlový systém výrazně ovlivní zvláknitelnost 

polymerního roztoku a morfologii vláken  Andrady (2008). Práce Luo (2010) ukazuje, že 

rozpouštědla s vysokou rozpustností pro daný polymer nemusí nutně vytvářet roztoky vhodné 

pro elektrospinning.  

 Následně byly testovány binární systémy rozpouštědel pro výrobu vláken s vysokou 

pórovitostí povrchu, což ukazuje, že vysoká těkavost a vysoký rozdíl tlaku par mezi směsnými 

rozpouštědly mohou vyvolat separaci fází elektrostatického zvlákňování. To dokazuje, že 

separace fází může být indukována rozdílem rozpustnosti v roztoku polymeru.  
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 Nanovlákna a jejich výroba jsou v současné době na samém vrcholu, materiály i 

polymery jsou přesně definovány, jak je tomu například při využití kombinace 

polykaprolaktonu a želatiny pro vytvoření materiálu pro tkáňové inženýrství. V publikaci 

Gautam (2013) popisuje přípravu kompozitní nanovlákenné vrstvy – textilní nosič  scafold již 

byl v textu použit bez vysvětlení  za použití nové efektivní směsi rozpouštědel: chloroform / 

metanol pro polykaprolakton (PCL) a kyseliny octové pro želatinu. Gautam (2013) tak 

dokumentuje  možnost kombinace rozpouštědlových systémů pro daný polymer a současně 

kombinace dvou polymerů, což znamená významný posun v oblasti nanovlákenných materiálů.  

 Funkcionalizace materiálů a následné řízené uvolňování dodaných látek je způsob, jak 

ovlivnit rychlost regenerace tkání, nebo jak řízeně uvolnit danou látku v přesně specifikovaném 

časovém období. V současnosti již existuje možnost funkcionalizace vytvořených nanovláken 

- mikrovláken z předem definovaného polymeru nebo kopolymerů. Lu (2016) ve své práci 

popisuje přípravu bikomponentního vlákna metodou elektrostatického zvlákňování. Jedná se o 

koaxiální metodu pro přípravu nanovláken jádro-plášť. Koaxiální vlákna se specifickými 

látkami, léčivy zapouzdřenými v jádře, mohou vykazovat trvalé a řízené uvolňování v čase. 

Vysoký specifický povrch nanovláken a vhodná trojrozměrná nanovlákenná struktura 

připomínají nativní extracelulární matrix. Tyto vlastnosti koaxiálních vláken ukazují, že mají 

obrovský potenciál v oblasti aplikací léků a tkáňového inženýrství.  

 Proteiny, růstové faktory, antibiotika a mnoho dalších látek byly úspěšně zapouzdřeny 

do koaxiálních vláken pro řízené uvolňování léčivé látky. Hlavní výhodou konstrukce 

koaxiálních vláken, tj. jádro a plášť, je, že po elektrostatickém zvlákňování zůstávají tyto látky 

bioaktivní díky ochraně pláštěm vlákna. Aplikace koaxiálních vláken mohou být scaffoldy pro 

tkáňové inženýrství, a to pro kostní tkáň, chrupavka, srdeční tkáň, kůže, cévy krevního řečiště 

a nervové tkáně. Novinkou je inkorporace proteinů, růstových faktorů, antibiotik a dalších látek 

ve formě léčiv. Využití koaxiálních vláken a nanovláken otevírá další možnost aplikace částic 

pro řízenou dopravu léčiva na přesně definované místo. V práci Tavares (2016) je popsáno 

cílení  nanočástic s léčivem u maligních tkání pro lepší diagnózu a terapii.  

 V literární rešerši z roku 2007 je následující informace: „pouze medián, tedy 0,7% 

podané dávky nanočástic  je dodáno přímo do trvanlivého nádoru.“  V publikaci byla provedena 

multivariační analýza dat pro definici a odhad fyzikálně-chemických parametrů nanočástic 

určených pro modely nádorů a analýza typů nádorových onemocnění. Výsledkem je z pohledu 

nádorové biologie zvýšená permeabilita, retenční účinek a fyzikálně chemický transport 

nanočástic.  
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 Nanočástice jsou při uvolnění zachyceny mononukleárními fagocytárními a renálními 

systémy. To může představovat řešení problému nanočásticemi a klinický posun materiálů 

směrem do praxe může být urychlen.  

Provedená rešerše se zaměřuje na výrobu nanovláken a jejich využití pro tkáňové inženýrství. 

Jsou zde uvedeny možné modifikace materiálů pro dosažení lepšího fyzikálně chemického 

transportu účinných látek, např. léčiv. Na závěr této kapitoly uvedu citát, který asi nejlépe 

popisuje současný stav. 

„Technologie pro výrobu  vlákenných - nanovlákenných materiálů i inkorporaci látek již 

známe, nyní je zejména nutná aplikace těchto vlákenných a nanovlákenných materiálů do 

praxe.“  

Seeram  Ramakrishna, konference Nart Liberec 2017.   
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Komentář k uveřejněným vědeckým pracím  

 

 V této části práce jsou prezentovány výsledky, ve kterých jsem uveden jako autor, nebo 

jako spoluautor. Hlavní přínos těchto prací  je možné spatřovat zejména v oblasti textilní 

technologie, tj. výroby nanovláken. Publikované vědecké práce navazují na předchozí 

doktorskou práci, ve které jsem se věnoval speciálním kolektorům pro řízené ukládání 

nanovláken. V dané oblasti výzkumu i nadále pokračuji a předkládám soubor komentovaných 

vědeckých článků. 

 Článek s názvem: Elastic three-dimensional poly(epsilon-caprolactone) nanofibre 

scaffolds enhances migration, proliferation and osteogenic differenciation of 

mesemchymal stem cells popisuje možnosti přípravy nanovlákenných nosičů. Nanovlákenné 

vrstvy se připravují jako plošné materiály, což není zcela optimální struktura pro buněčnou 

proliferaci. Přínosem mnou vyvinutého  materiálu je vytvoření strukturně modifikované vrstvy. 

Hlavním cílem vědecko-výzkumné práce bylo, zaměřit se na kontrolované ukládání nanovláken 

na přesně definovaná místa a tím vytvořit strukturu s definovaným vzorem - skladbou. Právě 

definovaný vzor pomůže buňkám lépe migrovat a proliferovat do struktury, přičemž vrstva 

zůstává přesto mechanicky odolná. Takto vytvořené vrstvy jsou netradiční a předložená  

publikovaná práce potvrzuje vhodnost nanovlákenných vrstev pro tkáňové inženýrství.   

 Požadavkem od biologů bylo vytvořit ideálně takovou strukturu, která bude vhodná pro 

pohodlné nasazení buněk a současně dovolí buňkám penetrovat dovnitř nanovlákenného 

materiálu - buněčného nosiče. Tento požadavek byl řešen pomocí vhodného biodegradabilního 

a biokompatibilního polymeru a přípravou různých plošných hmotností a hustot 

nanovlákenných vrstev pomocí speciálního kolektoru. Vrstvy tak umožňují snadnější prostup 

buněk přes místa s nižší plošnou hmotností.  Tyto vrstvy mají, ale nízkou mechanickou odolnost 

a zároveň nízkou rozměrovou stabilitu.  Proto navrhovaná vrstva obsahuje místa armovací, tedy 

místa s vyšší plošnou hmotností a tloušťkou. Ty vedou  k lepším mechanickým vlastnostem a 

ke snadnější práci biologů s tímto materiálem. Vytvořením kombinace míst s různou plošnou 

hmotností (volbou vzoru) bylo dosaženo pomocí vhodných parametrů pro vytvoření 3D 

scaffoldů pro následnou buněčnou kultivaci in vitro. Materiály byly úspěšně testovány 

mezenchymálními kmenovými buňkami na 2. Lékařské fakultě Univerzity Karlovy.  
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Dále uvádím patent – číslo 305569, který doplňuje publikovaný článek. Referuje o možnosti 

výroby a aplikaci nanovlákenných materiálů ve formě třídimenzionálního (3D) scaffoldu.  

Důvodem je skutečnost, že biologické tkáně nejsou jen plošné útvary jako např. kůže, ale 

struktury  třídimenzionální. Proto je nutné vytvořit vhodnou 3D strukturu, podobající se nativní 

tkáni. Je možné využít strukturovaný kolektor, který musí být vytvořen z vodivých částí. Pokud 

je kolektor strukturovaný, avšak vytvořený z nevodivého materiálu, např. silikonu, pak se 

využívá technologie popsaná v patentu: Způsob výroby prostorově tvarované vrstvy 

polymerních nanovláken a způsob pokrývání prostorově tvarovaného povrchu tělesa prostorově 

tvarovanou vrstvou polymerních nanovláken.  

 Přínos patentu vidím zejména v kombinaci výroby nanovláken a vlivu proudícího 

vzduchu. Předmětem patentu je produkce nanovláken, která se při svém pohybu směrem od 

zvlákňovací elektrody vychýlí proudem vzduchu směrem ke kolektoru, na který se následně 

uloží. Na povrchu tvarovaného předmětu se nanovlákna ukládají do vrstvy, která přesně 

kopíruje tvar předloženého vzoru. Takto se dají ukládat  nanovlákna i na nevodivé předměty a 

povrchy, čímž lze docílit povrstvování složitých strukturních předmětů. Tento patent byl 

již  použit pro vytvoření náhrady umělé srdeční chlopně. Finální vlákenný produkt byl vytvořen  

povrstvením silikonové předlohy chlopně.  

 

 Také je zde nutné zmínit český patent  (27202) s názvem  3D kompozitní materiál 

určený především jako biodegradabilní náhrada chrupavky. Patentová ochrana se týká 

materiálu, který slouží pro náhradu kloubní chrupavky. Použitý materiál je na bázi nanovláken 

s různou plošnou hmotností a s definovaným vzorováním v ploše nanovlákenné vrstvy. 

Vytvoření takto strukturovaných vrstev je můj přínos v tomto patentu. Nanovlákenné materiály 

byly vyrobeny pomocí speciálního kolektoru, který jsem navrhl a instaloval jej do stroje 

Nanospider, aby bylo dosaženo požadované vzorování. Nanovlákenná vrstva je propojena s 

vrstvami vytvořenými pomocí technologie 3D tisku. Výsledný materiál je tedy ve formě 

sendvičové struktury. Výsledky biologických testů takto připravených kompozitů jsou uvedeny 

ve článku: The combination of 3D printing and nanofibers for tissue engineering of 

articular cartilage.  Chrupavka kolene je velice specifická tkáň, proto musí být biodegradabilní 

náhrada chrupavky z polymeru, který je mechanicky odolný a současně vhodný pro adhezi 

buněk. Technologie 3D tisku  zde zajistí mechanickou pevnost a strukturované nanovlákenné 

vrstvy dobře podporují buněčnou adhezi.  
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 Jak jsem již zmínil, struktura speciálního kolektoru hraje klíčovou roli ve tvorbě 

nanovlákenných vrstev se vzorem a 3D stavbou. Publikace, která se věnuje zejména 

fyzikálnímu popisu a procesu elektrostatického (i elektrického) zvlákňování v blízkosti 

speciálního kolektoru, nese název Production of Poly(vinylalcohol) Nanoyarns using a 

special saw-like collector, a popisuje samotný proces výroby nanovláken z polyvinylalkoholu 

(PVA). Speciální kolektor, v tomto případě měděný hřeben, byl díky své geometrii a 

pravidelnému střídání vodivých elementů vybrán jako nejvhodnější. Experiment probíhal tak, 

že měděný hřeben byl umístěn jako kolektor proti zvlákňovací jehle. Zvlákňování z jehly 

umožňovalo sledování ukládání nanovláken na hroty měděného hřebenu. Nanovlákenný 

materiál se ukládal na vrcholy vodivých hrotů a současně docházelo k orientaci mezi 

jednotlivými hroty vodivého hřebenu. Orientovaný vlákenný svazek byl následně sejmut z 

povrchu vodivého hřebenu a zakroucen do formy příze. Pomocí mechanických zkoušek byla 

měřena pevnost příze v tahu, sledována vytvořená morfologie vláken pomocí elektronového 

mikroskopu.  

 Hlavním osobním přínosem této práce je objasnění fyzikální podstaty chování 

elektrického pole v blízkosti speciálního kolektoru, tj. měděného hřebenu. Provedená fyzikální 

analýza elektrického pole ukázala místa extrémů elektrické intenzity v blízkosti kolektoru.  

Mezi vodivými elementy speciálního kolektoru se vytváří silné elektrostatické pole, a proto 

dochází k řízenému ukládání nanovláken. Jednotlivá nanovlákna se v prostoru mezi vodivými 

elementy prodlouží, při morfologické analýze lze zjistit, že tato nanovlákna mají menší průměr 

než nanovlákna z jiných míst. Nanovlákna na vodivých místech se neprodloužila, a proto mají 

větší průměr než nanovlákna uložená mezi vodivými elementy. Modelování intenzity 

elektrického pole pomocí programu Comsol multiphysics potvrdilo fyzikální předpoklad, a 

díky tomu je možné graficky prezentovat místa s vyšší intenzitou pole. Přínosem práce je 

modelování intenzity pole, predikce míst, kde jsou na speciálním kolektoru uložena nanovlákna 

a také jejich výsledné uspořádání. Orientace a morfologie nanovláken byla potvrzena na 

základě optické mikroskopie.   

 

 Patent (304137) s názvem Způsob výroby polymerních nanovláken zvlákňováním 

roztoku nebo taveniny polymeru v elektrickém poli a lineární útvar z polymerních 

nanovláken vytvořený tímto způsobem doplňuje výše citovaný článek a uvádí možnost 

praktického využití.  Zde je popsána výroba polymerních nanovláken pomocí silového 

působení elektrostatického pole na polymerní roztok. Využívá se  přítomnosti vysokého napětí, 

které je přivedeno na povrch volné hladiny zvlákňovaného roztoku.  
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Následkem silového působení vznikají místa nestability, které se dále mění na místa vzniku 

Taylorových kuželů. Následně z těchto míst dochází k výtrysku polymerní trysky, a další  

tvorbě nanovláken. Technologicky lze popsat střídavé zvlákňování jako vytváření kladně nebo 

záporně nabitých vlákenných vrstev nad zvlákňovací elektrodou. Na elektrodu s polymerním 

roztokem se přivádí střídavé napětí ze speciálního zdroje vysokého napětí. Při vysokém napětí 

vznikají nabité ionty, které se ve vzduchu pohybují a mohou unášet nanovlákna ve směru 

pohybu nabitých iontů. Tak se podle fáze střídavého napětí vytváří na zvlákňovací elektrodě 

polymerní nanovlákna s opačným elektrickým nábojem. Úseky s opačným elektrickým 

nábojem se po svém vzniku v důsledku působení elektrostatických sil shlukují do lineárního 

útvaru ve formě např. kablíku, který se volně pohybuje v prostoru ve směru gradientu 

elektrických polí směrem od zvlákňovací elektrody.  

 Vyhodnocení uspořádání vláken pomocí obrazové analýzy je popsáno v článku 

Estimation of fiber system orientation for nonwoven and nanofibrous layers: local 

approach based on image analysis. Předmětem publikace je analýza nanovláken a dalších 

textilních vrstev. Analýza textilních materiálů je nezbytně nutnou podmínkou pro stanovení 

kvality výsledného textilního produktu. Hodnocení finální kvality a analýza se lépe provádí u 

tkaných a pletených textilních materiálů. U nanovlákenných a mikrovlákenných materiálů je 

vyhodnocení vzhledem k malé velikosti průměrů vláken poněkud obtížnější.  

 Pro vyhodnocení submikronových vláken bylo nutné použít elektronový mikroskop, 

aby byl získán obraz požadované kvality a struktury vláken. Tento obraz bylo nutné pomocí 

statistických metod dále analyzovat a získat relevantní výstupy. Mezi hlavní hodnotící 

parametry u submikronových vláken byly zařazeny průměr vláken, anizotropie a směrové 

rozložení vláken. Výsledky přinášejí relevantní výstupy, ze kterých je možné vyvodit, jaké bude 

mít materiál geometrické vlastnosti, a jak se bude materiál chovat při mechanických zkouškách. 

 Vlastní přínos této publikaci je podle mého názoru zejména v oblasti technologie výroby 

nanovlákenných vrstev. Pomocí speciálních kolektorů a výběru vhodných polymerů bylo 

možno vytvořit požadované struktury. Jednalo se o orientované struktury, anizotropní struktury 

a také vrstvy, které obsahovaly kombinaci těchto dvou typů struktur. Všechny vlákenné vrstvy 

byly analyzovány na elektronovém mikroskopu a následně vyhodnoceny prostřednictvím 

obrazové analýzy.  
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 Další vědecké práce, které zde budou zmíněny, jsou důležité zejména pro praktické 

technické aplikace, kdy dochází k provázanosti s klasickým textilním materiálem, s přízí a 

s plošnou textilií.  

 První z uvedených patentů (306428) nese název Lineární vlákenný útvar s pláštěm z 

polymerních nanovláken obalujícím nosný lineární útvar tvořící jádro, způsob a zařízení 

k jeho výrobě. Lineární vlákenný útvar, tj. příze, je obalena  nanovlákenným pláštěm, zahrnuje 

tedy jádro tvořené nosnou přízí a plášť tvořený polymerními nanovlákny. Polymerní 

nanovlákna obalují nosnou přízi a tvoří její dokonalý obal. Nanovlákna vznikají z volné hladiny 

při zvlákňování vysokým střídavým elektrickým napětím. Nanovlákenný obal  je kolem jádra 

(nosné příze) ovinut ve formě pásu ve tvaru šroubovice.  Při způsobu výroby lineárního 

vlákenného útvaru se na zvlákňovací elektrodě, která je připojena ke zdroji střídavého napětí, 

vytváří nanovlákenná vlečka, která se ve zvlákňovacím prostoru mění na plochý pás 

s uspořádanou strukturou nanovláken. Nanovlákenná vlečka se přivádí k rotujícímu lineárnímu 

útvaru (nosné přízi), který slouží jako speciální délkový kolektor. Následně dojde k zachycení 

vlečky rotujícím lineárním útvarem a k dokonalému pokrytí povrchu nosné příze. Vlastní přínos 

je zejména v technologickém řešení výroby nanovláken a výběru vhodných polymerů pro 

dosažení vhodných mechanických vlastností nanovláken. 

 Ze článků, ve kterých je kladen důraz na technologii výroby meltblown, bych rád 

jmenoval článek s názvem The combination of meltblown and electrospinning for bone 

tissue engineering. Kompozitní materiál je tvořen klasickou netkanou technologií a to 

technologií meltblown, která pro výrobu mikrovláken využívá polymerní taveninu a horký 

stlačený vzduch. Vzhledem k průměrům vláken, které se pohybují okolo pěti mikrometrů, bylo 

nutné materiál meltblown kombinovat s technologií elektrostatického zvlákňování. Při 

kombinaci obou technologií zároveň je možné vlivem výrobnosti řídit poměry jednotlivých 

průměrů nanovláken, jak to ve své práci popisuje Thomas et al. (2006). Výroba různých 

průměrů vláken je vhodná zejména pro lepší adhezi buněk na vlákenný materiál, což publikoval 

také Shin et al. (2004). Dobrou adhezi představuje zejména zastoupení nanovlákenné složky, 

oproti tomu mechanické vlastnosti zajišťují vlákna meltblown, což ve své publikaci potvrzuje 

Li, C. M. et al. (2006). Technologie meltblown je v průmyslové sféře hojně využívána pro 

výrobu jednorázových zdravotnických prostředků, jemných struktur pro filtraci a vysoce 

savých materiálů. Vlastní přínos spočívá v použití biodegradabilního polymeru pro technologii 

meltblown, nalezení kombinace technologických parametrů pro melt blown a elektrostatické 

zvlákňování. 
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Výroba takového kompozitu  je unikátní pro možnost  řízené přípravy materiálů v oblasti 

tkáňového inženýrství. V současnosti nejsou tyto medicínské kompozity plošně využívány 

v průmyslu především pro vysokou cenu a složitost nastavení celého zvlákňovacího procesu. 

Bezesporu se jedná o materiálově a technologicky průlomový článek, což naznačuje také 

počáteční citovanost.  

 Obdobný článek s názvem Cell penetration to nanofibrous scaffolds je technologicky 

zaměřen na výrobu objemných materiálů a testování materiálů. Technologická výroba 

objemných vlákenných materiálů byla zaměřena na kombinaci dvou technologií s odlišnou 

výrobností. Cílem bylo potvrdit vhodnost kombinace těchto technologií pro tkáňové 

inženýrství, zejména sledování buněčného průniku do objemných materiálů. Ve tkáňovém 

inženýrství je infiltrace buněk kritickým parametrem pro příznivý vývoj 3D nanovlákenných 

nosičů. Aplikace nanovláken v tkáňovém inženýrství je nutnou podmínkou pro zlepšení 

buněčné adheze a růstu. Výhody nanovlákenných nosičů jsou zejména charakteristické rozměry 

vláken, pórovitost materiálů a možnost vytvářet požadované struktury pro vývoj scaffoldů. 

Technologické možnosti výroby dovolují transformaci průměrů vláken, ovlivnění pórovitosti 

materiálu a variaci výroby plošné hmotnosti. Výroba nanovlákenných nosičů je možná díky 

využití širokého spektra možných technologií. Vlastní přínos v tomto článku spočívá zejména 

ve  výrobě materiálů, vzájemném propojení výrobních technologií a dosažení požadované 

struktury finálních vlákenných vrstev.  

 Modifikace vlákenných materiálu, založená na  funkcionalizaci vláken a  přídavku 

léčivé látky, se neustále vyvíjí. Podaná patentová přihláška popisuje přírodní látku, která je 

vhodná pro zlepšení hojení kožních poranění. Aditivum do vláken je na bázi přírodního léčiva. 

Patentová přihláška s názvem Kryt kůže nebo rány, který obsahuje canabidiol a/nebo jeho 

derivát/deriváty, polymerní nanovlákna a/nebo mikrovlákna obsahující canabidiol 

a/nebo jeho derivát/deriváty, a způsob výroby polymerních nanovláken a/nebo 

mikrovláken obsahujících canabidiol a/nebo jeho derivát/deriváty  popisuje kryt kůže nebo 

rány, který obsahuje přírodní účinnou látku canabidiol (CBD) nebo jeho deriváty. Materiál 

obsahuje vrstvu nanovláken a mikrovláken z biologicky kompatibilního polymeru obsahujícího 

canabidiol nebo jeho deriváty. Tato látka se nachází na povrchu nebo ve hmotě nanovláken a 

mikrovláken. Přidaná účinná látka CBD omezuje zánět a urychluje proces hojení. Vlastní přínos 

této patentové přihlášky spočívá (i) v inkorporaci CBD do polymerního roztoku, (ii) v nalezení  

optimální koncentrace CBD nebo jeho derivátu v závislosti na zvláknitelnosti  polymerního 

roztoku a (iii) v optimalizaci technologického procesu elektrostatického zvlákňování. 
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 Vzhledem k velice slibným hypotézám předchozího článku byl na základě provedených 

experimentů a výsledků publikován článek s názvem The combination of meltblown 

technology and elektrospinning – The influence of the ratio of micro and nanofibers on 

cell viability, který se zabývá kombinací dvou technologií pro výrobu vláken. Směšování mikro 

a nanovláken  probíhá v jednom procesu a cílem je vytvoření takového materiálu, který podpoří 

životaschopnost buněk. Výsledky publikace navazují na technologický základ, tedy kombinaci 

technologie meltblown a elektrostatického zvlákňování, což studoval a publikoval již  

Tuzlakoglu et al. (2005). Cílem této publikace bylo potvrzení studie autora Tuzlakoglu a 

vyhodnocení vytvořených vlákenných struktur zejména pro náhradu kostních defektů.  

 Můj přínos v této publikaci spočívá cíleně dosažené struktuře kompozitu, tedy ve 

zvolení poměru mikrovláken a nanovláken a vytvoření biology požadované struktury. Tím je 

možné ovlivnit mechanické vlastnosti výsledného tkáňového nosiče. V tomto případě byl 

použit biokompatibilní a biodegradabilní  polymer polykaprolaktonu (PCL). Rychlost 

degradace vytvořeného kompozitu lze řídit poměrem nano a mikrovláken. Tímto experimentem 

byly potvrzeny výsledky  Yoshimoto et al. (2003). Vytvořený kompozit je vhodný pro 

regenerativní medicínu, která se zabývá možnostmi regenerace kostní tkáně nebo chrupavky, 

jak uvádějí ve své  publikaci Thomas et al. (2006). Následná možná funkcionalizace těchto 

materiálů povede k lepší aplikovatelnosti a využití v praxi.  

 Ryze technologickým patentem, který navazuje na předchozí impaktovaný článek nese 

název Způsob a zařízení pro výrobu textilního kompozitního materiálu obsahujícího 

polymerní nanovlákna, textilní kompozitní materiál obsahující polymerní nanovlákna.  

 Pro výrobu nanovláken je možné využít princip odstředivého zvlákňování nebo 

tradičního elektrického zvlákňování. Vytvořený objemný útvar (kompozit) je směsí 

mikrovláken a nanovláken. Kompozit se ukládá na povrch sběrného kolektoru, který může být 

ve formě pohyblivého pásu nebo rotačního bubnu. Tento kompozitní materiál se vyznačuje (i) 

velkým specifickým povrchem, (ii) vysokou sorpční kapacitou nanovláken a (iii) mechanickou 

stabilitou mikrovláken. Výhodou je možnost variace různých poměrů směsi vláken pro 

vytvoření vhodných vzorků pro další modifikace. Přínos tohoto patentu spočívá ve vytvoření 

unikátního kompozitního vlákenného materiálu. Pro výrobu se využívá dvou textilních 

technologií, které se použijí současně. Vzhledem k odlišné výrobnosti obou technologií je 

velice obtížné nastavení - směsování vláken pro vytvoření textilního kompozitu. 
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 Pokud parametry technologie jsou špatně nastaveny, dochází k rozdělování jednotlivých 

vrstev, tzv. delaminaci. Přínos spočívá i v tom, že patent  je podpořen předchozí impaktovanou 

publikací. V současné době hledáme komerční uplatnění takto vytvořených kompozitů. 

 Z pohledu textilního technologa uvádím další možnosti výroby vláken, které umožňují 

vytvořit koaxiální vlákna. Publikace s názvem Needleless coaxial electrospinning: A novel 

approach to mass production of coaxial nanofibers popisuje výrobu vláken, které je možné 

vyrábět koaxiální metodou. Vlákna se sestávají z obalu a jádra. V praxi se do jádra přivádí látka, 

kterou nelze zvláknit samostatně, protože není vláknotvorná. Je možné používat biologické 

polymery a např. léčivo, tento způsob vede k funkcionalizaci nanovláken. Výhodou je zejména 

možnost zvláknění polymerního roztoku nebo např. léčivé složky, která bude inkorporována 

v jádře. Nosným polymerem je plášť vlákna, který umožňuje při vhodném nastavení procesu 

koaxiálního zvlákňování současně chránit jádrový  polymer.   

 Unikátnost všech článků a patentů spočívá ve výrobnosti, tj. efektivitě výroby mikro a 

nanovlákenných materiálů. Jedná se o nanovlákenné a mikrovlákenné technologie, jejich 

vzájemnou kombinaci, popřípadě i další funkcionalizaci. Výzkum a technologie výroby, 

kterému se věnuji nejvíce, je zaměřen zejména na plošné vrstvy a objemné vrstvy.  

 Vědecký potenciál jednotlivce je možné hodnotit dle publikovaných impaktovaných 

článků a podle podaných patentů. V současné době je jedním ukazatelem hodnocení také 

realizace patentu nebo možná komerční aplikace. Proto uvádím možné využití vytvořeného 

materiálu, který je patentován, a který je koncipován pro léčbu kožních poranění.  

 Kůže je největší orgán lidského těla, jedná se o 1,5-2 m2 ochranné vrstvy kožních buněk. 

Zranění kůže a kožní defekty se často dlouho hojí. V závislosti na kvalitě a rychlosti hojení je 

možné stanovit celkovou úspěšnost léčby. Proto uvádím vytvořený vlákenný materiál 

Nanotardis. V současné době probíhají klinické zkoušky, které zajišťuje Krajská nemocnice 

v Liberci, Nemocnice na Bulovce a Fakultní nemocnice Královské Vinohrady. Zkouškou je 

nutné prokázat vhodnost toho nanovlákenného přípravku pro léčbu chronických a bércových 

kožních poranění na vybraném vzorku pacientů. Vědecko-výzkumný přínos mé práce je uveden 

v patentové přihlášce s názvem: Způsob výroby plošného útvaru z biodegradabilních a 

biokompatibilních nanovláken, především pro kryt kožních ran, a zařízení k provádění 

tohoto způsobu. Patentový nárok tohoto unikátního materiálu se týká technologie výroby 

nanovlákenné vrstvy, vyrobené z čistého biokompatibilního polymerního materiálu  

polykaprolaktonu (PCL).  
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 Nanovlákna se ukládají na nosnou podkladovou netkanou textilii metodou 

stejnosměrného nebo střídavého elektrického zvlákňování (DC elektrospinning nebo AC 

elektrospinning). Nanovlákenná vrstva z PCL vyrobená elektrostatickým zvlákňováním, 

odstředivým zvlákňováním, technologií melt-blown nebo kombinací těchto technologií. 

Připravený vlákenný materiál napodobuje strukturu vrstvy kůže přiléhající k epidermis (pars 

reticularis koria). Materiál kožního krytu se zdá být ideálním základem pro reparaci a regeneraci 

kožní tkáně. Nanovlákenná vrstva z PCL je velmi flexibilní, a proto snadno přilne ke spodině 

rány. Nanovlákenné vrstvy vyrobené podle popsaného způsobu jsou vysoce porézní a tím, že 

umožňují přístup kyslíku ze vzduchu k léčené ráně, usnadňují a urychlují hojení. Struktura 

materiálu Nanotardis také znesnadňuje průchod bakterií. 

 Rozsah uvedených vědecko-výzkumných prací se nevěnuje striktně jen tkáňovému 

inženýrství a buněčným aplikacím, ale i aplikacím v ryze technické oblasti. Prvním takovým 

představeným výsledkem je Vrstvený textilní materiál pro leštění tvrdých povrchů 

zahrnuje vrstvu netkané textilie a vrstvu nanovláken z polymeru polyvinyliden fluoridu. 

Jedná se o patentovou přihlášku věnující se kompozitnímu materiálu, který je využit pro leštění 

skleněných čoček nebo zrcadel. Nanovlákenná vrstva obsahuje zabudované leštivo, které je 

uloženo v mezi vlákenných pórech.  Velikosti částic leštiva se pohybuje od 0,04 μm do 500 μm. 

Leštivo ve formě prášku je rovnoměrně dispergováno v roztoku polymeru a následně dochází 

k tvorbě nanovláken. Leštivo je rozmístěno uvnitř i na povrchu vlákenného materiálu. Materiál 

neslouží k hlavnímu leštícímu procesu, ale zejména k tzv. finální operaci při leštění, a to 

dolešťování. Vlastním přínosem je vytvoření tohoto unikátního materiálu, který se využívá pro 

dolešťování povrchů a má využití v praxi. 

 Monografie s názvem Physical principles of elektrospinning (Electrospinning as a 

nano-scale technology of the twenty-first century) kde prvním autorem je Lukas (2009),  byla 

otištěna v žurnálu Textile progress. V uveřejněné monografii je zpracován přehledný pohled 

zejména na fyzikální aspekty působící na polymerní roztok vystavený vysokému napětí v 

elektrostatickém poli. V úvodu monografie je představena historie samotného elektrostatického 

zvlákňování. Následuje pohled ryze fyzikální, kde jsou analyzovány základy samotného 

procesu tak, aby byly jednotlivé procesy úspěšně převáděny do technologické praxe. Podstatou 

monografie je vysvětlení samoorganizace tekutin vystavených vysokému napětí, kdy je tato 

nestabilita vnímána jako důsledek jednotlivých rozdílných nestabilit, založených na elektro 

hydrodynamice polymerního roztoku.  
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 Kapitola v monografii, jejímž jsem autorem, je  kapitola č.5: Special collectors.  

Zaměřuje se na speciální kolektory a jejich vliv na ukládání nanovláken. Řízené ukládání 

nanovláken na podkladový materiál a řízení procesu je rozhodující při samotné výrobě 

orientovaných nanovlákenných vrstev. Řízené ukládání poskytuje možnosti k vytvoření 

požadovaných struktur a vhodných plošných vrstev pro finální použití. Vlivem definované 

struktury samotného speciálního kolektoru je možné fyzikálně upravovat proces 

elektrostatického zvlákňování. Jedná se o silné elektrostatické síly v blízkosti speciálního 

kolektoru a také vlivu gradientu pole v blízkosti zvlákňovací elektrody. Všechny poznatky 

uvedené v této kapitole monografie byly uvedeny v předchozích impaktovaných článcích a 

patentech.  

 Dalším článkem, který zde předkládám, nese název Effective AC needleless and 

collectorless elektrospinning for yarn production. Článek pojednává o povrstvování přízí 

nanovlákny tak, aby byla vytvořena funkční jádrová příze. Technologie využívá střídavého 

napětí (AC spinningu) pro výrobu nanovláken, která obalují nosnou přízi. Princip celé 

technologie spočívá v přepólování zdroje vysokého napětí, který generuje kladně nabitá 

nanovlákna a následně generuje záporně nabitá nanovlákna. Proto není potřeba kolektor, jako 

při stejnosměrném zvlákňování. Efektivita celého procesu výroby nanovláken je v porovnání 

se stejnosměrným napětím (DC spinning) větší. Vznikající vlákenná vlečka se ukládá na nosnou 

přízi a celý útvar je dále odváděn k navíjecímu zařízení. Pomocí této metody je možné 

kontinuálně vyrábět jádrové příze, které jsou odolné na oděr a v praxi mohou fungovat zejména 

jako svíčkové filtry pro filtraci vody. Vlastní přínos tohoto článku spočívá především v přípravě 

polymerních roztoků optimálního složení a nastavení parametrů pro zvlákňování.  

 Na předchozí impaktovaný článek navazuje patent číslo 306428, který se zabývá 

provázaností nanovláken s klasickým textilním materiálem, s přízí nebo s plošnou textilií. 

Lineární vlákenný útvar s pláštěm z polymerních nanovláken obalujícím nosný lineární 

útvar tvořící jádro, způsob a zařízení k jeho výrobě je název patentu, který popisuje lineární 

vlákenný útvar s nanovlákenným pláštěm a jádro tvořené nosnou přízí. Polymerní nanovlákna 

obalují nosnou přízi a tvoří tak její kompaktní plášť.  Při způsobu výroby lineárního vlákenného 

útvaru se na zvlákňovací elektrodě napájené střídavým napětím vytváří nanovlákenná vlečka, 

která se ve zvlákňovacím prostoru změní na plochý pás s uspořádanou strukturou nanovláken. 

Tento pás se přivádí k obvodu jádrové příze, která rotuje ve zvlákňovacím prostoru kolem 

vlastní osy.  
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V patentu je současně popsáno celé zařízení k výrobě lineárního vlákenného útvaru. Obsahuje 

popis podávacího ústrojí pro nosný lineární útvar, zvlákňovací komoru, v níž je uspořádána 

jedna i více zvlákňovacích elektrod.  

 Patentově chráněná výrobní linka byla vystavena na Mezinárodním strojírenském 

veletrhu v Brně (10/2017). Linka pro výrobu lineárního kompozitního materiálu s obsahem 

nanovláken obdržela ocenění zlaté medaile za zařízení pro výrobu kompozitního materiálu s 

obsahem nanovláken pomocí zvlákňování ve střídavém elektrickém poli. Inovativní 

kompozitní vlákenný materiál vhodně kombinuje vlastnosti vláken nosného jádra příze, která 

zajišťuje požadovanou pevnost, společně s nanovlákny pláště, která dodávají materiálu jeho 

specifické vlastnosti. Princip výroby tohoto materiálu spočívá v novém způsobu tvorby 

nanovláken z polymerního roztoku pomocí střídavého elektrického zvlákňování (AC 

elektrospinningu ), který je patentován na TUL. Vyvíjené lineární, a z nich vyrobené plošné i 

trojrozměrné kompozitní materiály, nacházejí uplatnění v různých aplikacích, jako je např. 

filtrace, čištění odpadních vod, medicínské aplikace, speciální technické textilie, atd.  
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Propojení vědeckých prací s inženýrskými poznatky.  

 Mezi inženýrské poznatky se řadí také patenty, užitné vzory a další komerční výstupy. 

Níže jsou uvedeny záznamy z Úřadu průmyslového vlastnictví. Podmínky hledání pro všechny 

záznamy byly zadány následovně: přihlašovatel/majitel: Technická univerzita v Liberci,  

původce: Chvojka J. Zobrazí se 20 záznamů, které se vztahují k vědeckým pracím. V současné 

době je zde uvedeno celkem o 6 udělených patentů, 5 patentových přihlášek, 4 užitné vzory, 4 

zaniklé užitné vzory a 1 evropský patent neúčinný. Jedná se o podpoření vědeckých publikací 

možným aplikačním výstupem a ochranou. Některé z těchto záznamů jsou uvedeny 

v předchozím textu. Jedná se o doložení provázanosti mezi vědecko-výzkumnou částí a 

praktickou možností aplikace. Zde bych uvedl výstup z oblasti zdravotnictví,  kde se jedná o 

nanovlákenný kožní kryt. 

Kožní kryt Nanotardis  

 Kožní kryt je určen jako kryt čistých akutních nebo chronických kožních defektů. 

S výhodou jej lze kombinovat s ostatními komerčně dostupnými produkty určenými k hojení 

kožních defektů. Výhodou  jsou zejména (i) snadná aplikace zdravotnického prostředku, (ii) 

výborná splývavost materiálu umožňující dokonalé přilnutí k ráně, (iii) dobrá snášenlivost pro 

pacienty. Prostředek je pro klinickou zkoušku dodáván ve sterilním balení po jednotlivých 

kusech o rozměru 7 x 7 cm2. Kožní kryt NANOTARDIS je vyroben z biologicky 

odbouratelného polyesteru s teplotou tání 58°C a teplotou skelného přechodu přibližně -72 °C. 

V současné době probíhá klinická studie ref.č. TUL 3/2016  na pacientech, kteří navštěvují 

Nemocnici na Bulovce, Krajskou nemocnici v Liberci a Fakultní nemocnici Královské 

Vinohrady. Výsledek bude uveřejněn po ukončení probíhajících testů.  

 

 Vlastním přínosem je výroba materiálů pro klinickou zkoušku, příprava dokumentů pro 

klinickou zkoušku, získání povolení GMDN pro SÚKL. Dále vytvoření: Příručky pro 

zkoušejícího zdravotnického prostředku NANOTARDIS podle EN ISO 14155, na které jsem 

se podílel 25%. Všechny požadované dokumenty byly předloženy orgánu pro schvalování 

zdravotnických prostředků, kdy následně bylo vydáno kladné rozhodnutí. Součástí příloh je 

kopie tohoto rozhodnutí. Dalším krokem ke komercionalizaci materiálu je certifikace CE pro 

nutnou výrobu zdravotnického prostředku a další možnost komercionalizace produktu. Po 

splnění vše požadavků bude materiál uveden na trh jako nanovlákenný kožní kryt pro léčbu 

čistých akutních nebo chronických kožních defektů.  
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Zdravotnický prostředek s názvem „NANOTARDIS“ je nanovlákenná netkaná textilie 

vyrobená z komerčně dodávaného polymerního granulátu označeného poly-ɛ-kaprolakton 

(PCL). Pro výrobu se používá patentovaná technologie označovaná jako elektrické nebo také 

elektrostatické zvlákňování. Kožní kryt je vyráběn na komerčně dostupném zařízení 

(Nanospider™). Tvorba nanovláken je řízený proces, kdy vlivem vysokého napětí jsou 

z polymerního roztoku formována jemná vlákna. Všechno rozpouštědlo se při tvorbě 

nanovláken odpaří a je odváděno s výrobním vzduchem ze zvlákňovacího prostoru stroje. 

Nanovlákenná vrstva je ukládána na podkladovou elektrodu, která je nejčastěji označována jako 

kolektor.  Jako textilní technolog jsem byl zodpovědný za výrobu tohoto nanovlákenného 

prostředku, přípravy polymerního roztoku a nastavení všech podmínek pro dosažení 

požadovaných parametrů.  

Vlastní přínos  habilitační práce.  

 

 Habilitační práce má být propojením základního nebo aplikovaného výzkumu, 

aplikačních cílů (patentů a/nebo užitných vzorů) a dle eventualit navazujících na výzkum. 

Doplněna musí být zejména o pedagogickou činnost, která reflektuje směry výzkumné a 

aplikační činnosti. Celý text této habilitační práce je sepsán tak, aby provázal výzkumnou 

činnost současně i aplikační potenciál. Pedagogická část práce je uvedena v závěru této 

kapitoly.  

 Osobním přínosem z pohledu textilního materiálového technologa vidím především ve 

výběru daného polymeru a přípravě polymerních roztoků. Dále  přínos vidím v inovacích a 

zejména funkcionalizaci textilní vlákenné, mikrovlákenné nebo nanovlákenné vrstvy. 

Požadavky na tuto finální vrstvu jsou předem definovány vzhledem k specifickým konečným 

potřebám biologů a zdravotníků.  Vytvořené vlákenné materiály, které byly popsány a 

uveřejněny v impaktovaných článcích, jsou současně podpořeny aplikačními patenty.  

 Nejdůležitější a nezbytně nutné je při výrobě polymerních vláken dodržet zejména 

technologické parametry. Jedná se o podmínky za (i) materiálové, jako je polymerační stupeň 

polymeru, koncentrace a vodivost roztoku a použitá rozpouštědla, za (ii) okolní podmínky, 

kterými jsou především teplota a vlhkost vzduchu. Procesní parametry jsou např. elektrické 

napětí, proud, vzdálenost kolektoru a finální mechanické vlastnosti materiálu. Nejvyšší nároky 

na připravené materiály jsou kladeny zejména ze strany biologických aplikací, tedy  tkáňového 

inženýrství. 
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 Technické aplikace vlákenných, mikrovlákenných  a nanovlákenných  materiálů stále hledají 

nové možnosti nejen v oblasti filtrace, sorpce, elektrické izolace, vlákenných kompozitů, ale 

také v dalších oblastech. 

 Patenty a užitné vzory, které zde byly uvedeny, mají návaznost na projekty řešené na 

Katedře netkaných textilií a nanovlákenných materiálů. Jedná se zejména o materiálovou 

stránku netkaných textilií, tedy vývoj a výrobu nových materiálů. Vyučované předměty jsou 

tematicky propojeny s publikovanými impaktovanými články a vědecko výzkumnou prací. 

Tematicky vedu předměty, kde jsem garantem, přednášejícím i cvičícím. Předměty, které 

vyučuji a garantuji, jsou tři: Termické a Chemické Technologie výroby NT (TCT) pro 

bakalářský studijní program, pro navazující magisterský program Termické a Chemické 

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

 Vedené doktorské, magisterské i bakalářské práce se vždy zaměřují tematicky na VaV. 

Současně jsou vázány na některé řešené projekty a na oblasti mého osobního zájmu a výzkumu. 

Celkem jsem vedl  8  (osm) doktorských prací, obhájena zatím nebyla žádná. Úspěšně jsem 

vedl ukončených 6 (šest) magisterských prací a bakalářských prací 11 (jedenáct).   
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Závěr a poděkování:  

 Jako vedoucí katedry Netkaných textilií a nanovlákenných materiálů vidím další dílčí 

cíle vývoje  zejména na technologickou stránku výroby netkaných textilií, nanovláken a textilní 

vlákennou materiálovou stránku. Výroba a příprava materiálů pro tkáňové inženýrství, 

funkčním materiálům pro zdravotnické a technické aplikace je nezbytně nutná.  Budoucnost 

osobního výzkumu na KNT vidím v možnosti dalšího rozvoje klasických netkaných technologií 

a současně využití nových typů polymerních vláken. Aplikace biokompatibilních a 

biodegradabilních vpichovaných textilií pro vytvoření nových materiálů pro tkáňové 

inženýrství může být zajímavým směrem v kombinaci např. s hydrogely.   

 Kombinace více textilních technologií povede k synergickému efektu a možnosti 

vytvoření vlákenného kompozitu z recyklovaných surovin, např. pro automobilový průmysl. 

Využití recyklace u druhotných surovin a možnost jejich dalšího uplatnění v kombinaci 

s primárním materiálem povede ke snížení ceny finálního produktu. 

 Budoucností mého bádání může být také vývoj nové technologie, kterou v současné 

době KNT nedisponuje. Může se jednat o technologii kladení vláken vzduchem - air laid. 

Podobně se mohou vyrábět netkané textilie, kdy je využito tlaku nebo podtlaku vzduchu pro 

přípravu vhodné plošné vrstvy. Výsledné vrstvy vynikají vysokou savostí a bobtnavostí, kromě 

toho mají dostatečnou mechanickou pevnost. Plošné hmotnosti vlákenných vrstev se pohybují 

v rozmezí mezi 60-200 g/m2. Z finančního hlediska je technologie dostupná, lze ji velmi dobře  

optimalizovat pro studijní i praktické účely.   

 Na závěr děkuji všem členům KNT za podporu, Poděkování patří také prof. Lukášovi 

za životní zkušenosti, které mi předal. Nakonec bych rád poděkoval celé  své rodině, zejména 

manželce Martině, která 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

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 lm 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 lm (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 lm)
(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

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

© 2012 Blackwell Publishing Ltd Cell Proliferation, 46, 23–37

24 M. Rampichová et al.



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 lm, full angle 45°). Pressure force was 80 lN, sam-
pling frequency 10 Hz and scan speed was 20 lm/s.
Scanning scale was 550 lm (accuracy at the z-axis was

0.04 lm); 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 (DHm), determined from area below
the melting peak in the DSC thermogram, as

Xc ¼ �Hm=�HPCL;

where DHPCL is the melting enthalpy of fully crys-
talline PCL (DHPCL= 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-

(a)
(b)

(c) (d)

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)
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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 lm up to 220 lm. 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% CO2. a-mini-
mum essential medium (MEM) with Earle’s salt and
L-glutamine supplemented with 10% FBS and penicillin/
streptomycin (100 IU/ml and 100 lg/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 9 103/cm2 density, in a 96-
well plate, corresponding approximately to 25 9 103

cells/scaffold. Scaffolds with seeded MSCs were cul-
tured in 250 ll differentiation medium per well

(a-MEM supplemented with 10% FBS and penicillin/
streptomycin (100 IU/ml and 100 lg/ml, respectively),
100 nM dexamethasone, 40 lg/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 9 103/cm2 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 lg/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
(PI; 5 lg/ml in PBS) was added for 10 min, followed by
rinsing in PBS and visualization using a ZEISS LSM 5
DUO confocal microscope (PI: kexc= 561 nm, kem= 630
–700 nm; DiOC6: kexc= 488 nm, kem = 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 ll of sample medium
and incubated for 4 h at 37 °C.Then, 100 ll 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 using 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% CO2 for live cell detection. Cells were then rinsed
in PBS (pH 7.4), and PI (5 lg/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 (PI: kexc= 561 nm, kem= 630–700 nm; BCECF-
AM: kexc= 488 nm, kem = 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 ll 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 9 102–1 9 106 cells). DNA content was determined
by mixing 100 ll of PicoGreen reagent with 100 ll
DNA sample. Specimens were loaded in triplicate,
and florescence intensity was measured on a multiplate
fluorescence reader (Synergy HT, kex= 480–500 nm,
kem= 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-

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 lg 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.

Table 1. List of primers used for real-time PCR analysis

Gene Primer Sequence (5′ to 3′) Ta (°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 (Ta) of each primer and the size of the expected PCR products are
listed below.
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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-

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 lm2 for 2D PCL to
10 lm2 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 lm2 for 2D
scaffolds to more than 60 lm2 for 3D scaffolds. Nota-

(a) (b) (c)

(d) (e) (f)

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).
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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 lm for
2D scaffolds and 2.91 ± 0.91 lm for 3D fibres. For
detailed analysis, fibres were separated into microfibres
(�1 lm) and nanofibres (>1 lm). Mean diameter of
microfibres in 2D mesh was 5.15 ± 2.55 lm, whereas
nanofibres had average diameter of 0.24 ± 0.12 lm. 3D
nanofibres had a mean diameter less than of respective
2D microfibres (2.7 ± 1.2 lm) and nanofibres
(0.14 ± 0.21 lm). 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 lm (Fig. 3a), z-axis profile
of 3D PCL revealed two distinct peaks with heights

around 240 lm (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 (DHm) 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: Tm = 59.89 °C, DHm = 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.

(a) (b)

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 lm (b). On PCL 3D reached peaks almost 240 lm (a).

(a) (b)

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.
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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

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 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).
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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.

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 lm2

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,
c). 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

(a) (b)

(c) (d)

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.
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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

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 9 103 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).

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).
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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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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).

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-

(a) (b)

(c) (d)

(e) (f)

Figure 10. Cell viability and expression of OC visualized by confocal microscopy. Live cells and dead cells on PCL 2D (a and c) 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
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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-

ing layer had a perpendicular orientation to the one
before. Li et 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 lm, 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 lm2,
approximately 2-fold higher than of 2D PCL. We
assume that 60-lm2 pores were suitable for cell migra-
tion as concluded from previous cell experiments. On
the other hand, 30-lm2 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.

Table 2. Cell viability [%]

d 1 d 7 d 14 d 21

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).
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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-

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 G1/G0 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.
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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 lm2 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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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.

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.   

n	 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%.  

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]. 

n	 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 [5]. 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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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 
NanospiderTM 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.A, 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 - 50 kV, 6 mA.  

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

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 %,  

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 

Figure  2. (A) Lamellae of the special  saw-like  collector, l = 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 Ex along an abscissa in figure part B that is at a distance of  
z = a/(2p) apart from the lamellae tips. Theoretical prediction obtained using Equation (3) is curve 2, COMSOL plotted outputs is line 1.  

A) B)

C)

D)

A) B) C) D)

Figure 1. (A) NanospiderTM 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.

Figure 3. Lagrange – Quadratic mesh ele-
ments and mesh geometry.
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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, φ(x,z) is proposed to 
be in the shape of a Fourier series, as in-
troduced by Feynman et al. [27].

 (1)

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

the Laplace equation allows to determine 
functions Fn(z)’s as follows

F n ( z )=An exp(−2π nz
a )         (2)

The n-th harmonic Fourier component of 
the field decreases exponentially with in-
creasing distance z from the lamella edge. 
The decays are determined by  parameter n.  
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/(2p)  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., φ0(z) = E0z,  
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, E1,x, at  distance a/(2p) away 
from the collector, aiming at locating 
its extremes. The x-component of the 
field strength is defined as E x=−∂ϕ/∂ x .  
Therefore from Equations 1 and 2  it fol-
lows that

   (3)

Function E1,x  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/(2p) the field strength 
component points to the left, while at  

point x = 3a/4 and z = a/(2p) component  
E1,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. 

n	 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 

A) B) C) D)

Figure 4. (A) 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.

Table 1. Elongation, ultimate tensile strength and relative strength of nanofibrous yarns of 
different values of yarns fineness.

Yarns fineness, tex Elongation, % Strength, cN Relative strength, cN/tex
221 38,14 272,52 1,23
229 52,66 354,98 1,55
474 54,57 577,45 1,22
505 59,74 573,26 1,14
539 46,77 654,41 1,21

φ(x, z) φ(x, z)

φ/
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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.

n	 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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Original article

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

Maroš Tunák1, Jaromı́r Antoch2, Jiřı́ Kula1 and Jiřı́ Chvojka3

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,1 Maoa and Russella2 and Murugan and
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Ramakrishna.3 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 Davis4 and Pourdehyhimi et al.5

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,3 Neckář and Das6

and Neckář et al.7

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 Huang8,9 or Kang et al.10

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 Wood11

and Ravandi and Toriumi,12 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(I), 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
f(�) of lengths of threads or fibers, that is, density of
lengths of threads or fibers oriented in an angular seg-
ment �� �/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(�) is worthy of our
interest. Let us concisely summarize the basic idea
behind one of the proposals; for details see Rataj
and Saxl.13

This method uses the set of angles �1 , . . . ,�n situated
at the top of a fiber system that is monitored for con-
struction of the rose of intersections R(I). The rose of
directions as an estimate of function f(�) is obtained
graphically from the rose of intersections R(I) through
the construction of the so-called Steiner compact. As
Rataj and Saxl13,14 pointed out, R(I) is unfortunately
an indirect characteristic of the anisotropy and serious
difficulties may be encountered when calculating R(D)
from R(I), 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 n¼ 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.8 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,10–12,15,16 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.9

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,4 Pourdehyhimi et al.5 and Jeddi et al.,17 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.18

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,19,20 estimation of cell and
fiber orientation distribution in biology,21,22 determin-
ation of fiber orientation in composites,23,24 distribu-
tion of fiber orientation on paper surface,25 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�N. The corresponding
2DDFT (for details see, e.g., Gonzales et al.,26 p.108)
is given by

Fðu, vÞ ¼
XM�1
x¼0

XN�1
y¼0

f ðx, yÞe�j2�
ux
Mþ

vy
Nð Þ,

where u ¼ 0, 1, . . . ,M� 1 and v ¼ 0, 1, . . . ,N� 1
are frequency variables and x ¼ 0, 1, . . . ,M� 1,
y ¼ 0, 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 jF(u,v)j 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)¼ jF(u,v)j2. 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.,26 p.114):

Q u, vð Þ ¼ log 1þ F u, vð Þ
�� ��� �

:

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 1(a1)
represents a system of simulated fibers with a preferred
direction, and an image size of 800� 800 pixels.
Figure 1(a2) represents a system of real viscose fibers,
with an image size of 500� 500 pixels. Figure 1(a3)
represents a nanofibrous layer, with an image size of
500� 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,27 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.,26 p.470) as

mpq ¼
X
x

X
y

xpyqf x, yð Þ, p, q ¼ 0, 1, 2, . . . ,

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

�pq ¼
X
x

X
y

ðx� �xÞpð y� �yÞqf x, yð Þ:

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

. m00=ðM�NÞ in a binary image is a proportion of
white points in the image;

. ratios of first-order moments m10 and m01 with
the moment of zero order, that is,
�x ¼ m10=m00 and �y ¼ m01=m00, 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:

covf x, yð Þ ¼

�20

�00

�11

�00

�11

�00

�02

�00

0
BB@

1
CCA:

Indeed, the eigenvectors of cov f(x,y) represent the
major/minor axis of the data ellipse and are orthogonal
to each other. Eigenvalues �1 and �2 of cov f(x,y) are of
the form

�i ¼
�20 þ �02

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�2

11 þ ð�20 � �02Þ
2

q
2

, i ¼ 1, 2:

The corresponding eigenvectors 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 � between the x-axis and direction of
the major axis of the data ellipse is

� ¼
1

2
arctan

2�11

�20 � �02

� �
,

while the eccentricity is given by

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2=�1

p
:

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, vð Þ. 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� 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.

. Figure 2(a) represents a Brodatz texture D15 (for
details see Brodatz texture28).

. Figure 2(b) shows the rose of directions evaluated by
the simple graphical experimental method as
described by Rataj and Saxl.13

. Figure 2(c) shows a polar diagram as an estimator of
the rose of directions according to Tunak and
Linka;27 the main direction is marked by a small
red circle.

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

Tunák et al. 993



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.13,14

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, etc. We denote
them T1 , . . . ,TK and estimate the distribution of Ti

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, see, for example,
Scott.29 It is evident that the more evenly dispersed
the values of Ti 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,29 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� 500 pixels into sub-

Figure 2. (a) Brodatz texture D15. (b) Rose of direction constructed by means of Steiner compact according to Rataj and Saxl.13

(c) Estimation of directional orientation according to Tunak and Linka.27 (d) Estimate of directional orientation using image moments.
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windows of 30� 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 is 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

Figure 3. (a) Image of polyvinylidene fluoride nanofibers (1000� 1000 pixels). (b) Estimates of orientation according to Tunak and

Linka.27 (c) and (d) Gray-level map of orientation (sub-window sizes 40� 40 and 20� 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� 1000 pixels). (b) Estimates of orientation according to Tunak and

Linka.27 (c) Gray-level map of orientation (sub-window size 30� 30 pixels). (d) Directional vectors in original image. (e) Density

histogram and kernel estimates of the density of orientations.
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the collector was 120mm. The voltage used was 45 kV,
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
Mw¼ 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
15 cm (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 MFI¼ 120 g/min.
For the experiment 16wt% solution was prepared
using dimethylacetamide (DMAc) as a solvent.
Results are presented in Figure 3.

Figure 5. (a) Image of polyvinylalcohol nanofibers (1000� 1000 pixels). (b) Estimates of orientation according to Tunak and Linka.27

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

kernel estimates of the density of orientations.
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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 2048�2048
pixels. Matlab software and built-in functions of the
Image Processing Toolbox were used for realization
of the proposed algorithm; for details see Matlab.30

Figure 6. (a) Image of polyvinylalcohol nanofibers (1000� 1000 pixels). (b) Estimates of orientation according to Tunak and Linka.27

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

kernel estimates of the density of orientations.
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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� 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-

Figure 7. (a) Image of polycaprolactone nanofibers (1000� 1000 pixels). (b) Estimates of orientation according to Tunak and

Linka.27 (c) Gray-level map of orientation (sub-window size 30� 30 pixels). (d) Directional vectors in original image. (e) Density

histogram and kernel estimates of the density of orientations.

Tunák et al. 999



windows of 20� 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� 500 pixels and can be seen in Figure 10(a). We

Algorithm 1. Calculation of the estimate of fiber system orientation

Setup phase

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, yð Þ, x ¼ 0, 1, . . . ,M� 1, y ¼ 0, 1, . . . ,N� 1:
Set sub-window size k� l (usually k ¼ l).

Split data into L ¼
M

k

� 	
�

N

l

� 	
non-overlapping sub-windows W1, . . . ,WL: (note: x½ � means round toward

minus infinity)
Main loop (analysis of individual sub-windows Wi)

for i ¼ 1 : L do

Calculate Fourier transform Fi ¼ Fi u, vð Þ, u ¼ 0, 1, . . . , k� 1, v ¼ 0, 1, . . . , l� 1, of Wi

Calculate log transform Qi u, vð Þ ¼ logð1þ Fi u, vð Þ
�� ��Þ

Calculate threshold ti ¼ 0:5�maxfQi u, vð Þg

Prepare new binary image file (in frequency domain) Bi ¼ Bi u, vð Þ, u ¼ 0, 1, . . . , k� 1, v ¼ 0, 1, . . . , l� 1,
using thresholding, i.e.

Bi u, vð Þ ¼
0 if Qi u, vð Þ5 ti
1 if Qi u, vð Þ � ti




Calculate moments of Bi

mpq ¼
X
u

X
v

upvqBi u, vð Þ p, q ¼ 0, 1, 2

Table 1. Parameters of tested images

Figure no. Size of image Material

1(a1), 11(a) 800� 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(a2), 9(a) 500� 500 pix Viscose fibers

1(a3) PVA nanofibers

2(a) 640� 640 pix Brodatz texture (D15)28

3(a) 1000� 1000 pix PVDF nanofibers

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

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

PVA: polyvinylalcohol; PVDF: polyvinylidene fluoride; PCL: polycaprolactone.
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divided the original image into sub-windows of 20� 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� 1000 pixels. In Figures 3(c)
and (d), gray-level maps of the orientation are pre-
sented for the sub-windows at 40� 40 pixels and
20� 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� 40 pixels and 20� 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 Linka27 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.

. 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

Calculate central moments of Bi

�pq ¼
X
u

X
v

ðu� �uÞpðv� �vÞqBi u, vð Þ

Calculate corresponding covariance function

cov Bið Þ ¼

�20

�00

�11

�00

�11

�00

�02

�00

0
BB@

1
CCA

Calculate eigenvectors of cov Bið Þ, i.e.

�j ¼
�20 þ �02

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�2

11 þ ð�20 � �02Þ
2

q
2

j ¼ 1, 2

Calculate orientation (eccentricity) of Bi

�i ¼
1

2
arctan

2�11

�20 � �02

� �

and store it
end for

Estimating distribution of directions

Apply kernel density estimator and histogram estimator to the orientations �1,. . ., �L to estimate their
distribution (for given image data f x, yð ÞÞ.

Output

Distribution of directions of orientation of individual sub-windows of the global image.
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Figure 8. (a) Ellipse. (b) Region of interest.

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

using image moments.
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anisotropic case. Both histogram and kernel esti-
mates clearly indicate it.

. 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-
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

Figure 10. (a) Real fiber system of viscose fibers (500� 500 pixels). (b) Gray-level map of orientation (sub-window size 20� 20

pixels). (c) Directional vectors in original image. (d) Density histogram and kernel density estimates for sub-window size 10� 10

pixels, (e) sub-window size 20� 20 pixels, and (f) sub-window size 30� 30 pixels.
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describe the situation very well. Notice that we
would get the same results when rotating the original
image. Of course, they would be shifted by the angle
of rotation.

Moreover, the obtained results clearly demonstrate
that the local idea, that is, ‘‘divide-and-conquer’’, is
a very efficient tool, especially when we are trying to
describe the orientation of fibers in non-homogeneous

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

Figure no. Size of the image Sub-window size

Overall time

needed for

analysis of the

whole image [s]

Number of

sub-windows

Time needed for

analysis of one

sub-window [ms]

5 800� 800 20� 20 26.8 1600 16.75

6 500� 500 10� 10 40.3 2500 16.12

20� 20 10.4 625 16.64

30� 30 4.5 256 17.58

7 1000� 1000 20� 20 41.0 2500 16.40

40� 40 11.1 625 17.76

8 1000� 1000 30� 30 18.7 1089 17.17

9 1000� 1000 30� 30 19.1 1089 17.54

10 1000� 1000 30� 30 19.0 1089 17.45

11 1000� 1000 30� 30 18.9 1089 17.36

Figure 11. (a) Simulated fiber system (800� 800 pixels). (b) Gray-level map of orientations (sub-window size 20� 20 pixels).

(c) Directional vectors in original image. (d) Histogram and kernel density estimate of the fiber orientation. (Color online only).
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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� 10 or 40� 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.31

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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a b s t r a c t

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 mm) 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

biomedical applications [8]. There are many publications confirming
their appropriateness as scaffolds for tissue engineering [9,10]. The
combination of electrospunmaterials 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-ε-caprolactone (PCL; Mww 45,000; Sigma
Aldrich), chloroform (Penta), ethanol (Et-OH; Penta), hydroxyapa-
tite (HA; calcium hydroxyphosphate; Mww 502.31; powder; Sigma
Aldrich) were used for the composite materials production.

Contents lists available at ScienceDirect
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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 1 h and air velocity at 20 cm from meltblown die was 20 m s�1.
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 1C; 45%
during all experiments.

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

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 1C/5% CO2). 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�105 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 ml solu-
tion of MTT (2 mg/ml in PBS; pH 7.4) was added to 750 ml of sam-
ple medium (EMEM) and incubated with the sample for 3 h at
37 1C/5% CO2. 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 1.145 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 7327
292 nm. Average meltblown fiber diameter was 6.574.4 μm. Nano-
fibers (fibers with diameter bellow 1 μm) 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 mm.
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Cell 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.1 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 

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 
sacrificial co-fibers,2,3 salt leaching,4 ice 
crystals,5 and photopatterning6 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.7 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.8

In addition, systems employing pat-
terned collectors have been used 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.9 Li et al.9-11 devel-
oped patterned static collectors consist-
ing of conductive and non-conductive 
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void spaces. Nanofibers were aligned 
across a non-conductive void. Another 
approach was introduced by Zussman 
et al.12 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.13 
used a rotating frame cylinder for prepar-
ing a parallelized fibrous mesh. Vaquette 
and Cooper-White14 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 study15 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 

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.16 
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.17 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.18 They used 
focused infrared irradiation during the 
electrospinning process. The lamps were 

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.19 Blakeney et al.20 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.21-23 
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.22 A well-
balanced force must be used. It must be 

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 
bar 100 μm.
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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.21 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 

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 

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 µm, and the mean diameter 
of thick microfibers was around 2.3 µm. 
Stereological analysis showed differences 
between studied groups. Sample 1 had the 
biggest mean pore size (64.5 µm2) and the 
biggest maximal pore size (1592.3 µm2).

The mean pore size of Sample 2 was 
smaller (42.1 µm2); however, it still was 
higher than Sample 3, which was depos-
ited using vacuum-assisted deposition 
(29.8  µm2). 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 

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 
mode

static deposition static deposition vacuum deposition

Fiber 
diameter

thin - 0.76 ± 0.21 μm; 
thick - 2.37 ± 1.44 μm

thin - 0.76 ± 0.19 
μm; thick - 2.36 ± 

1.03 μm

thin - 0.76 ± 0.3 μm; 
thick - 2.27 ± 1.12 μm

Mean pore 
size (μm2)

64.5 ± 119.2 42.1 ± 53.7 29.8 ± 27.2

Maximal 
pore size 

(μm2)
1592.3 762.9 253.7

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 
pores predominated in Sample 3 [C]).
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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 µm 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 
× 105 cells/cm2). 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.15 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 µg/mL in PBS; 
pH 7.4) and subsequently with propidium 
iodide (PI; 5 µg/mL in PBS). A ZEISS 
LSM 5 DUO confocal microscope was 
used for visualizing the samples (PI: X

exc
 

= 561 nm, X
em

 = 630–700 nm; DiOC6: 
X

exc
 = 488 nm, X

em
 = 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 µm 
(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 µm (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 µm (Fig. 4B), while on patterned 
3D nanofibers, the infiltration depth was 
80 µm (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 

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 

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

& 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 mm 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
).
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-ε-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�1 at 200 mm from a

www.sciencedirect.com/science/journal/0167577X
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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).
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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 (5 nm) 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% CO2). 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.



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 mm. The lower part describes the production and structural variables for all three created samples.
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MG63 cells were seeded (1*105 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 μl of MTT solution (2 mg/ml in PBS pH 7.4) was
added to 750 μl of a medium (EMEM) and incubated with a
sample for 3 h at 37 °C/5% CO2. 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 7017227 nm and the meltblown
fibers diameter was 7.174.9 mm 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



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 mm distance, the scale bar was 100 mm. 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).
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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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A B S T R A C T

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.
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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
(Lukáš 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.
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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 6 days 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
Fig. 1. Coaxial spinnerets: (a) model of the coaxial needle spinneret, (b) model of the n
polymeric droplet, (d) image of the needleless coaxial spinneret with a polymeric bilayer,
speed camera, and (f) image of the bilayer on the needleless coaxial spinneret capture
nanofibers and commercialization of the developed technology
under the brand name NanospiderTM.

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
eedleless coaxial (weir) spinneret, (c) image of the needle coaxial spinneret with a
 (e) image of the polymer droplet on the needle coaxial spinneret captured by a high-
d 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 4 ml/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 55 kV, 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
ImageJ 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, 5 mg/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 Förster 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
lex = 488 nm, lem = 520 nm; IgG-PE-AF700 has lex = 488 nm, lem =
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) H3PO4 was utilized for
production of water insoluble crosslinked core part of nanofibers.
Core of nanofibers was enriched by 2 mg/ml TRITC-dextran (MW



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) 0.64 � 0.03 g/h 330 � 60 nm
Needleless coaxial electrospinning 40 � 8 Shell (12 ml/h), Core

(8 ml/h)
2.67 � 0.99 g/h 270 � 60 nm
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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 1 cm 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 ml of the samples and blank samples were measured on a
multiplate fluorescence reader (Synergy HT; FITC-dextran
lex = 480–500 nm, lem= 520–540 nm; TRITC-dextran lex = 560–
580 nm, lem = 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; Lukáš
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 � 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
5 cm 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 NanospiderTM 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,



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 mm. Detailed morphology of fibers shows smooth fiber surface of needle (c) and needleless (d) coaxial fibers. Scale
bar indicates 5 mm.

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.)
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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 � 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
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



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.
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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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Patent: Cévní náhrada, zejména maloprůměrová cévní náhrada 
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Patent: Vrstvený textilní materiál pro leštění tvrdých povrchů zahrnuje vrstvu netkané textilie a vrstvu 
nanovláken z polymeru polyvinyliden fluoridu. 
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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 PVA aqueous solution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 23. (a) Highly isotropic polyvinyl alcohol (PVA) 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
TM

. 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 ϕ outside the wires satisfies the Laplace Equation ϕ = 0. Considering 

the wires being oriented along y-axis, Laplace Equation reduces to 

 

∂
2
ϕ 

+ 

∂
2
ϕ 

= 0. (5.1) 

 

dx
2
  dz

2
 

 



104 D. Luka´sˇ et al.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
C
l
e
m
s
o
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
2
0
:
5
1
 
4
 
S
e
p
t
e
m
b
e
r
 
2
0
0
9
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 32. Side view of a special spinning electrode, applied in NANOSPIDER
TM

 : 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: 

 

ϕ(x, z) = Fn(z) cos kx, (5.2) 
 
where the wave number k is equal to 2π/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  
 
 
 
 
 
 
 
 
 

 
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 
 

 4π 
2
n

2
 d

2
Fn(z)  

 

− 

 

Fn(z) cos kx + 
 

 

cos kx = 0. (5.3) 

 

a
2
 dz

2
 

  

Hence, the functions Fn(z) have to fulfil the following standard differential equation: 

 

d
2
Fn(z) 

− k2
n

2
Fn(z) = 0. (5.4) 

 

dz
2
 

  
 

Solving Equation (5.4) with constant coefficients gives the solution as 

 

Fn(z) = An exp(−z/z0), (5.5) 
 
where z0 = a/(2π n) and An are constants. Hence, the nth Fourier component of the 

electrostatic field ϕn(x, z) = An exp(−z/z0) cos(x/z0) decreases exponentially with the 

characteristic scale length z0. 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 ϕn, for n> 0, are negligibly 

small. Behind this distance remains merely the zero harmonic component of the field ϕo, 

for which n = 0 and ϕ0 = −E0z, where E0 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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Effective AC needleless and collectorless
electrospinning for yarn production†

P. Pokorny,a E. Kostakova,a F. Sanetrnik,ab P. Mikes,ab J. Chvojka,ab T. Kalous,a

M. Bilek,bc K. Pejchar,bc J. Valterabc and D. Lukas*ab

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

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

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

electrospinning is demonstrated here by spinning it into a yarn.

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

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.1,2 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.3–5 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
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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), (ESI,† supplementary information 1).
Inside the plume, the nanofibers become entangled with each other.

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.6 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�2. This is one order
of magnitude higher than conventional electrospinning pro-
cesses. Maximum throughputs of AC and DC methods for

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.
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equivalent spinning-electrodes, polymeric solutions and volt-
age differences are compared in Table 1.

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, Mowitals 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 150 000 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 � 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�1 and a range 0–20 m s�1 was used to measure ionic wind
velocity. All the experiments were performed at a room tempera-
ture of 21 � 2 1C 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

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�1.1 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), (ESI,† 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�1 due to an electric wind created by
the spinning-electrode.7 When the nanofibrous plume was at a
distance of 2–5 cm from the spinning-electrode, it was internally
immobile without any fiber regrouping (ESI,† 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.8,9 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.8 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’’ actuator10 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

Table 1 Electrospinning throughputs. The maximum throughputs of AC
and DC electrospinning variants are compared for PVB and a voltage of
30 kV

Type of spinning-
electrode

AC electrospinning
throughput in ml h�1

DC electrospinning
throughput in ml h�1

Needle + 0.7 mm 80 1–3
Needleless + 10 mm 180 30
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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 � 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�1. 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�1.

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. 2 Electric wind measurements. (a) Contour plot of vertical components of the electric wind velocity in m s�1 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.

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.
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0.46 � 0.08 m s�1. 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 (ESI,† supplementary information 3). In addi-
tion, the large conical protuberances (Taylor cones) did not appear

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

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 mm).
(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 mm). (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 mm and 1 mm for the inset image).
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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 (ESI,† 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.11 SEM images of PVB
yarns electrospun from the nanofibrous plume are introduced
in Fig. 5a–c. In addition, the average fiber diameter of the

AC-spun PVB nanofibers spun onto the yarn is far less than
1 mm (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

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 mm). (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 mm). (c) The detailed picture of the same material
(scale bar 10 mm). (d) Histogram of the fiber diameter in the PVB needleless AC electrospun yarn.
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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.11 Nanofibrous yarns are also the
basic material element for the development of nanofibrous
structures, such as woven and knitted fabrics, macrame and
laces,12 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
applications13 largely as a result of the unique characteristics
mentioned here in this paper.
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Příloha č. 12 

 

Kožní kryt Nanotardis a jeho funkce použití rozhodnutí a návod k použití 
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Návod k použití zdravotnického prostředku NANOTARDIS 
pro klinickou zkoušku 

 

Zdravotnický prostředek NANOTARDIS je určen k použití jako zdravotnický prostředek v klinické 
zkoušce. Za tímto účelem je dodáván v podobě vrstvené nanovlákenné a mikrovlákenné netkané 
textilie. Vrstva podkladového materiálu je tvořená netkanou textilií spunbond z polypropylenu (PP), 
který je modře barven ve hmotě. Podkladová vrstva usnadňuje manipulaci se zdravotnickým 
prostředkem před aplikací. Vlastní funkční vrstva zdravotnického prostředku NANOTARDIS je 
nanovlákenná vrstva vyrobená z PCL. Funkční vrstva má podobu tenké membrány bílé barvy. Obě 
vrstvy, funkční i podkladová, jsou vzájemně spojené pouze fyzikálními (Van der Waalsovými) 
silami a lze je snadno od sebe oddělit. Strany funkční bílé netkané nanovlákenné vrstvy jsou 
identické, proto je možné přiložit tuto vrstvu na poranění z obou stran, tedy z rubové i lícní strany. 
Jelikož je zdravotnický prostředek NANOTARDIS biodegradabilní, nemusí být původní kryt 
strháván, čímž by se narušil proces hojení. Po vstřebání kožního krytu lze znovu aplikovat novou 
vrstvu zdravotnického prostředku NANOTARDIS. Četnost aplikací zdravotnického prostředku 
NANOTARDIS se volí individuálně dle vzhledu rány.  
 
Zdravotnický prostředek NANOTARDIS má tyto vlastnosti: 
 
• snadná aplikace zdravotnického prostředku, 
• dobrá snášenlivost pacienty,  
• dobrá splývavost materiálu,  
• prostředek je dodáván ve sterilním balení a není možná jeho další  resterilizace,  
• balení zdravotnického prostředku NANOTARDIS je po jednotlivých kusech,  
• zdravotnický prostředek NANOTARDIS lze vyrobit v libovolných rozměrech, pro klinické 

zkoušky bude dován o rozměrech 7 x 7 cm2, 
• expirační doba prostředku po sterilizaci je 12 týdnů.  

 
NANOTARDIS je složen z komerčně dostupného polymeru polykaprolaktonu (PCL). 
Polykaprolakton je biologicky odbouratelný polyester s nízkou teplotou tání 58 °C a teplotou 
skelného přechodu přibližně -72 °C. PCL degraduje hydrolýzou esterových vazeb za fyziologických 
podmínek.                                                                 
 
PCL byl schválen americkou Food and Drug Administration (FDA) pro specifické aplikace v 
lidském těle, například pro výrobu prostředků pro podání léčiv a chirurgické nitě (obchodní název 
Monocryl). Je tedy vhodný jako biomateriál, který je využíván pro výrobu dlouhodobých 
implantabilních prostředků. V současné době je intenzivně testován jako materiál pro tzv. scaffoldy 
pro reparaci tkání prostřednictvím tkáňového inženýrství. 
 

Popis mechanismu účinku zkoušeného zdravotnického prostředku společně s podpůrnou 
vědeckou literaturou 
 
Proces hojení akutních i chronických ran je komplexní děj. V současné době používané „vlhké 
hojení ran“ má své limity stejně tak jako dočasné krytí ran. Nanovlákenná PCL struktura vyrobená 
elektrospinningem je velice podobná svou morfologií mezibuněčné hmotě kůže, a proto je ideální k 
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využití jako základny pro reparaci a regeneraci této tkáně. Další výhodou je, že nanovlákna jsou 
extrémně tenká a snadno přilnou ke spodině rány. Díky použití biodegradabilního materiálu dochází 
postupně k vstřebávání materiálu a není nutné jeho odstraňování v průběhu léčby, což u jiných 
zdravotnických prostředků určených k hojení ran narušuje již započatý proces hojení. 
Nanovlákenné vrstvy mají vysokou pórovitost a svou přístupností pro vzdušný kyslík usnadňují a 
urychlují hojení ran. Velkým pozitivem je také to, že malé mezivlákenné póry působí jako 
antibakteriální bariéra.  
 

     
   a       b 

 
       c 
Obr. 1: (a) Zdravotnický prostředek NANOTARDIS ve sterilním obalu-lícní strana obalu. (b) 
Zdravotnický prostředek NANOTARDIS ve sterilním obalu - rubová strana obalu. (c) 
Makroskopický pohled na nanovlákennou vrstvu NANOTARDIS oddělenou od nanovlákené netkané 
textilie typu spunbond. 
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Pokyny výrobce pro použití zkoušeného zdravotnického prostředku včetně všech nezbytných 
požadavků na skladování a manipulaci, přípravu k použití, všech kontrol bezpečnosti nebo 
funkčnosti a všech opatření, která je potřeba provést po použití (např. likvidace) 
 
Pro klinické zkoušky je zdravotnický prostředek NANOTARDIS dodáván o rozměrech 7 x 7 cm2, 
viz Obr. 1. Po vyjmutí NANOTARDIS ze sterilního obalu lékař zvolí velikost aplikovaného dílu 
podle rozměrů kožního poranění. Za sterilních podmínek pomocí nůžek pak upraví tvar dílu 
NANOTARDIS tak, aby odpovídal rozměrům rány. Rozměry odstřiženého dílu musí být takové, 
aby NANOTARDIS pokryl pouze ránu a nepřečníval do oblastí zdravé okolní kůže. V případě 
rozsáhlejšího kožního poranění se díly NANOTARDIS skládají na ráně těsně k sobě. Součástí 
sterilního balení je i modrá podkladová netkaná textilie spunbond. Tu je nutno před aplikací 
odstřižených dílů zdravotnického prostředku NANOTARDIS za sterilních podmínek odstranit. Na 
defekt jemně a za sterilních podmínek přikládejte pouze bílou nanovlákennou vrstvu z PCL tak, aby 
mezi dílem NANOTARDIS a kožním poraněním nevznikaly prostory vyplněné vzduchem. 
 
Četnost aplikací zdravotnického prostředku NANOTARDIS lze volit dle posouzení ošetřujícího 
lékaře v závislosti na aktuálním stavu rány a nutnosti jejího ošetřování. Jelikož je zdravotnický 
prostředek NANOTARDIS biodegradabilní, neměl by být původní kryt strháván, čímž by se narušil 
proces hojení. Po vstřebání kožního krytu lze znovu aplikovat novou vrstvu zdravotnické 
prostředku NANOTARDIS. Nanovlákennou textilii lze kombinovat s vybranými produkty 
určenými k hojení kožních ran.  
 
Identifikace rizik spojených s použitím zdravotnického prostředku NANOTARDIS, jejich úrovní a 
pravděpodobnosti je uvedena v Příručce zkoušejícího v kapitole 3.5 Řízení rizika. 
 
Popis zdravotnického prostředku NANOTARDIS je doplněn fotodokumentací uvýdějící 
makroskopické i mikroskopické pohledy na nanovlákennou vrstvu z PCL.  
 
 
Vzor etikety včetně symbolů o vlastnostech zdravotnického prostředku NANOTARDIS 
 

 

 

 




