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ZUSAMMENFASSUNG

Im Laufe der Evolution hat die Natur Materialienit bemerkenswerten Eigenschaften
hervorgebrachtvelche heutzutage vom Menschen entweder direkt verarbeitet werden oder als
Vorbild fur das Design synthetischer Materialien dienen. Hierbei sind besonders
Kollagenfasern und Spinnenseide in den Fokus der Wissenschaft und Industrie geruckt.
Kollagen bildet den Hauptbestandteil der extrazellularen Matrix in Wirbeltieren und ist
aufgrund seiner biologischen Funktionalitat fir den Einsatz in der Biomedizin pradestiniert.
Spinnenseide glanzt durch eine aul3ergewohnlich hohe mechanische Stabilitat und @érmdglich
die Absorption von Energie wie keine andere von der Natur oder von Menschenhand

geschaffene Faser.

Gegenstand &b ersten Teils der Arbeit bestand vorwiegend darin, zwei mikrofluidische
Faserspinn-Verfahren zur Herstellung von Fasermaterialien mit verbesserten oder neuartigen
Eigenschaften zu generieren.

In beiden mikrofluidischen Faserspinn-Verfahren wurde die Bildung von Fasern mittels
hydrodynamischer Fokussierung eines zentralen (Bio)-Polymerlosungsflusses durch zwei dazu
rechtwinklig-zustromende Mantelflisse eingaeit

Im ersten mikrofluidischen Faserspinn-Verfahren wurde zur Evaluierung der Prozessparameter
ein kontinuierlicher Fluss einer Modell-Polymerlésung durch zwei Luftstrome fokussiert
(Flussigin-Gas Flussfokussierung). In Analogie zum Lésungsblasspinnen agilion blow
spinning wurde hierbei die Modell-Polymerlésung als Flussigkeitsstrahl aus einer Duse
ausgestoRen, woraufhin die Verdampfung des Losungsmittels einsetzte und isotrope Vliesstoffe
oder Vliesstoffgarne erzeugt werden konnten. Zukinftig kann dieses Verfahren interessant sein,
da hiermit im Gegenteil z.B. zum Elektrospinn-Verfahren auf ein elektrostatisches Feld
verzichtet wird, wodurch das Risiko der Denaturierung empfindlicher (Bio)-Polymere (z.B.
Kollagen) oder anderer sensitiver Verbindungen reduziert wird und sich dartiber hinaus auch
neue Anwendungsmaglichkeiten ergeben (mBsitu Beschichtung von lebendem Gewebe).

Das zweite mikrofluidische Faserspinn-Verfahren behandelte die Herstellung von
Kollagenendlosfasern, da bisherige Nassspinn-Verfahren Kollagenfasern mit nur maRigen
mechanischen Stabilitaten erzielten und die Herstellung mit dem Einsatz organischer
Losungsmittel, potenziell zellschadigender Vernetzungsreagenzien oder dem Risiko der
Kollagendenaturierung einherging. In dem mikrofluidischen Faserspinn-Verfahren wurde ein
zentraler Fluss einer sauer-eingestellten Kollagenldsung mit zwei neutralen, Polyethylenglykol-

haltigen Pufferflissen hydrodynamisch fokussiert (FIUssiglissig Flussfokussierung). Die
1
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Interaktion der Losungen induzierte die Bildung von Kollagenfibrillen, welche wiederum durch
die hydrodynamische Fokussierung zu makroskopischen Fasern verdichtet und assembliert
wurden. Cer Durchmesser der dadurch generierten Fasern war durch die Flussraten der
Kollagen- und Pufferlésungen, als auch durch die Faserabnahmegeschwindigkeit einstellbar.
Mit finalen Durchmessern zwischen 3 und 6 um erwiesen sich diese Fasern als signifikant
dunner und mechanisch signifikant stabiler verglichen mit Kollagenfasern aus bisherigen
Nassspinn-Verfahren.

Um die Kollagenfasern auf ihre Eignung fir die Biomedizin, speziell als Orientierungsstruktur
fur die periphere Nervenreparatur zu testen, wurden neuronale Zellen auf den Kollagenfasern
kultiviert und differenziert. Die Zellen adhéarierten auf den Kollagenfasern, zeigten
elektrophysiologische Aktivitdt und ihre Neurite richteten sich effektiv entlang der
Faserlangsachsen aus. Auch konnten die Kollagenfasern als Fullmaterial exemplarisch in
Nervenleitrohren aus rekombinanter Spinnenseide eingesetzt werden. Alternativ zu
vorgefertigten Nervenleitrohren aus rekombinanter Spinnenseide konnte mit selbst-rollenden
Filmen zudem der simultane Einschluss von Fullmaterial und neuronalen Zellen praktikabler

und schonender gestaltet werden.

Im zweiten Teil dieser Arbeit wurde im Rahmen eines mehrmonatigen Aufenthalts an der
University of Melbourne die bisher materialanalytisch-undokumentierte Spinnenseide der
australischen KrabbenspinSaccodomus formivorustersucht. Im Gegensatz zu Radeatz

und anderen Spinnenseidennetztypen besitzen die kdrbchenartigen Ne@efoonivorus

eine grundsatzlich andere Gestalt und deuten bereits durch ihre Haptik auf eine
aulBergewohnliche Formstabilitat hin. Die Kérbchennetze wurden grundlegend licht- und
rasterelektronenmikroskopisch untersucht. Dabei wurde festgestellt, dass die Seidenstrange des
Netzes aus einem Verbund aus Mikrofasern und Submikrofasern bestehen. Mittels
Synchrotron-Infrarotmikrospektroskopie wurde in beiden Fasertypen im Verbund ein
unterschiedlicher Gehalt an C-O-C undOE+Gruppen ermittelt. Weiterhin zeigte sich, dass
diese Verbundfasern signifikant geringere Werte fir die Zugfestigkeit und das E-Modul
Vergleichzur Major AmpullateundMinor AmpullateSeide von Radnetzspinnen annahmen und
keine Ahnlichkeit zum elastischen Materialverhalten Elagelliform Seide besaRen. Jedoch
waren die absoluten lateralen Widerstandskrafte der Verbundfasern gegentbéajater
Ampullate Seide der Modelradnetzspinidephila edulisdeutlich erhoht. Aufgrund der
strukturellen Ahnlichkeit beider Fasertypen mit den Fasern des Eierkokons anderer
Spinnenarten wird angenommen, dass das Beutefangne&. yormivoruseine Erweiterung

des urspriunglichen Eierkokons ist.
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Zusammenfassend wurde mit dieser Arledmerseits eine neue Technologie geschaffen, um
Vliesstoffe und -garne flexibel und ohne Einsatz eines elektrischen Feldes herzustellen. Dartber
hinaus wurde die Herstellung von Kollagenendlosfasern mit verbesserten Eigensichaften
Vergleich zu friheren Pendants ermdglicht, welche zudem Anwendungspotenzial in der
peripheren Nervenreparatur zeigten.

Die Erkenntnisse uber die Spinnenseide \@®n formivorusliefern hingegen wertvolle
Einsichten in die Evolution des Spinnenseidennetzbaus und inspirieren die Entwicklung von

neuen Fasermaterialien mit formstabilen Eigenschaften.
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SUMMARY

Throughout the course of evolution, nature has generated remarkable materials. These materials
can be used for various applications by processing them directly or using them as a blueprint
for synthetic materials. Herein, collagen fibers and spider silk receive much attention in science
and industry. Collagen forms the major component of the extracellular matrix in vertebrates
and is well-suited for applications in biomedicine due to its biological functionality. Spider silk
impresses due to its extraordinary high mechanical stability, thus enabling absorption of energy

no other natural or synthetic fiber can compete with.

Part one of this dissertation dealt mainly with two microfluidic fiber spinning processes, which
were used in order to produce fiber materials with improved or novel properties. In both
microfluidic fiber spinning processes, the formation of fibers was induced using a core flow of
a (bio)-polymer solution, which was hydrodynamically-focused by two perpendicularly-
oriented sheat flows.

The first microfluidic fiber spinning process used a continuous flow of a model polymer
solution in order to evaluate the process parameters. The model polymer solution was focused
by two air flows (liquidin-gas flow focusing). In accordance with solution blow spinning, the
model polymer solution was jetted through a nozzle out of the device, followed bytsolven
evaporation and formation of isotropic nonwovens and nonwoven yarns. This process is of
interest, as in contrast to, e.g. electro spinning, no electrostatic field is required, thereby the
extend of denaturation of sensitive (bio)-polymers (e.g. collagen) or other sensitive compounds
is reduced. Moreover, with using this process, other applications, sushsiig coating of

living tissue, can be enabled.

The second microfluidic fiber spinning process concerned the fabrication of endless collagen
fibers, since previous wet spinning devices yielded collagen fibers with only moderate
mechanical stabilities. Furthermore, the previous wet-spun collagen fibers were associated with
the use of organic solvents, putative cell toxic cross-linking agents and the chance of collagen
denaturation. The microfluidic fiber spinning process based on a core flow comprising an acidic
collagen solution, which was hydrodynamically-focused by two flows comprising neutral
buffer solutions with polyethylene glycol (liquid-liquid flow focusing). The interaction of

those solutions induced the formation of collagen fibrils. The latter ones were compressed and
assembled using the hydrodynamic focusing, finally yielding macroscopic fibers. The diameter
of those fibers depended on the collagen and buffer flow rates, as well as on the fiber collection

velocity. The final fiber diameters laid in the range of 3 to 6 um, thus those fiber diameters
4
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were significantly lower compared to the values of collagen fibers originating from wet
spinning devices. Furthermore, the collagen fibers produced using the microfluidic device
exhibited a significantly higher mechanical stability.

In order to test the collagen fibers for peripheral nerve repair, neuronal cells were cultivated
and differentiated thereon. The cells adhered on the collagen fibers, showed
electrophysiological activity and their neurites were elongated along the fiber axes. The
collagen fibers were further used as a filler for tubular nerve guidance conduits made of
recombinant spider silk. As an alternative to prefabricated conduitspBelf} films could be

used to gently achieve the simultaneous incorporation of filler material and neuronal cells.

The second part of this work was carried out within a several months research stay at the
University of Melbourne and focused on the, so far, structurally-undocumented silk of the
Australian crab spideaccodomus formivorugn contrast to orb webs and other spider silk
webs, those db. formivorusare basket-like and indicate an extraordinary dimensional stability.
The basket webs were examined using light- and scanning electron microscopy, revealing that
the silk threads comprise a composite structure made of micro- and submicron fibers. Using
synchrotron infrared microspectroscopy, both fiber types in the composite thread showed a
distinct content of C-O-C and C-OH groups. Furthermore, the composite threads exhibited a
VLIQLILFDQWO\ ORZHU WHQVLOH VWdajor Andpiilgte@n@®NBnor R X Q J TV
Ampullatesilk of orb weavers, and the composite threads did not possess similarity to the elastic
Flagelliform silk. However, the lateral resilience of the composite threads was significantly
increased compared Major Ampullatesilk of the model orb weavédephila edulis Due to

the structural similarity of both fiber types with those of egg cases of other spider species, it is

supposed that the basket web is an extension of a former egg case.

In conclusion, these dissertation studies yielded a novel technology to flexibly produce
nonwovens and nonwoven yarns without the need of an electrostatic field. Furthermore, the
fabrication of endless collagen fibers exhibiting improved properties compared to previous
collagen fibers was enabled and those fibers showed suitability in peripheral nerve repair. The
findings on the spider silk d&. formivorusyield valuable insights into the evolution of web

building and inspire the development of novel fiber materials with high dimensional stability.
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1. EINLEITUNG
1.1 Biopolymere

Die Natur hat unterschiedlichste Materialien mit erstaunlichen Eigenschaften hervorgebracht
Ein prominentes Beispiel ist zweifelsohne die besondere Beschaffenheit eines Lesisblatt
welche stets eine saubere Oberflache sicherStebenso spannend sind biopolymerbasierte
Fasern, die speziell an die Umwelt angepasste Materialeigenschaften enfweis
Biopolymere sind einerseits definiert als biologisch-abbaubare Polymere, welche von lebenden
Organismen produziert werden. Prominente Vertreter sind daher Proteine und Polypeptide
Polysaccharide und Polynukleotide (DNA, RNA), aber auch beispielsweise
Polyhydroxyalkanoate oder Lignfif. Andererseits werden zu den Biopolymeren auch
Polymere gerechnet, dessen Ausgangssubstanzen biogenen Ursprungs sind, aber durch
chemische Modifikation fuir die Polymerisation zugénglich gemacht wurden (z.B. Polylactide)
oder eine Uberdurchschnittlich gute Bioabbaubarkeit und/oder Biovertraglichkeit besitzen (z.B.
Polycaprolacton}.®

Chitin ist nach Zellulose das zweith&ufigste Polysaccharid in der Natur und ist in Exoskeletten
von Krebstieren, Insekten und in einigen Pilzen prasent. Im Hinblick auf Materialanwendungen
spielt vor allem das gut losliche Chitosan eine groRe Rolle, welches durch
Deacetylierungsreaktion aus dem schlecht I6slichen Chitin hervorgeht und als Copolymer aus
den Monomeren N-Acetyl-D-glucosamin and D-Glucosamin vorliggin weiteres in der

Natur sehr haufig anzutreffendes Polysaccharid wird von Braunalgen und Bakterien der
GattungPseudomonasind Azotobacterproduziert und als Alginat bezeichnet. Dieses liegt
ebenfalls als Copolymevor und ist aus -D-Mannuronat- und L-Guluronat-Einheiten
augebaut. Alginat besitzt in Organismen strukturgebende oder schiitzende Funktion und dient
zur Ausbildung von Biofilmef.Nukleinsauren sind Biopolymere bestehend aus Nukleotid-
Bausteinen. Letztere werden jeweils aus einer Pentose, einem Phosphatrest und einer (Nukleo)-
Base gebildet. In der doppelstrangigen Desoxyribonukleinsaure (DNA) liegen die vier Basen
Adenin, Guanin, Cytosin und Thymin vor, wohingegen die meist einzelstrangig-vorliegende
Ribonukleinsaure (RNA) anstelle von Thymin die Base Uracil tragt. Generell dient DNA in
Organismen der dauerhaften Speicherung genetischer Information, wédhrend RNA vorwiegend

an der Informationsubertragung beteiligt’ist.
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1.1.1 Proteine

Proteine basieren auf Aminoséar welche durch Peptidbindungen miteinander konjugiert
vorliegen und langkettige Molekile bilden. In der Natur existieren mehr als 20 proteinogene
Aminosauren, welche sich voneinander in jeweils einer Seitengruppe unterscheiden. In
Abhangigkeit der jeweiligen Aminosauresequenz ergeben sich flr das Protein spezifische
physikalisch-chemische  Eigenschaften, welche durch  Glykosilierungs und/oder
Glykierungsreaktionen noch weiter modifiziert werden konfieh.Proteine libernehmen ein
mannigfaltiges Spektrum an Aufgaben und sind unter anderem in der Signallbertragung,
Immunabwehr oder am zellularen Transport beteifi4t wodurch diese damit wesentlich an

der Regulation von biologischen Prozessen werd=dnktionalitdt von Geweben und Organen

mitwirken.
1.1.1.1 Proteinfasern

Proteine sind neben den bereits genannten Aufgaben vor allem auch an der Strukturgebung in
Lebewesen beteiligt. Die involvierten Strukturproteine kdnnen in intra- und extrakorporalen
Materialien fungieren. Dazu assemblieren Strukturproteine gewohnlich zu Proteinfibrillen,
welche sich wiederum zu makroskopischen Proteinfasern arrangieren konnen. Die
Assemblierungsreaktionen sind sehr komplex und unter anderem von den molekularen
Interaktioren der Proteine untereinander und von den Umgebungsbedingungen, d.h. von pH-
Wert, lonenstarke, Enzymen, Temperatur und Scherkraften abHan§igu prominenten
Vertretern, die an der Ausbildung intrakorporaler Proteinfasern beteiligt sindt zahl
beispielsweise das extrazellulare Kollagen und Elastin sowie das intrazellularé’ARtim
Gegensatz dazu nutzen unter anderem Spinnen, Seidenspinner und Florfliegen extrakorporale
Seidenproteinfasern zum Bau von Netzen, Eierkokons und -stféfeAber auch Haare von
Saugetieren, welche vorwiegend aus dem Protein Keratin bestehen, sowie die
Muschelbyssusfaden einiger Muschelarten zéhlen zu den extrakorporalen ProtefAfasern.

Die mechanischen Eigenschaften der Proteinfasern haben sich im Laufe der Evolution an ihre
jeweilige Funktion angepasst und gehen aus dem Zusammenspiel der intrinsischen
Proteineigenschaften, involvierten Matrixproteinen und weiteren Biomolekiilen Ré&for.
Einige dieser Proteinfasern, wie vor allem Spinnenseide, zeichnen sich durch vergleichsweise
hohe Elastizitaten oder Zugfestigkeiten aus (Tabelle 1), wohingegen die Besonderheit der
Eierstiele aus Florfliegenseide in der Widerstandskraft gegeniiber lateraler Belastufig liegt.
Muschelbyssusfaden, als Verbindungskomponente zwischen harten Substraten und dem

weichen Muskel, wiederum offenbaren eine Gradientenstruktur, wodurch auftretende
7
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Radialspannungen minimiert werden und dadurch einem rifriMaterialversagen

entgegengewirkt wird®

Tabelle 1. Mechanische Eigenschaften von intraind extrakorporal en Proteinfasern.

Bruchdehnung Zugfestigkeit E-Modul

Fasertyp Hauptfunktion [%] [MPa] [GPa]
Kollagenfaset® 32 13- 26 120- 180 1,2-2,4
Extrazelluldare Matrix
Elastinfaset® 100- 200 § 0,001
Netzb Abseilfaden 21 1495 8,0
i i etzbau
Spinnenseid¥ Fangspirale 172 534 0,001
Seidenspinnerseiéfe Kokon 20 570 14,0
Florfliegenseid& Eiablagerung 3 68 5,8
v ‘ distal 50 200 1,8
erankerun
Muschelbyssusfadéh g proximal 55 20 05
Keratinfaset’ Schutz 28-48 250- 350 4,0-50

81,32, 33, 355y getierd*Argiope argentata®®Bombyx moti?®Chrysopa carnea®Mytilus galloprovincialis

Neben den interessanten mechanischen Eigenschaften ist vor allem auch die hervorragende
Einsetzbarkeit von naturlichen, rekonstituierten oder bioinspirierten Proteinfasern als
Biomaterial ein zentrales Argument fur deren Erforschung. Generell handelt es sich bei
Biomaterialien um Materialien, welche zu therapeutischen Zwecken mit dem menschlichen
Korper in Kontakt stehetf wie zum Beispiel Geriistmaterialien fiir die Gewebeziichtung (eng|.
Tissue engineering Implantate, Nahtmaterial oder Wundauflagen. Die biokompatiblen
Eigenschaften von Proteinfasern sind einerseits auf inre Bioabbaubarkeit zurtickzufiihren, da
diese durch den Organismus mittels proteolytisch-aktiver Enzgmenicht-toxischen
Aminosauren abgebaut werd&nAndererseits enthalten einige Proteine, wie beispielsweise
Kollagen oder Elastin, spezielle Sequenzmotive, welche forderliche Wechselwirkenigen
korpereigenen Zellen induzieréh?!

Dartber hinaus ist die Verwendung von Proteinfasen speziell fir den Einsatz als Gerustmaterial
fur die Zuchtung von tierischem Gewebe pradestiniertedaxirazellularen Matrix ebenfalls

ein Fasernetzwerknit komplexen Mikrostrukturen zu Grunde li¢dtinsbesondere weisen
faserige Geruststrukturen eine gro3e Oberflache fir die Zelladhasion auf und erméglichen eine

gute Zellinfiltration, wodurch auch der Nahrstoff- und Gasaustausch begiinstidf Dies.

8
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Weiteren ermoglicht die faserige Beschaffenheit die Richtungskontrolle von Zellwachstum und
die Ausbildung gerichteter Zellstrukturé&h?

In den nachsten Abschnitten werden Kollagenfasern und Spinnenseide hinsichtlich ihrer
strukturellen Eigenschaften, ihrer Assemblierung und ihrem Einsatz in der Biomedizin

eingehend beschrieben.

1.2 Struktur, Assemblierung und Herstellung von Kollagen
1.2.1 Kollagentypen

Der Begriff Kollagen stammt aus dem Griechischen und setzt sickoflagur Aeim3und
gennanleU AHU]JHXJHQ?3 ]XVDPPHQ XQG JHK WlaBsXKollGageh nasiH R E D F K
Kochen in klebrige Gelatine tiberfiihrt werden k&hn.

Aus heutiger Sicht stellt Kollagen eine heterogene Proteinfamilie aus aktuell 29 bekannten
Kollagentypen dar, welche den Hauptbestandteil der extrazellularen Matrix in Wirbeltieren
bilden*” Die extrazellulare Matrix fungiert innerhalb aller Gewebe und Organe als
Geruststruktur fir Zellen und vermittelt durch ihre biochemischen und mechanischen
Eigenschaften die Zelladhasion, -migration und -differenzierung, unterstitzt die
Gewebebildung und -reparatur sowie die Angiogefieé&Weiterhin spielen Kollagene eine

Rolle bei molekularen Filtrationsprozessen in der Basalmembran oder tibernehmen Funktionen
als Transmembranproteifit.Anhand der spezifischen Funktionen und Proteindomanen-
Homologien kdnnen die 29 Kollagentypen in die Fibrillen-bildenden, Netzwerk-bildenden und
perlenkettig-filamentdsen Kollagene, in Verankerungskollagenfibrillen, Fibrillen-assoziierte
Kollagene mit unterbrochenen Tripelhelizes (FACIT, effigkil-associated collagens with
interrupted triple-helices Transmembrankollagene und in Endostatin-assoziierte Kollagene
eingeteilt werder?
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Tabelle 2 Struktureller Charakter unterschiedlicher Kollagentypen.
Angaben entnommen aus Lénal, 2019°.

Struktureller Charakter Kollagentyp
Fibrillen-bildende Kollagene [, 11, 11V, X, XXV, XXV
Netzwerk-bildende Kollagene IV, VI, X
Perlenkettig-filamentdse Kollagene VI, XXVI, XXV, XXIX
Verankerungskollagenfibrillen VIl
Fibrillen-assoziierte Kollagene mit IX, XII, XIV, XVI, XIX, XX,
unterbrochenen Tripelhelizes (FACIT) XXI, XX
Transmembrankollagene X1, XV, XX, XXV,
Endostatin-assoziierte Kollagene XV, XVIII

Kollagen Typ | wird der Gruppe der Fibrillen-bildenden Kollagene zugeordnet, welches mit
rund 90 % des Gesamtkollagengehalts in Organismen den dominierenden Typ datstellen.
Kollagen | ist der organische Hauptbestandteil in Knochen und unter anderem malf3geblich in

Sehnen, Bandern, Haut, Hornhaut und interstitiellem Bindegewebe vertréten.
1.2.2 Molekulare Struktur von Kollagen Typ |

Alle Kollagene weisen eine rechtsgéngige Tripelhelix-Struktur auf, welche sich aus jeweils drei
linksgangigen, helikalen .-Polypeptidketten mit einer Polyprolin-Typ-Konformation
zusammensetzt und durch Wasserstoffbriickenbindungen stabilisierf®witdJe nach
Kollagentyp liegen die-Polypeptidketten in der Tripelhelix als Homo- oder Heterotrimer vor
und sind dabei immer fur den jeweiligen Typ spezifisch. Kollagen Typ | besteht vorrangig aus
zwei .1(I)-Ketten sowie einer2(l)-Kette, existiert jedoch auch als Homotrimer aus dt€l)-
Ketten®?
Die Tripelhelix basiert auf der fur alle Kollagentypen einheitlichen Primarstruktur mit der
repetitiven Aminosauresequenz (Gly¥3n, wobei die Positionen X und Y grundsétzlich von
jeder Aminosdure eingenommen werden konnen, aber meistens durch Prolin und
Hydroxyprolin besetzt sinff. Glycin befindet sich jeweils im Kern der Tripelhelix und ist
unzuganglich fir Lésungsmittel. Hingegen ist die Aminosdure in der X-Position und in
geringerem Ausmald auch die Aminosaure in Y-Position dem umgebenden L&sungsmittel
exponiert®? Die Besetzung von Position X und Y mit den alizyklischen Aminosauren Prolin
und Hydroxyprolin resultiert in einer Stabilisierung der Tripelhelix und fuhrt zudem aufgrund
der eingeschrankten Rotation der C-N-Bindung zu einer erhohten Molekiilsteiffgkit.
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einer Gesamtlange von ca. 300 nm und einem Durchmesser von ungefahr 1,5 nm stellt die
Tripelhelix den Kernbereich des Kollagenmolekuls dar, welcher im final-prozessierten Zustand
durch die nicht-repetitiven N- und C-terminalen Telopeptid-Doméanen flankierf#ffd.

1.2.3 Invivo Assemblierung von Kollagen Typ |

Abbildung 1 veranschaulicht schematischidigivo Assemblierung von Kollagen Typ I. Nach
Transkription und Translation der fur dieKetten kodierenden mRNA in die entsprechenden
Aminosauresequern erfolgt eine Reihe posttranslationaler Modifikationen im Lumen des
rauen  endoplasmatischen  Retikulums. Dies umfasst enzymatisch-katalysierte
Hydroxylierungsreaktionen, welche die Funktionalisierung von Prolin- und Lysinresten zu
Hydroxyprolin und -lysin zur Folge haben. Hydroxylysine werden hé&ufig durch weitere
Enzymkatalyse N- und O-glykosyliert. Es folgt die Trimerisierung der ditten® 5 6566

Von besonderer Bedeutung ist hierbei das C-terminal-liegende C-Propeptid, welches durch
Disulfid-Bindungen stabilisiert wird und eine geordnete Trimerisierung ermo§liddie

Faltung der Trimere in die Kollagen-Tripelhelix verlauft ausgehend vom C- zum N-Terminus
und resultiert in Prokollageft. Das Prokollagen wird tber das Golgi-System in den
extrazellularen Raum sekretiert, wobei in diesem Prozessabschnitt die flankierenden Propeptide
durch Prokollagen-Proteinasen enzymatisch abgespalten werden, so dass die Tripelhelix nur
noch von den nicht-helikalen Telopeptiden flankiert wird (Tropokollagen). Dadurch wird die
Assemblierung der Tropokollagene zu supramolekularen Strukturen, den Kollagenfibrillen,
induziert?6 5% 6567

Initial werden die Kollagenfibrillen nur durch polare, hydrophobe und andere nicht-kovalente
Wechselwirkungen stabilisiert, weswegen die Fibrillenbildung stark abhangig von der
Temperatur, lonenstarke und noch von etwa 50 weiteren (bisher bekannten) Molek&&n ist.

Die Tropokollagene lagern sich wahrend der Fibrillenbildung um jeweils ca. eine Viertel
Molekuillange versetz zueinander an und bilden eine Mikrofibrille. Dadurch entstehen
Uberlappungs- und Lickenbereiche in der Kollagenfibrille, wodurch die Assemblate ein
typisches Bandenmuster mit einer Periodizitat von 67 nm aufwéigén.

Die Telopeptide sind mafigeblich an der Assemblierung der Tropokollagene zu Fibrillen
beteiligt und weisen Lysin- und Hydroxylysinreste auf, die in einer durch Lysyl-Oxidase-
katalysierten Reaktion zu reaktiven Aldehydgruppen umgesetzt werden und Quervernetzungen
ausbilden konnef?: 3 Zusatzliche Quervernetzungen werden durch Transglutaminase und
durch nicht-enzymatische Glykierung eingefifirt>

Nach vorangeschrittener Assemblierung liegen die Kollagenfibrillen iimBhaserstrukturen
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vor, welche die Anforderungen der jeweiligen Gewebe erflllen. Beispielsweise nehmen die
Kollagenfibrillen in der Hornhaut eine orthogonale, in der Haut eine eher geflochtene Struktur
ein, wohingegen die Fibrillen in Sehnen und B&ndern als parallel-strukturierte Bindel

vorliegen’®

Abbildung 1. Schematischer Uberblick tiber déin vivo Assemblierung von Kollagen Typ .
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1.2.4 Invitro Assemblierung von Kollagen Typ |

Die in vitro Assemblierung von Kollagen Tyipzu Fibrillen bzw. makroskopischen Fasern ist
ein entropisch-gesteuerter Prozess, welcher auf dem Verlust von Losungsmittelmolekilen von
der Kollagenmolekiloberflache durch fortschreitende Assemblierung basiert und eine
Verringerung des Oberflache/Volumen-Verhaltnisses zur Folg® hat.

Die Fibrillenbildung von Kollagen kann mittels Tribungsmessung naherungsweise zeitlich
verfolgt werden und ist durch eine anfangliche Verzégerungsphaselénghasg und eine
Wachstumsphase (entppg phasg mit einem sigmoidalen Kurvenverlauf gekennzeicHpigd,

was auf eine Nukleations-Wachstums-Reaktion hindéiitetAusgehend von einer
Kollagenlésung ist die Morphologie der entstehenden Fibrillen (Dimension und D-Peripdizitat
stark von pH-Wert und Elektrolytzusammensetzung (Abbildung 2), Temperatur,
Kollagenkonzentration sowie urspriinglichem Kollagen-Vernetzungsgrad abR&#g?g Die
Fibrillenbildungsrate weist dabei eine indirekte Proportionalitdt zur Oberflachennettoladung
auf. Die Oberflachennettoladung nimmt am isoelektrischen Punkt von Kollagen ein Minimum
ein8

In Jiang et al, 2004 wurde gezeigt, dass die Bildung von Kollagenfibrillen mit der
charakteristischen D-Periodizitat die Anwesenheit von Kaliumionen erféfdern
Widerspruch dazu wurde in Willianet al, 1978 eine starke Abhangigkeit der D-Periodizitat
von Phosphationen gefundéhwohingegen in Harriet al, 2013 den Chloridionen eine
tragende Rolle zugeschrieben wufdeyodurch ersichtlich ist, dass die Assemblierung von
Kollagen Typ | nach wie vor noch nicht vollends verstanden ist.

Neben Einstellung der intrinsischen Fibrillenstruktur konnte tberdies in diskontinuierlichen
Ansatzen, d.h. entweder durch Inkubation der Kollagenlésung in unterschiedlich-
dimensionierten Mikrokanélen oder aber durch Aufbringen einer Kollagenlésung auf eine
Oberflache mittels eines initialen hydrodynamischen Flusses, die Orientierung der

Kollagenfibrillen kontrolliert werden (Abbildung 2%.82
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Abbildung 2. In vitro Assemblierungvon Kollagen Typ | zu Kollagenfibrillen auf Mica-Plattchen. (A-1) pH-
Abhangigkeit der Kollagenfibrillenmorphologie. Morphologie der Fibrillen bei pH5=in Anwesenheiton (J)
10 mM MgCh, (K) 50 mM NaCl, (L) 100 mM NacCl, (M) 200 mM NacCl, (N) 200 mM NaCImB1 MgCly; (O)
50 mM KClI, (P)100 mM KClI, (Q) 200 mM KCI und (R) 200 mM KCb mM MgCk. Die Pfeile verdeutlichen
die Orientierung der Langsachse der gebildeten Kollagenfibrilktapted from Jianget al® (DOI:
10.1016/}.jsb.2004.07.001), Copyright (2004), with permissiomfElsevier.

1.2.5 Kollagenquellen

Kollagen flr diein vitro Assemblierung kann durch Extraktion kollagenreicher Gewebe mit
verdunnten Saurelésungen gewonnen werden. Stark kovalent-vernetztes, schwerldsliches
Kollagen wird durch Zugabe proteolytisch-aktiver Enzyme (ZFBpsin) zuganglich®
Aktueller Gegenstand der Forschung liegt auch auf der Herstellung rekombinanter Kollagene,
welche keine Infektionsrisiken (z.B. die bovine spongiforme Enzephalopathie, BSE)
aufweiserf® und eine gleichbleibende Materialqualitat gewéahrleisten. In bisherigen Studien
konnten dazu Erfolge durch den Einsatz biotechnologischer Strategien mithilfe von B&kterien

87 Hefepilzerf® menschlichen Za#f® oder Tabakpflanz&ferzielt werden.

1.3 Struktur, Assemblierung und Herstellung von Spinnenseide

Spinnenseide fasziniert die Menschheit seit Jahrtausenden. Bereits die alten Griechen nutzten
Spinnenseide zur blutstillenden Wundabdeckung. Hingegen verwendeten die Ureinwohner des
australischen Kontinents und von Neu Guinea Spinnenseide zum Fischen, als Kopfbedeckung
oder als TascheH.
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Naturliche Spinnenseidenfasern bestehen hauptsachlich aus Proteinen, den sogenannten
Spidroinen. Diese bestehen aus einem repetitiven Kern mit bis zu 100 Sequenzwiederholungen
von jeweils 40-200 Aminosauren und werden von einer nicht-repetitiven N-terminalen Doméane

und einer nicht-repetitiven C-terminalen Doméane flanKfert.
1.3.1 Invivo Assemblierung von Spinnenseide

Die naturliche Assemblierung von Spinnenseide beginnt in den Drisen des Abdomens der
Spinne. Die zugrundeliegenden Proteine (Spidroine) werden dazu von Epithelzellen in den
Driusenfortsatz sekretiert, woraufhin die Speicherung einer hochkonzentrierten Spidroinlésung
(bis zu 50 % w/v) im Drusenreservoir bei neutralem pH und der Prasenz chaotroper Natrium-
und Chloridionen folgt® % Eine Stabilisierung der amphiphilen Spidroine gegen vorzeitige
Aggregation durch Ausbildung einer mizellenartigen Quartarstruktur gilt als wahrschéinlich.
Ausgehend vom Drusenreservoir passiert die Spidroin-Lésung einen S-férmigen Spinnkanal.
In diesem Kanal wird der pH-Wert kontinuierlielgesenkt (inNephila clavipes/on 7,2 auf

5,7)% Dadurch ergeben sich strukturelle Veranderungen in den terminalen Dotighen.
Parallel dazu findet ein Austausch der chaotropen Natrium- und Chloridionen aus der Spidroin-
Lésung mit den kosmotroperen Kalium- und Phosphationen aus dem umgebenden Gewebe
statt, welches in Kombination mit Wasserentzug ein Aussalzen der Spidroine verdhi8sst.

Die dabei entstehenden Spidroin-Assemblate unterliegen aufgrund des konisch-zulaufenden
Spinnkanals hohen Scherkraften, wodurch ihre Langsausrichtung begivstity€ Der daran
anschlieBende mechanische Abzug der Spidroine aus der Spinnwarze unterstitzt weiterhin

deren Ausrichtung und fiihrt letztendlich zur ausgeharteten Spinnenseidét¥faser.
1.3.2 Spinnenseidennetze

Heutzutage sind mehr als 48.000 verschiedene Spinnenarten (Araneae) Békeslohe in

mehr als 380 Millionen Jahren Evolution eine Vielzahl an unterschiedlichen Seiden
hervorgebracht habéf® Auch zeigt sich eine &uRerst groRe morphologisch-funktionelle
Varianz im Netzbau. Beispielsweise bauen Spinnen der Familie Agelenidae Trichternetze
(Abbildung 3A). Die Netze der Linyphiidae sind horizontal angelegt und besitzen eine
baldachinartige Struktur (Abbildung 3B). Dictynidae bilden unregelméRige Netze, welche
direkt in Pflanzenstrukturen integriert werden (AbbildungC).3 Uloboridae bauen
unvollstandige Radnetze (Abbildun®)8 Dahingegen bauen Aranaeidae komplette, vertikale
Radnetze (Abbildung 3E), wahrend Tetragnathidae komplette, horizontale Radnetze spinnen
(Abbildung 3F). Vertreter der Theridiidae bauen Haubennetze (Abbildupg’3&
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Abbildung 3. Schematische Darstellung einiger Beispiele flr SpinnenseidennetZ@) Trichternetz der
Agelenidae, (B) Baldachinnetz der Linyphiidae, (C) Unregelméafiges Netz der Dictyiijlaeduziertes Radnetz
der Uloboridae, (E) vertikales Radnetz demnaeidae, (Fhorizontales Radnetz ddretragnathidae und (G)
Haubennetz der Theridiidae. Adapted from Robeet@h!% (DOI: 10.7717/peerj.2538) with permissionReerJ.

Krabbenspinnen (Thomisidae) bauen in der Regel keine Netze fir den Bedtefadgch

nutzen diese dennoch Seide zur Fertigung von Eierkokons und zum Bau von Blatthstern.
112 Bei Krabbenspinnen handelt es sich daher um aktive Jager, welche ihre Beute aus dem
Hinterhalt ergreifeft® 112 und dazu auch umfangreiche Tarnungen und Tauschungsstrategien
entwickelt habend!* 1> Eine Ausnahme ist die australische KrabbenspiSaecodomus
formivorus''® die ein kdrbchenférmiges Netz baut, um damit den Beutefang von Ameisen zu

efeichtern!16120
1.3.3 Spinnenseidentypen in Radnetzen

Von allen unterschiedlichen Spinnenseidennetztypen sind die Radnetze im Hinblick auf die
Struktur-Funktionsbeziehungen der verarbeiteten Materialien am besten dokumentiert. Diese
bestehen aus fiinf verschiedenen Seidentyffé&udem bilden weibliche Radnetzspinnen zwei

weitere Seiden, welche zum Bau von Kokons eingesetzt werden und damit dem Schutz der
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Spinneneier gegenuber Jagern, Parasiten oder schadlichen Temperaturschwankungen
dienent?2123

Alle sieben Seiden werden in jeweils unterschiedlichen Drisen assenihke®eide, welche

den Rahmen und die Speichen der Radnetze bildet, wird iMajer Ampullate(MA) Driuse
gebildet, weswegen diese auch 8M#é Seide bezeichnet wird. Da diese Seide auch als
Abseilfaden fungiert und folglich hinterhergezogen wird, hat sich auch die Bezeichnung
Dragline Seide etabliert. Eine Hilfsspirale bestehend audvileor AmpullateSeide gibt dem
Radnetz zusatzliche Stabilitat, wohingegenRiieform Seide eine Verankerung des Netzes an
umgebenden Substraten ermdglicht. Des Weiteren weist das RadnEtagdiiform Seide

auf, welche im Beutefang als Fangspirale Verwendung findetFagelliform Seide ist mit

der adhéasive\ggregateSeide modifiziert, welche die Anhaftung ins Netz geratener Beute
vermittelt. Die Tubuliform und Aciniform Seiden werden jeweils als auf3erer und innerer
Bestandteil des Kokons verwendet. Letztere dient zudem auch zum Einwickeln der Beute
(Abbildung 4)28 103 124125

Abbildung 4. Schematische Darstellung der Seidentypen der weiblichen Modell-RadnetzspinAganeus
diadematusAdapted from Eisoldét al, 20122°(DOI: 10.1016/S1369-7021(11)70057-8), Copyright (2011), with
permission from Elsevier.
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Die mechanischen Eigenschaften der Spinnenseide sind unter anderem abhangig von der
Verstreckung der Faser wahrend des Spinnvorgangs, der umgebenden Luftfeuchte, als auch
vom Alter der Spinne und dem ihr zur Verfigung stehenden Nahrstoffartg&sdDennoch

sind die Materialkennwerte (Tabelle 3) und derlaufe der Spannungs-Dehnungs-Kurven der
einzelnen Seidentypen klar voneinander unterschef@baf. Major und Minor Ampullate

Seide sowieAciniform Seide ist jeweils durch eine hohe Materialzahigkeit gekennzeichnet,
welche aus einer guten Zugfestigkeit und einer moderaten Bruchdehnung resultiert und alle
anderen natirlichen und synthetischen Fasern in den Schatte?f$t&l£° Hingegen weist

die Flagelliform Seide eine hohe Bruchdehnung auf, welche dadurch die kinetische Energie ins
Netz fliegender Insekten absorbieren k&hBbenso auffillig gestalten sich die Unterschiede

im Anstieg der Kurve bei Dehnungswerten oberhalb der Streckgrenze. Diesbezlglich weisen
die Major Ampullateund Minor AmpullateSeiden starkere Zunahmen der Spannung auf, als

dies furTubuliformundAciniform Seiden beobachtet wuréfe!?4

Tabelle 3. Mechanische Eigenschaften der unterschiedlichen Seiden der Modell-Radnetzspirfrgiope
argentata (+ Standardfehler). Angaben entnommen aus Blackledgeal, 2006 Alle Werte dieser Tabelle
entstammen wahren Spannungs-Dehnungs-Kurven.

. : Bruchdehnung  Zugfestigkeit E-Modul Zahigkeit
Spinnenart Seidentyp [%] [MPa] [GPa] [MJ m -]
Major Ampullate 20,5+0,5 1495+ 65 8,0+0,8 136 + 7
Minor Ampullate 330+ 3,3 923+ 154 10,6 £1,2 137 £ 22

Argiope - Flagelliform 1720 50 534+ 40 0,001 + 0,0001 75+ 6

argentata

Aciniform 40,4+2,4 1052+ 120 10,4+14 230 + 31

Tubuliform 28615 476+ 90 116+21 95+ 17

In Untersuchungen des Querschnitts Eiajor AmpullateSeide vorNephila clavipeszeigte

sich, dass diese einen hierarchischen Aufbau besitzt (Abbildung 5e Bmde weis
verschiedene aul3ere Schichten auf, welche aus Lipiden, Glykoproteinen und vemdintich
Ampullateahnlichen Spidroinen bestehen und hochstwahrscheinlich  Schutz- und
Sozialfunktionen tubernehmen, an der Flexibilitat der Faser mitwirken und den Wasserhaushalt
regeln. Der Faserkern wiederum wird ausnderolin-freien Major Ampullate Spidroin 1
(MaSp1l) und dem Prolin-haltigéviajor Ampullate Spidroin 2MaSp2) gebildet, wobei in der
auRReren Kernschicht nur MaSp1l vertreten ist. Beide Spidroine im Kern sind im Vergleich zu
den &ulReren Schichten deutlich starker an der Auspragung der mechanischen Eigenschaften

der Spinnenseide involviett.In Araneus diadematusiurden bisher zwei strukturgebende
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Spidroine identifiziert, welche der Aminoséuresequenz des Prolin-haltigen MaSp2 ahneln und
als Araneus diadematus Fibroi@ und Araneus diadematus Fibroid (ADF3 und ADF4)

bezeichnet werdelt! 132

Abbildung 5. Querschnitt der Major Ampullate Seide der Modell-RadnetzspinnéNephila clavipes MiSp:
Minor Ampullate Spidroin MaSp: Major Ampullate Spidroin Adapted from Sponneret al?’ (DOI:
10.1371/journal.pone.0000998) with permission fieboS

1.3.4 Molekulare Struktur von Radnetz-Spinnenseide

Wie bereits in Abbildung 5 anhand MaSp1 und MaSp2 angedeutet, vermitteln unterschiedliche
Spidroine ein voneinander verschiedenes Materialverhalten, welches unter anderem anhand
ihrer jeweiligen Aminosauresequenzen und den damit verbundenen Sekundarstrukturen zu
erklaren ist (Abbildung 6).

Major AmpullateSeide besitzt Alanin-reiche Sequenzen, welche fir die Ausbildung kristalliner
R-Faltblatter verantwortlich sind und die bemerkenswerten Materialfesegkeaitanlassn '3

Die 3-Faltblatter in deMajor AmpullateSeide sind in eine Glycin-reiche, amorphe Phase
eingebettet®* Diese geht aus den repetitiv-angelegten Aminosauresequenzen GGX (X
Tyrosin, Leucin, Glutamin) und GPGXX hervor, welche jeweils Helizes und Spirale& aus
Schleifen einnehmen kdénnen und ddajor Ampullate Seide Flexibilitdt und Elastizitat
verleihen. Konsequenterweise ist die auRergewdhnlich-hohe Bruchdehnung (und moderate
Zugfestigkeit) derFlagelliform Seide vorwiegend durchedAusbildung von Spiralen aus
Schleifen, Helizes, unstrukturierten Bereichen und der Abwesenheit[3Jealtblattern

begriindef? 135136
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Abbildung 6. Protein-Sekundarstrukturen in den Spidroinen der Modell-RadnetzspinnerNephila clavipes
und Araneus diadematusMaSp: Major Ampullate Spidroin Flag: Flagelliform Spidroin ADF:. Araneus
diadematis Fibroin. G: Glycin, P: Prolin, A: Alanin, X: verschiedartig. Abbildung angelehnt an Scheibet
al.’35(DOI: 10.1186/1475-2859-3-14).

1.3.5 Rekombinante Spinnenseide

Aufgrund der guten Korpervertraglichkeit und der aufRergewohnlich hohen mechanischen
Stabilitat nattrlicher Spinnenseide ist diese Materialklasse fur verschiedenste biomedizinische
und technische Anwendungen pradestiniert. Allerdings offenbart sich, dass die kommerzielle
Gewinnung naturlicher Spinnenseide aufgrund des kannibalistischen Verhaltens der Spinnen
ungeeignet ist3" 138

Um dennoch Spinnenseiden-inspirierte Materialien zu entwickeln wurden biotechnologische
Prozessstrategien etabliert, welche die Produktion groR3erer Mengen an Spidroinen
gleichbleibender Qualitat erlaah®3* 13%141 Prinzipiell wird dabei die genetische Information,
welche die Spidroine codiert, in Bakterien, Hefen, S&augetier- und Insektenzellen oder in
transgene Tiere eingebracht und rekombinant expriffert.

Beispielsweise wurde aus rderepetitiven Aufbau des ADF4-Spidroins ausaneus
diadematuseine Konsensussequenz abgeleitet und davon ausgehend ein C-Modul generiert
welches durch 16-fache Aneinanderreihung in eine C16-Variante tiberfiihrt Wl als
engineered ADF4(C16) [eADF4(C16)] bezeichnet wird. eADF4(C16) und weitere

rekombinante Spidroine konnten anschlieend beispielsweil3e zur Herstellung von
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Endlosfaserd®® fiir Beschichtungen von Textilgeweb¥f,oder fiir die Modifikation von
Filtermaterialien herangezogen werdéh!4® Die Modifikation von eADF4(C16) mit der
Integrinrezeptor-bindenden RGD-Sequenz [eADF4(C16)RGD] resultierte Uberdies in einer
rekombinanten Proteinvariante, welche eine erhdhte Zellproliferation und -adh&sion im

Gegensatz zum unmodifizierten eADF4(C16) zetfte.

1.4 Biomedizinische Anwendung von Kollagen und Spinnenseide

Naturliche und rekombinante Kollagen- und Spinnenseidenmaterialien werden generell als
hochgradig biokompatibel, nicht toxisch und bioabbaubar anges&teh.

Kollagen zeigt nur eine geringe antigene Wirkung uresed kann mittels Umsetzung des
Tropokollagens zu Atelokollagen durch enzymatische Abspaltung der Telopeptide noch
erheblich niedriger ausfalléf?>* Die tripelhelikale Doméne ist resistent gegen die meisten
Proteasert?® wodurch Kollagen im Korper eine langere Einsetzbarkeit aufweist. Die Bindung
von Zellen an die extrazellulare Matrix wird durch Interaktion der Integrin-
Oberflachenrezeptoren mit Kollagen vermittelt, wodurch effektiv die Zellproliferation und -
differenzierung unterstiitzt wirt}.*>® Diese Eigenschaften und dielativ gute Verfiigbarkeit
habendazu geflihrt, dass Kollagenmaterialien in den letzten Jahrzehnten einen festen Platz in
der Wundheilung, der gezielten Wirkstofffreisetzung, der Gewebeneuzichtung und der
regenerativen Medizin als Transplantate, Fasern, Vliesstoffe, Filme, Schwamme und Hydrogele
eingenommen habégf 150 151 157,158

Spinnenseidenmaterialien haben sich ebenso als zukunftsweisend fir den Einsatz in der
Biomedizin erwiesen. Bestimmte, unmodifizier&innenseidenmaterialien werden vom
menschlichen Immunsystem kaum erkannt, weshalb sich diese besonders gut zur Maskierung
von anderen Biomaterialien eign®.Zudem unterstiitzt Spinnenseide die Wundheilung und
initiiert die Blutgerinnund*® und kann als Nahtmaterial eingesetzt werd&48 Auch konnte

fur rekombinante Spinnenseide ein bakteriostatischer Effekt nachgewiesen féEmenso

wie Kollagen kannrekombinante Spinnenseide in viele Materialmorphologien prozessiert
werdent*®14% yund zeigt besonders im Bereich als Biotinte fiir den 3D-Druck von zellbeladenen
Hydrogelent®3 164 als Basismaterial fiir die Herzmuskel- oder Bindegewebsziicktune,

oder als Implantatbeschichtufigy®” hohes Anwendungspotenzial.

Beide Proteinklassen sind insbesondere fiir die Entwicklung von Materialien fur die periphere
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Nervenreparatur pradestiniert und werden daher im folgenden Kapitel speziell fér dies

Anwendung beleuchtet.

1.4.1 Periphere Nervenreparatur

Von allen Geweben wird das Nervensystem als das komplexeste Gewebe angesehen - die
Anzahl an Nervenzellen (Neurone) liegt bei Saugetieren bei etWa Z&llenl®® Die
Gesamtheit des Nervengewebes wird in ein zentrales Nervensystem (ZNS), bestehend aus
Gehirn und Rickenmark und in ein peripheres Nervensystem (PNS) eingeteilt, welches das
ZNS mit dem Rest des Korpers verbindet. Die afferenten Neurone leiten dabei sensorische
Informationen von den Korpereinheiten zum ZNS, wahrend efferente Neurone Signale vom
ZNS zu den entsprechenden Koérperbereichen tibermiffeln.

Nervenzellen bestehen grundsatzlich aus dem Zellkérper (Soma); Neuriten, welche in kurze
(Dendrit) und lange Fortsatze (Axon) untergliedert sind; und den Endknopfchen, mit denen der
Kontakt zu anderen Zellen (Synapse) hergestellt und die Erregungsweiterleitung vollzogen
wird. Eine humane, periphere Nervenfaser zeigt einen hierarchischen Aufbau, bei dem
Schwann-Zellen die Axone mit einer Myelinscheide isolieren, welche wiederum in das
Endoneurium, Perineurium und Epineurium eingebettet ist (Abbildung’® 7pie
Erregungsweiterleitung wird im Nervensystem mithilfe eines Aktionspotenzials erméglicht,
welches als Anderung des anliegenden Membranpotentials (Ruhepotenzials) zu verstehen
ist17t

Weltweit wird die jahrliche Zahl an neu-eingetretenen Unfallen mit Schadigung des peripheren
Nervengewebes auf mehr als eine Million geschatzt, wobei davon etwa 40 % allein auf Europa
fallen1’? Im Gegensatz zu geschadigten Axonen des zentralen Nervensystems besitzen die
Axone des peripheren oder embryonalen Nervensystems ein  gewisses
Regenerationspotentigl® Im Vergleich zu anderen Geweben ist die natiirliche Regeneration
peripherer Nerven jedoch relativ langsam und meistens nicht vollstdndig. Die Patienten leiden
gewdhnlich unter sensorischen und motorischen Stérungen bis hin zu LA&hmungserscheinungen
des geschadigten Bereichs und intensiven, neuropathischen SchiietZen.

Nach wie vor gilt hierbei der Einsatz korpereigenem Gewebes (@uogbgraf) fir die
Reparatur gréRerer Schaden als Stand der Technik, jedoch aufgrund von Funktionsverlusten an
der korpereigenen Entnahmestelle, limitierter Verfiigbarkeit und erhéhtem Infektions- oder
Neurombildungsrisiko als nicht ideHP 1’7 Im Zuges dessen ist die Entwicklung von
kunstlichen Nervenleitschienen seit langerem Gegenstand der Forschung.

Prinzipiell wird hierbei jeweils das proximale und distale Ende des geschéadigten Nervs in eine
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Nervenleitschiene, meist ein rohrenférmiges Konstrukt, eingefiigt, so dass Axone ausgehend
vom proximalen Ende durch die Schiene hindurchwachsen kdfhdder natirliche
Regenerationsprozess der geschadigten Nervenfaser verlauft in einer hohlen Nervenleitschiene
sequentiell ab. Unmittelbar nach Schadigung tritt aus den proximalen und distalen
Nervenenden Gewebswasser mit angereicherten neurotrophen Faktoren und extrazellularen
Matrix-Vorlaufermolekulen in die defekte Stelle, woraufhin sich aus den Vorlaufermolektlen
einzelne Fibrinfaden zwischen beiden Nervenfaserenden bilden. Entlang dieser migrieren
Schwann-Zellen, Endothelzellen und Fibroblasten und bilden longitudinal-ausgerichtete
Gewebebéander (Bungner-Bamyg welche schlie3lich als Orientierungsstruktur fur proximal
auswachsende Axone Anwendung finden. Final bilden Schwann-Zellen eine Myelinscheide
um die neugebildeten Axort&

Abbildung 7. Aufbau einer peripheren Nervenfaser. Schematische Darstellung des Querschnitts einer
peripheren Nervenfaser. Abbildung angelehnt an Griesall!’# (DOI: 10.1155/2014/698256

Der klinische Erfolg grofRerer Nervendefekte (> 10 mm) ist jedoch mit hohlen, synthetischen
Konstrukten gering, kann allerdings durch Anwesenheit biologisch aktiver Komponenten, wie
Bestandteile der extrazellularen Matrix oder neurotropher Faktoren, optimiert W&den.

Maogliche Modifizierungen der hohlen Konstrukte umfassen unter anderem die Einfuhrung von
187
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Mehrfachlumetf&1% oder Strukturierungen der Oberflache auf der Rohreninnengkité,

und verfolgen stets das Ziel, eine geeignete Umgebung fur die Zellproliferation und -
differenzierung zu gewahrleisten. Uberdies soll mit Orientierungsstrukturen ein gerichtetes
Wachstum der Zellen und eine Ausrichtung der Neurite erreicht wé&td&h!®* Es wurde
beobachtet, dass eine verbesserte Vaskularisierung und eine gewisse Permeabilitdt der
Konstrukte zu einer effektiveren Diffusion von N&hrstoffen und metabolischen Produkten fiihrt
und den klinischen Erfolg steigern kat¥a 1%

1.4.1.1 Kollagen und Spinnenseide fiur die periphere Nervenreparatur

Seit langerer Zeit steht der Einsatz kollagenbasierter Nervenleitschienen im Fokus der
Forschung?”?%? Das ist generell auf die hervorragenden biomedizinischen Eigenschaften von
Kollagen zurtckzufihren. Insbesondere liegt Kollagen aber auch im Epineurium, Perineurium
und Endoneurium in Form von einzelnen Fibrillen, Fibrillenbindel oder als ungeordnetes
Fibrillennetzwerk vor?3 294 Zwischen dem Endoneurium und dem myelinisierten Axon liegt
zudem eine kollagenreiche Basalmembran vor, welche von Schwann-Zellen hergestellt und
reguliert wird. Als Binde- und Strukturgewebe fordert die Basalmembran die Funktion der
Schwann-Zellen und neuronaler Axoiie 2%

Spinnenseide wurde ebenfalls fir die Anwendung in der peripheren Nervenreparatur getestet.
In einer Studie wurde diesbeziglich beobachtet, dass humane (NT2) Nervenzellen auf
Spinnenseide adharierten und ein Neuriten-Netzwerk zwischen und entlang einzelner Fasern
ausbildéen 2’ Uberdies zeigten weitere Studien, dass Spinnenseide in dezellularisierten Venen
als Leitstruktur fur die Schwann-ZeitMigration und -proliferation einsetzbar war und in
Tiermodellen den axonalen Neubewuchs uiber gréRere periphere Nervendefekte38réferte.
Auch auf einer Matrix bestehend aus rekombinanter Spinnenseide differenzierten neuronale
Stammzellen effizient in Nervenzellen, Astrozyten und etwas weniger effektiv in
Oligodendrozyter®® Eine weitere Studie untersuchte die Interaktion von Nervenzellen auf
Filmen aus dem rekombinanten Spidroin MaSpl, wobei hier ebenfalls eine Férderung des
neuronalen Wachstums beobachtet wurde, welche der Steifigkeit, der Oberflachenladung und
einer zusatzlich eingefihrten Neuronen-spezifischen Oberflachenbindesequenz zugeschrieben

wurde?!
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1.5 Technische Faserherstellung
1.5.1 Grundlegende Faserspinn-Verfahren im Uberblick

Grundsatzlich kann die Herstellung von Fasern ausgehend von Polymerschmelzen oder
Polymerlésungen erfolgen. Fur das Verspinnen von Polymerschmelzen werden gewdhnlich
thermoplastische Kunststoffe verwendet, welche durch eine entsprechende thermische
Stabilitat gekennzeichnet sind. Die Produktion der Fasern erfolgt hierbei durch Extrusion und
rasches Abkiihlen der Polymerschmefze.

Im Gegensatz dazu basiert das Faserspinnen aus einer Polymerlésung entweder auf Fallung der
in der Losung enthaltenen Polymere oder durch Entfernen des Losungsmittels. Die
Faserbildung durch Féllung - das Nassspinnen - wird durch kontinuierliche Extrusion einer
Polymerlésung $in ein entsprechendes Féllbad erméglicht, in welchem das Polymer eine
niedigere Ldslichkeit aufweist (Abbildung 8A). Hingegen wird die Faserbildung durch
Entfernen des Losungsmittels, dem sogenannten Trockenspinnen, durch Extrusion der
Polymerlésung ® in eine I8sungsmittelfreie  Umgebung mit meist sofortiger
Warmebestrahlung @ewéhrleistet (Abbildung 8B). Die im Nass- und Trockenspinnprozess
erzeugten Fasern weiRen gewohnlich Durchmesser im zweistelligen Mikrometerberéch auf.
213227

Einen Sonderfall des Trockenspinnens stellt das LosungsblasspinnenSelogion blow
spinning dar, bei dem der Polymerlésungsfluggiurch einen Mantelfluss§ aus Gas von der
Extrusionsdiise wegbefordert wird (Abbildung 8C). Im weiteren Sinne, basiert auch das
Elektrospinnen auf der Verdampfung des Losungsmittels, jedoch wird der hierbei vorliegende
Prozess durch Anlegen eines elektrischen Feldes initiiert (Abbildung 8D). Prinzipiell resultiert
sowohl das Losungsblasspinnen als auch das Elektrospinnen in Fasern mit Durchmessern vom
Nanometer- bis in den einstelligen MikrometermaR&tak?®234 Beide Prozesse basieren auf

der Verwendung leichtflichtiger Lésungsmittel, wie z.B. Fluoralkohole. Diese Losungsmittel
zeigen allerdings haufiein erhdhtes Denaturierungspotential fir Proteine, welches beim
Elektrospinnen durch das angelegte elektrische Feld noch zuséatzlich erhoHE® wird.
Beispielsweise wurde beim Elektrospinnen eine Denaturierung der tripelhelikalen Domé&nen im
Kollagenmolekiil beobachtét® Im Gegensatz zum Elektrospinnen ermdglicht das
Losungsblasspinnen auch dia situ Beschichtung von lebendem Gewebe mit einer
Vliesstoffschicht, die beispielsweise als Wundverschluss fungierer?kann.

Die Mikrofluidik als Faserspinn-Verfahren ist eine noch relativ junge Disziplin und basiert, je

nach Auslegung, auf den Prinzipien der hier erwdhnten Faserspinn-Verfahren. Die Grundlagen
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und die Anwendungsmadglichkeiten dieser Technologie werden eingehend im folgenden

Kapitel erlautert.

Abbildung 8. Schematische Ubersicht I6sungsmittelbasierter Faserspinn-VerfahregA) Nassspinnen: Die
Faserbildung erfolgt durch kontinuierliche Extrusion einer Polymerlosurmgnirrallbad. (B) Trockenspinnen
Nach Extrusion der Polymerlésung in eine l6sungsmittelfreie Umgebundgtedi® Faserbildung durch
instantanes Entfernen des Losungsmittels, meist unter Anwendung eines Warmgf)dsesungsblasspinnen
Ein Polymerldsungsfluss wird in einen Mantelfluss aus Gas geleitet durctlielemtstehende Faser von der
Extrusionsdusewegbefordert wird. (D) Elektrospinnen: Die Faserherstellung erfolgt durch Eirsaes
elektrischen Feldes und Verdampfung des Lésungsmittels. Akarzun@en:Polymerlésungsfluss,8:
Mantelfluss, & Warmefluss.

1.5.2 Mikrofluidik

Die Mikrofluidik gilt generell als die Technologie, welche sich mit der Verarbeitung geringer
Fluidvolumina in Mikrostrukturen mit Dimensionen von 1 bis 500 pum $s#f&® Dadurch

ergibt sich eine Vielzahl an Vorzigen gegeniiber makroskopischen Verfahren. Die Vorteile
umfassen einen geringeren Verbrauch an Reagenzien oder Probenmaterial und weniger
zeitintensive Arbeitsprozesse, wodurch sinkende Kosten ermdglicht werden. Aber auch aus
Sicht der Fluiddynamik gilt die Mikrofluidik als &u3erst interessant, da diese Systeme aufgrund
der geringen charakteristischen Langeaul3erst niedrige Werte flr die dimensionslose
Reynolds-ZahRe(Gleichung 1) annehmeRé<< 2000)2%°

(Gleichung 1) apL—2 L2

Hierbei entsprichteder Dichte des Fluidsi der Stromungsgeschwindigkeit des Fluidsier
charakteristischen Lange (hier dem Innendurchmesser des Mikrokandés),dynamischen
Viskositat und der kinematischen Viskositat.

Systeme, die mit Reynolds-Zahlen vB® < 2000 beschrieben werden kénnen sind durch
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laminare Stromungsprofile gekennzeich#f€tm Gegensatz zu den normalerweise turbulenten
Strdomungen in makroskopischen Systemen (Re > 280&Yolgt eine Vermischung zweier
parallel zueinander flieRender Fluide bei laminarem Fluss nur durch Diffusion entlamg der
Grenzflache*! Des Weiteren ist der Effekt der Gravitationskraft auf Fluide in Mikrokan&len
weniger stark ausgepragt als in  makroskopischen  Systemen, wohingegen
Oberflachenspannungs- und Kapillareffekte wiederum in den Mikrokandlen deutlich
dominanter sind?#?

Aufgrund dieser Eigenschaften hat die Mikrofluidik in einer Vielzahl unterschiedlicher
Forschungsbereiche Einzug gehalten. Die Anwendungen umfassen beispielsweise analytische
Systeme fur die Genomik und Proteomik, Nachweistests fur die Diagnostik und
Ruckstandsanalyse, Hochdurchsatz-Screenings, implantierbare Einheiten fur die
Wirkstofffreisetzung sowie Systeme fur die organische Synthese und die Grundlagenforschung

an Fluiden oder chemischen ReaktioAEn.

1.5.2.1 Mikrofluidisches Faserspinnen

Die Mikrofluidik als Faserspinn-Verfahren erweist sich als besonders vielseitig, da mithilfe des

Rapid Prototypingsndividualisierte Mikrokanalstrukturen erzeugt werden kénnen, welche in

Kombination mit dem laminaren Stromungsprofil irerdHerstellung von Fasermit

maf3geschneiderten Eigenschaften resultieren kénnen.

Das mikrofluidische Faserspinnen durch Fallungsreaktion - die mikrofluidische Flixssig-

Flussig Flussfokussierung - erfolgt grundsatzliohMikrokanélen, in denen ein zentraler

Polymerlosungsflss  © durch zwei seitich dazu ausgerichtete Mantelfliisse
Shydrodynamisch fokussiert wird. Hierbei bewirk@ eine Veranderung des chemischen

Milieus in  ®und eine Verdichtung der infgelésten Polymere (oder auch suspendierten

Nanofibrillen), wodurch disein eine feste Phase (ibergehen (AbbildungA%’ Abbildung

9B zeigt die Umsetzung des Schemas aus 9A zum einsatzfahigen Mikrofluidik-Chip.

Fur Dispersionen aus Zellulose- und Proteinnanofibrillen konnte aufRerdem durch

polarisationsmikroskopische Untersuchungen imditu Kleinwinkelstreuungs-Experimente

(SAXS) gezeigt werden, dass die hydrodynamische Fokussierung zu einer Ausrichtung

nanofibrillarer Strukturen in Flussrichtung fuiR$t.25% 28 Dje resultierenden Zellulosefasern

aus diesen Mikrofluidik-Setups wiesen betrachtlich hohere mechanische Eigenschaften auf als

Zellulosefasern aus friheren Studien, in welchen die Faserherstellung ohne die Verwendung

einer mikrofluidischen Flissim-Flussig Flussfokussierung durchgefiihrt wufthe?®?
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Abbildung 9. Schematische Darstellung des mikrofluidischen Faserspinnens basierend auf der Flissig-
Flissig Flussfokussierung(A) Die hydrodynamische Fokussierung eines Polymerlosungsflussch zwei
seitlich dazu ausgerichtete Mantelfliisse bewirkt eine Anderung des chemischen MitiaiseuVerdichtung der
im Polymerlésungsfluss befindlichen Polymere, wodurch die Faserbildungiéndwird. Abkiirzungen: §=
Polymerlésungsfluss,gz Mantelfluss. (B) Beispiel eines Mikrofluidik-Chips aus Polydimethylsiloxan (PDMS)
inklusive angeschlossener Schlauche zur Lésungsinjizierung. Aus praktisdietesbefinden sich auf dem
Chip vier voneinander unabhéngige Mikrokanalstruktureinheiten.

Der Grof3teil der publizierten mikrofluidischen FlussigFlissig Flussfokussierungen
behandelt die Herstellung von Alginatfasern und Mischfasern aus Alginat und additiv-
fungierenden Biopolymeren. Die Alginatfasern wurden durch hydrodynamische Fokussierung
eines Alginatldsungsflussedurch zwei Mantelfli]sseg aus jeweils einer CagLdsung

zum Gelieren gebracht?2>8Neben Alginat wurden als weitere Polysaccharide auch Chitosan-
259261 ynd Zellulosefaserf> 262 hergestellt. Auch im Bereich synthetischer Polymere konnten
durch de mikrofluidische Flussign-Flissig Flussfokussierung Fasern aus Polycaprolacton
(PCL) 2% Polylactideo-Glycolid (PLGAY®> 256 und Polyvinylacetat (PVA$’ gesponnen
werden.

Neben den Polysacchariden und synthetischen Polymeren stehen aktuell vor allem
Proteinfasern im Fokus der mikrofluidischen Fligsidrlissig Flussfokussierung.
Diesbeziiglich konnte Molkeprotéff und rekonstituierte Seide des SeidenspinBermbyx
mori?®® zu Fasern verarbeitet werden. Kollagen und rekombinante Spinnenseide sind zwar
bisher in einigen wenigen Studien auch mit der Mikrofluidik assoziiert, allerdings widmeten
sich die Untersuchungen ausschliel3lich der Analyse der Assemblierungsmechanismen
Mikrokanalen. Ein kontinuierliches Faserspinn-Verfahren wurde mit diesen Studien nicht
geschaffer§0 270272

Neben dea Flussigin-Fliussig Flussfokussierung wurde die Mikrofluidik bisher auch in
geringerem Umfang fur Trocken- und Elektrospinn-basierte Verfahren eingesetzt.

Beispielsweise wurde eine hochkonzentrierte Losung Bombyx mori Fibroin ohne
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Flussfokussierung mittels eines bioinspirierten Mikrokanals trocken verspéfirtéhim Fall
des Elektrospinnens wurde die Mikrofluidik herangezogen, um Mehrfachdiisen fur den
ProzessScaleUp zu generiered’”® hohle oder Kern-Schale-Fasérf,Janusfasefd’ oder

Gradientenvliesstoffé® zu erzeugen.
1.5.2.2 Einsatz des mikrofluidi schen Faserspinnens in der Biomedizin

Dasmikrofluidische Faserspinnen nimmt einen hohen Stellenwert in der Gewebeneuztichtung
ein2’® Mittels der Mikrofluidik wird die Verkapselung von Zellen und Wirkstoffen in Fasern
sowie die Herstellung unterschiedlicher Fasermorphologien fir spezialisierte Anwendungen
ermoglicht. Beispielsweise wurden Alginat-Seidenfibroin-, Alginat-Chitosan- und Alginat-
Kollagen/Fibrinogen-Fasern mit verkapselten BindegewelKsizinom-, Pankreas-Insel-,
Endothel-, Nerven- und Muskelzellen beschrietférs> 2% 28 |n allen hier erwahnten Fallen
basierte der Faserbildungsprozess auf der ionischen Vernetzung des Alginats, wohingegen
Seidenfibroin, Chitosan, Kollagen oder Fibrinogen zur Erhdhung der Biokompatibilitat
und/oder Stabilitat beigemischt wurgfé 253 257,258

Uberdies konnte gezeigt werden, dass sich Fasern aus mikrofluidischen Faserspinn-Verfahren
auch zur Wirkstoffverkapselung eignen. In Kat@l, 2011 wurde demonstriert wie durch die
Abgabe des chemischen Lockstoffes Formyl-Met-Leu-Phe (fMLP) aus Alginatfasern die
Migration von Neutrophilzellen vermittelt wurde? In Ahnet al, 2015 wurde die erfolgreiche
Freisetzung des Antibiotikawirkstoffes Ampicillin aus Alginatfasern dargéfégt.

Neben dem Einschluss funktionaler Zellen oder Wirkstoffe ermoglicht die Mikrofluidik auch
die kontinuierliche Herstellung hochkomplexer Fasern bestehend aus mehreren Komponenten,
welche entsprechend dem angelegten Flussprofil in der Faser vorliegen. Daraus kann die
Wirkstofffreisetzung kontrollierb&r gestaltet werden und das hergestellte Fasermaterial der
differenzierten, nattrlichen Gewebsstruktur ndherkemrim einer Studie stellten dazu Kang

et al, 2011 ein mikrofluidisches Faserspinn-Verfahren vor, welches die Herstellung einer
seriellen oder parallelen Verteilung von Wirkstoffen oder Zellen in der resultierenden
Alginatfaser ermoglichté>?

Die Neuzlchtung anisotroper Gewebe erfordert oftmals eine faserige Geruststruktur, welche
ein kontrolliertes Zellwachstum und die Ausrichtung zellularer Strukturen ermatiithito

280 Mithilfe des mikrofluidischen Faserspinnens kénnen Endlosfasern mit Durchmessern bis in
den einstelligen Mikrometer-Bereich hergestellt wergféf,’ wodurch eine effizientere

Ausrichtung der Zellkdrper- und fortsatze erreicht wird, als dies mit dickeren Fasern maglich
ist_225 265, 266
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Speziell auf Kollagen bezogen, bietet das mikrofluidische Faserspinnen im Vergleich zu
bisherigen Nassspinn-Verfahren aufgrund der andersartigen fluiddynamischen Grundlagen
einen interessanten Ansatzpunkt, um Kollagenfasern mit besseren mechanischen etabilitat
und geringeren Faserdurchmessern herzustellen. Bislang sind die aktuellen Kollagenfaserspinn-
Verfahren durch die relativ niedrige Assemblierungssrate von Kollagen zu Fibrillen und Fasern
limitiert,?®® und erfordern dadurch geringe Extrusionsgeschwindigkeiten, organische
Losungsmittel als Fallungs-, Dehydratisierungs-, oder Waschrea@@izZ?> 223 225 ynd
zusatzliche Verweilzeiten der extrudierten Faser im Fall- bzw. Nachbehandludg$bath®

218221, 223, 225226 Oftmals werden die resultierenden Kollagenfasern zudem nachtraglich mit
Glutaraldehydt® 216 219 220 222 225 EDC + NHS (1-Ethyl-3¢3-dimethyl-aminopropyl)-
carbodiimid + N-Hydroxysuccinimicil4 215 218 225 Genipirf?? oder durch die dehydrothermale
Behandlung #Cyanamid®> 217 219221 223 yernetzt, um die mechanische Stabilitat zu erhéhen.
Diese diskontinuierliche Prozessfilhrung wirkt sich in einer geringen Produktivitat aus. Auch
birgt der Einsatz toxischer Vernetzungsreagenzien, wie Glutaraldehyd, das Risiko wahrend der
Anwendung der Kollagenfasern am Menschen Zellschaden zu veruré&olwehingegen die
dehydrothermale Behandlung zur Denaturierung der tripelhelikalen Doméanen in Kollagen
fiihren kanrf®? Des Weiteren besitzen rekonstituierte Kollagenfasern aus bisherigen
Nassspinn-Verfahren Durchmesser mit Werten groRer 28Hudtp, 217 222 226 283 \yodurch mit

diesen Fasern in der Gewebeneuziichtung nur eine maximal mafige Ausrichtung von Zellen

und ihren Fortsatzen erwartet w3266
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2 ZIELSETZUNG

Aktueller Gegenstand der Forschung sind Fasermaterialien fur die Anwendung in der
Biomedizin. Diese Arbeit sollte daher einerseits neue Faserspinn-Verfahren etablieren, welche
zur Herstellung von Fasermaterialien mit verbesserten oder neuartigen Eigenschaften
herangezogen werden kdnnen. Andererseits sollte die bisher undokumentierte, aber aufgrund
ihrer mechanischen Eigenschaften &ufRerst interessante Spinnenseide der australischen
KrabbenspinneS. formivorusanalysiert werden, um bioinspiriert eine Grundlage fur die

Herstellung belastbarer, neuer Fasermaterialien zu generieren.

Daher sollte zunachst die Idee verfolgt werden ein mikrofluidisches Faserspinn-Verfahren zur
Herstellung von Vliesstoffgarnen und isotropen Vliesstoffen einzufiihren, welches zuklnftig
speziell auch auf Kollagen angewendet werden kdnnte und im Gegensatz zum Elektrospinnen
kein elektrisches Feld erfordert. Durch Einfihrung dieses neuen Verfahrens konnte das mit dem
Elektrospinnen-assoziierte Denaturierungsrisiko von Kollagen gemindert werden, wodurch die
bemerkenswerten Eigenschaften dieses Biopolymers besser zur Geltung kommerfirirden.
236

Schwerpunkt sollte allerdings auf der Entwicklueghes mikrofluidischen Faserspinn-
Verfahrens zur Herstellung von Kollagenendlosfasern mit verbesserten Eigenschaften, d.h.
héheren mechanischen Stabilitditen und niedrigeren Faserdurchmessern im Vergleich zu
bisherigen Kollagenfasern aus Nassspinn-Verfahren liegen. Dazu sollte ein innovativer
Mikrofluidik-Chip hergestellt und dien vitro Kollagenfibrillenbildung in diesem getestet,
optimiert sowie in eine kontinuierliche Prozessflihrung Ubertragen werden. Wesentlicher
Bestandteil sollte zudem sein, die resultierenden Kollagenfasern morphologisch, mechanisch,
strukturell und bezuglich ihrer thermischen Eigenschaften zu untersuchen.

Um die Biokompatibilitdt und die biologische Funktionalitat der Kollagenfasern zu bewerten,
sollten diese anschlieRend als Orientierungsstruktur fur die periphere Nervenreparatur getestet
werden. Dazu sollte eine neuronale Zelllinie in Zellkulturversuchen auf den Kollagenfasern
differenziert werden und die resultierende Zelladhasion, Neuriten- und Synapsenbildung sowie
die elektrophysiologische Aktivitat untersucht werden. Daruber hinaus sollten die
Kollagenfasern auch als Fullmaterial in Nervenleitschienen aus rekombinanter Spinnenseide
eingesetzt werden, um die Funktionalitat dieser auch unter Bedingungen zu testen, die dem
spateren Einsatz naherkommen. Ergadnzend zu diesen Untersuchungen sollten auch alternative

Nervenleitschienen, basierend auf selbstrollenden Filmen, generiert werden, welche eine

31



ZIELSETZUNG

Gewebeneuziichtung in diesen durch einen schonenderen Einschluss von Nervenzellen und

empfindlichen Materialien im Vergleich zu bereits vorgefertigten Rohren ermoglichen konnten.

Neben der Generierung innovativer Faserherstellungs-Verfahren und Materialien isollte d
biegesteife Spinnenseide der australischen Krabbensginfemivorusuntersucht werden.

Dazu sollten vorab die Spinnenseidennetze $orformivorusgrundlegend dokumentiert
werden. Anschlielend sollten die darin identifizierten Fasern auf makroskopischer
mikroskopischer und molekularer Ebene analysiert werden. Die Analyse auf molekularer Ebene
sollte auch Messungen mittels synchrotroner Infrarotmikrospektroskopie einschliel3en, um
hochaufgeldste Informationen tber die chemische Faserzusammensetzung zu erhalten. Einen
wesentlichen Bestandteil sollte daneben die Analyse der mechanischen Eigenschaften der

Fasern unter Zug- und lateraler Belastung darstellen.
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3 SYNOPSIS

Diese Dissertation umfasst funf Teilarbeiten, welche sich mit der Herstellung,
Charakterisierung und Anwendung von biopolymerbasierten Fasermaterialien befassen. Die
Teilarbeiten sind in Kapitel 7 dieser Arbeit detailliert beschrieben.

Teilarbeit 1 und 2 beschéaftigte sich mit der Entwicklung ewaeainterschiedlicher
mikrofluidischer Verfahren zur kontinuierlichen Faserherstellung. Die erzielten Fasern au
Teilarbeit 2 wurden anschlieRend ausfuhrlicher in Teilarbeit 3 hinsichtlieim Benktionalitat

fur die Anwendung in der peripheren Nervenreparatur getestet und als Fillmaterial in
Nervenleitschienen aus rekombinanter Spinnenseide eingesetzt. Teilarbeit 4 befassiie sich
dem Design alternativer Nervenleitschienen. In Teilarbeit 5 wurde die einzigartige Seide der
australischen Krabbenspinn8. formivorus untersucht. Eine Ubersicht der jeweiligen

Teilarbeiten und deren Bezug zueinander ist in Mdoinig 10 dargestellt.

Abbildung 10. Ubersicht der Teilarbeiten, welche aus dieser Dissertation hervorgehemdapted from
Hofmannet al?®4(DOI: 10.1039/C8LC00304A) with permission from The Royal Societ@me#mistry. Adapted
with permission from Hayrét al?8 (DOI: 10.1021/acs.nanolett.6b02828). Copyright (2016) American Chemical
Society Adapted from Pawaet al?%® (DOI: 10.1021/acsabm.9b0062& opyright (2019) American Chemical
Society.

33



SYNOPSIS

Neben diesen funf Teilarbeiten wurde zudem an der Entstehung von Teilarbeit 6 mitgewirkt,
welche sich mit der Entwicklung eines automatisierten, biomechatronischen Systems befasste.
Jedoch ist diese Arbieaufgrund des abweichenden fachlichen Bezugs im Vergleich zur
gegenwartigen Ausrichtung dieser Dissertation in der Publikationsliste lediglich aus Grinden

der Vollstandigkeit erfasst

3.1 Mikrofluidisches Faserspinnen
3.1.1 Herstellung von Mikrofluidik-Chips

Das mikrofluidische Faserspinnen basierte auf dem Einsatz von Mikrofluidik-Chips, welche
aus dem elastomeren Kunststoff Polydimethylsiloxan (PDMS) bestanden. Die Herstellung
dieser gliederte sich in drei Teilschritte, welche in Abbildung 11 (Figure 1 in Teilarbeit 1)
exemplarisch fur einen Chip gezeigt sind, wie er zum mikrofluidischen Faserspinnen basierend
auf der Flussign-Gas Flussfokussierung eingesetzt wurde (siehe 3.1.2).

Im ersten Prozessabschnitt wurden dazu Mikrostrukturen bestehend aus dem Fotolacik SU-8
Hilfe der Fotolithographie auf einem Siliziumwafer erzeugt, welche in einem spéateren Prozess-
Abschnitt als Abdruckform fur die Mikrokanale Verwendung fanden. Die Aushértung der
Mikrostrukturen erfolgte hierbei durch selektive Belichtung des SU-8 Lackes mittels einer
Fotomaske und UV-Licht der Wellenlange 365 nm, wohingegen nicht-belichteter Fotolack stets
entfernt wurde (Abbildung 3). Die Mikrostruktuen des Siliziumwafers wurden
anschlieRend mittels Softlithographie in einen PDMS-Abguss uberfuhrt und letzterer durch
Temperaturerhdhung ausgehértet, entformt und zurechtgeschnitten (AbbildBhgDid
komplexe innere Geometrie der in dieser Arbeit eingesetzten Mikrofluidik-Chips erforderte
einen Aufbau aus zwei zueinander komplementaren @liiph, welche durch
Oberflachenaktivierung mit Luftplasma irreversibel miteinander verbunden wurden
(Abbildung 11C).
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Abbildung 11. Dreistufige Mikrofluidik-C hip-Herstellung. (A) Fotolithographische Generierung einer
mikrostrukturierten Siliziumwafer-Oberflache durch selektive Belichtung e8t$¢8 Fotolackes mittels einer
Fotomaske und Licht einer Wellenlange von 365 nm. (B) Softlithographischéiibhery der Mikrostrukturri
einen PDMS-Abguss. Letzterer wird bei einer Temperatur von 75 °C flpBskéwdig ausgehéartet und lasst sich
anschlieBend entformen und zurechtschneiden. (C) Die Oberflachen zueikamgdementérer Chiphélften
werden durch Luftplasma aktiviarhd mithilfe eines Wasserfilms aufeinander ausgerichtath12 h Inkubation
bei 35 °C sind die Chiphalften irreversibel miteinander verbunden. Adapied Hofmannet al?®* (DOI:
10.1039/C8LC00304A) with permission from The Royal Society of Géteyn

3.1.2 Faserspinnen durch mikrofluidische Flussig- in-Gas Flussfokussierung

Das mikrofluidische Faserspinn-Verfahren aus Teilarbeit 1 beruhte auf der hydrodynamischen
Fokussierung eines (Bio)-Polymerlésungsflusse® mittels zweier rechtwinklig dazu
ausgerichteter Mantelﬂ[]sseéaus Luft (Abbildung 12A) und konnte mit dem Prinzlpr
gasdynamischen virtuellen Dise (GDVN, engéds dynamic virtual noz2lebeschrieben
werden. Generell bezeichnet dieses Prinzip ein System in dem der Fluss und die Form eines
Fluids mittels eines Gasstroms kontrolliert werden kénnen und die Ausbildung eines
freistehenden Fluidstrahls (enfiquid Je) ermdglicht wird. Der freistehende Fluidstrahl vieis
hierbei geringere Dimensionen als der urspringliche Flissigkeitskanal auf, wodurch der
Fluidstrahl theoretisch nicht in Kontakt mit der Kanalinnenwand ger&t

Fur die Umsetzung dieses Prinzips in ein Faserspinn-Verfahren wurde in dieser Arbeit ein
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Mikrofluidik-Chip entwickelt (Abbildung 12B, Figure 2 in Teilarbeit 1), dessen wesentliches
Design auf der Mikrokanalgeometrie von Trebl®h al, 2014 zur Generierung eines
freistehenden Wasserstrahls basiétte. Zur  experimentellen  Beschreibung des
mikrofluidischen Faserspinn-Verfahrens wurde eine Losung aus dem Fluorocopolymer THV
221 (Tetrafluoroethylen, Hexafluoropropylen und Vinylidenfluorid)Aceton als Modell-
Polymerlosung gewahlt. Das lag darin begriindet, dass THV 221 als fluoriertes Polymer bei
einem moglichen Kontakt mit der Kanalinnenwand nur minimale Wechselwirkungen einging
und dadurch besonders gut fur stérungsfreie Systemparameter-Untersuchungen geeignet war.
DarUber hinaus wurde eine Losung aus Polycaprolacton (PCL) in Hexafluoroisopropanol
(HFIP) getestet, um die Anwendbarkeit dieser Methode um ein fur die
Biomaterialwissenschaften bedeutsames Biopolymer zu erweitern.

Ohne weitere Modifikationen des experimentellen Aufbaus konnten hiermit isotrope
Vliesstoffe erzeugt werden. Mit Einflhrung einer nachgeschalteten, rotierenden Spule als
Faseraufwickelvorrichtung wurde zudem auch die Bildung eines anisotropen Vliesstoffgarns
ermdglicht (Abbildung 12C, Figure 3 und 4 in Teilarbeit 1). Fur das Modell-Polymer THV 221
konnte gezeigt werden, dass der finale Faserdurchmesser von der Flussrate, der angelegten
Luftdruckdifferenz sowie der eingestellten Faseraufwickelgeschwindigkeit abhangig und
zwischen 1,6 und 4,2 pum einstellbar war (Figure 6 in Teilarbeit 1).

Zukunftig konnte dieser hier etablierte Mikrofluidik-Chip herangezogen werden, um auch
Kollagenlésungen zu verspinnen. Vor allem kdnnten die aus der Kollagenlésung resultierenden
Fasern aufgrund der Abwesenheit eines elektrischen Feldes (im Gegensatz zum
Elektrospinnen) nativere Eigenschaften, d.h. einen héheren Anteil an intakten tripelhelikalen

Domaéanen aufweisen.
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Abbildung 12. Mikrofluidisches Faserspinnen mittels der Flissign-Gas Flussfokussierung. (A)
Schematische Darstellung des Mikrofluidik-Chips. Ein (Bio)-Polymerlosungsfleskiset mithilfe eines
Mantelflusses aus Luft den Mikrofluidik-Chip als Fluidstrahl, wodurcKembination mit dem Verdampfen des
Losungsmittels die Faserbildung einset®) Fotographische Darstellung und schematische Abbildung des
eingesetzten Mikrofluidik-Chips, welcher durch Verbindung zweier zueinander kompéesrerHalften
hervorgeht. (C) Fotographische Abbildung des eingesetzten Mikrdf@idips wahrend des Spinnprozesses und
die damit erzielbaren Morphologien Vliesstoffgarn und isotroper Vliesstoff. FiguBeahd parts of 12C are
adapted from Hofmanet al?®* (DOI: 10.1039/C8LCO00304A) with permission from The Royal Society of
Chemistry.

3.1.3 Faserspinnen durch mikrofluidische Flissig- in-Flussig Flussfokussierung

Die Herstellung einer Kollagenendlosfaser beruhte auf der mikrofluidischen Fitisdigssig
Flussfokussierung (Teilarbeit 2). Das grundlegende Design des eingesetzten Mikrofluidik-
Chips basierte auf Vorarbeiten, in denen das Verspinnen einer Losung aus Seidenfibroin des
SeidenspinneBombyx mordemonstriert wurdé®

Der Chip wies eine dreidimensionale Struktur aaofwelcher ein Kollagenlésungsflugs
zentralen Kanal durch zwei rechtwinklig dazu ausgerichtete und zueinander héhenversetzt-
zustromende Mantelflisse hydrodynamisch fokussiert wurde. Diese spezielle Geometrie
reduzierte die Wechselwirkung der entstehenden Kollagenassemblate mit den Kanalwanden,
wodurch das Ausmald an Kanalverstopfungen gesenkt werden konnte.

Zur Kollagenfaser-Herstellung wurde in den Kernkanal eine Losung aus Kollagen Typ | in
Essigsaure bei pH 3 mit einer definierten Flussrate injizieft;,(wohingegen die beiden
Mantelfliisse 8 jeweils aus neutralen Pufferlosungen, pH 8 mit 10 % (w/v) Polyethylenglykol
(PEG) bestanden. Die Interaktion des sauren Kollagenflusseslen beiden neutralen
Pufferflissen am Kanalkreuz fiihrte zu einer Neutralisierung des Kollagenflusses, wodurch die
Bildung von Kollagenfibrillen induziert wurde. Durch die hydrodynamische Fokussierung
wurden die Fibrillen verdichtet und dadurch die intermolekularen Wechselwirkungen erhoht.
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Abbildung 13. Mikrofluidisches Kollagenfaserspinnen mittels Flussign-Flussig Flussfokussierung.(A)
Schematische Darstellung des mikrofluidischen Kollagenfaserspinnens. Der MikrofluigiksQlber Schlauche
mit drei unabhangig voneinander ansteuerbaren Spritzenpumpen verbwetldre eine simultane Dosierung
einer Kollagenldsung mit pH 3 (rot) und zweidentischer Polyethylenglykol-haltiger Pufferldésungen mit pH 8
(blau) ermdglichen. Die Faserbildung wird am Flusskreuz durch die Erhdlespél-Wertes und in Anwesenheit
von Polyethylenglykol induziert. Die dabei entstehenden Fasern werden ins Wassétididreund mit Hilfe
einer rotierenden Spule abgezogen. (B) Eine konstante Kollagenflussrate (hidr:h5) ynd variierende
Pufferflussraten ermdglichen die Einstellung der Durchmesser der ins Wasserbdieezn Fasern. (C) Die
Durchmesser der ins Wasserbad extrudierten Fasern karetigt den Kollagen- und Pufferflussraten. Die
Herstellung mechanisch-stabiler (d.h. abziehbarer) Fasern ist mit einem Kollagendilus50 pl H in
Kombination mit Pufferflussraten zwischen 235 und 550-uidglich (hier durch einen Rahmen verdeutlicht).
(D) Der Durchmesser der trockenen Fasern ist durch die Aufwickelgeschwindigkeit deznadierSpule bei
konstantem Kollagen- und Pufferfluss einstellbar. Adapted with permission ftayml et al?®®> (DOI:
10.1021/acs.nanolett.6b02828 opyright (2016) American Chemical Society.

Die aus dieser Teilarbeit hervorgehenden Kollagenfasern zeichnen sich durch einen homogenen
Faserdurchmesser (Abbildung 14A, Figure 2A und B in Teilarbeit 2) und schwach-ausgepragte,
longitudinal-verlaufende Rillen aus (Abbildung 14A bzw. Figure 2B in Teilarbeit 2), was eine
Orientierung fibrillarer Strukturen vermuten lasst. Anhand der polarisiertern Fourier-Transform
Infrarotspektroskopie (FTIR) konnte eine Orientierung der Kollagenmolekiile in Richtung der
Faserlangsachse bestéatigt werden. Dazu wurden die Kollagenfaserpolarisiertem
Infrarotlicht analysiert, welches entweder parallel oder im rechten Winkel zur Faserlangsachse
eingestrahlt wurde. Hierbei wurden fir diese beiden Einfallswinkel unterschiedliche Amid |
/Amid llI-Bandenflachen-Verhéltnisse erhalten. Diese betrugen 2,7 fur den rechtwinkligen und
1,1 fur den parallelen Einfallswinkel im Vergleich zu 1,7 fur nicht-polarisiertes Infrarotlicht

(Abbildung 14B, Figure 3A in Teilarbeit 2). Die Unterschiede im Absorptionsverhalten gehen
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darauf zurick, dass die Carbonyl-Gruppém Kollagenmolekilen rechtwinklig zur
Molekullangsachse stehen, wodurch diese Eigenschaft gezielt als Indikator far die
Kollagenmolekiil- bzw. Kollagenfibrillenorientierung herangezogen werden Ranty3
Daneben waren die Kollagenfasern erstaunlicherweise zugfest und elastisch genug, um
handisch geknotet zu werden (Abbildungdl4igure 2A in Teilarbeit 2).

Abbildung 14. Morphologische und spektroskopische Charakterisierung der Kollagenfasern(A)
Rasterelektronenmikroskopische (REM) Aufnahme einer Kollagenfaser. Die Kollagentafiéobie ist im
kleinen Bild oben-links ersichtlicitHandisch-gefertigter Knoten in der Kollagenfaser (kleines Bild unten-rechts).
(B) Fourier-Transform Infrarot (FTIR)-Spektren einer Kollagenfaser nach Amatyis unpolarisiertem oder
polarisiertem LichtPolarisiertes Infrarotlicht wurde entweder im rechten Winkel oder parallel zemn&agachse
eingestrahlt. Adapted with permission from Haytlal?®> (DOI: 10.1021/acs.nanolett.6b0282&opyright
(2016) American Chemical Society.

Zur Analyse der mechanischen Eigenschaften wurden Zugprifungen bei einer rrelative
Luftfeuchte von 30 % durchgefuhrt. Dabei wurde eine Zugfestigkeit von 383 + 85 MPa, eine
Bruchdehnung von 25,0 + 3,7 % und ein E-Modul von 4138 + 512 MPa ermittelt, wodurch eine
Zahigkeit von 52,9 + 14,7 MJ thresultierte. Die Zugfestigkeit uncheE-Modul waren damit
signifikant hoher im Vergleich zu den mechanischen Eigenschaften nassgesponnener
Kollagenfasern aus vorherigen Studien (Tabélle 4

Zum mikrofluidischen Kollagenfaserspinnen wurde eine Konzentration von 0,48 % (w/v)
eingesetzt, welchen Vergleich zu den Konzentrationen in Nassspinnverfahren geringer war
Vergleichsweise niedrigere Kollagenkonzentrationen und damit niedrigere Viskositaten haben
zur Konsequenz, dass die Entschlaufung einzelner Kollagenmolekule effizienter erfolgt und
eine dicht gepackte Anordnung ausgerichteter Kollagenmolekiile realisierbarefvwd,
wodurch die intermolekularen Wechselwirkungen zunehmen (und damit die mechanische
Stabilitat). Analog zu fritheren Studien mit Zellulosenanofibrillen bewirkt vermutlich auch die
hydrodynamische Fokussierung eine Zunahme der intermolekularen Wechselwirkungen durch
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Verdichtung und Ausrichtung der Kollagenfibrillét. 252 Die geringer eingesetze
Kollagenkonzentration in Kombination mit den geringen Dimensionen der Mikrofluidikkanale
fuhrtenschlief3lich auch zu Fasern mit einem signifikant geringeren Durchmesser im Vergleich
zu nassgesponnenen Kollagenfasern. Durch die dabei kl€sseuerschnittsflache wird die
Wahrscheinlichkeit fir Materialdefekte, wie beispielsweise Luft- oder Fremdpartikel-
einschlusse, Kettenverschlaufungen und -abbriche minimiert, welches im Allgemeinen eine

Erhohung der Zugfestigkeit bewirkt’ 294

Tabelle 4 Mechanische Daten von Kollagen Typ I-FaserrAlle hier aufgelisteten Daten gehen aus technischen
Spannungs-Dehnungs-Kurven von trockenen und nicht-nachbehandelk@geKdryp I-Fasern hervor (aus den
Studien wurden die mechanischen Werte der Kollagenfasern mit der jeweils hochstestigkgjt zitiert).
Tabelle basierend auf Hayetal.2%>.

Kollagenfaser Bruchdehnung Zugfestigkeit E-Modul Durchmesser ko}:gleli?r(;?i;)n
(%] [MPa] [MPa] [um] img mL1]

Mikrofluidik:

Haynl et al, 2016%° 25,0+ 3,7 383 85 4138 + 512 3,712 4.8
Nassspinnen:

Dunnet al, 19937 - 8160 - §20,0 10,0
Cavallaroet al, 19941° - 224 +19 - - 0 5,0
Zeugoliset al., 20082¢ 27,0+ 50 208 + 57 1580+£490 1190+ 150 6,0
Siriwardaneet al, 201422 18,4+49 262 £ 62 1265+ 171 46,5+ 10,9 7,5
Arafatet al, 201514 - 72 2200 §80,0 12,0
Huanget al, 201833 8175 313 5849 36,9+ 4,5 10,0

Aufgrund der hervorragenden mechanischen Eigenschaften der Kollagenfasern aus dem
mikrofluidischen Faserspinn-Verfahren waren keine nachfolgenden Vernetzungsreakitonen
gegebenenfalls potenziell zelltoxischen Reagenzien (wie Glutaraf@8roder der Gefahr der
Denaturierung der tripelhelikalen Kollagendoméanen (wie im Fall der Dehydrothermalen
Behandluné®? erforderlich.

Die dynamische Differenzkalorimetrie (DSC) zeigte eine Denaturierung der tripelhelikalen
Kollagendoménen in den Fasern bereits bei 59 °C (Figure 4B in Teilarbeit 2). Daher kdnnen
diese Kollagenfasern fur biomedizinische Anwendungen oder in der Gewebeneuziichtung ohne
Verlust der nativen Strukturen eingesetzt werden. Die Verarbeitung dieser Fasern zu Garnen

oder zu hoherstrukturierteren Geweben durch beispielsweise Weben, Stricken oder Sticken
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sollte jedoch unterhalb von 59 °C durchgefihrt werden, um die kollagentypischen

Eigenschaften der Fasern in vollem Umfang zu gewahrleisten.
3.1.4 Zellkulturversuche mit neuronalen Zellen

Die mittels Mikrofluidik hergestellten Kollagenfasern wurden in Zellkulturexperimenten mit
der neuronalen Zelllinie NG108-15 getestet. Dazu wurden die Fasern mit den Zellen besiedelt
und nach erfolgter Differenzierung untersucht (Teilarbeit 2 und 3).

Durch Anfarbung der Zellkerne mit dem FluoreszenzfarbstoffDiamidin-2-phenylindol
(DAPI) wurde eine gute Adhasion der Zellen auf den freistehenden Fasern beobachtet
(Abbildung 15A, Figure 5A und C in Teilarbeit 2). Anschlieend wurde das Pfe#ibulin

[l mittels Antikorper-Farbung visualisiert, welches in neuronalen Zellstrukturen prominent
vertreten is€® Eszeigte sich dabei, dass die Zellen nicht nur adhérierten, sondern auch Neurite
ausbildeten, welche entlang der Faserlangsachse orientiert vorlagen (Abbildung 15B, Figure 5
E in Teilarbeit 2, Figure 3 in Teilarbeit 3). Die gute Orientierung der Neurite war auf das geringe
Verhaltnis von Kollagenfaserdurchmesser zu ZellsomagrofRe zurlickzufihren, da bereits in
vorhergehenden Arbeihin einem gewissen Bereich eine indirekte Proportionalitat zwischen
dem Faserdurchmesser und der longitudinalen Ausrichtung von Zellen und ihrer Fortsatze
gezeigt wurde?> 265 266

Uberdies konnte in differenzierten NG108-15 Zellen auf Kollagenfasern die Expression des
SNAP-25 Proteins beobachtet werden (Figure 4F in Teilarbeit 3), welches entscheidend an der
exozytotischen Freisetzung der Neurotransmitter in den synaptischen Spalt B&téfigind

als Indiz fir das Vorhandensein funktioneller Synapsen aufzufassen ist.

Um die elektrophysiologische Funktionalitat der NG108-15 Zellen auf den Kollagenfasern zu
beurteilen und die neuronale Erregbarkeit sowie die Befahigung zur Ausbildung von
Aktionspotenzialen zu untersuchen wurdeatch ClampAufnahmen im Ganzzell-Modus
(engl.whole-cell patch clam)pgeneriert (Figure 4G in Teilarbeit 3). Hier zeigte sich, dass die
Zellen voll funktionstiichtig waren und Aktionspotenziale ausbildeten.

Aufgrund dieser Resultate sind die Kollagenfasern fir den Einsatz als Orientierungsstruktur in
Nervenleitschienen pradestiniert. Daher wurden die Kollagenfasern in eine ebenso
biokompatible und differenzierungsférdernde RoOhre aus einem Vliesstoff aus dem
rekombinanten Spinnenseidenprotein eADF4(C16)RGD gefillt (Abbildung 15C, Figure 5 in
Teilarbeit 3). Die dadurch hervorgehende Nervenleitschiene wurde anschlrai?é@108-

15 Zellen legedelt.
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Hierbei wurde festgestellt, dass die NG108-15 Zellen auf den Kollagenfasern auch im Inneren

der Vliesstoffrohre Neurite ausbildeten (Figure 6 in Teilarbeit 3).

Abbildung 15. Kollagenfasern in neuronalen Zellkulturexperimenten. (A) < -Diamidin-2-phenylindol
(DAPI)-gefarbte Zellkerne (blau) veranschaulichen die Adhésion von NG10&llEn Auf Kollagenfasern. Der
Pfeil verdeutlicht die Ausrichtung der Kollagenfasern. (B) Expression3@uabulin Il (grin) in NG10815
Zellen auf KollagenfasernDie Pfeile markieren faserlangsachsig-orientierte Neu(ifd. Rasterelektronen-
mikroskopische (REM) Aufnahme einer Nervenleitschiene bestehend aus einem zuR&imer geroliten
Vliesstoff aus dem rekombinanten Spinnenseidenprotein eADF4(C16)R@Rollagenfasern als Fillmaterial.
Adapted with permission from Hayat al?8® (DOI: 10.1021/acs.nanolett.6b02§280pyright (2016) American
Chemical Society. Adapted with permission from Paetaal?®® (DOI: 10.1021/acsabm.9b00628&opyright
(2019) American Chemical Society.

Die erzielten Ergebnisse lassen schlussfolgern, dass die hier hergestellten Kollagenfasern ein
vielversprechendes Material fir die periphere Nervenreparatur ltemste

Als Alternative zu bereits vorgefertigten Vliesstoffrohren aus rekombinanter Spinnenseide
wurden auch Rohren aus einem selbstrollenden Film in Teilarbeit 4 getestet. Die Fahigkeit von
Chitosanfilmen zur Selbstrollung, welche durch Kontakt mit dem Zellmedium induziert wird,
ermdglicht einen schonenden und homogen-verteilten Einschluss der sich urspringlich im
Zellmedium-befindlichen Nervenzellen (hier: PC-12 Zellen). Durch Modifikation der
Rohreninnenwananit a) einer Beschichtung aus dem bioaktiven eADF4(C16)RGDnib)
einem anisotropen Vliesstoff aus eADF4(C16) sowiedem Einschluss c) eines anisotropen
Kollagen-Kryogels als Fullmaterial (Figure 1 und 2 in Teilarbeit 4) konnten die Nervenzellen
im Inneren der modifizierten Rohren differeneieiund die Strukturierung ermdglichte eine
Ausrichtung der Neurite entlang der anisotropen Strukturen des Vliesstoffs bzw. des Kryogels
(Figure 3 in Teilarbeit 4).
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3.2 Analyse natirlicher Biopolymerfasern : Spinnenseide von S. formivorus

In Teilarbeit 5 wurde as morphologisch-einzigartige Spinnenseidennetz 8orformivorus
untersucht. Dieses bestand aus einem Geflecht aus vernetzten Seidenstrangen variablen
Durchmessers (Abbildung 16A, Figure 1a in Teilarbeit 5). Bei genauerer Betrachtung mit dem
Rasterelektronenmikroskop (REM) wurden im Netz zwei Fasertypen identifiziert, welche sich
maf3geblich in ihren Durchmessern unterschieden und in Mikrofasern und Submikrofasern
eingeteilt werden konnten (Figure 1d und f in Teilarbeit 5). Herausstehende Seidenstrange des
Netzkorpers (Abbildung 16A Kastchen und 16B, Figure 1a und g in Teilaji®glichen

die Fixierung des Netzes mit den Umgebungsstrukturen und offenbaren, ebenso wie auch die
Seidenstrange des Netzkorpers, eine zweiphasige Querschnittsstruktur (Abbildung 16C, Figure
1h in Teilarbeit 5). Diese besteht aus den longitudinal-ausgerichteten Mikrofasern, welche in
einer Matrix aus den ebenfalls longitudinal-ausgerichteten Submikrofasern eingebettet sind (im
Folgenden: Verbundfaser). Die Mikrofasern zeigbemchmesser von 2-4 um, wohingegen die

Submikrofasern im Durchmesser ca. 400 nm betrugen.

Abbildung 16. Morphologie eines Spinnenseidennetzes v@& formivorus (A) Fotographische Darstellung
eines Netzes voB. formivorus (B) Rasterelektronenmikroskopische (REM)-Aufnahme eines herausstehenden
Seidenstrangs basierend auf der Kennzeichnung in ADIEREM-Aufnahme eines Seidenstrangquerschnitts
zeigt einen zweiphasigen Aufbau aus einzelnen Mikrofasern, die in einer Matrixlaugk®dasern eingebettet

sind (Pfeil markiert eine Mikrofaser, Sternchen weist auf die Ansammlung vanilSolasern hin) Adapted

from Haynlet al°” (DOI: 10.1038/s41598-020-74469-z) with permission of Springer Nature.
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Neben der morphologischen Einzigartigkeit weisen die Netze eine aul3ergewohnliche
Formstabilitat auf. In Zugprtfungen der herausstehenden Verbundfasern, entnommen aus zwei
individuellen Netzen, wurden Werte fur die Bruchdehnung, Zugfestigkeit, E-Modul und
Zahigkeit entsprechend Tabelle 5 (Figure 3 und Tabelle 1 in Teilarbeit 5) ermittelt.

Tabelle 5. Mechanische Eigenschaften der herausstehenden Verbundfasern zweier individueller Netze (#
und #2) vonS. formivorus(z Standardabweichung) Die Werte dieser Tabelle entstamnvesthren Spannungs-
Dehnungs-Kurven

Seidennetz Bruchdehnung Zugfestigkeit E-Modul Zahigkeit
[%0] [MPa] [GPa] [MJ m 9|

#1 174 314 +75 6,2+1.2 38+ 12

#2 15+6 271 £ 95 43+1.6 27+ 15

Die Zugfestigkeit und das E-Modul der Seidenstrange wageifikant geringer als bdélajor
Ampullatg® 124 126 301 ynd Minor AmpullateSeidé* 124 392yon Radnetzspinnen. Auch zeigten

die Verbundfasern nicht die stark-ausgepragte ElastizitatRlagelliform Seide3* 124 303
Allerdings ergab sich, dass die Verbundfasern in Abhéngigkeit ihres Durchmessers laterale
Belastungngut aufnehmen konnten. Die maximalen Belastungskréfte lagen fur reprasentative
Verbundfasern eines Netzes zwischen 19 und 625 mN und Ubertrafen damit die Werte der
Major AmpullateSeide der Modell-RadnetzspinNephila edulig(25 - 107 mN) (Figure 3 in
Teilarbeit 5).

Die in dieser Studie identifizierten strukturellen, molekularen und mechanischen Eigenschaften
der Seide vors. formivoruskonnten eine Basis fur zukinfige Entwicklungen auf dem Gebiet
von Fasermaterialien darstellen, welche sich durch eine verbesserte Stabilitdt gegenuber
lateraler Belastung auszeichnen sollen.

Auch aus biologischer Sicht ist das Netz Wrformivorusiul3erst interessant, da es nicht nur
zum Beutefang dient, sondern auch gleichzeitig als Eierkokon eingesetzt wird (Figure 1i in
Teilarbeit 5). Die zwei identifizierten Spinnenseidentypen ahneln in ihren Faserdurclrmesser
tatsachlich der dickerefmubuliform und dunnerericiniform Seide der Eierkokons anderer
Spinnenarten, wie z.B. voArgiope bruennichi(7-8 pum und 600 nm¥f* von Latrodectus
hesperug4-5 um und 500 nmM$> und vonArgiope aurantia(5-10 pm und 100-200 nm§®

Auch der Verlauf der Spannungs-Dehnungs-KurvenSdd¢ormivorusverbundfasern (Figure

3e in Teilarbeit 5) besitzt ahnliche Merkmale wie der VabuliformundAciniform Seide von
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Radnetzspinnetf: 124 Daher wird vermutet, dass die Kérbchennetze Buisuliform und
Aciniform Seide bestehen und urspriinglich als reine Eierkokons fungierten, welche im Lauf

der Evolution zum Beutefang ausgebaut wurden.
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We present a microfluidic nozzle device for the controlled continuous solution blow spinning of ultrafine

fibers. The device is fabricated by soft lithography techniques and is based on the principle of a gas d y-
namic virtual nozzle for precise three-dimensional gas focusing of the spinning solution. Uniform fibers
with virtually endless length can be produced in a continuous process while having accurate con trol over

the fiber diameter. The nozzle device is used to produce ultrafine fibers of perfluorinated copol

ymers and

of polycaprolactone, which are collected and drawn on a rotating cylinder. Hydrodynamics and mass ba |-

ance quantitatively predict the fiber diameter, which is only a function of flow rate and air pressure
small correction accounting for viscous dissipation during jet formation, which slightly reduces
locity. Because of the simplicity of the setup, the precise control of the fiber diameter, the po

ity of the exiting ultrafine fiber and the potential to implement arrays of parallel channels for hig
put, this methodology offers significant benefits compared to existing solution-based fiber p
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Introduction

Solution blow spinning is a technique that is used to produce
micro- and nanofibers. 12 Especially ultrafine fibers and nano-
fibers have widely gained interest because of their unique me-
chanical properties and high surface to volume ratio, with ap-
plications in protective clothing, ° air filtration, * the controlled
release of drugs?® as wound dressings for skin regeneration,®
and for tissue engineering.”® Solution blow spinning com-
bines concepts from melt blowing, solution spinning and
electrospinning. It makes use of a concentric nozzle with two
coaxial channels to inject a polymer solution through the in-
ner channel into a high velocity gas flow from the surround-
ing outer channel.* Pressurized air confines the polymer solu-

2Department of Physical Chemistry I, University of Bayreuth, 95440 Bayreuth,
Germany

b Julich Centre for Neutron Science (JCNS-1/ICS-1), Forschungszentrum Jilich
GmbH, 52425 Jilich, Germany. E-mail: s.foerster@fz-juelich.de;

Fax: +49 2461 61 2610; Tel: +49 2461 61 85161

®Department for Biomaterials, University of Bayreuth, 95440 Bayreuth, Germany
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T Electronic supplementary information (ESI) available: Video of fiber spinning,
slow-motion video of jet exiting the nozzle, calculation details, practical guide.
See DOI: 10.1039/c8Ic00304a
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, with a

the jet ve-
sitional stabil-
h through-
roduction

tion to generate a fine liquid jet. During jetting, the solvent
evaporates and a solid polymer fiber forms which can be col-
lected on a target?!

As the main parameters, which influence the spinning pro-
cess, are very similar for solution blow spinning and electro-
spinning, the micro- and nanofibers produced by these two
techniques are equivalent in size and morphology.* Electro-
spinning uses electrostatic forces, while solution blow spin-
ning uses pressurized gas to generate a liquid jet® Surface
tension is the main driving force for jet instability and
breakup. It reduces the surface area per unit mass by trans-
forming the jet into spherical droplets with a smaller overall
surface areal! Conversely, viscosity resists rapid changes in
shape, so that an increasing viscosity slows down the defor-
mation and breakup of the polymer jet and thus favors forma-
tion of continuous fibers. ** The viscosity of polymer solutions
is strongly influenced by both concentration and molecular
weight which affect the number of chain entanglements. 2
The entanglement number eventually determines whether a
spray, a spindle-knotted fiber or a uniform fiber is obtained. 2
Further, a solvent with high vapor pressure is necessary as
during fast solvent evaporation there is less time for flow in-
stabilities to develop that deform the jet while spinning. For
electrospinning specific additional parameters are the electric
voltage and the net charge density, whereas for solution blow
spinning flow rate and air pressure define fiber diameter and
morphology. 1-+314

Lab Chip, 2018, 18, 22252234 | 2225
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Solution blow spinning is an inexpensive technique that
can be realized in a simple and compact setup. Compared to
electrospinning, a higher rate of fiber production is possible,
and there are fewer restrictions on the electrical properties of
the polymer solution such as conductivity and dielectric con-
stant.»*®16 Scaling-up by the use of multiple nozzles is possi-
ble, and the method has already demonstrated unique possi-
bilities as for the fabrication of non-woven meshes that can be
directly formed on tissue cultures or living tissue, *° or for the
coating of the internal side of tubular vascular prosthesis. **

Electrospinning has gained wide attention due to its versa-
tility in spinning a large variety of polymeric fibers, 1 such that
the influence of solution properties, electric potential and spin-
ning parameters have already been well investigated:3-141%-24
Since solution blow spinning is a much younger technique,
there are much fewer studies dealing with the prediction and
control of fiber diameter and morphology. 22527 Oliveira et al.
showed a strong influence of flow rate, air pressure, concentra-
tion and viscosity,* whereas Wojasi ski et al. did not observe
any influence of processing parameters other than solution
concentration in their study. 26 Sinha-Ray et al. developed a
complex theoretical model of the solution blowing process
showing that reasonable agreement with the experimental data
could be observed for the predicted fiber-size distribution. 28
Thus, there still is a considerable lack of knowledge to predict
and control the fiber diameter in solution blow spinning, and
experimental results are partially contradicting. 1:*%:262°

Microfluidic technology has not yet been used for solution
blow spinning. The key element of the spinning process is
the nozzle, for which microfluidic technology offers the pos-
sibility to use design principles based on the gas dynamic vir-
tual nozzle-principle (GDVN) which would for the first time
allow a precise control of the jet and thus the fiber diameter.
The physics of the GDVN-principle to generate capillary jets
was developed by Gafan-Calvet al. This study used a simple
plate-orifice geometry to create liquid jets and formulated a
predictive model for the jet diameter. 32 In the model, the
pressure difference imposed in axial direction, transmitted to
the liquid stream by normal surface stress, is converted into
kinetic energy to accelerate the fluid. With the assumption
that viscous and capillary forces are sufficiently small com-
pared to the liquid inertia, the jet diameter can be calculated
in very good approximation.®® The nozzle shape determines
the boundaries of the stability and can be used to decrease
jet diameters.'® While Gafian-Calvoet al. started their investi-
gations with the plate-orifice geometry, 313334 |ater on, the
converging-diverging nozzle made of glass capillaries was ex-
amined,°3® and Trebbin et al. developed a microfluidic noz-
zle device for generating liquid jets. 3¢

Here we demonstrate that microfluidic nozzle devices
based on the GDVN-principle can be used for continuous solu-
tion blow spinning with excellent prediction and control of the
fiber diameter. The microfluidic device was made of
poly dimethylsiloxane) (PDMS), which enabled a fast and easy
reproduction by replica molding. In an alteration of Trebbin
et al.'s nozzle design2® the air flow focuses the polymer solu-

2226 | Lab Chip, 2018, 18, 22252234
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tion from an orthogonal direction. We demonstrate continu-
ous stable spinning conditions at rates of 5-10 m s for
perfluorocopolymer and polycaprolactone solutions to produce
ultrafine fibers with endless length and narrow size distribu-
tion. Thus, for the first time the fiber diameter can be precisely
controlled by air pressure and solution flow rate in very good
agreement with theoretical predictions, which now enables a
rational, controlled and reproducible fabrication of endless fi-
bers of the desired diameter by solution blow spinning.

Results and discussion
Fabrication and design of the nozzle device

The microfluidic nozzle devices for fiber spinning were fabri-
cated by using established photolithography and soft lithogra-
phy techniques.®"° In the first step of this sequence, a micro-
structured master was created which acted as a molding tem-
plate for poly dimethylsiloxane) (PDMS) subsequently. Multiple
microfluidic chips could be produced from one single PDMS
cast, which was divided into individual parts. After cutting,
punching inlet ports and thorough cleaning with propan-2-ol,
two matching parts were treated with air plasma, aligned accu-
rately and permanently bonded. A schematic overview of the
fabrication process is shown in Fig. 1. The final microfluidic
chip contained a nozzle array with four separate nozzles side
by side. Each nozzle had two inlet ports. One was connected
to pressurized air, whereas the other was connected to a
syringe pump containing the polymer solution.

As shown previously® the GDVN-principle can be well
used to focus a polymer solution into a liquid jet and encase
it with a high-velocity air flow. In contrast to solution blow
spinning with a concentric nozzle, *° the inner nozzle, deliver-
ing the polymer solution, is not protruding with respect to
the outlet of the compressed air. Within the microfluidic noz-
zle, the air stream is approaching perpendicularly from the
sides. To ensure a complete three-dimensional focusing from
every direction, also from above and below, the nozzle design
is composed of multiple stacked layers to mimic a concentric
nozzle. Therefore, two individually structured PDMS halves
need to be combined into one microfluidic nozzle device. A
precise alignment of these two parts is crucial for accurate
nozzle geometry, but can easily be accomplished by inte-
grated orientation structures, which hold both halves in
place. The multi-layer architecture of the microfluidic nozzle
device is shown in Fig. 2, where all relevant design parame-
ters, listed in Table 1, are also depicted.

The nozzle design can easily be adapted, since master fabri-
cation is a rapid prototyping process. In combination with
PDMS, replica molding has a high reproducibility because the
same master can be used repeatedly. As all nozzles are almost
identical and also fast and simple to produce using soft lithog-
raphy, the microfluidic chips are disposable consumables. The
use of PDMS as chip material has benefits like transparency in
UV-visible regions, compatibility with aqueous and polar sol-
vents and chemical inertness.** However, if polar solvents are
used, the PDMS needs a surface modification or coating*?

Thisjournal is © The Royal Society of Chemistry 2018
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Fig. 1 Microfluidic nozzle devices for solution blow spinning are fabricated by using standard photolithography and soft lithography techniques.
At first, a structured master is produced, which acts as a casting template for polydimethylsiloxane (PDMS). After curing, a microfluidic device is
prepared by bonding two precisely tailored PDMS halves. Water is used as a lubrication agent to facilitate the precise alignment.

Spinning process and sample collection

In order to quantitatively investigate the conditions for con-
tinuous solution blow spinning, a reliable and steady jetting
of the polymer solution was necessary. For this study, a spe-
cial grade perfluorocopolymer (THV 221 from 3M Dyneon, ab-
breviated as THV) was used, which is soluble in acetone be-
cause of the relatively high amount of vinylidene fluoride. *344
Due to its fluorinated components, THV has great non-
sticking properties to PDMS, which leads to a very stable spin-
ning process. Acetone is well-suited as a solvent because of
the high vapor pressure (240 hPa at 20°C).*® This results in a
high evaporation rate of the solvent from the jetted polymer
solution preventing jet instabilities to develop, which would
lead to non-uniform fibers or alternatively to spraying or to
discontinuous fibers. For comparison, a poly caprolactone)
(PCL) solution was spun using the microfluidic device in a
similar manner but with hexafluoroisopropanol (HFIP) as a
solvent.

High-precision syringe pumps were used to ensure a con-
stant flow rate Q of the spinning solution. The pressure differ-
ence p between the compressed air and atmospheric pres-
sure was adjusted by a pressure controller with a manometer.
Employing suitable values for these parameters, uniform fi-
bers could be produced by jetting the polymer solution out of
the nozzle device in a steady process. While jetting through
the air for a certain distance, the solvent evaporates, the fiber
solidifies and could be collected on a cork spool. Both the
working distance ds between the nozzle and the spool and the
rotational speed of the spool were adjustable. By changing the

This journal is © The Royal Society of Chemistry 2018

rotational speed, different drawing speeds vs could be applied
during the spinning process. Fig. 3 shows the spinning pro-
cess (3A) and the setup for sample collection (3B). The jetted
fiber exits in a very narrow cone of only a few degrees and can
be collected on a spool, where it forms a strand of parallel fi-
bers forming a torus (Fig. 3C). All fiber samples were investi-
gated by scanning electron microscopy (SEM) to determine
the quadratic mean (root mean square, RMS) and the stan-
dard deviation (SD) of the fiber diameter by evaluating multi-
ple images statistically (see ESY).

Under stable spinning conditions, continuous fibers of
2.3 km length (5 min) and of narrow size distribution could
be produced. The histogram in Fig. 4D confirms the narrow
size distribution. The evaluation of 368 single fibers resulted
in a mean diameter of 2.1 + 0.3 m for the following process-
ing parameters: Q= 1.0 mLh? p=20bar,vs=77ms?

ds =8 cm, 20% (w/w) THV in acetone.

This successful application of a microfluidic nozzle design
for the continuous production of fibers could, in principle,
be extended to bio-based nanofibrils which have recently
been demonstrated to be a promising material in fiber spin-
ning technology.“® This would only require a flow-focusing
section prior to the gas virtual nozzle section, which has been
recently demonstrated.3®

Surface structure of fibers

The SEM images also reveal the morphology and surface
structure of the THV fibers for all different sets of parame-
ters. In Fig. 4A, the fiber sample is collected as a non-woven

Lab Chip, 2018, 18, 22252234 | 2227
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Fig. 3 Photos illustrating the process of spinning and collection of the
fiber samples. The polymer solution is jetted out of the microfluidic
device (A). While the jet travels through the air, the solvent is
evaporating, and a solid fiber is forming, which is collected on a
rotating cork spool (B). Afterwards, the fibers are bundled into a strand
by carefully pushing them together (C).

small cavities with almost circular shape which emerge dur-
ing solvent evaporation through the outer shell of the fiber,
similarly as for electrospun fibers. Fibers with smooth sur-
faces are obtained when using solvents with lower vapor pres-
sure. Fig. 5A shows an example of a fiber with smooth surface
structure, which was spun from a 20% (w/v) solution of
poly caprolactone) (PCL) in hexafluoroisopropanol (HFIP).

Fig. 2 The microfluidic device contains an array of four identical
nozzles. Each nozzle is constructed with multiple layers on two
individually structured halves, which need to be aligned precisely. Only
this multi-layer architecture enables a complete three-dimensional fo-
cusing of the spinning solution by a surrounding air flow. Black arrows
indicate the inlets of the pressurized air and a white arrow denotes the
inlet of the polymer solution. Relevant design parameters are indicated
in the SEM images of the nozzle (also see Table 1).

mesh on a plate, and in Fig. 4C as a strand of fibers on a
spool. As shown in Fig. 4B, the fiber surface texture exhibits

Table 1 List of relevant design parameters for the nozzle layout along
with the target size in CAD software and the actually measured size in

SEM

Parameter Target size Measured size (SEM)  Fig 4 SEM images of a non-woven mesh collected on a plate (A) and
Nozzle width n,, 30 m 32 m close-up image of the surface structure of the fiber (B) for 2.0 mL h 4
Nozzle height ny, 30 m 28 m 2.0 bar, 8 cm, 20% (w/w) THV in acetone, 3.7 * 0.7 m; strand of fibers
Air channel width ¢, 30 m 34 m after collection on a spool (C) and histogram showing the distribution
Aperture width a,, 30 m 31 m of fiber diameters (D) for 1.0 mL h % 2.0 bar, 7.7 m's %, 8 cm, 20% (w/
Aperture length a 50 m 45 m w) THV in acetone, 2.1 £ 0.2 m.

2228 | Lab Chip, 2018, 18, 2225-2234 This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Different morphologies of polycaprolactone fibers that can be
achieved: SEM image of (A) smooth fiber (0.5 mL h % 2.5 bar, 5.5ms %,
10 cm, 20% (w/v) PCL in HFIP, 2.3+ 1.1 m) and (B) spindle-knotted fi-
ber (1.0mL h %, 2.0 bar, 10.3 m s %, 10 cm, 15% (w/v) PCL in HFIP).

Using a 15% (w/v) solution of PCL in addition to the
slower evaporation rate caused by the lower vapor pressure of
HFIP of 160 hPa (20°C)*’ leads to a varying fiber diameter
showing spindle-knotted fiber morphology (Fig. 5B) since
there is more time for jet instabilities to develop. In general,
as for electrospun fibers, spindle-knotted fibers could be use-
ful for water collection in technical processes. “4°° As a reme-
dial measure, the overall evaporation time can be reduced by
generating smaller jets which reduces the diffusion distance
or by increasing the temperature. When the drawing speed
was increased, the cavities on the THV fibers became more
elongated, confirming that the fiber is stretched during jet-
ting while forming between nozzle and spool.

Control of fiber diameter

A major aim of our investigation was to quantify the influ-
ence of the main spinning parameters on the fiber diameter
to develop a fundamental understanding of the spinning pro-
cess, and to establish a precise prediction of the fiber diame-
ter. Therefore, an equation for calculating the fiber diameter
dr was derived, based on the conservation of volume of the
THYV polymer in the spinning solution and the final fiber.

The fiber diameter is only depending on the flow rate Q,
the fiber velocity v and the volume fraction of THV + in the
polymer solution. A detailed derivation of eqn (1) can be
found in the ESI.T

@

For a given polymer solution with a certain concentration,
the fiber diameter is only proportional to Q%2 and v; ¥2. The
velocity of the fiber v; is supposed to be equal to the velocity
of the jet v;, which is determined by the pressure drop p of
the compressed air. Alternatively, if the drawing speed vs ap-
plied to the fiber by the rotating spool is even faster, the final
diameter is determined by the drawing speed while collecting
the fiber.

This journal is © The Royal Society of Chemistry 2018
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A connection between the jet velocity v; and the pressure
difference p can be established by Bernoulli's equation for
incompressible flows by comparing the two states inside the
nozzle and inside the liquid jet.

®)

Egn (3) shows, that the velocity increases in proportion to
p¥2. If we assume that the acceleration of the jet and the
evaporation of the solvent happen successively, the mass den-
sity o of the polymer solution stays constant while the jet is
accelerated. We note that in this consideration, the loss of ki-
netic energy due to viscous dissipation and shear stress is
neglected3! As a result, eqn (4) connects the fiber diameter

to the pressure difference, showing a proportionality of
1/4
p -

(4)

Gaféan-Calvo postulated an equation for the diameter of a
jet d; in the plate-orifice geometry using the GDVN-princi-
ple.®* Trebbin et al. showed that this model can also be ap-
plied to microfluidic nozzle devices. 3°

®)

The comparison between eqn (4) and (5) illustrates that the

fiber diameter differs just by the term /¢, from the Gafian-

Calva®® equation for the jet diameter. The factor ¢, takes ac-

count of the evaporation of the solvent causing the shrinkage
in diameter.

(6)

The main spinning parameters were varied systematically
to verify the proportionalities of flow rate, pressure difference
and drawing speed. Therefore, different combinations for a
20% (w/w) solution of THV 221 in acetone were tested with
flow rates between 1.0 mL h ! and 4.0 mL h * and the draw-
ing speed ranging from 5.5 m s ! to 15.5 m s * at a constant
pressure difference of 2.0 bar and a working distance of
8 cm. Additionally, the flow rate and the air pressure were
varied between 1.0 mL h' and 3.0 mL h %, respectively be-
tween 1 bar and 2.5 bar at a constant drawing speed of 7.7 m
s ' and a working distance of 8 cm. The fiber diameter was
ranging from 1.6 mto 4.2 m, as shown in Fig. 6.

Lab Chip, 2018, 18, 2225-2234 | 2229
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Fig. 6 Graphs showing the mean diameter of the THV fiber samples as a function of the investigated process parameters (flow rate (A and C),
drawing speed (B) and pressure difference (D)). Dashed lines indicate the predicted fiber diameters according to eqn (7) and (8).

When performing a linear regression with the logarithmic
values of the fiber diameter and the varied process parame-
ter, the slope should be equivalent to the exponent of the cor-
responding parameter. The values for the linear regression
are summarized in Table 2. The experimentally determined
exponents coincided very well with the postulated power laws
in egn (1) and (4). This confirms that the assumed correla-
tions are correct.

We noted above that the loss of kinetic energy due to vis-
cous dissipation and surface tension were neglected in the
derivation of egn (1) and (4). In this light we introduced a
factor fgc for the fiber diameter derived in egn (1), and a fac-
tor fap in eqgn (4) to account for systematic deviations be-
tween calculated and measured fiber diameters.

™

®

The values of the parameters were determined by linear

regression with the slopes fixed to the theoretical values. As

2230 | Lab Chip, 2018, 18, 22252234

shown in Table 2 we thus obtained values of fgc = 0.91 + 0.04
and fap = 1.55 + 0.08. The correction factorfgc for di(Q, vs) is
close to 1, confirming the excellent applicability of eqgn (1),
which is based on the conservation of volume.

The graphs in Fig. 6 show a very good agreement between
the measured fiber diameters and the calculated values from
eqgn (7) and (8). The determined exponent of p deviates
moderately from the theoretical one of 0.25. We note that
the drawing speed vs can only be used for the fiber velocity
v;, if it is faster than the velocity of the jet exiting v; the noz-
zle. In this experiment, this is valid for all tested drawing
speeds except the slowest one with 5.5 m s*. The jet velocity
at the pressure difference of 2.0 bar is 6.1 m s* as shown
with a high-speed camera (see Fig. 8).

In contrast, when calculating the fiber diameter d:(Q, p)
with egn (4), based on pressure difference and flow rate, the
fiber diameter is around 1.55-times larger than the expected
one. A larger fiber diameter is an indication for a slower jet
and fiber velocity. As a consequence, the specific internal en-
ergy is not completely converted into specific kinetic energy
and the jet is less accelerated. The finite energy loss due to
viscous dissipation of the polymer solution is determined in
the subsequent section.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Results for the linear regressions of the fiber diameter support the power laws for the correlation with the tested processing parameters

First linear regression

Second linear regression

Equation Expected slope Calculated slope Correction term Correction factor
logd; = logC + logQ c=+0.5 0.43 + 0.07 lodsc = 0.041 + 0.019 fac = 0.91 + 0.04
logd; =logB logv b= 05 0.42 £ 0.05
logd; = logD +d x log Q d=+0.5 0.48 + 0.05 lodap = 0.192 + 0.022 fap = 1.55 + 0.08
logd; =logA axlog p a= 0.25 0.13 + 0.07

Measurement of jet diameter

If there is an incomplete conversion of specific internal en-

ergy to specific kinetic energy, the measured jet diameters
should be systematically larger than the calculated ones.
Therefore, the jet diameter was investigated by optical
microscopy and the results are reported in Fig. 7. The same
trend as for the fiber diameter could be observed, which is
shown by the graph in Fig. 7.

©

Fig. 7 Jet diameter of a 20% (w/w) THV solution measured directly
after passing the nozzle at varied flow rates and pressure differences.
The diameters of the jet and the fiber exhibit the same correlation,
since both differ just in the factor \/Z due to evaporation of the
solvent. Images of the jet from optical microscopy (A); graph showing
measured values (B) and predictions according to egn (8) and (9) as
dashed lines.

This journal is © The Royal Society of Chemistry 2018

As expected, a correction factorf;in eqn (9) was necessary
to scale the jet diameter in eqn (5) appropriately. The correc-
tion factor f;= 1.79 + 0.10 is close to the corresponding one
fap for the fiber diameter.

Measurement of fiber velocity

Using a high-speed camera, the velocity of the polymer solu-
tion inside the nozzle v, and the velocity of the polymer jet v,
could be measured directly. Therefore, an aqueous dispersion
of polystyrene particles was pumped through the microfluidic
device to determine v, by measuring the travel distance of
multiple particles between two images at a frame rate of
37004 fps. The determined velocity of 0.273 m s' is equal to
the velocity of 0.268 m s *, which can be calculated by divid-
ing the flow rate (1.0 mL h 1) by the cross section of the noz-
zle (1037 m?). The measurement of the jet velocity Vv; was
performed with the THV solution, complying exactly with the
spinning conditions for sample collection. Infrequently oc-
curring beads in the jet were used to calculate the jet velocity
of 6.13 m s ' (see Fig. 8B). This measured velocity is also
equal to the expected velocity for a jet with a diameter of 7.6
m at 1 mL h % In conclusion, it could be shown by using a
high-speed camera that the jet velocity can be calculated by

Fig. 8 The velocity of the stream (1 mL h * 2 bar) was measured
inside the nozzle by tracking of polymer particles (A) or inside the jet
by following occasional beads (B) with a high-speed camera (frame
rate: 37 004 fps (A); 31019 fps (B)).

Lab Chip, 2018, 18, 2225-2234 | 2231
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dividing the flow rate by the cross-sectional area. This con-
firms that the jet velocity is slower than expected in egn (3).

Influence of other working parameters

As shown above the fiber diameter is completely determined
by the flow rate Q and the pressure difference p, with a
slight correction to account for viscous dissipation which re-
duces the velocity v; of the jet exiting the nozzle. We addition-
ally examined the influence of the distance ds between the
nozzle and the spool, which showed that the spool needs be
positioned beyond a certain distance from the nozzle to allow
for sufficient solvent evaporation to obtain fully developed fi-
bers. Furthermore, we studied the influence of polymer con-
centration. In order to generate continuous fibers, the con-
centration needs to be in a range where it is sufficiently large
to obtain continuous fibers, but still being low enough to
have a viscosity where the solution can be pumped through
the central channel. Finally, also conditions for narrow fiber
diameter distributions were determined. Details of these ad-
ditional studies are given in the ESI.T

Conclusion

In conclusion, we present a microfluidic nozzle device for so-
lution blow spinning of ultrafine fibers offering significant
benefits compared to existing approaches. Using the gas dy-
namic virtual nozzle-principle, uniform fibers with virtually
endless length can be produced in a steady process while
having precise control over fiber diameter and morphology.
The fiber diameter can be quantitatively predicted and de-
pends only the flow rate and air pressure, with a small correc-
tion accounting for viscous dissipation which reduces the jet
velocity. Thus, for the first time the fiber diameter can be
precisely controlled by air pressure and solution flow rate in
very good agreement with theoretical predictions, which now
enables a rational, controlled and reproducible fabrication of
endless fibers of the desired diameter by solution blow spin-
ning. Because of the simplicity of the setup, the positional
stability of the exiting ultrafine fiber and the potential to im-
plement arrays of parallel channels for high throughput this
methodology is a versatile alternative to established solution-
based fiber production methods.

Materials and methods
Photolithographic master fabrication

By using photolithography, a microstructured master was
produced and afterwards cast with poly(dimethylsiloxane)
(PDMS). The whole procedure of fabricating microfluidic de-
vices with multi-layered channel structures is shown in
Fig. 1. At first, the desired microfluidic nozzle structures were
designed with AutoCAD (Autodesk Inc.) and printed on a
high-resolution film photomask by JD Photo Data. The fol-
lowing steps were performed in a clean room. A 3 silicon wa-

fer was spin-coated (Cee 200X, Brewer Science Inc.) with a

2232 | Lab Chip, 2018, 18, 22252234
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negative photoresist (SU-8 25 and SU-8 50, MicroChem
Corp.). The structures on the photomask were transferred to
the photoresist by exposing this thin layer of SU-8 through
the photomask and hereby cross-linking the photoresist at
the exposed areas. For this purpose, a contact mask aligner
MJB4 (SUSS MicroTec SE) with UV light of 365 nm was used.
The previous steps of spin-coating and exposure were re-
peated to build up two additional layers. Precise alignment of
photomask and substrate was necessary. In the subsequent
development step, the uncured photoresist was removed with
1-methoxy-2-propanyl acetate (mr-Dev 600, micro resist tech-
nology GmbH). The resulting lithography master featured the
channel design as inverted microstructure. The values of all
geometric design parameters, which are shown in Fig. 2, are
listed in Table 1.

PDMS device fabrication

The following steps of soft lithography and finalization of the
microfluidic device were performed in a dust-free environ-
ment. For replication of the micro-structured master, a 10:1
mixture (monomer: curing agent) of PDMS (Sylgard 184 Kkit,
Dow Corning Corp.) was poured onto the microstructured
master, degassed and cured for 2 h at 75°C. After demolding,
the PDMS replica was cut with a razor blade along predefined
grooves into individual parts. For later connection of the tub-
ing, inlet ports were punched into the PDMS with an
Integra® Miltex® biopsy punch with plunger (1 mm, Integra
LifeSciences Corp.).

Two individual structured halves had to be combined, to
create a 3D nozzle device. Therefore, the surfaces of two
matching halves of PDMS were activated using air plasma
(MiniFlecto®, plasma technology GmbH). In addition, a
small drop of ultrapure water (Milli-Q, Merck KGaA) was
added to generate a thin film of water, which enabled the
alignment of the two individual parts prior to the final bond-
ing. Bringing both parts in close contact allowed the inte-
grated orientation structures to snap in and align the micro-
structures automatically. If necessary, fine adjustments were
performed under a microscope. Removing the water in an
oven at 35 °C for 12 h resulted in a permanent bonding of
the microfluidic device.

Spinning solution

Microfluidic solution blow spinning requires a polymer solu-
tion with a volatile solvent. For most experiments, a 20% (w/w)
polymer solution of 3M ™ Dyneon™ THV 221GZ (3M Deutsch-
land GmbH) in acetone was used. THV is a flexible and trans-
parent fluoroplastic composed of tetrafluoroethylene,
hexafluoropropylene and vinylidene fluoride. Acetone has a
high vapor pressure of 240 hPa (20°C),***° which results in a
fast evaporation rate of the solvent from the jetted solution. In
addition, a solution of poly(caprolactone) ( M,, = 45000 g mol %,
Sigma Aldrich Chemie GmbH) in hexafluoro-2-propanol, which
has a vapor pressure of 160 hPa (20C);*” was tested.

Thisjournal is© The Royal Society of Chemistry 2018
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Microfluidic solution blow spinning and sample collection

The microfluidic nozzle device was connected via LDPE tub-
ing (0.38 mm I.D., 1.09 mm O.D., Science Commaodities Inc.)
to a syringe pump (neMESYS 290N, Cetoni GmbH) and pres-
surized air. The spinning solution was filled into glass syrin-
ges (1.0 mL, Gastight 1000 Series, Hamilton Company) for
precise pumping at flow rates between 0.5 mL h * and 4.0
mL h ! and at constant air pressures between 0.5 bar and 2.5
bar. For the start-up procedure, the pressurized air was
connected first and set to the desired value. Subsequently,
the flow of the spinning solution was started, and the tubing
plugged into the nozzle device to start the spinning process.
The fiber spinning was conducted at ambient conditions of
23 °C room temperature and a relative humidity in the range
of 45-55%. The spinning process was examined with an
inverted optical microscope (IX71 and 1X73, Olympus Corp.)
and in combination with a DSLR camera (D7000, Nikon) high
resolution images of the jetted spinning solution were taken.

Fiber samples were collected by means of a cork cylinder on
a rotary tool (Proxxon GmbH), which was mounted in an ad-
justable distance to the nozzle device. The rotational speed was
monitored with an optical revolution counter (UT372, UNI-T)
and could be changed steplessly. Thus, it was possible to apply
different drawing speeds to the fiber while collecting the sam-
ple. The drawing speed could be calculated from the rotational
speed by using the perimeter of the cork cylinder (61.8 mm).
The benefit of using a cork spool was that the fibers didn't ad-
here to it. After a predefined collection time, the spooled fiber
was carefully pushed together to form a strand of fibers.

From each fiber sample, several representative images
were taken with a scanning electron microscope (JSM-
6510LV, JEOL GmbH) and statistically analyzed with ImageJ
software (National Institutes of Health) to determine the qua-
dratic mean of the fiber diameter (root mean square) and the
standard deviation.

Velocity measurement with high-speed cinematography

The liquid jet of spinning dope exited the nozzle at a very
high velocity in relation to its small scale. This fast process
could only be observed by a high-speed camera (Phantom
v1610, Vision Research Inc.). A highly intense, focused light
source (halolux LED-30, STREPPEL Glasfaser-Optik GmbH &
Co. KG) was used to get sufficient light for short exposure
times down to 2 s. In combination with a long-distance
microscope (Model K1 CentriMax™, Infinity Photo-Optical
Company) and a UPlanFL N 10<0.30 objective (Olympus Cor-
poration) the setup allows to measure the velocity of the solu-
tion inside the nozzle and the velocity of the jet directly after
the nozzle outlet. The flow inside the nozzle was tracked
using monodisperse polystyrene particles in aqueous disper-
sion (4.89 m, SD = 0.08 m, microParticles GmbH).
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Analyzing the fiber diameter

When analyzinghe fiber samples via scanning electron microscopy, the quadratic mean (RMS)
and the standard deviatiofsD) were determinediFor each parameter set, an adequate
number Jof single fibers wasneasuredSince later calculations assume volume constahey
arithmetic man of the fiber volume (E§2)is neededandthe RMS of the fiber radius (EG5)

was used instead of the arithmetic megme fiber volume is approximated by the volume of a

cylinder:
8= e ® H (S1)
1 . a
$=_-®1i 8y (S2)
J U@s
1 . a
Mg e=H-®1 Neé®H (S3)
J U@5s
1 !
Ng-®1 N (S4)
J U@5s
1
NE'=®1 N (S5)
J [_}@5
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Deviation of anequationto predict the fiber diameter

The flow rate3 states which volume of polymer soluti@; is jetted by the nozzle in a
predefined timeP

&
P

3= (S6)

The created fiber volum&, equalsthe volume§; of THV in the jet, given by the volume
fraction 0.
&_ .8
P

=3@&=3®p (S7)
S

As the cross section of the fiber is almost circular, the fiber volume is apmt@dnby the
volume of a cylinderLength ijper time Rdetermineghe velocity R,of thefiber respectively

of thejet, since we assume that the speed is constéen the solvent evaporates and only the
diameter reduces.

B p - RCN®R (S8)

Combining Eqg. S7 and Eqg. S8e achieve an expression to calculate the fiber dian@ter
@’ 8

FGN ®R 3 & (S9)
2 8

_.4A®0® 3 510

@ "Nar (S10)

For a given corentration and hence, a predefined volume fractigrof THV in the polymer
solution, the fiber diamete@is only depending on the flow rat&and the fiber velocityR,

- 2O O ® F'6 (S11)
ab‘g@c%
4 ®0® 3
= —— 596 S12
a@@(Nit;t;(;a OR (512)

»

The velocity of the fiber is caused by the extensionallgasdf the compressed air accelerating
the polymer solution inside the nozzle or by the drawing spetrek abtating spool stretching
the fiber depending on which one is faster.

A connection between the jet velocity and the pressure diffecamcee made by Bernoulli’'s
equation. For incompressible flows, the specific energy is constant atgtingrg point along

a stream line.
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A = > + % + gV = constant (S13)
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Vadall gagaui
pressure

density of solution

acceleration due to gravity

height (zeoordinate)

<© m -

Two statesare distinguished: one inside the nozzle and the other inside the liquid jet.

A = A (S14)
2a00@ABAUI 2300 BABAU
Udaee @ik o U 4 ee oz
R L R® L
—+—=4+ CY=—+—+ C S15
2 e4 ¥ 2 e4 v ( )

When jetting horizontally, the potential energy is not changMg-( \Y).

L N S A (S16)

2 Y (S17)

Thevelocity insidethenozzle is much smaller thahe velocity of the jet

R'Ry: RPFR® R (S18)
Lo lge S19

?4_ - R (S19)

L= 5 6, AR (S20)

L pressure difference betwerozzleandjet ( L= Ly F Ly
The pressure difference determines the velocity ojethe

2® L
R= ” (S21)
€4

We assume that the polymer solution is accelerated by theupeedifference first, while the
density remains constant, and just afterwards, the evaporation afltkatsstarts. Also, the
loss of kinetic energy owing to viscous dissipation and surface tension is ngglecte
Combining Eqg. S21 and Eq. S10 gives Eg. S22, which describes the fibegtetiaim
dependence of the flow rate and the pressure difference applied to the nozae devic
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Eq. S22 differs just in the term¥ 6; from the GafidnCalvo equatiof (Eq. S26)for the jet
diameter @whenusing the gas dynamic virtual nozglenciple.

, b
@= ¥0; ®w * ® B (S25)
| “aa%eec R coccca

AGaa?vwuOorR@medbclaa
VadoxU0adgga
5
8®L 8
= | ® F6 2
@ 5a P 3 (S26)

The connection between the diameter of the jet and the fiber can also be showrthgy ano
simple consideratianThe volume of the je8,diminishes due to evaporation of acetone.

&= &®P (S27)
6 6
Fz@GNC@:HFZ—@GNG@@BI@ (S28)

The length ofthe jetstays constanvhenthe solventievaporates; jughe diameterdecreases
(= K.
@= ¥6; Ov@ (S29)

Nozzle deformation during operation

For the calculation of the velocity inside the nozzle, it waessary to determine the cross-
sectional area of the nozzle. The microfluidic channel was dhbguwnally to the flow
direction; subsequently, the width; and the heightlpof the nozzle were measured by SEM
(see Table 1). However, as seen in Fig. S1, the PDMS channels andiegpahen a pressure
difference or flow rate is applied. The width of the nozzle could &asored during operation
by means of an optical microscope. By applying the same expansifinieneof the nozzle
width to the nozzle height, the cross-sectional area during apereuld be approximated
(1037 pm2).
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Figure S1: The microchannels of the nozzle are deforming
during operation, since the device is made of PDMS
elastomer. (A) Idle state, (B) with 2 bar pressure applied, (C)
during operation with 1 mL/h and 2 bar.

Influence of working distances between nozzle and spool

The working distance@influences the fiber morphology rather than the fiber diameter. The
distance @between the microfluidic chip and the spool for reeling off was reduced fam 8

in steps of Tm. For a flow rate of inL/h the minimal distance, where a steady fiber with a
round cross-sectional shape could be spooled, was At a distance of ¢ém, the fibers fuse
and build a network rather than individual fibers (see &R). Employing the velocity of the

jet measured with highpeed cinematography, 31% are sufficient for the acetone to evaporate
from the jetted solution. At flow rates ofralL/h and 3mL/h a distance of ém was needed,
which equals a minimal jetting time of Gs.

Figure S2: SEM images of bunches of individual fibers (top)
and networks of fused fibers (bottom) at different flow rates.
The working distance was reduced stepwise until the
collected fibers fused into one network. The minimal travel
time to form individual fibers could be estimated.
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Influence of polymer concentration

The findings of other groups about the influence of polymer concentration on fiber morphology
could beconfirmed?= For a solution of a given polymer of a certain molecular weight, a
continuous fibrous structure is only obtained above a critical concentf&tikidow polymer
concentrations, the formation of beaded fibers is favbiBae driving force is the surface
tension, which causes oscillations within the jet due to Rayleigh instabil®mce the
viscosity is too low and the chain entanglem@ensity is poor, these oscillations cannot be
attenuated. Low surface tension and high evaporation rate would reduce the formation of
beads. Higher concentrations also promote the formation of smooth fibers with uniform
diameter, as viscoelastic forcegard the deformation of the f¥When the concentration was
increased even more, the viscosity got too high to produce fibers by solution blomgpinni
Since uniform fibers were desirable for studying the fiber diameter, a eddsohigh
concentratiorwas used.

Exemplary images for both morphologies can be found inSFighere the conditionare
comparedor makingbeaded and smootiolycaprolactonébers. The THV fibers showed the
same behavior when a solution of less than 20% (w/w) was used. For example, beasled fibe
with thin segments of just a few hundred nanometers were obtainedo{fv/w) THV in
acetone.

Size distribution of fiber diameter

The uniformity of the fibers is also influenced by varied process parangéieiindicator for

the degree of the fluctuation is the standard deviation (SD). Moreover, the relative SD i
normalized to the fiber diameter, better illustrating a potential trend since the Sioredlpa
bigger for thicker fibers.

A close look at Fig. S3 reveals that the size distribution beconuer wihen flow rate or
drawing speed increases. The histograms confirm this trend whiah agcordance to
literature? As mentioned before, the solvent needs more time to evapavatebfgger jets,
allowing the instabilities to deform the developing fiberhie meantime. An unusually high
relative standard deviation was noticed when the pressureedifie was quite small being just
1 bar.
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Figure S3: (A) Fiber diameter, standard deviation (SD) and relative SD of the THV fiber samples are presented in
color-coded tables. Grey wedges indicate assumed trends in the data. (B) Histograms show exemplarily that the
size distribution becomes wider when the flow rate increases. The color code only serves as a guide to the eye to

visualize the general trends.
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Practical guide for solution blow spinning

Microfluidic solution blow spinningnay showsimilar difficultiesaselectrospinningince both
techniques usetain liquid jet of polymesolution.The following tabldists some hints howo

solvetypical problems.

Table S1: Some typical problems of solution blow spinning and possible adjustments are summarized in this table.

Problem

Possible solution

Spraying/ no fiber at all

Increase weight concentration or molecular weigh
the polymer

Formation of a beaded chain

Increase weight concentration

Fluctuating fiber diameter

Increase air pressure and decrease flow rate; dec
drawingspeed; increase weight concentration; use
another solvent with higher vapor pressure

Fusing of fibers / formation of
network or film

Increasewvorking distance between nozzle and
collection spool; use another solvent with higher
vapor pressure

Polymer solution extruddsom the
nozzle

Decrease weight concentration of the polymer

Wetting and clogging of nozzle

Incompatible materiajdry to switch polymer,
solvent or chip totdeast ondluorinated component
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ABSTRACT:Collagens are widely used as biomaterials in

drug-delivery and tissue engineering applications due to their

biodegradability, biocompatibility and hypoallergenicity. Be-

sides gelatin-based materials, collagenbmisrare in the

focus of biomedical research. Commonly, man{peasiare

produced by wet-spinning yieldibgr diameters higher than

8 m. Here, assembly and continuous production of single

collagen type | microers were established using a nuiicic chip. Micrauidics-produced mictmers exhibited tensile
strength and Yousgnodulus exceeding thatlidrs produced in classical wet-spinning devices and even that of natural tendon
and they showed lower diameters. Their structural orientation was examined by polarized Fourier transform infrared
spectroscopy (FTIR) showinlgril alignment within the mictzer. Cell culture tests using the neuronal cell line NG108-15
showed cell alignment and axon growth along thebeicages inaugurating potential applications in, for example, peripheral
nerve repair.

KEYWORDS:Collagen, mictdics, microer, mechanical properties, biomaterial, axon growth

potein bers in nature are used for a great diversity of tasksUp to now, numerous publications reported the processing
including motility, scalding, stabilization, and protec- of soluble collagen intdbers using wet-spinning devi-

tion! One of the most abundant structural proteins is collageres-***>'° Here, collagen mictmers were fabricated using a
mainly contributing to the extracellular matrix of vertéSratesmicro uidic system. In general, migidics deals with the

So far, more than 20 distinct types of collagen have begrcessing of small amounts aofds in channels with
described. Thereof, collagen type | is the major collagendifensions of tens to hundreds of microrfetenich are
tendon, ligament, skin, and bone and therefore the mosiostly embedded in small chips regularly consisting of
studied oné.0n the molecular level, collagen type | forms @olydimethylsiloxane (PDMS). Besides analytical applications,
characteristic triple helix consisting of three polypeptidescro uidic systems were shown to be suitable to fabricate
termed -chains (two 1[I] and one 2[l]). Previous bers of synthetic polymers, polysaccharides such as chitosan or
examinations showed that a high amino acid homology ex@ginate and sifk’” With regard to collagen type |, previous
between both types ofchains, however thé(l) chain studies dealt with micradic channels acting either as a mold
comprises a lower hydrophobicity compared to 2ig for the discontinuous collagewril formatio® or as an

chairt, Each -chain exhibits a helical core domain mainlyenvironment for in situ analysis of collagen géfation.
consisting of the repeating amino acid motif Gly-Xaa-Yaa (X¢evertheless, up to now micidic spinning did not allow

and Yaa could be any amino acid, but mostly proline at@ continuously fabricate collagkers due to its sigoant
hydroxyproline residues are found) amding nonrepetitive longer gelation/assembly time (minutes to howslich is in
sequencés™® These triple-helical molecules self-assemble ingontrast to the very fast ionic cross-linking of polysaccharides

brils and bers in an entropy-driven process including théuch as chitosan and alginate. However, urdero ber

reduction of the contact area to the surrounding “Water.spinning methods were already used to incorporate collagen
Because of collagegood mechanical stability, biocompati-within polysaccharidbers. Usually, chitosan or alginate have
bility, biodegradability, low immunogenicity, and ability toeen used as a swld in which collagen was embedded, for
promote cellular attachment and growth, collagenous materials

especially bers, are used in medical and biomedicai July 8, 2016
applications such as drug-delivery, wound healing, and tisRedised: August 9, 2016
engineering>** Published: August 11, 2016
ACS Publications  ©2016American Chemical Society 5917 DOI:10.1021/acs.nanolett.6b02828
W NanoLett.2016,16,591735922
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Figure 1(A) A micro uidic chip is connected to three independent syringe pumps that allow simultaneous pumping of a collagen solution at pH 2
(red) and two PEG-containing busolutions at pH 8 (blue). Micbher formation takes place at the cross junction within theuidicrohip
upon an increase of the pH and in the presence of PEG, artbnsiene extruded into a water bath and drawn by an automated spool. (B) Using
a constant collageow (here, 50L h°Y) and varying ber ow rates enables the extrusion of niiers into water with adjustable diameters. (C)
Diameters of extrudeders depend on ber and collagerow rates. Collection of collagbars using a rotating spool is possible for a collagen

ow of 50 L h° and buer ow rates in between 235 and 550°! (shown by the box). (D) Dry micimer diameters could be adjusted by
changing the collection rate using a constant cobagen50 L h°! and a buer ow rate of 300L h°! yielding nal diameters from 6 to 6.

example, as blenddmers® or as tubularbers with a collagen  micro uidic chip, consisting of polydimethylsiloxane (PDMS),
hydrogel cofé or simply coated onto théver surfac¥. was fabricated by using the soft-lithography technology.
Nevertheless, the production of endless, plain colegen For microber assembly, collagen type | (with triple-helical
would be highly desirable due to a better performance @@nformation) was dissolved in diluted acetic acid at pH 3, and
comparison to blendedbers including an expected higher as sheathows a buer solution (112 mM phosphate, 30 mM
mechanical stability, better biocompatibility, and less compl€kS, and 135 mM NaCl, pH 8) with 10% (w/v) polyethylene
ity in processing compared to polysaccharide-collagen blghgtol (PEG) was used. The interaction between both types of

bers. solution at the cross intersection induced a neutralization of the

In this study, we introduce a miaidic approach for the collagen solution due to the highdring capacity of the PEG
continuous production of adjustable collagen becso  solution. Shifting an acidic collagen type | solution to slightly
yielding minimum dry diameters of onlyn3. Polarized basic conditions triggers the formatiomrifs**° As a result
Fourier transform infrared spectroscopy (FTIR) revéailed of the hydrodynamic focusing and the elongatawath the
orientation along the mickeer axis supposed to be in part micro uidic chip, brils were aligned and assembled into
responsible for the excellent mechanical stability exceeding thiato bers. Surprisingly, it was observed that the addition of
of natural tendonbers and previous wet-spun collagers. polyethylene glycol to the surroundinggebwas essential for
Cell studies using the neuronal cell line NG108-15 showedntinuous micrder formation, likely depending on the high
directional cell growth and even axon elongation alobgrthe hygroscopicity of PE&,which contributes to protein
axes. Therefore, we conclude that thesses are of high preci;aitation by rapidly detracting water molecules there-
interest for biomedical applications, especially for the usefiom®>*? Micro bers at the chipexit were pulled through a
peripheral nerve repair. water bath by a rotating spool to removerbcomponents

In order to produce endless collagen nhiers, we used a and PEG Kigure A). Washing-o of PEG from the
micro uidic device featuring one inlet channel for the collagenicro bers was cormed by Fourier transform infrared
solution and two inlet channels for the sheath joining ata  (FTIR) spectroscopy yielding spectra lacking the characteristic
cross junction (90angle) into one larger channel. A greatPEG signal at 1100 ©m(Figure B). Furthermore, water
challenge in producing continuobgrs with micraidic extrusion avoided the formation of spindle-knotied
devices is to reduce wall adhesion of the assembling polymerphologies, usually occurring when obr layers are
(here collagen) followed by irreversible clogging. Therefore, st#l liquid and breakup due to Rayleigh instabifitiesnd
designed a micraidic chip, similar to Kinahan etZakhich micro bers exhibiting a homogeneous diameter along their
contained a tiered channel geometry, thus enabling thmngitudinal axes were generatéduf(e 2. Because ber
circulation of the sheatbw around the protein stream. The morphology usually depends on the hydrodynamic focusing of

5918 DOI:10.1021/acs.nanolett.6b02828
NanoLett.2016,16,591755922
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a collagenow rate of 50L h*Y) led to lower reaction times of
collagen with the surrounding éu solution, thereby
inhibiting ber collection, too. We observed that the collagen

ber collection by the rotating spool caused poststretching
leading to even lower diameters. To investigatethekthe
collection rate on microer diameter, we used a %0h°!
collagenow and 300L h®bu er ows (which turned out to
be the most robust processing condition for continbeus
production) and varied the speed of the collecting spool
(Figure D). We noticed that microers were stretched even
with the lowest collection rate of 0.11 Th hnd their
diameters decreased from original (i.e., no poststretching) 16

m (seeFigure C) to 6 m during collection. The high
standard deviation at slow collection rates could be explained
by undirected agglomeration of extrudeers hindering
collection of untangledbers (Figure S1 ifsupporting
Informatiol. Micro bers drawn at a collection rate above
1.92 m A resulted in ber diameters ofS3 m, which
obviously indicated that the maximum stretching capacity was
reached. Continuous midyer production was possible up to
19 m kL

For microber characterization, we investigated iéreo
produced at 50L h°! collagen ow, 300 L h>! bu er ows
and at a collection rate of 1.92 P @f not otherwise
indicated). Light microscopy of collagen nfiere revealed
that the ber diameter was constant at 8i7(Figure 2).
Scanning electron microscopy (SEM) allowed identifying small
aligned grooves along the mibes axis indicating an
orientation of collagebrils within the micrder (Figure B).

Figure 2.(A) Light-microscopy image of a miaidics-produced In order to test the molecule alignment as well as the

collagen micr@er conrming a homogeneouser diameter. (Insert) structural integrity dOf Igh? mldéeré_,ngolarlzed FJIR Spec-
Man-made knot within the midoer. (B) SEM picture of a troscopy was used. Polarize IS a technique to get

micro uidics-produced collagen mibes and higher mageation informati06n concerning orientation and/or ordering of
(insert) showing longitudinal grooves. moleculed’ Former studies indicated that the ratio of the

amide | and amide Il peak area of collagenous tissues changes

the core solution within microchannels, we were able to extrutleen examined using polarized infrared light fremerdi

micro bers with varying diameters by changing the collagangles due to the molecular dichrdiSmHere, it was
and/or the buer ow rates. As shown figure B,C, the observed that micitoers exposed to polarized radiation
diameter of extruded midoers decreased upon increasing theexhibited a ratio of the amide | to amide Il peak area of 2.7
bu er ow rates while applying a constant collamenOn when polarized perpendicular to ther axis, whereas the

the contrary, an increase of the collagenate led to higher amide I/amide Il area ratio was 1.1 upon polarization in parallel
ber diameters={gure C). Using 250 or 500 h°! collagen  to the ber axis, and it was 1.7 at nonpolarizing conditions,
ows in combination with ker ow rates lower than 30 thereby indicating good collagénil orientation along the
respectively 100L h>! prevented the extrusion dfers micro bers Figure A). In comparison, naturabers of
exhibiting a well-deed ber shape with a homogeneous tendon possess values for perpendicular, parallel and non-
diameter. Furthermore, it was noticed that the becro polarized conditions of 4, 1 and 1.8, respetfively.

diameter after extrusion efied from the diameter of the  Because the obtained mibers could be easily hand
hydrodynamically focused collagen stream at the croksotted Figure A, insertion), the mechanical stability of the
intersection. This could be attributed to the lmllogenesis bers collected at a rate of 1.92%nwas obviously quite

rate of collagen,supposedly inhibiting immediate hardeninggood. Therefore, the mechanical properties of collagen
of the forming micrder at the cross-intersection. For instancemicro bers were investigated by tensile testing at 30% humidity
by applying a constant collagan of 50 L h>! and 30, 300, in more detailFigure A shows a representative shssain

and 800 L h®! bu er ows, the relative decline in mibey curve of the obtained midpers at the detected optimal
diameter between the focusing zone and the outlet was 36 prdcessing conditions. Tensile strength of midics-

and 74%, respectively. Collection of nhiers using a rotating produced collagen midbers was 388 85 MPa and superior

spool was feasible for a collagenof 50 L h>! and buer to that of tendon as well as of classically wet-spun collagen type
ow rates in between 235 and 5B0h>L. Applying lower | bers. Moreover, the Yolsngodulus was also sigantly

bu er ow rates than 233 h°! (and/or collagenow rates higher (413& 512 MPa) in comparison to that of tendon and
higher than 50L h°?) resulted in a loss of the hydrodynamic arti cial collagenbers, while the extensibility of 25.8.7%

focusing of the collagen solution that hindered completgas similar between dlers (Table ). Fiber toughness was
collagen assembly and reduced the shear forces necessagafoulated to be 52:914.7 MJ 1. Importantly, the average

fabrication of mechanically stalblers. On the other side, micro ber diameter was 271.2 m denoting the lowesber

rising the buer ow rates to values higher than 356! (at diameter ever published for wet-spun colldgyens (8

5919 DOI:10.1021/acs.nanolett.6b02828
NanoLett.2016,16,591755922
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Figure 3. (A) Polarized FTIR spectroscopy of a middics-
produced collagen micoer. The ratios of the amide I/amide Il peak
area change upon exposure to IR radiation polarized perpendicular or
in parallel to the micrber axis and under nonpolarizing conditions
(shown in boxes). (B) IR spectrum of a migdics-produced
collagen micrder in comparison to that of polyethylene glycol
(PEG) indicating that no PEG can be found within the imécro

m).13151%19 Collagen micrdvers collected at nonoptimal
conditions, for example, at a rate of only 0.1%! hechto ) ) L ]
lower tensile strength (361126 MPa) and Yousgnodulus Figure 4(A) Representative sti@ssain plot, (B) DSC analysis, and
(3201+ 1026 MPa) (Figure S2 Bupporting Informatipn (C) TGA of dry microuidics-produced collagen mibevs.
Although Yaari et al. recently produced wet-spun cdblegen
achieving a tensile strength of 378 MPa and dsvimodglus  ranging from 5 to 10m with an average diameter of &8
of 3.5 GPa, additional glutaraldehyde cross-linking of thdsellected by 0.11 nt¥. Actually, 6.8 m diameter bers
bers was requirédHowever, glutaraldehyde cross-linking isshowed a tensile strength of 28402 MPa and a Yousg
markedly cytotoxic>® and therefore, only EDC/NHS cross- modulus of 2908 1100 MPa, both being siguintly lower
linked bers exhibiting 314 MPa tensile strength were used than the mechanical properties of 31w bers (for
Yaari et al. for cell culture applicafidimscontrast, we did not  comparison of the mechanical properties see Figure S3 in
need any chemical cross-linking to yield mechanically stableoporting InformatipnThe high mechanical stability of our
bers. In addition, our mictadic setup allowed the spinning micro bers makes them accessible to the fabrication of textile
of low concentrated collagen solutions with as little as 5 mgaolds for tissue engineering and suture- or wound-dressing
mL>L. Such concentrations lead to a decrease in viscosimaterials, whereas the adaption of ti@ mechanical
enabling enhancedbrii movement and more distinct align- properties to its environment could be controlled by the
ment:® specic textile structure and the type of processing, for example,
It can be assumed that the smaller diameters of olnitting, weaving, or braiding.
micro bers led to increased mechanical stability due to betteMext, the thermal stability of air-dried migdics-produced
longitudinal orientation of collagesrils® and less defect micro bers was characterized usingrential scanning
structures like voids, entanglements, free chain ends, aatbrimetry (DSC) and thermogravimetric analysis (TGA).
foreign particles in contrast to the situation in bigger diametBSC measurements of the misers showed an endothermic
bers®°To con rm this, we had a closer look at the mechanicaleak at 59C referring to helix-to-coil transitiofig(re
properties of collagen midsers with varying diameters 4B).*®%*TGA revealed a residual internal water content of 3%,

5920 DOI:10.1021/acs.nanolett.6b02828
NanoLett.2016,16,591755922
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Table 1. Mechanical Properties and Diameter of (Figure B). To get more detailed information about the cell

Micro uidics-Produced Collagen Mictmers f = 36) in morphology, higher-magrtion phase contrasiqure B),
Comparison to That of Collagen Fibers after Wet-Spinning and uorescence imagdsglre BSF) were taken. DAPI-
and That of Tendon stained cell nucleFigure &) and phalloidin-labeled actin
modulus E strength  extensibility diameted laments IElgl_Jre D) revealed the gen_e_ral cell morpholo_gy in
mRicETEl [MPa] [MPa] %] [ m] contact to micrders. Cells were additionally labeled with an
micro uidics- 2138+ 383+ 85 25.06 3.7 3.7 1.2 _ant|body against Rlll-tubulin, wh|ch_|s almost found exclusively
produced 512 in neuronal cell structures. Interestingly, we observed that cells
micro ber exhibited axon growth. Axons were up torhdf length and

wet-spun bers were aligned in michoer directionKigure &, white arrows).

Dunn et al., 1993 200 20 Figure & depicts mergediorescence of all three channels.
Cavaligro etal., 224 25 Although recently progse was made concerning the
Zeugolis et al,, 2008 1580 208 270 119 production of polysacchariders using micraidics;"***/
Siriwardane et al., 1265 262 18.4 26.5 the microuidic fabrication of collagders ha_s so far been

2014° less manageable because of the slow gelling rate of collagen.
bers of tendon Here, the continuous assembly of acid-soluble collagen type |
Hepworth et al., 2410 180 25.6 254 into microbers was performed by miardics with

2092 asymmetric hydrodynamic focusing. The determination of
Gosline et al., 202 1200 120 13

appropriate assembly conditions awd rates allowed the
production of micrdoers under nontoxic, all-aqueous con-

which was indicated by weight loss upofC98nd the O”FiO”S’ and a .m.aximum productiqn rate of 1_§1mThese.
micro bers were thermally stable up to°Tr®efore further micro bers exh|t_)|ted good mechanical properties exceeding the
weight loss occurred in a multistage decomposition manrfi@Pility of previous wet-spun collagmms as well as even
(Figure €). As a result, the mictadics-produced collagen nat_ural tendon without the need of ghemlcal crpss-llnkln_g,
micro bers were suitable concerning biomedical or tissyich could be harmful to cells. The high mechanical stability
engineering applications usually only requiring human bo@f/our microbers facilitateser processing, which allow textile
temperature stability. fabrication and adjustment of the resulting mechanical textile
Because the microdics-produced collagen mibess properties to its respective application, for example, tendon
exhibited explicit mechanical stability and thermal charact&pair. Neuronal NG108-15 cells migrated directionally along
istics and because collagen is known to be bioconfpatible the longitudinal micrber axes and showed axonal growth in
with biochemical cues allowing cell attachimeatested our ~ direction of the micrber axis. Therefore, these mingcs
micro bers in initial cell culture experiments. Exemplary, tteould be potentially useful in peripheral nerve repair to bridge
neuronal cell line NG108-15 was analyzed in contact to dang distance gaps allowing directional growth of neuronal cells
micro bers after 72 h of incubation. Low-magtibon for developing functional tissue. On the other side, according to
uorescence images of cell nuclei marked with DAPI showitie material consumption by our miaidic approach (1 mg
cell alignment along the collagen nbets longitudinal axes collagen 76 m microber using a collection rate of 19°f),h

Figure 5Cell culture analysis of neuronal NG108-15 cells onuidiicss produced collagen mibess after 72 h of incubation. (A) Fluorescence
image of DAPI-stained cells. Cells align along thebmiisraxes. (B) Phase-contrast image of cells obengréluorescence images of (C)
DAPI- and (D) phalloidin-stained cells in the presence oftraistdE) Immuno-staining of neuronal-sp8til-tubulin indicates axon growth
in direction of the micrber axes (white arrows). (F) Mergadrescence image of (C), (D), and (E).
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our setup is also of high importance for screenengrdi ber (18) Dunn, M. G; Avasarala, P. N.; Zawadsky, Bined. Mater.
additives, for example, matrix proteins or polymers with reg&es1993 27, 15451552. '
to their functionality in collagen mitxers including their ~ (19) Yaari, A.; Schilt, ¥.; Tamburu, C.; Raviv, U.; Shose46§ O.

in uence on mechanical properties or biocompatibility. %igg;%r:}tg;ge?%apfﬁ;ﬁg’g& 442 36873

. . 60.
*  Supporting Information (22) Kinahan, M. E.; Filippidi, E.; Koster, S.; Hu, X.; Evans, H. M.;

The Supporting Information is available free of charge on théhl, T.; Kaplan, D. L.; WongBidmacromoleci@@sl, 12, 1504
ACS Publications websigg DOI: 10.1021/acs.nano- 11.
lett.6b02828 (23) Lee, P.; Lin, R.; Moon, J.; Lee, Biémed. MicrodevREB6

- : ; L . 3541,
Materials and Methods. Light microscopic |mag§(24) Koster, S.: Evans, H. M. Wong, J. Y.. Pfohl, T.

showing ber agglomeration by using slow collectio iomacromolecegs 9, 198207
rates (Figure S1). Comparison of the mechanlcra\125) Onoe, H.; Okitsu, T.; Itou, A.; Kato-Negishi, M.; Gojo, R:;
properties of collagen midsers collected at 0.11 and Kijriya, D.; Sato, K.; Miura, S.; Iwanaga, S.; Kuribayashi-Shigetomi, K.;
1.92 m R! (Figure S2) and of collagen mibers with Matsunaga, Y. T.; Shimoyama, Y.; Takeulhi. $ater2013 12,
average diameters of 3.7 andr@.8~igure S3)RDRH 5845590.
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Materials and Methods

Microfluidic collagen microfiber production. Acid-soluble collagen type | extracted from calf

skin was purchased from Sigma Aldrich Life Sciences. Collagen was dissolved in diluted acetic
acid at pH 3 for 20 hours. The solution was centrifuged for 10 min at 17000 x g, and the
supernatant was removed for further experimentation (4.8 my Fbr microfiber formation, a

buffer solution was prepared with 10 % (w/v) PEG 20000, 4.14 mighaHPOy T 2@, 12.1

mg mit NaHPQs, 6.86 mg mt TES (2-[(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]-
ethane-sulfonic acid) and 7.89 mg mNaCl and adjusted to pH 8 using Na®Hhe
microfluidic chip device enabling asymmetric hydrodynamic focusing of the collagen solution
was designed and produced similarly to Kinaretral, 20112 In brief, the chips consisted of a

top and a bottom layer each contributing to the microchannel structure. PDMS (3yig§4:d

Dow Corning) was mixed in a curing-ageotbase ratio of 1:10, poured onto a silicon wafer
acting as a microchannel stamp and degassed for 2 h. After incubation in an oven for 2 h at 75
°C, holes were punched into the upper chip half for creating inlets for the tubes. Subsequently,
both halves were cleaned with isopropanol and dried in an air flow before applying them to a
plasma oven (MiniFlecfoPG-MFC, Plasma Technology GmbH) for 30 s, 0.5 mbar, 64 W and

an air supply of 10 sccm. Small water droplets were pipetted onto the two chip halves, and both
were fitted to each other using a light microscope. Finally, the bonded chips were dried in an
oven over night at 35 °C. The inlet channel for the collagen solution was 200 um wide and 60
pm high. The inlet channel for the buffer was 50 pm wide and 150 pm high. The channel after
the cross intersection possessed a size of 200 pm in width and 210 pum in height.

FTIR spectroscopy. Polarized FTIR spectra of collagen microfibers were taken on a Bruker

Tensor 27 IR spectroscope connected to a hyperion unit. Microfibers were produced and air-
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dried at room temperature for 3 days. Subsequently, microfibers were fixed to plastic frames and
were exposed either to non-polarized or polarized (parallel or perpendicular to longitudinal
microfiber axis) radiation. The resolution was 4 trPeak areas of the amide | and amide I

bands were integrated, and the ratio of the amideaiide Il peak area was calculated. The IR
spectrum of polyethylene glycol (PEG) was measured on a Bruker Tensor 27 using an ATR
module and a resolution of 4 dm

Tensile test.Mechanical measurements of air-dried (3 days) microfibers, fixed to plastic frames
(gauge length of 2 mm) with a high-viscosity acrylate glue, were carried out at 30 % humidity

a tensile testing machine (Bose Electroforce 3220 equipped with a 0.49 N load cell) using an
extension rate of 0.3 mm min (QJLQHHUHG VWUHVV 1 ZDV FDOFXODWHG
cross-sectional area assumed to be circular. The cross-sectional area was calculated upon
PHDVXULQJ WKH PLFURILEHU GLDPHWHU DW WHQ GLITHUHQW
LQ PLFURILEHU OHQJWK GLYLGHG E\ LW WaRdétethhirig®d &3 teH Q JW K
slope of the stress-strain curve in the linear elastic deformation range (2 % strain). Microfiber
toughness was assessed by integration of the stress-strain plot using Origin 8.1G.

Microscopy. Microfibers were air-dried for 3 dayat room temperature and SEM pictures of
platinum sputtered microfibers (2 nm platinum coating) were taken using a Zeiss 1540 EsB
CrossBeam. Light microscopy was carried out using a Leica Microscope DMI 3000B

Thermal characterization. Microfibers were @m-dried for 3 days at room temperature.
Differential scanning calorimetry (DSC) was conducted on a DSC1 (Mettler Toledo) by applying

1.3 mg of fibers under nitrogen-atmosphere conditions and a heating rate of 20 *C min
Thermal weight loss was examined using thermogravimetric analysis (TGA) (TGA/SDTA 851e

System). Curves were generated under oxygen-atmosphere conditions at a heating rate of 10 °C
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min?t using 3.9 mg of sample.

Cell culture. Microfibers for cell culture testing were continuously collected on metal frames as
aligned fibers and sterilized with UV light treatment for 30 min. The neuronal cell line NG108-
15 was obtained from the European Collection of Cell Culture (ECACC) and grown in complete
'XOEHFFRY{ Y EaB& Meditdin (DMEM) (Biochrom) containing 10 % v/v fetal bovine
serum (Biochrom), 2 mM GlutaMAX (Gibco) and 1 % gentamicin in a humidified atmosphere
with 5 % CQ at 37 °C. Cells were trypsinized for experiments after they became 80-90 %
confluent and cells were seeded directly on microfibers at a density o&l® cn? in a small
amount of complete medium without serum in order to induce axon géctutiter 30 min of
incubation, additional medium was added lacking serum. At day three (72 h) of incubation with
5 % CQ at 37 °C, the culture medium was removed, and cells were fixed with 4 %
paraformaldehyde (PFA). Fixed cells were permeabilized using 0.1 % Triton X-100 (Sigma
Aldrich) in phosphate buffered saline (PBS) (Sigma Aldrich) followed by blocking with 5 %
bovine serum albumin (BSA) (Sigma Aldrich) in PBS. The primary rabbit antibody anti-3llI-
tubulin (polyclonal) (abcam) for detection of neuronal-specific cell structures was diluted 1:1000
in 0.1 % Triton X-100 in PBS, and cells were incubated for 2 h at room temperature.
Subsequently, the secondary antibody Alexa fluor 488 goat anti-rabbit (1:1000 dilution in PBS
with 0.1 % Triton X-100) (Invitrogen) was applied for further 2 h to detect the primary antibody.
In order to detect actin filaments and cell nuclei, phalloidin (TRITC) (Sigma Aldrich) and
Hoechst 33258 pentahydrate (Invitrogen) were used. Samples were imaged by using a
fluorescence microscope (Leica DMi8). Experiments were carried out in non-treated culture

plates (Thermo Scientific).
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Figure S1. Light-microscopic image of the collagen fiber extrusion from the microfluidic chip
outlet (black area without collecting them on a rotating spool. Extruded fibers form

agglomerations/entanglements due to absent (or slow) collection rates.
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Figure S2. Comparison of the mechanical properties of collagen fibers drawn at a coléetion r
of0.11mhversus1.92mh $ 7HQVLOH VWUHQJIJWK % <RXQJTV PRGX

(D) toughness. Error bars indicate the standard deviation.
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Figure S3. Comparison of the mechanical properties of collagen fibers having fiber diameters of
3.77/- 1.2 and 6.8/- —P $ 7HQVLOH VWUHQJWK % <RXQJTV PRCG

(D) toughness. Error bars indicate the standard deviation.
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ABSTRACT: Biomaterial scalds are under investigation as therapeutic tools to bridge
nerve endings following traumatic peripheral nerve injury. The goal is to develop
biocompatible nerve guidance conduits (NGCs) with internal guiding structures that
promote longitudinally oriented cell migration and regeneration. In the present study, a
nonwoven mesh (NWM) made of a recombinant spider silk protein was processed into a
tubular structure, ensuring structural integrity of enclosed unlics3produced
collagen bers for cell and neurite guidance. Therentiated type of the neuroblastoma

X glioma hybrid cell line NG108-15 was used as a model for studying neuronal
di erentiation on the individual components and on the complete N@&nbated
NG108-15 cells grown on recombinant spider silk NWM and colegsrformed
neuronal networks and synapses. Additionally, whole-cell patch clamp recordings
con rmed that all components supported therdntiation of NG108-15 cells into
functional neurons. Our NGC demonstrated that tubes made of recombinant spider silledNWilth microuidics-
produced collagerbers are well suited for peripheral nerve repair.

KEYWORDS:recombinant spider silk, collagen, nerve guidance conduit, nearentihtiefi, dlectrophysiology

INTRODUCTION controlled axon growth for bridging the lesion cavity.
particular, regeneration of nerve tissue is enhanced when using
jgned bers, because those support the formation of the

ungner bands involved in peripheral nerve rfepiers

Traumatic peripheral nerve injureas about 2.8% of all
trauma patients, causing long-term disability and reduc

function® Twenty million Americans s from peripheral qf ioheral : besid I .
nerve injury caused by trauma and medical disorder, whitff€¢ 'O PErpherainerve repair are, besides naturally occurring
nes such as silk, usually prepared using electro- and wet

results in approximately $150 billion spent in annual Unite8™ ingS11

States health c&rén Europe, approximately 300,000 cases on'r;]n' o al oheral . dth
peripheral nerve injury occur every y@artreat peripheral The biomaterials for peripheral nerve repair tested thus far

- 14 16 : :
nerve injury, the gold standard in the current clinical approaé'ﬂcmdelClc’”a_g‘:"]ﬁ'sfa pﬁ.'ycapgglgﬂfﬁé’ é%OIygéyCOI'ﬁK%E'd
is autologous nerve grafts that are used to compensate for B84 Polylactic acid,chitosan,” " alginate, spider silk;
and damage of nerve tissue. However, autologous grafts

relljgworm  broin, and other composites or derivatives
severe disadvantages, such as their limited availability, the [B&€ theredf:” Of particular interest is spider silk and

of sensation at the donor site, and the need for multipl€o!lagen and combining them allows for the fabrication of
surgerie$.Thus, biocompatible, non-degradable and degradraterials with tailored biological activity and mechanical
able materials are under investigation for peripheral nerg@bility: Spider silk is well-known for its good mechanical
repair. These materials include biocompatible, nondegradahEoPerties™" and does not contain the sometimes problem-

and degradable materials. The ideal biomaterial for ner@8C sericin as associated with silkwormi*Silkvioreover,
application is considered to be compatible with thés hostspider silk h_as been demqnstrat_ed to be sw_tab_le for p_erlph_eral
immune system and should support cell adhesion, migratidlerve repair: natura@l spider silk placed in isogenic veins
proliferation, dierentiation, céicell interaction, and should €nabled the generation of nerve grafts bridging a 2 cm gap
provide a favorable microenvironment for functional tissugiury in the sciatic nerve of ratderve conduits, prepared by
regeneration. Furthermore, these materials should haue

appropriate degradation rates and suitable mechanical prop:es- July 11, 2019

ties>® Vitally important in neural tissue engineering is theAccepted: October 3, 2019

establishment of a physical guidance structure to alloRublished: October 3, 2019

ACS Publications  ©2019AmericanChemical Society 4872 DOI:10.1021/acsabm.9b00628
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decellularized vein grafted with natural spider silkers, were investigated electrophysiologically using whole-cell patch
were implanted in 6 cm tibial nerve defects in adult sheep aothmp tests. With this work, we demonstrate that the individual
exhibited axon regeneration and functional recovery througbmponents, as well as our whole NGC, have the potential to
the nerve guidance conduits (NGE®espite the beneial be further investigated in in vivo injury models and clinical
properties of natural spider silk, its commercial use is veapplications for nerve repair.

limited as sucient amounts, especially with consistent quality,

cannot be achieved due to dlilties (i.e., spider cannibalism) MATERIALS AND METHODS

in spider farmlnﬁz. Therefore' major erts I_’1ave peen mgde Recombinant Spider Silk Protein Production.The engineered
toward the recombinant production of spider silk proteins, fQgcombinant spider silk protein eADF4(C16) (abbreviated: C16) is
example, usirigscherichia cati host™° Matrices based on  based on the consensus sequence of one of the spidroins of the
recombinant spider silk have been evaluated regarding thaiigline silk of the European garden spidanéus diadematdse
suitability for in vitro cell culture and tissue engineeringonsensus motif (C-module) of ADF4 (GSSAAAAAAAASGPGG-
application3™*° and neural stem cells cultured thereon YGPENQGPSGPGGYGPGGP) is repeated 16 times in the
di erentiated eciently into neurons and astroc§teShe re‘i‘f’;‘r%'ggngspzjoetgg:ibgéogycmnerﬁ”mgﬁgﬁ”% F%‘glj‘;actt'%:] was
recombinant spider sik proteins sed n the current Study &t caion of eADFACIGIRGD (abbreviaed: C16-RGD) was

' . . . identical to that of C16 as described earlier by Wohlrali et al.
major ampullate spidroins of the dragline silk of the Europeangapyication of Nerve Guidance Materials.In order to produce

garden spider. The sequence of the spider silk gene Wgfder silk nonwoven meshes (NWMs), recombinant spider silk
adapted (i.e., engineered) for recombinant production, and theoteins were dissolved in 1,1,1,3,3,34m@xa2-propanol (10% w/
encoded amino acid sequence consisted of 16 repeats of) éHFIP, Alfa Aesar, Germany) and electrospun as described in Leal-
consensus (C) sequence, which mimicked the repetitive cdzgana et &f. A solution of 10% (w/v) spider silk protein in HFIP
domain of native ADF4, therefore it was termed eADF4(C1@)ielded ber diameters of 13050 nm after spinning. Resulting
(abbreviated: C16¥. Previous studies on electrospun C16 NWMs were exposed to ethanol or ethanol vapor in order to convert
nonwoven matrices demonstrated their excellent biocomp e -helical protein structures into R-sheet ones, thereby vyielding

o . . . water-insoluble spider silk narers. NWMs collected on glass
bility, good cell interaction, and blodegradaﬁﬁil,and coverslips were immersed in ethanol, whereas NWMs wrapped on

nanobers thereof maintained good mechanical properti§gedie templates (1 mm outer diameter) to create tube structures
even at high humidity.C16 was further modid with the  were exposed to ethanol vapor in a closed beaker. The closed beaker
cell-binding RGD amino acid motif yielding eADF4(C16)-was maintained in an oven for 4 h af@0Collagen bers were

RGD (abbreviated: C16-RGD). Films made thereof exhibiteproduced using a mictadic chip device according to Haynl &t al.

signi cantly improved attachment and proliferation of BALB/Therefore, acid-soluble, pad collagen type | extracted from calf

3T3 mouse broblasts in comparison tdms of the skin (Sigma-Aldrich Life Sciences, Germany) was dissolved in diluted
unmodied C16 variarif. acetic acid (0.5% v/v at pH 3) for 20 h to yield a collagen

: ncentration of 0.48% (w/v). Fiber formation was induced within
Collagen as the major component of the extracellular matﬁge microuidic chip by interaction of the collagen solution with a

(E,CM), ishighly b|oaqt|ve, SUPPO”'”Q cell adhe§|on ancﬁ)u er solution comprising PEG 20,000 (10% w/v) (Carl Roth,
migration as well as tissue sting, morphogenesis, and Germany), NabPO,2H,0 (4.14 mg mbY) (Carl Roth, Germany),
repaif;™>>° but usually loses a certain degree of mechanicalaHPO, (12.1 mg mEY) (Carl Roth, Germany), TES (6.86 mg
stability at wet conditions.* The internal structure of a mLSY) (2-[(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]-ethane-
peripheral nerve shows the epineurium, perineurium, asdifonic acid (Carl Roth, Germany), and NaCl (7.89 mg) mL
endoneurium, comprising single or bundled collagnand ~ (Carl Roth, Germany) at pH 8. Collagdyers were continuously
networks® The endoneurium sumods a collagen-rich ~Collected on a rotating spool using a collagsnate of 50 h™",
basement membrane that provides myelinated axons wﬁﬁoglﬂcicr’]‘g ?r::ggmlblgte’ l\?g%atr?glf:éli?\gsrf?aﬂgr?é% itlrlfag;n
functlc_)nal suppo?ﬁ Thus_, collagen may be_ regarded as th ere glued onto a wire and then inserted into the C16-RGD NWM
material of choice for peripheral nerve repair. In a recent stuqywe Finally, the wire was removed by cutting the coltrgemext
micro uidics-produced collagebers allowed neuronal cell o it using a sharp razor blade.
adhesion, and neurites of edentiated cells were highly  Cell Culture Studies. Flat and tubular spider silk NWM and
aligned along theber axes due to the low diameltefEhe collagen bers prepared on glass coverslips were used for cell culture
collagen bers could be spun continuously and they exhibitegtudies. Furthermore, NWM tubdied with aligned collagebers
mechanical properties, outcompeting that of previous collag@fre analyzed in cell culture tests, too. The neuronal cell line NG108-
bers without the need of cross-linking; thus, these show 15 was obtained from.the European Collection ‘of Cell Culture
high suitability in nerve repair among other possibl E%ACC) and grown in complete DulbéscModied Eagle
lication& edium (DMEM; Blochrom, Germany) containing fetal bovine
app o ) . serum (10% v/v) (Biochrom, Germany), GlutaMAX (20°3 M)
Currently, one of the limitations of commercially availablggipco, U.S.A.), and gentamicin (1%) (Sigma-Aldrich, Germany) in a
NGCs is the length of the defect that can be treated and thgimidi ed atmosphere (5% Gat 37 °C. Cells were trypsinized
lack of a suitable internal guidancehis study was designed after they became $80% conuent and they were seeded directly
in order to investigate a novel NGC made of a recombinarin di erent substrates (density ofdélls cr?) in a small amount of
spider silk nonwoven mesh (NWM) tube that ensuregomplete medeium without fetal bovine serum in order to induce their
structural integrity of enclosed, miaidics-produced colla- di erentiation® For electrophysiology measurements, cells were

: ; Itured in complete medium without serum but wittuNplement
gen bers, allowing guidance of neuronal cells and the . : .
. . : - 1% viv) (Gibco, U.S.A.) and cyclic adenosine monophosphate (10
neulf]ltes and ath t_h%_s%mel time allows focient nu'Frlent . 10>% M) (CAMP; Sigma-Aldrich, Germany) for 3 weeks. Similar cell
exchange. Each individual NGC component was InVeSt'g""t(‘j'“‘é%sities were used for cells cultured on individual morphologies (i.e.,

in terms of neuronal NG108-15 cell adhesion aret-di  NwM and aligned collagebers) as well as on the complete NGC
entiation. In order to test the functionality of the formedconstruct. For cell seeding in the NGC construct, a similar cell
neural networks, direntiated cells on the NGC components number was seeded in small aliquots. Cells were incubated with 5%
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Figure 1.NG108-15 neuronal cell adhesion on recombinant spider silk NWM and controls at proliferation conditions after 3 days of culture.
Fluorescence images of stained cells on (A) C16 NWM, (B) C16-RGD NWM, and (C) TCP used as a control for good celS@)jhesion. (E
Magni ed images of selected areas (white squares) of [BRe(®AGlass and (H) NTCP were used as controls for poor cell adhesion. (1,J)
Quanti cation of percentage area oredint substrates due to positive staining of the axonal rtatkdmn 11l (green) and F-actin visualized

with phalloidin (red). Cell nuclei are indicated using Hoechst staining (blue). Scale barsSigcance level$(p < 0.05),** (p < 0.005).

CO, at 37°C, the culture medium was removed and cells wegte  obtained using a light microscope (Leica DMI, Germany). Scanning
with paraformaldehyde (4% w/v) at day 3 and week 3. Foelectron microscopy (SEM) images of sputter-coated samples (2 nm
immunocytochemistry, cells were permeabilized using Triton X-1@0ating of platinum) were taken using a Zeiss Sigma VP 300.
(0.1% v/v) (Sigma-Aldrich, Germany) in phosphaterbd saline Electrophysiology. NG108-15 cells were cultured on spider silk
(PBS; Sigma-Aldrich, Germany) followed by blocking with bovinelWMs or collagenbers, which were prepared on glass coverslips in
serum albumin (5% w/v in PBS) (Sigma-Aldrich, Germany). Theadvance. After 3 weeks in culture, the coverslips with the NWMs or
primary rabbit antibody anti-R-tubulin 111 (polyclonal) (Abcam, U.K.) collagen bers and the NG108-15 cells were placed into a perfusion
for detection of neuronal specicell structures and the mouse chamber (RC-25, Warner Instruments) located on the stage of an
antibody anti-SNAP25 (monoclonal) (Abcam, U.K.) for detection ofnverted microscope (Axio Vert.Al, Zeiss). The chamber was
the cell membranes, cell junctions, and synapses were use@ntinuously perfused (0.5 mL Mjnwith an external solution
Antibodies were diluted (1:1000 in 0.1% v/v Triton X-100 in PBS)(140x 10>*M NaCl, 3.5¢ 10°* M KCl, 2x 10°*M MgCl, 2x 10>

and cells were incubated for 2 h at room temperature. SubsequeniyCaCh, 10x 10°* M HEPES, and 10 10°* M glucose at pH 7.3)

the secondary antibodies Alexa Fluor 488 goat anti-rabbit (Invitroge#ging a peristaltic pump (Reglo Digital, Ismatec). Whole-cell patch
U.S.A) or Alexa Fluor 594 goat anti-mouse (Abcam, U.K.plamp recordings of NG108-15 cells were performed using an EPC-10
(respectively 1:1000 in 0.1% v/v Triton X-100 in PBS) were applieBatch-clamp ampéir controlled by Patchmaster software (HEKA
for additional 2 h to detect the primary antibody. In order to detecElectronics). Recording electrodes6(3/ tip resistance) were

actin laments, phalloidin-TRITC (Sigma-Aldrich, Germany) wagPulled from borosilicate glass (BF150-86-10, Sutter Instruments) on a
used. Cell nuclei were stained using Hoechst 33258 pentahydri@izontal puller (P-97, Sutter Instruments) dlad with an internal
(Invitrogen, U.S.A.). Samples were imaged usingrascence solution (130< 10° [\QK-quconate,zlos M MgCl, 1x 10°°M
microscope (Leica DMi8, Germany), and images were processe@TA and 15 10°* M Hepes at pH 7.2). External and internal
using Leica Application Suite (LAS), Adobe Photoshop, and |mag§\9_lutlons were sterildtered prior to use. All recordings were
Experiments were carried out in nontreated culture plates (NTCH)erformed at room temperature.

(Thermo Scientt, Germany). The number of pixels occupied by Statistical Analysis. Results are expressed as meaSD

tubulin 1l and F-actin was assessed using ImageJ software. fgndard deviation) unless otherwise indicated. One-way ANOVA

analysis of cell viability and morphology, cells cultured on C16-RGHth Tukeys multiple comparison tests was performed. Statistical

NWM tubes and on collagerbers were stained with Calcein ©valuation was performed using GraphPad Prism 7 for Windows

acetoxymethyl ester (Calcein A/M; Invitrogen, U.S.A.) and ethidiurﬁGraphafd Software).*ilgmnce levels are |Dg|cated as folfips:

homodimer-l (EthD-I; Invitrogen, U.S.A.). A solution containing< 0.05),"* (p < 0.005),”* (p < 0.0005), and™** (p < 0.0001).

Calcein and A/M (nal concentration2 10°® M) and EthD-I ( nal

concevntra'[i0n>41036 M) was added to the samples and incubated RESULTS AND DISCUSSION

for 30540 min at 37C. After incubation, the staining solution was . . -

removed and fresh PBS was added. Live and dead cells were visualiz hes_lon and .D' ere_nt|at|on of Neuronal Cells on

using uorescence microscopy (Leica DMi8, Germany). Recombinant Spider Silk Nonwoven Meshes.NWMs
Microscopy. Flat spider silk NWMs, tubular NWMs, and aligned Were produced by electrospinning of a spider silk solution onto

collagen bers were air-dried after production (and after post-glass coverslip&igure S). and neuronal NG108-15 cells

treatment in case of the NWMs). Light microscopy images wenwere cultured thereon for 3 days either at proliferation or
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Figure 2NG108-15 neuronal cells on recombinant spider silk NWM and controls epntidtion after 3 days of culture. Fluorescence images
of stained cells on (A) C16 NWM, (B) C16-RGD NWM, and (C) TCP used as a control for good cell ad§&idadhi ed images of
selected areas (white squares) of paSéls (®) Glass and (H) NTCP were used as controls for poor cell adhesion. (I,J)c@tiamtbf
percentage area onelient substrates due to positive staining of the axonal rtatkdm 11l (green) and F-actin visualized with phalloidin
(red). (K) Axon length on déerent substrates. Cell nuclei are indicated using Hoechst staining (blue). Scalerha&gt@ance levels(p

< 0.05),** (p < 0.005),*** (p < 0.0005)**** (p < 0.0001).

di erentiation conditions. NG108-15 cells have been invepercentage area for positive 3-tubulin 11l and F-actin staining
tigated in vitro in previous studies in terms of their neuronahowed signtant dierences between C16 and C16-RGD
di erentiation as well as action potential genetatidere, NWMs (p < 0.05).
NG108-15 cells cultured atofiferation conditions (in Cells cultured at dérentiation conditions showed very few
complete medium with 10% fetal bovine serum) wereells with neurite formation on C16 NWMsg(re A,E)
investigated in terms of their adhesion only. Atatitiation when compared to C16-RGD NWMSEBigqure B,F).
conditions (medium without fetal bovine serum)erdi  Consequently, we detected cells on C16-RGD NWMs with
entiated cells were examined in terms of their adhesion aaigjni cantly longer neurite extensions: (0.0005) compared
their neurite lengths. We also investigated cell adhesion awdC16 NWMs Figure K) and with multiple neurites making
di erentiation on derent substrates, that is, on a treatedcontacts with adjacent cells forming small networks. Quantify-
tissue culture plate (TCP) as a control for good cell adhesiomg the percentage area showed no @i dierences
as well as on glass and on a nontreated tissue culture pldietveen C16 and C16-RGD NWMs, neither for 3-tubulin IlI
(NTCP) as a control for poor cell adhesion. nor F-actin expressiorFigure 2J). At proliferation

Cell adhesion and direntiation on NWMs and controls conditions, the glass negative control showed a lower cell
were investigated by immunostaining of R-tubulin 1ll, which idensity compared to the positive control TCP (as seen in
an axonal marker. Additionally, we used phalloidin-TRITEigure ). This trend was not observed atedéntiation
(hereafter phalloidin) for stainingmentous actin (F-actin), conditions as the percentage area for R-tubulin 11l and F-actin
which visualized the cytoskeleton. Neuronal cells cultured @ras greater in the glass contralre B,l1,J) than on TCP
C16 NWM at proliferation conditionsigure A,E) showed  (Figure £,G,1,J) and on NTCPF(gure BSJ). The high
less cell adhesion compared to NWMs made of the variapércentage area in the negative controls may have resulted
with the cell binding RGD maotif, C16-RGEglre B,F). from the combined ect of cell aggregates and ECM
Cells adhered better on C16-RGD NWM than on ¢lags ¢ deposition by cells. The ECM contributed to a higher number
1D) and NTCP gigure H). In contrast, the TCP control of positive pixels in the selected area for qoafidin
(Figure C,G) showed a similar cell adhesion behaviocompared to the monolayer control as obtained in TCP
compared to C16-RGD NWMs. Cells cultured on C16-RGOFigure £,G). Cell aggregates showed also neurite extensions
NWMs showed the highest percentage area calculated from #iadi erentiation.
positive staining of -tubulin IFiGure 1) followed by TCP, Long-Term Neuronal Cell Culture.Next, we investigated
C16 NWM, NTCP, and glass. The percentage area derivétiWMs made of C16 and C16-RGD as well as midics-
from visualizing positive F-actin staining for C16-RGD NWMproduced collagerpbers at dierentiation conditions in long-
was similar to that of TCPrigure 1). Quantifying the term cell culture experiments, that is, in a 3 week culture, to
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Figure 3.Light microscopy images showing NG108-15 neuronal cells on aligned bellagerdierentiation conditions after 3 weeks of
culturing. (A) Alignedbers glued onto a glass coverslip using silicon glue caused no cell toxicity during 3 weeks of incubation (arrowheads shoy
ber alignment). (B) Cells showing aligned neurite growth on/&lergy(indicated by the white arrowhead). (C) Cellders with multiple
neurites (asterisk indicates a single cell, arrowheads show neurites making conndatisns(@ijtiCells forming extended neural networks on
bers (asterisk shows connected cells). (E) Cells with neurite and growth cone formation making cdreect(agitbrisk shows a cell,
arrowheads indicate neurites). Scale barsni.00

Figure 4.NG108-15 cells grown on recombinant spider silk NWM and coblagedierentiate into fully functional neurons after 3 weeks of
culturing. Neural network formation on (A) C16 NWM, (B) C16-RGD NWM, and on (C) coltzyen SNAP-25 expression (red) shows
synapse formation of cells grown on NWM made of (D) C16, (E) C16-RGD, and on (F) aligned lbeiagé) Whole-cell patch clamp
recordings from NG108-15 cells grown on NWM made of C16 and C16-RGD and on aligneeadlademonstrating the capability of
generating action potentials in response to current injections (100 pA, 300 ms). Scalerbars: 100

test neural network and synapse formation as well #Bigure &€). We also observed cells with long neurite
functionality of NG108-15 cells. In accordance with autgrowths forming connections with other cells along the
previously published studythe used collagenbers ber axis figure ®). Some cells attached on the underlying

e ectively supported cell adhesion and directed neuritglass surface showed multiple neurites with growth cones
outgrowth, which can be seen Rigures S2 and S3 reaching out forming connections with the collabers
respectively. The NWM for the long-term experiments wer@-igure E). Interestingly, cells cultured on the glass control
prepared on glass coverslips and showed no detachment fr@mithout collagen bers) did not show any cell adhesion,
the glass during the 3 weeks of incubation. Conversely,siiggesting that cells in direct contact to collbges secreted
proved to be dicult to keep aligned collagdrers in culture  ECM components promoting cell adhesion.

for 3 weeks without detachment. Therefore, we glued alignedTo investigate neurite growth and synapse formation at
collagen bers onto glass coverslips using a biocompatibldi erentiation conditions after 3 weeks of culturing, we
silicon glue Figure 3). Because of handling issues andvisualized a similar R-tubulin 11l expression as for the short-
oating bers, B-tubulin Il and F-actin quatditions were  term (3 day) cell culture studies. In addition, we also visualized
not carried out and cell adhesion and axon outgrowth wake synaptosomal-associated protein 25 (SNAP-25), a
shown qualitatively only. Cells attached to colldoyens component of the solubN-ethylmaleimide-sensitive-factor
showed neurite outgrowth on and along hiee axis igure attachment receptor (SNARE) complex mediating the
3B). Some cells orbers showed multiple neurite formations exocytotic release of neurotransmitters at chemical syhapses.
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Figure 5.Snapshots of the processing of NGCs. (A) C16-RGD NWMs prepared using electrospinning were rolled around a needle template
form a tubular structure. (B) Scanning electron microscope (SEM) image of the underlying electrospun NWM. (C) The SEM image shows the
achieved tube. (D) Collagdpers were continuously spun using mi@i@s and collected on a rotating spool. (E) Aligned collagysnglued

onto a wire, were inserted into the NWM tube. (F) SEM image showing ctiéagesithin the NWM tube.

The NMWs made of both recombinant spider silk variantamplitude, and no sigoant dierences were observed
supported neurite extension as well as the formation of neubstween the tested material&al{le Sishows the mean
networks, but on C16-RGD NWMs they showed morevalues for all three materials). Because of handling problems
networks in comparison to C16 NWMsg(re 4,B). All with the TCP, laminin-coated samples were used as positive
cells on the recombinant spider silk NWMs expressed tloantrols for the electrophysiological experiments, since they
synaptic marker SNAP-2biqure D,E). Aligned collagen showed a comparable cell response to TCP in terms of neurite
bers provided the longest neurite extensions, and thefmation and SNAP-25 expresskigure Sy
extensions even crossed betweeeretit bers forming These ndings corrmed that recombinant spider silk
layered networkg=igure €). On collagen bers, cells also NWMs and micrauidics-produced collagebers are not
showed expression of SNAP-Bure #). Some of the  only biocompatible but also support functionality of neuronal
somata in our positive controls were stained with SNAP-28ells. Thus, both materials were combined to yield an NGC,
but most of the SNAP-25 staining was observed in the contadtowing high neurite alignment on the collalgers, whereas
area between cell bodies, where numerous neurites and sradilbe made of the recombinant spider silk NWM ensured the
branches fasciculatddgure Sy structural integrity of the enclosed collabers as well as the

To con rm the functionality of the apparentlyedéntiated  supply of nutrients, and at the same time would prevent
NG108-15 cells, we examinetiole-cell current clamp in ammatory cells from migrating into the nerve defect in vivo.
recordings. These aimed at demonstrating neuronal excitabilityfNerve Guidance Conduits. Nerve guidance conduits
and the c%gability of generating action potentials as previouNGCs) were prepared using C16-RGD NWMs and aligned
describef™°? It is crucial that the cells were capable ofcollagen bers. NWMs were collected on black paper,
prodding action potentials as these are essential for neurorethoved, and wrapped around a needle temjplatere
excitation, propagation, and stimulus-evoked neurotransmiti&). The surface morphology, as well as tiz¢ tubular
release (which is important for neuron-to-neuron communstructure, are depicteddigure B,C, respectively. The NWM
cation)®® Because NG108-15 cells were shown previously tabe was post-treated in ethanol vapor to induce R-sheet
require up to 3 weeks of dientiation until they are capable formation rendering the recombinant spider lsédks water-
of generating action potentfalsje cultured them for 3 weeks insolublé” Collagen bers were produced continuously and
on both NWM variants and on collagéers. Strikingly, we were collected on a rotating spdab(re D). For better
demonstrated for all three substrates that NG108-15 cells wérandling, we glued aligned collager bundles at one site
able to dierentiate into functional neurons thieg action onto a wire and inserted them into the NWM tubiguie
potentials in response to current injection (100 pAju(e 5E,F). For all in vitro experiments, the tubes wre as
4G). In these cells, we idemtil dierentiation-induced much as possible with a thider bundle.
changes in membrane properties that were comparable tdNe subsequently seeded the complete NGC with NG108-15
that of NG108-15 cells grown andedéntiated on standard cells. Livdead assays showeddéntiated cells on the inner
culture dish€¥. In comparison to derentiated NG108-15 surface of the tube and on protruding collagers, and very
cells that were not able to generate action potentials afterf@v dead cells after 3 days ovefaiufe Sp Long-term cell
weeks, the derentiated cells with action potentials had a moreulture studies (3 weeks) of neuronal cedrentiation in the
negative resting membrane potential, an increased maximMGC were carried out, andtubulin 1ll and F-actin
rate of depolarization, as well as an increased depolarizatexpression were visualized. In accordance with the previous
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Figure 6 Expression oftubulin Il (green) and F-actin (red) in NG108-15 cells uparetitiation in NGCs for 3 weeks.(A) Cells cultured in a
C16-RGD NWM tubelled with aligned collagebers showed neurite formation on the protruding collages (B) Neurite formation
detected on the inner tube wall of the NGC. (CeBintiated cells with neurites on collapens within the NGC. Dotted lines enclose the
inner section comprisingers; solid lines show the tube wallSRDMagni cations according to the white rectangles of im&gzsihite
arrowheads show neurites on the inner surface of the tube and on teltagen

experiments usingit NWMs and collagerbers separately, Images of recombinant spider silk nonwovens on glass
the whole NGC showed good cell adhesion aarkdtiation, coverslips. Images showing adhesion agrmiiation
indicated by neurite outgrowth along protruding collagen of NG108-15 cells on aligned collages. NG108-15

bers Figure & and D) and on the inner tube wallgure 6 cell di erentiation and synapse formation on a laminin-
B and E). Similarly, we showed that celisretiated and coated glass coverslip and on a treated tissue culture
formed networks on aligned collageers within the tube plate (TCP). Dierentiation-induced changes in mem-
(Figure € and F). It is worth mentioning that for brane properties of NG108-15 cells grown on recombi-
microscopical analysis, the enclosed collages became nant spider silk NWM and on collagkers. Live dead
disaligned during tube opening in contrast to the situation seen  staining of NG108-15 cells efientiated in the NGC

in Figure 6A and D. (PDR
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Figure S1. (A, B) Light microscopy images and (C, D) scanning electron microscopy (SEM)

images of nonwoven meshes (NWM) collected on glass coverslips.
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Figure S2 Fluorescence microscopy images of adhered NG108-15 cells on aligned collagen fibers
on day 3 of culture. (A) Merge, (B) expression of R-tubulin 1, (C) expression of F-actin and (D)

Hoechst staining showing cell nuclei.

S3 116



Figure S3 Fluorescence microscopy images of NG108-15 cells on aligned collagen fibers after

differentiation on day 3 of culture. Green fluorescence indicates the express$tan o$ III.
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Figure S4.NG108-15 neuronal cell differentiation and synapse formation on a laminin-coated
glass coverslip and on a treated tissue culture plate (TCP) after 3 weeks of cultatingnal

cells show long neurite growth and neuronal networks on (A) laminin-coated glass and on (E)
TCP, both acting as positive controls. (B, F) Differentiated neurons are immunoreactike¢ for
tubulin [II (green). (C, G) Neuronal networks form synapses and are immunoreactive for SNAP-

25 (red). (D, H) Neuronal cell nuclei marked with Hoechst (blue). Scale bars: 100 pm.
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Table S1.Differentiation-induced changes in membrane properties of NG108-15 cells grown on
recombinant spider silk nonwoven meshes (NWM) and on collagen fibers. The resting membrane
potential, the maximum rate of depolarization and the depolarization amplitude are shown in
differentiated NG108-15 cells with (n = 9) and without (n = 13) the ability to generate action
potentials. No significant differences were observed between the two NWM variants and the

collagen fibers. All data are presented as mean + SD.

Resting membrane Maximum rate of depolarization Depolarization

NG108-15 cells potential [mV] [mV ms] amplitude [mV]
- action potentials -33.7+21 225+1.2 51.3+35
+ action potentials -419+3.0 49.2+6.5 87.6+4.7

Figure S5.Live dead staining showing NG108-15 cells differentiated in the NGC after 3 days of
culturing. (A) Neuronal cells showed an even distribution inside the C16-RGD NWMwiibhe

very few dead cells in red (white arrows). (B) Differentiated live cells with neurites on the inner
wall of the tube structure with negligible dead cells in red (white arrow). (C) Differentiated cells

on collagen fibers in the tube structure with very few dead cells in red (white arrow).
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The current gold standard in peripheral nerve repair is nerve autografts for bridging gaps larger than a centimeter.
However, autografts are associated with a low availability and the loss of function at the donor site. Nerve
guidance conduits (NGCs) made of biocompatible and biodegradable materials reect suitable alternatives.
Clinically approved NGCs comprise either wraps that are rolled around the loose ends of the nerve or steady-state
tubes; however, both lack internal guidance structures. Here, we established self-rolling NGCs to allow for gentle
encapsulation of nerve cells together with supportive microenvironments, such as (1) an inner tube wall coating
with a bioactive spider silk Im, (2) an inner tube wall lining using an anisotropic spider silk non-woven mat, or
(3) a luminal ller using an anisotropic collagen cryogel. Neuronal cells adhered and differentiated inside the
modi ed tubes and formed neurites, which were oriented along the guidance structures provided by the spider
silk non-woven mat or by the brillary structure of the collagen cryogel. Thus, our size-adaptable NGCs provide
several features useful for peripheral nerve repair, and distinct combinations of the used elements might support

and enhance the clinical outcome.

1. Introduction

Peripheral nerve injuries, such as crushes or sections, can be con-
sequences of vehicle or industrial accidents, falls, or penetrating
trauma [1]. The peripheral nervous system in vertebrates reacts to
such injuries by active degeneration and regeneration [2,3]. Prob-
lematic are gaps, which are larger than 1 cm, thus, original nerve
function cannot be restored using bioinert nerve guidance conduits
(NGCs) [4,5]. In those cases, the current gold standard is nerve auto-
grafts, providing the extracellular matrix, viable Schwann cells, and
growth factors needed for optimal regeneration [6-8]. Therewith, a
physical guidance is given, allowing the nerve tissue cells to sprout
their axons from the proximal end to the distal stump [ 9]. Unfortu-
nately, the number of supplies in donor nerve tissue is limited and
nerve removal causes a loss of function at the donor site. Further, a
complete functional restoration cannot be guaranteed at the acceptor
site [6,10]. An alternative to nerve autografts is using arti cial
NGCs [11-13].

* Corresponding author.
E-mail addressthomas.scheibel@bm.uni-bayreuth.de(T. Scheibel).
9 contributed equally.

https://doi.org/10.1016/j.mtbio.2020.100042

Basically, there are several properties the NGC has to meet to increase
the success of the clinical outcome. The NGC must be biocompatible and
biodegradable to not provoke any immunological reaction or other side-
effects and to avoid compression caused by non-degraded components
[13]. The NGC must be exible and soft because the gap to be bridged
might cross a joint but at the same time should possess enough stability to
be implanted by surgeons [13]. NGCs, which are mostly based on tubular
structures, should be semipermeable allowing the diffusion of gases and
nutrients but should avoid in ltration of in ammatory cells and scar
tissue formation. Furthermore, the presence of bioactive molecules and
adhesion of supporting cells, such as, for instance, Schwann cells, has
been found to be crucial [11-14].

Filler materials within the tubular structure can create a cell friendly
microenvironment promoting cell adhesion, proliferation, migration and
differentiation, and directed growth of neuronal cells and their neurites.
For instance, multilumen or microporous llers, hydrogels or ber con-
taining conduits, and microgrooves or nanoimprints on the inner wall
have been under investigation [11,12]. Another possibility is the use of
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cryogels, which provide a three-dimensional environment [15,16]
favorable for this application.

Clinically approved NGCs are either wraps that are rolled around the
loose ends of the nerve or steady-state tubes, in which both nerve ends
are inserted [17]. Those NGC variants are not modi ed with internal
guidance structures and they are made of either synthetic polymers,
such as polyglycolic acid (Neurotube®), polylactide-caprolactone
(Neurolac™) and polyvinyl alcohol (Salutunnel ™), or collagen type |
(NeuraGer®, NeuraWrap™, NeuroMend™, NeuroMatrix™, Neuro-
Flex™) [17], which is an extracellular matrix protein also found in
peripheral nerves, providing myelinated axons with functional support
[12,18,19] and generally exhibiting excellent biocompatibility,
extremely low immunogenicity, chemotaxis, and biodegradability [ 20,
21].

Besides collagen, other naturally derived materials such as chito-
san and spider silk are promising candidates for NGC fabrication
because of their excellent compatibility with the human body. Chi-
tosan is a derivative of naturally occurring chitin, a by-product of the
seafood industry. It shows antimicrobial properties [ 22] and is used in
food, cosmetics, and pharmaceutical and biomedical applications [23,
24], including peripheral nerve repair [ 25,26]. Natural spider silk

bers exhibit remarkable mechanical properties [27,28] and have
performed well in in vivo peripheral nerve repair studies [29,30].
Owing to the dif culties (i.e., cannibalism) in spider farming, which
prevent the production of large amounts and a constant material
quality [ 31], recombinant spider silk proteins can nowadays be pro-
vided, and materials made thereof have exhibited suitable properties
in neuronal in vitro tests [32-34]. Recombinant spider silks can be
processed into several tailorable morphologies, for example, Ims,
foams, non-woven mats, or hydrogels [35-42], and these materials
were shown to not induce an immune response in the body and to
degrade rather slowly [43-46]. In comparison with electro-spun
collagen nano bers, recombinant spider silk nano bers are less prone
to swelling [ 47], allowing a higher degree of nerve cell orientation
along the ber axes. Furthermore, different modi cations are possible
on the genetic level, for instance, the introduction of an arginine —-
glycine-aspartic acid (RGD)-bearing cell binding motif [ 48].

We have recently shown the application of self-rolling tubes as
containers for enzymatic reactions [49]. In the present study, we
designed a biocompatible and biodegradable self-rolling tubular NGC.
Although the commercially available NeuroMend ™ exhibits
self-rolling properties, its lack of internal structures, which would be
bene cial for cell vitality and differentiation, as well as directed nerve
growth and neurite elongation, is regarded as one severe drawback
limiting the success of the clinical outcome. Therefore, we studied the
bene t of a self-rolling tube made of chitosan and different ller
morphologies, which adapts to the dimensions of the injured periph-
eral nerve upon rolling around the loose ends and the ller material. It
could be shown that the new NGCs ensured the viability of neuronal
cells during encapsulation. In this study, all variants tested allowed
differentiation of neuronal PC-12 cells within the NGCs, and aniso-
tropic structures provided guidance of neurites. Our study combines
the usefulness of the self-rolling property of a tube with the incorpo-
ration of suitable internal morphologies and is therefore of high
importance to the development of new materials for peripheral nerve
repair.

2. Materials and methods
2.1. Fabrication of self-rolling chitosanims

A ltered chitosan solution (1% w/v in 2% v/v formic acid,
190-310,000 g mol !, Sigma-Aldrich) was cast into a Petri dish (Steri-
lin ™ diameter: 90 mm) yielding a density of 2.36 mg cm 2 andthe Im
was air dried overnight. This Im was post-treated with 0.2 M NaOH for
5 min and subsequently washed with ultrapure water.

Materials Today Bio 5 (2020) 100042

2.2. Fabrication of self-rolling chitosanims with an internal
eADF4(C16)-RGD coating

The preparation of self-rolling chitosan tubes with an internal spider
silk eADF4(C16)-RGD coating was conducted according to Aigner and
Scheibel [49]. In brief, an eADF4(C16)-RGD [48] solution in 1,1,1,3,3,
3-hexa uoro-2-propanol (HFIP, 8.33 mg ml !, 0.08 mg cm 2, 48,
583 g mol l) was cast into a Petri dish (Sterilin™, diameter: 90 mm) and,
after drying, post-treated with 70% (v/v) ethanol to render the silkk  Im
to be insoluble in water by inducing -sheet formation. Then, a chitosan

Im was cast on top of the eADF4(C16)-RGD Im according to the pro-
cedure outlined in Section 2.1.

2.3. Fabrication of self-rolling chitosanims with an internal eADF4(C16)
anisotropic non-woven mat

A chitosan Imwas prepared as depicted in 2.1 and removed from the
Petri dish and xed on a rotating drum with double-sided tape. The
rotating drum allowed production of aligned  bers yielding an anisotropic
non-woven mat. Electrospinning of eADF4(C16) was performed according
to the study by Lang [50]. A 150 mg ml ! solution of eADF4(C16) (47,
698 g mol 1 AMSilk GmbH) in HFIP was electrospun onto the chitosan

Im (voltage: 30 kV; distance to collector: 15 cm; owrate: 300 | min 1
relative humidity: 50%). The spider silk non-woven mat was post-treated
rstin pure ethanol vapor for 3 h, followed by a treatment in 90% ethanol
in the vapor phase (corresponds to 87% v/v ethanol) for 2 h to render the
mat to be insoluble in water and to obtain a tight connection between the

spider silk non-woven mat and the chitosan Im.

2.4. Fabrication of anisotropic collagen cryogels

Collagen type | extracted from calf skin (Sigma-Aldrich) was dis-
solved in 0.5% (v/v) acetic acid at pH 3 for 20 h. After centrifugation at
17,700 g for 10 min, the supernatant was removed and showed a collagen
concentration of 4.8 mg ml 1. Then, an aqueous glutaraldehyde solution
(25% v/v in water, Carl Roth GmbH p Co. KG) was mixed with the
collagen solution yieldinga nal concentration of 1% glutaraldehyde (v/
v). This solution was then immediately transferred into a vertically
standing plastic tube, which was tightly xed to a copper plate. After
sealing the top opening of the lled plastic tube with para Im and
mounting a thermal insulation (tube lled with cotton wool) on top, the
whole setup was transferred intoa 20 C temperature freezer for 48 h.
Subsequently, the frozen collagen cryogel precursor was pushed out of
the tube into phosphate buffered saline (PBS), pH 7.4 at room tempera-
ture to neutralize the acidic pH, thereby preventing reversible dissolution
of the collagen cryogel. After 20 h gelation in PBS, the collagen cryogel
was washed three times with PBS containing 0.1 M glycine. The washing
was continued using two further washing steps during the next 24 h to
ensure complete capture of any free glutaraldehyde groups. Finally, the
collagen cryogel was washed using PBS and stored in PBS until further
experiments were carried out.

2.5. Chitosan tube formation

The underlying self-rolling mechanism of the used chitosan Im was
based on the difference of the swelling behavior between its bottom and
top layer (Section 2.1). A more detailed explanation of this process can be
found in the study by lonov [ 51]. Here, chitosan Ims were cut into
rectangles with desired sizes. The self-rolling process was induced by
immersing this Im into an aqueous solution, that is, into phosphate
buffered saline (pH 7.4). However, self-rolling was induced as well in
contact with cell culture medium, which resulted in entrapping the cell
suspension. To encapsulate cryogels, they were placed on thelm, which
self-rolled forming a tube lled with cryogel. The tube diameter could be
tailored to a certain extend by varying the Im thickness and the diam-
eter of the ller, for example, the cryogel.
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2.6. Morphological characterization of NGCs

NGC components were analyzed using stereo microscopy (Leica
M205C) and scanning electron microscopy (SEM; Sigma VP 300, Zeiss).
For SEM, the samples were mounted on aluminum studs with adhesive
carbon tape and then sputter coated with platinum (2 nm). Collagen
cryogels were prepared for imaging by washing and storing them for
further use in 10 mM ammonium hydrogen carbonate buffer. After ash
freezing in liquid nitrogen, the collagen cryogels were placed in a
lyophilization device (Alpha 1 —2 LDplus, Christ) for one week. The cry-
ogel cross-section was prepared in advance to ash freezing and lyoph-
ilization by cutting the soaked cryogel using a sharp razor blade.

2.7. Determination of water content and swelling degree of collagen
cryogels

Collagen cryogels were prepared having 2 cm in length (number of
samples n¥4 6). The weight of the fully soaked cryogels in PBS (Mspaked
and of the cryogels after removing unbound PBS with a paper tissue
(Mremoved Was determined using a microbalance (Practum 224-1S,
Sartorius Lab Instruments). The water content in soaked cryogels was
calculated using Eq.(1).

100
@
The swelling ratio of the collagen cryogels was calculated using Eq.
(2). Therefore, the diameter of the fully soaked cryogels was measured in
PBS Vs0akeq @nd that of the cryogels after removing unbound water with
a paper tissue Vemoved USiNg a stereo microscope (Leica M205C)

(number of samples n¥44). The cryogels were assumed to be tubular, and
their volumes were calculated using their diameter values.

water content of collagen cryogé# %2 0Msoaked  Mremoved®=Msoaked

swelling ratic'% ¥a a/soa\ked VremoveuP:Vremoved 100 (2)

2.8. Mechanical characterization of chitosaims and collagen cryogels

The chitosan Ims used for conduit fabrication and the collagen
cryogels were analyzed using a tensile testing device (Bose Electroforce
3220) equipped with a 2.45 N load cell. Dry chitosan Ims were glued
onto plastic frames using a high viscosity glue (UHU® Supergel), and
they were immediately transferred into a fume hood for drying. The Ims
on the frames were incubated in PBS before analysis using a strain rate of
0.05 mm s ! (number of samples n¥ 5). Engineered stress of the Ims
was calculated as the force divided by their cross-sectional areas assumed
to be rectangular ( Im width Im thickness).

The mechanical properties of the collagen cryogel were analyzed
referring to its longitudinal axis. Free PBS in collagen cryogels was
removed using a paper tissue, and the diameters after this procedure
were measured at three different positions. The moist cryogel was
clamped between two plastic frames, applied to the tensile testing device,
and measured at a strain rate of 0.05 mm s * (number of samples n¥24).
Engineering stress of the cryogels was calculated as the force divided by
the respective cross-sectional area, which was assumed to be circular. In
terms of the Ims and the cryogels, the gauge length was adjusted to
2 mm. Strain was de ned as the change in sample length divided by its
original length. The Young's modulus was determined as the slope of the
stress-strain plot in the linear elastic deformation range.

2.9. Seeding of PC-12 cells on the individual components and in the NGC

The different NGC components were prepared in untreated cell cul-
ture plates (24 wells, Thermo Fisher). For collagen surface treatment, the
collagen type | solution (diluted 1:5 with sterile PBS, Cellmatrix ®, Nitta
Gelatin Inc) was used to coat the wells for 30 s. Then the solution was
removed and the Im was air dried. The eADF4(C16)-RGD Im was cast
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directly into the wells using HFIP (33.3 mg ml %, 0.25 mg cm 2) as a
solvent. After drying, Ims were post-treated with 70% ethanol (v/v).
The eADF4(C16) non-woven mats were prepared by electrospinning of a
150 mg ml ' eADF4(C16) solution in HFIP onto plastic coverslips
(12 mm diameter, Thermo Fisher). The same spinning and post-
treatment conditions were used as explained in section2.3. A xation
of the plastic coverslips onto the rotating drum for  ber alignment was
not possible, thus, an isotropic non-woven mat was spun onto the cov-
erslips. The collagen cryogel was glued into well plates using a silicon
glue.

The neuronal cell line PC-12 (ATC@® CRL1721™) [52] was cultured
in the growth medium (Dulbecco’s Modi ed Eaglés Medium (DMEM)
with 10% (v/v) heat inactivated horse serum (Gibco), 5% (v/v) fetal
bovine serum (FBS, Merck), 1% (v/v) GlutaMAX (Gibco), 1% (v/v)
penicillin/streptomycin (10,000 U ml !, Thermo Fisher), 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, Carl
Roth)). For the adhesion test, 25-30,000 cells were seeded per square
centimeter on the aforementioned materials and allowed to adhere for 7
days with medium changes on day 3 and 5. Treated cell culture plates
were used as control. After 1, 3, and 7 days, cell morphology was
observed using bright eld microscopy (Leica DMi8).

2.10. Differentiation of PC-12 cells on NGC components

A density of 10,000 cells cm 2 were cultured on the aforementioned
materials and incubated in the growth medium. After 1 day of culture,
the growth medium was exchanged with the differentiation medium
(DMEM with 2% (v/v) horse serum, 1% (v/v) GlutaMAX, 1% (v/v)
penicillin/streptomycin, 20 mM HEPES buffer, 100 ng ml ! nerve
growth factor (NGF, 2.5s Native Mouse Protein, Thermo Fisher)), which
was changed on day 3 and 5 of differentiation. After 7 days of differen-
tiation, the cells were immunostained for detecting endogenous levels of

-l tubulin, and neurite outgrowth was evaluated. The staining pro-
cedure was as follows: cells were xed with formaldehyde (Carl Roth;
3.7% in water, 15 min, at room temperature) and made permeable with
Triton x-100 (Carl Roth; 0.3% (v/v), 5 min, at room temperature). A
glycine solution (Carl Roth, 300 mM, 10 min, at room temperature) was
added to deactivate aldehydes. Bovine serum albumin (BSA) blocking
buffer was applied (Carl Roth; 5% (w/v), 30 min, 37 C) before adding the
image enhancer (30 min, 37 C) of the Alexa FluorTM 488 Goat Anti-
Rabbit SFX Kit (Thermo Fisher). Then, the samples were incubated in
primary polyclonal antibody anti- -lll tubulin (Abcam, rabbit; 1000 x
diluted in 0.1% (w/v) BSA buffer, overnight, 4  C). On the next day, cells
were stained using the secondary antibody goat-anti-rabbit with an Alexa
Fluor 488 label (Sigma-Aldrich; 1000 x diluted in 0.1% (w/v) BSA buffer,

1 h, 37 C) and Hoechst (Invitrogen; 1000  diluted in 0.1% (w/v) BSA
buffer, 1 h, 37 C). Imaging was performed using a uorescence micro-
scope (Leica DMi8). For cryogels, Z stacks were taken and overlaid using
the maximal projection option provided by the software (LAS X 3.6.0).

2.11. Encapsulation of cells in tubes

Tube materials were cut to rectangular shapes (1.5 0.5 cm for pure
chitosan, eADF4(C16)-RGD-chitosan and eADF4(C16) aligned ber mat-
chitosan tubes and 1.5 1 cm for chitosan tubes lled with the collagen
cryogel), and the Im thickness was determined to be 29.7 3.0 m
[49]. These samples were allowed to roll in PC-12 cell suspension (10,
000 cells ml 1) to entrap the cells. In the case of the cryogel, the gel was

rst soaked in cell suspension and then applied on a chitosan Im, which
smoothly rolled around it. Collagen-coated cell culture plates were used
as a positive control. After one day of culture, the medium was changed
to differentiation medium. The differentiation medium was refreshed
every two days. On day 7, cells were immunostained as described pre-
viously and analyzed using a wide eld uorescence microscope (Leica
DMi8), and the images were processed using the software LAS X 3.6.0 by
adjusting the brightness and the contrast. Z-stacks in combination with
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the maximal projection mode were used to analyze all 3D samples.
Importantly, cryogels were cut to slices giving a thickness of 1-3 cell
layers (corresponding to 10-36 m) and put on a glass slide covered with
a coverslip to observe, whether adhered and differentiated cells could be
found throughout all layers. Neurite length was determined by
measuring neurites of nerve cells grown on each type of surface using
ImageJ. The neurites were traced starting from their extrusion point from
the cell body to the neurite's outer end, and this line was subsequently
measured with the ‘Measuré tool in ImageJ (collagen coating: 425
neurites, eADF4(C16)-RGD-coated tubes: 135 neurites, eADF4(C16)
anisotropic non-woven mat tubes: 231 neurites, collagen cryogel in tube:
248 neurites). Then, the percentage of neurites was determined in each
10 m length segment (0-10, 1120, 21-30, and so on). Further, the
number of cells in the images was counted using ImageJMulti-point ’
modus to determine the neurite length per cell.

3. Results and discussion
3.1. Fabrication and characterization of NGCs

All NGC variants exhibited a tubular structure because of the used
self-rolling chitosan Im. The self-rolling mechanism has been recently
described in Aigner and Scheibel [49] where the tubes were used as
enzyme-reaction containers. The tubes could be prepared with various
lengths (up to 10 cm), were stable between pH 3 and 11 and exhibited
diffusion permeability with a molecular weight cutoff of 20,000 g mol L
which enables in ux of nutrients, as well as gas exchange and metabolite
removal. The self-rolling property of the chitosan Im allowed an easy
modi cation with other Ims or structured materials, the gentle and
homogenous encapsulation of cells during rolling and, in principle, the

Fig. 1. Nerve guidance conduit (NGC) fabrication. Chitosan sheets were modi ed by either (1) a
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adaption of the tube size to the nerve ends or ller material.

To test the applicability of the self-rolling chitosan-based tubes for
nerve regeneration, three variants of inner tube materials were tested to
yield NGCs. An overview of the three NGC variants is schematically
depicted in Fig. 1. Setup 1 used a hollow tube with an inner Im coating
made of the spider silk variant eADF4(C16)-RGD to provide a surface,
where cells can ef ciently adhere to; setup 2 used a hollow tube with an
inner surface made of an anisotropic eADF4(C16) non-woven mat to
provide a structure, where cells can adhere to and align on; setup 3 used a
tube lled with a collagen cryogel with an anisotropic lamellar structure
allowing cell adhesion and alignment. The rst two NGCs (setups 1 and
2) possessed quasi-irreversible physical connection between the tube and
the modifying materials. On the contrary, the collagen cryogel structure
(setup 3) was not strongly connected to the chitosan tube, due to the
processing conditions.

Upon fabrication of setups 1 and 2, rolling was induced by incubating
the modi ed chitosan sheets with a PC-12 nerve cell suspension. For the
preparation of setup 3, the cryogel was soaked in the PC-12 suspension
and subsequently transferred onto the chitosan sheet, whereby immedi-
ate rolling of the sheet occurred and the encapsulation of the cryogel with
cells was accomplished. The PC-12 cells were entrapped without
applying mechanical stress, and they differentiated to form neurites,
which has been previously shown to be crucial for peripheral nerve repair
[53].

Fig. 2a,A shows the cross-section of a plain chitosan tube, and in
Fig. 2a,B, the inner surface topography is presented. The chitosan tube
soaked in PBS exhibited high transparency Fig. 2a,C). Modifying the
chitosan inner tube wall with an eADF4(C16)-RGD Im yielded bio-
functionalization, which was not visible in the cross-section because of its
low thickness (Fig. 2b,A). In the particular case, the poor solubility of the

Im on top of the inner wall made of the recombinant spider silk

protein eADF4(C16)-RGD, (2) a layer of an anisotropic non-woven mat on top of the inner wall made of the recombinant spider silk protein eADF4(C16), or (3) an

anisotropic collagen cryogel lling the inner volume of the tube. The collagen cryogel was produced using unidirectional cryogelation at

20 C, followed by thawing,

solvent neutralization, and several washing steps. The various NGC precursor constructs were placed in a PC-12 nerve cell suspension inducing self-rolling of the

chitosan

Im used as the outer layer, and thereby encapsulated the cells, which had then the possibility to differentiate.
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Fig. 2. Morphological characterization of NGCs. (a) (A) Scanning electron microscopy (SEM) image of the cross-section of the self-rolled chitosan tube; (B) its inner
surface topography; and (C) photograph showing the whole tube after self-rolling in PBS. (b) (A) SEM image of the cross-section of the chitosan tube coated with
eADF4(C16)-RGD on the inner surface (not visible here); (B) of the resulting inner surface topography; and (C) photograph showing the whole tube after self-rolling in
PBS. (c) (A) SEM image of a chitosan tube comprising an inner lining with an anisotropic non-woven mat made of eADF4(C16); (B) magni ed image of (c) (A) (white
box): The chitosan tube and the non-woven mat are physically connected because of the processing conditions. (c) (C) Magnied image of (c) (A) (black box): The
eADF4(C16) non-woven nano bers were deposited on the chitosan inner surface in an anisotropic manner (the white arrow indicates the direction of nano ber
orientation). (c) (D) Photograph showing the whole tube after self-rolling in PBS. (d) (A) Photograph of a collagen cryogel stored in PBS; (B) Bending of the collagen
cryogel in PBS resulted in a sharp bending edge indicating its anisotropic character; and (C) PBS removal from a collagen cryogel yielded a signicant volume
reduction. (e) (A) SEM image of a freeze-dried collagen cryogel and (B) its cross-section in the chitosan tube. (f) (A) Stereo microscopy image of the anisotropic
collagen cryogel within a chitosan tube and (B) of its cross-section; (C) photograph of the chitosan tube lled with the anisotropic collagen cryogel. NGCs, nerve
guidance conduits; PBS, phosphate buffered saline.

post-treated eADF4(C16)-RGD Im at low pH values, compared with eADF4(C16)-RGD layer was physically cross-linked with the chitosan

other biopolymers such as collagen, prevented its resolubilization when layer [49]. This bilayer tube was slightly turbid ( Fig. 2b,C) compared
the acidic chitosan solution was cast thereon during fabrication. The with the plain chitosan tube.
eADF4(C16)-RGD layer exhibited a smooth surface topography The second NGC variant had an anisotropic non-woven mat as a cell

(Fig. 2b,B). Owing to the preparation procedure of the bilayer, the guiding element on the inner tube wall ( Fig. 2c,A). Owing to the post-
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treatment during tube fabrication, the chitosan surface was molten with

the non-woven mat preventing delamination ( Fig. 2¢,B). The silk bers
with diameters ranging from 0.5to 1.0 m were longitudinally oriented

(Fig. 2¢,C) because of the processing condition (Sectior2.3) and led to
slight turbidity of the tube ( Fig. 2¢,D). Importantly, the low thickness of
both, the spider silk Im and the non-woven mat, was negligible in
comparison with that of the chitosan layer. Therefore, no differences in
the rolling behavior and only minuscule differences in bilayer thickness
were observed (data not shown).

The third NGC was fabricated slightly differently: the tubular collagen
cryogels were stored in PBS buffer, transferred to the PC-12 cell sus-
pension, and enclosed with the self-rolling chitosan Im. Upon bending
the tubular cryogels, sharp edges appeared indicative of having aniso-
tropic features within this material ( Fig. 2d,A and B). The bending was
observed to be fully reversible. Furthermore, removing all unbound
water showed the high water absorption capacity of the collagen cryogels
(Fig. 2d,C). The water content of the collagen cryogels, when fully soaked
in PBS, was determined to be 90.7 1.4% (w/w). Accordingly, the
collagen cryogels showed an 11-fold volume increase during swelling. A
closer look onto the surface of freeze-dried collagen cryogels using
SEM revealed longitudinally oriented structures (Fig. 2e,A), and a

Fig. 3. Investigation of PC-12 nerve cell differentiation on all materials in tubes used in this study at day 7. A collagen
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lamellar structure could be observed in the cross-section Fig. 2e,B). The
anisotropic structure was well maintained after rolling ( Fig. 2f,A), and
the cryogel completely lled the chitosan tube lumen (Fig. 2f,B). Fig. 2f,C
shows a photograph of the cryogel within the chitosan tube.

The chitosan Ims and the collagen cryogels were analyzed in wet/
moist state using tensile testing. Because fully PBS-soaked collagen cry-
ogels were observed to lose their unbound water during xation, we
removed the water in advance using a paper tissue, thereby ensuring a
de ned cross-sectional area for tensile property calculation. The tensile
strength, maximum strain, and Young's modulus were determined to be
47 17 MPa, 101  24%, and 30 13 MPa for wet chitosan Ims, and
0.15 0.04 MPa, 70 7%, and0.22 0.04 MPa for moist collagen cry-
ogels, respectively, (values for rabbit tibial nerves are: 11.7 0.7 MPa
tensile strength and 38.5 2% maximum strain [ 54]). Both the Ims and
the cryogels showed large ramps of linear elastic deformation. In contrast
to Ims, cryogels did not show a sharp material rupture but showed a
gradual deformation after reaching the yield point ( Supplementary
Fig. S1). The deformation process of the cryogels continued up to 300%
strain until no more force was detected. Importantly, the Young's modulus
of the moist cryogels was in the range of that of peripheral nerve tissue
(0.15-0.3 MPa) [55], presumably yielding a suitable environment for

Im was used as a positive control for dif-

ferentiation. Bright eld (BF) imaging showed the general material appearance; immunostaining against -Ill tubulin (green) visualized the microtubule-forming
protein present in differentiated neurons; Hoechst (blue) staining visualized cell nuclei. All images are at the same scale. C16, eADF4(C16)
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nerve cells, while the chitosan Im could provide stability during and after
implantation, as well as structural integrity of the  ller material and cells.

3.2. Differentiation of neuronal cells on individual materials

According to Orlowska et al. [56], attachment of PC-12 cells to
polystyrene tissue culture asks/plates is poor at laboratory conditions,
and the cells form oating aggregates and grow in clusters p7].
Furthermore, this weak cell adhesion results in poor differentiation and
insuf cient levels of neurite outgrowth [ 57]. In agreement with Klein-
man et al. [58], we therefore used collagen type | to coat the surface of
our plates, yielding improved PC-12 cell attachment. Consequently, this
coating was used as a positive control in our experiments. The suitability
of the three different tube modi cations in terms of PC-12 nerve cell
adhesion was rst investigated on plain materials individually. As it is
shown in Supplementary Fig. S2 PC-12 cells equivalently adhered on a
collagen Im (positive control), an eADF4(C16)-RGD Im, an
eADF4(C16) spider silk non-woven mat, and on an anisotropic collagen
cryogel. We did not observe any differences in terms of cell attachment or

oating aggregates between these samples in comparison with the pos-
itive control within 7 days of culture.

PC-12 cells further possess the ability to differentiate upon lowering
the serum content and adding NGFs p9]. This factor helps to protect
neurons against  camptothecin, serum deprivation, and
etoposide-induced cell death. PC-12 cells offer advantages in comparison
with cultured primary cortical neurons, including the ability to differ-
entiate and show neurite formation. Studies have shown that a speci ¢
signaling pathway including the mitogen-activated protein kinase is the
major mediator of PC-12 differentiation in response to NGFs. However,
more signaling pathways are activated by the NGF, which is reviewed in
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detail [ 60]. Therefore, in a second experiment, the growth medium was
exchanged with differentiation medium on day 2, and cells were then
monitored for seven days. Since the specic doubling time of these nerve
cells is 48 h [52], they were rst given time to adhere to the surface
without proliferation before initiating differentiation. Cells were immu-
nostained for -lIl tubulin expression, which is a microtubule-forming
protein produced in the early differentiation phase of neuronal cells [ 61].
On all substrates, the majority of the cells differentiated as indicated by
the formation of neurites (Supplementary Fig. S3. Although cells on
eADF4(C16)-RGD Ims showed only few and short neurites, the positive

-l tubulin staining con rmed that the cells started to differentiate.
Both, the collagen Im and the eADF4(C16) non-woven mat showed
clear neurite outgrowth. Remarkably, nerve cells cultured and differen-
tiated on collagen cryogels showed a high number of neurites, which
were aligned with the underlying structures and they were interacting
with other neurites forming bundles ( Supplementary Fig. S9.

3.3. Entrapment of neuronal cells in NGCs

PC-12 cells were entrapped in the self-rolling NGCs by allowing the
rolling process to occur directly in cell suspension. Thereby, the cells
were distributed homogeneously throughout the tube and they were
subsequently induced to differentiate for seven days ¢ig. 3). Pure chi-
tosan tubes showed poor cell adhesion, and aggregated cell clusters
indicated that chitosan tubes did not promote effective cell adhesion. In
contrast, chitosan tubes modi ed with an eADF4(C16)-RGD Im coating
showed good cell adhesion and isotropic neurite outgrowth similar to
that on collagen Ims (Figs. 3 and 4A, B) because no guidance cue was
provided in both cases. Chitosan tubes lined with anisotropic
eADF4(C16) non-woven mats yielded adhered and differentiated PC-

Fig. 4. Analysis of neurite lengths grown on the materials used in this study. Neurites are marked with white lines to highlight their direction of outgrowth. (A) On a

collagen

Im (positive control) and (B) on an eADF4(C16)-RGD Im, neurites grew isotropically, whereas (C) an anisotropic eADF4(C16) non-woven mat and (D) an

anisotropic collagen cryogel allowed guidance of neurites into longitudinal direction. Yellow arrows indicate the orientation of anisotropic structures observed in the
eADF4(C16) non-woven mat and in the collagen cryogel. (E) Neurite length distribution as detected on the materials used.
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12 cells, which aligned with the nano bers (Figs. 3 and 4C). The aniso-
tropic collagen cryogels also allowed PC-12 cell adhesion and differen-
tiation, and neurites followed their longitudinally oriented structure
(Figs. 3 and 4D). To image the cells within the cryogels, they were cut
into slices. The presence of cells within the interior of the cryogel
con rmed that cells were able to migrate into the lamellar structures and
that they spread their neurites longitudinally within the cryogels.
Moreover, it can be assumed that suf cient perfusion of nutrients, oxy-
gen, and waste metabolites throughout the cryogel supported the
viability and differentiation of the cells. The spreading of long and par-
allel neurites within the lamellar structures of the cryogels is depicted in
Fig. 3 and Fig. S4

Next, neurite lengths were measured and the quantitative distribution
of their lengths was determined. Therein, ‘10 m’ includes all neurites
with a length ranging from0to 10 m, ‘20 m’ includes all neurites with a
length between 10 and 20 m, and so on (Fig. 4E). NGCs comprising either
an anisotropic eADF4(C16) non-woven mat or a collagen cryogel, as well
as the collagen Im (positive control) promoted outgrowth of neurites with
lengths exceeding 250 m. However, the longest neurites in the NGCs with
an eADF4(C16)-RGD Im were shown to have a length of 180 m. Further,
it could be observed that NGCs modi ed with an eADF4(C16)-RGD Im
showed the highest occurrence of neurite length in the range of 10-20 m
and, therefore, seemed to lead to the shortest neurites in this test. The
chitosan tube with aligned eADF4(C16) non-woven mats peaked at
20-30 m neurite length. The collagen Im and constructs comprising the
collagen cryogel exhibited most neurites at a length of 3040 m, hence,
double the length as observed in eADF4(C16)-RGBmodi ed constructs.
Most of the neurites longer than 250 m were found in the collagen cry-
ogel, which is remarkable, because the neurites in these samples could
only be determined in a thin z-layer. Therefore, it can be assumed that the
actual neurite length could be even longer.

To determine neurite length per cell, the number of cells in each
image was counted. Cells on collagen Ims showed an average neurite
length of 16 m, 19 m on eADF4(C16)-RGD Ims within a tube, 34 m
on eADF4(C16) anisotropic non-woven mats within a tube, and 47 mon
collagen cryogels within tube. This result further indicates the suitability
of collagen cryogels encapsulated in self-rolled tubes as a promising
candidate serving as an NGC.

4. Conclusions

Self-rolling tubes made of chitosan are bene cial for designing NGCs,
because they enable gentle encapsulation of neuronal cells and the
dedicated modi cation of the inner tube wall or its lumen with sup-
porting materials, such as a bioactive recombinant spider silk Im, an
anisotropic recombinant spider silk non-woven mat, or an anisotropic
collagen cryogel. All tube modi cations were shown to be functional
concerning enhancement of nerve cell attachment and differentiation.
Anisotropic non-woven mats and collagen cryogels even supported
guidance of neurites. This in vitro study opens the road toward in vivo
studies to demonstrate the feasibility of the individual NGC or even
combinations thereof and if the self-rolling properties of the NGCs will
support the surgical procedure.
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Fig. S1.Stress-strain plot of (A) a wet chitosan film used for fabricating self-rolling tubes and

(B) a moist collagen cryogel.
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Fig. S2.Optical microscopy images showing adhesio®Gf12 cells on different substrates.
Brightfield images of cells incubated in growth medium were taken after 1, 3 and 7 days to
analyze cell adhesion on an eADF4(C16)-RGD film, an eADF4(C16) isotropic nonwoven mat
and an anisotropic collagen cryogel in comparison to a collagen coating as the positive control.

All scale bars correspond to 75 pum.
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Fig. S3 PG12 nerve cells on a collagen film (positive control), eADF4(C16)-RGD film,
isotropic eADF4(C16) nonwoven mat and on an anisotropic collagen cryogel after 7 days of
differentiation. Brightfield (BF) images show the surfaces of the films, nonwoven mat or the
collagen cryogel. Immunostaining againstll tubulin visualized the microtubule forming

protein present in differentiated neurons, whereas Hoechst staining visualized cell nuclei.
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Fig. S4. PG12 nerve cells on collagen cryogel forming bundle-like structures (red box)
compared to single neurites (yellow arrows). The bundle-like structure is aligned with the

collagen cryogel (dashed line).
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e properties of orb web silks have been extensively charactérfzead they typically comprise ve silk types,
with two additional types found in the egg ca%es mechanical properties vary across the silk tyjfesnd
depend, in part, on the content of crystalline and amorphous regions providing strength andititytehsibAll
extant spiders produce silk, which may have originally been used to provide protection for tiseesuidbeir
eggs, and it is thought that foraging webs are derived from thistealcgtat&'* with concomitant changes in
silk propertie& Crab spiders ( omisidae) are typically described as ambush predators, remaining concealed in
the vegetation before seizing their prey, but do not build foragingwébsse spiders nevertheless produce
draglines and attachment di$t$orm egg cases and use silk to construct protective ledf.nestsistralian
thomisid Saccodomus formivofligs a remarkable exception, constructing a basket-like web thisates the
capture of its ant préy?3. e spiders construct their webs on low-lying shrubs that are in closiprity to
either the nests or foraging trails of ants (MAE, pers obs). Foragitkgr ants of several di erent species may
be attracted to the silk of these webs, and those that venture into kie¢ dr@ssubsequently captured by the
resident spidé?. Clearly, the silk of the basket welsoformivoruias properties that di er from those of other,
conventional foraging webs. In particular, the silk must support the remarkablesfefitbe basket-like design:
high dimensional stability that allows a free-standing web tsireicHere, we describe the micro-morphology
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Figure 1. Morphological features of the silk of the welSoformivorus@ Photograph of the entire basket

web. b) Water droplets on the web indicate high water contact angles. Scanning electron microscopy (SEM)
images of) the upper andg) the lower web sections originating from the zones markea).ifd( f) SEM

images of marked sections ] (arrowheads indicate the presence of micro bers, asterisks show accumulated
submicron bers). ¢) SEM image of a single protruding spider silk thread as markej ie {nset shows a

light microscopic image of a protruding threald) SEM micrograph of the thread cross-section comprising
several micro bers embedded in a submicron ber matrix (arrowhead indicates a micro ber cross-section,
asterisk shows accumulated submicron ber cross-sectiopsjiqrograph of the lower web section showing
several hatched egg9.Nonwoven-like sheet, which horizontally covered the eggs shown (k) SEM image

of the nonwoven-like sheet as markedj)n (

of the basket web and its structural and mechanical properties. We reveal that micro- and suboeicson
exhibiting a distinct chemical composition, yield threads #ratextraordinarily resilient against lateral loads
compared with the major ampullate silk of orb webs. Wkiér reveal that the base of the basket web contains
spider eggs: this is arguably the rst documented example of awatkabpider foraging web that has evolved
as an extension of the protective egg case.

:t o/ —o

et —1F 'S 'Z ' %> T =St ,f eStHermi¥arysa ‘é non-sticky webs of S. formivorus
are cylindrical resembling a basket or “lobster pot” of 11+3 mm diameter, 14 + 4 mm depth=@Dyith
an opening at the top that varies in size and shape. e web structure comprises crosslinked threads of vary-
ing diameters. e basket webs are rmly attached to branches and leaves by protruding threadgioggina
throughout the web (Fidla). e protruding threads resemble those that form the basket web, but are more
uniform in diameter and show no crosslinks with other threads. e webs were highly water repelledb{fig.
and the contact angle was estimated to be around 126° + 1N%SD,
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e webs showed two distinct ber types: micro bers of several micrometer diametersabmicron bers.
e density of submicron bers was lower in the upper section of the basket webl{figand they were distrib
uted around the larger threads only (Fid), whereas the submicron bers in the lower section (Epwere
also found in between the threads (Afg. As a result, the web resistance against compression increased fro
the upper to the lower part of the basket. At a closer look, the thileigdsg) comprised several micro bers
with two to four micrometers in diameter, which were embedded in a matrix made of longitudinally oriented
submicron bers of around 400 nm in diameter (Fig).

e basket webs are not used exclusively as a retreat and fyagiucture for the resident spider, as previ
ously reporte#??3. e base of some webs had a more pronounced submicron ber architecture and contained
hatched eggs (Fidi) that were covered by a nonwoven-like sheet (ig.

™ g 3" —y'te ™S fce—<o...— . V& Pbtained paflidily-reselved Faurier-transform
infrared (FTIR) spectra of the thread cross-section @pusing synchrotron FTIR (S-FTIR) microspectros-
copy, equipped with a macro attenuated total re ectance FTIR (ATR-FTIR) devim&jrfglVongsvivut et &

A chemical map of the protein distribution across the thread cross-section was produced based on the
integrated area under the amide | band (1720-1599) ¢fig. 2b). Similarly, a chemical map of C-OH and/
or C—O-C vibrational modes was acquired by integrating the area in the spectmbfa00-990 cfn
(Fig.2cy*>?". e amide | chemical map in Fig2b corresponds well with the scanning electron microscopic
(SEM) image of the thread cross-section (B, allowing the extraction of spectra on the speci c aress th
represented micro ber cross-sections (1-7), as well as submicron ber cross-sections (A-G). In addition to
the S-FTIR investigation, ATR-FTIR measurements of submicron ber surfaces (i.e. of nonwoven-like sheets
as illustrated in Fidlj,k) were conducted using a laboratory-based spectrometer equipped with a thermal IR
(Globar) source. Average spectra of the micro- and submicron ber-seas®mns and of the submicron ber
surfaces are given in Fiyl.

Interestingly, the chemical maps showed high C—OH and/or C—-O-C absorbance between the micro bers
where the submicron bers were present. In contrast, the C—OH and/or C—-O—C absorbance observed on the
submicron ber surfaces was lower than that of the micro- and submicron ber cross-sectiorZsl)Fig.
second derivatives were calculated from each spectrum of the thread cross-section to idatnt#ycpystallite
regions, i.e. pleatedsheets, which are one feature of spider silk ¥ér= integrated values of the respective
band within the spectral range of 1638—1616 amere plotted to produce a chemical map allowing visualiza
tion of the spatial distribution of-sheets across the thread cross-section 2E)gwhich clearly showed that
both ber types comprised-sheets. e corresponding average second derivative spectra of the micro- and
submicron ber cross-sections are depicted in Bigshowing no signi cant structural di erences based on
their spectral features.

We used the seven extracted spectra of the micro ber crossrse(ti-7) and of the seven areas represent
ing the submicron ber cross-sections (A—G) for Fourier self-deconvolution (FSD) ard dting of the
amide | bands. erewith, we analyzed the approximate secondary protein structure prop®rivhich are
determined by the ratio of the respective secondary proteintste sub-peak integrals to the total sub-peak
integral (Fig2g,h). e results indicated that there are no signi cant di erencestiveen the cross-sections of
the micro bers and submicron bers. However, there are highgheet and random coil contents, but less side
chain, -helix and turn elements in the cross-sections than on the submineorsurface (Fig2i).

feedt— —S"Ifte SF™F tce—<e.. . — of . Sflethreafisof’s. foriverubiavi a remark-
able mechanical property that has not been documented for any silk produced by spiders;-anasistance
against lateral deformation that allows free-standing threads and webs. We determined the resiliencies of the
basket threads upon lateral deformation (Beyb). For comparison, we chose double- lament major ampul-
late silk of the Australian golden orb weaMeredulis(Fig.3c), which fairly re ect the mechanical properties
of major ampullate silks of orb-weB®. e diameters of the examined threads & formivorusvere much
higher (14-80 um) than those of the major ampullate silK.afdulis(3—6 um for single laments). e dis-
tinct mechanical property of the basket web is revealed by comparing the resiliencies of theaditkafSt
formivorusthat ranged from 19 to 625 mN, with that of the major ampullate double- |asirofN. edulighat
ranged from 25 to 107 mN (Figd).

We further analyzed the tensile properties of the threa8isfofmivorusvith a diameter range of 11-75 pm.
A representative stress—strain plot and the real stress—strain datatwktdstof two individual webs are given
in Fig.3e—i. In comparison to orb-webs, the tensile strength and Young's modulus of the basket threatiasvas no
high as those of major ampull&té&*2° and minor ampullate silk&°, nor did the threads exhibit the remarkable
extensibility of agelliform silk$3. Tablel compares the mechanical properties of the basket threads with the
complete set of silk types of a model orb-web spider (Aeergentatehas been chosen because it is the only
species with a complete set of data obtained at consisteninesquiad condition$).

feet— ™%, =S ffte £3Sc, <= o'<tf" e<Ze —>'<¢ e ficro-arfs ubmicrpz "' 3’
bers within the upper and lower sections of the basket web provided good chemical resistamomcasyco
observed for spider silk bersSe In particular, the basket threads were stable for at least 7 days against chao-
tropic agents such as 8 M urea and 6 M guanidinium thiocyanate, the organic solvent hexa uoraoismdpropa
(HFIP), the ionic liquid 1-ethyl-3-methylimidazolium acetate (EMIM acetate) and 98% formic acid. In contrast,
both ber types degraded within the rst 72 h a er incubation in 32% hydrochloric acid, and treatment with
10 M sodium hydroxide yielded isolated ber fragments, which disappeared a er 1 week of incubapion (S
plementary Fig. S1).
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Figure 2. FTIR spectroscopic investigation of the silks in the basket v&daimivorus(@ SEM image of a thread cross-section
comprising several micro bers (1-7) embedded in a submicron ber matrix (A-G). e spatially-resolved chensicadidion
(chemical map) of the thread cross-section was analyzed using synchrotron FTIR (S-FTIR) microspectrosceywéttuépp

macro ATR-FTIR deviceb(c) Chemical maps of the overall protein (i.e. amide 1) distribution (1720-159pamd of C—OH and/

or C—O-C groups (1200-990 ém respectively. e areas on the chemical images, indicated by number 1-7, match the location of
micro bers depicted ind), whereas those labelled A-G match the submicron ber matrix. Absorption intensities eonighethe

color scales and increase from blue to white. Blue-colored areas indicate no absorbance of cheteresls ahththereby suggesting
the presence of the resin used for embedd@d)gViéan absorbance spectra of the micro ber cross-sections, submicron ber cross-
sections and submicron ber surfaces). Absorbance indicatessheet secondary protein conformation (1638-1616)cif) Mean
second derivative spectra obtained from the micro- and submicron ber cross-sectionke(: Fourier self-deconvolved (FSD)
amide | bands of the spectra obtained from the micro ber cross-section, submicron ber cross-set8abraitron ber surface,
which are presented along with their corresponding curve tting sub psalde(chains, -sheetst random coils, -helicest

turns). Right: secondary protein structure proportions determined by the ratio of the resgectdndary protein structure sub-peak
integral to the total sub-peak integral.
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Figure 3. Mechanical properties &. formivorusilk threads.d) Schematic image of the lateral resilience test
setup. ) Exemplary lateral resilience—displacement plot of a thre&dfofmivorus(c) Exemplary lateral
resilience—displacement plot of the double- lament major ampullate silk of the model orb Weadettis

(d) Semi-logarithmic display comparing the lateral resiliencies of the $ilkeafuliswith those of the threads

of S. formivorus(e) Representative stress—strain plot (real stress—strain) for a single th&edorofivorus
(according to inset g of Fit,g). {-i) Real stress—strain data for threads originating from two wehs of
formivorus(#1 and #2). Error bars show standard deviation (SD).

Spider ‘ Fiber type ‘ Extensibility (%) ‘ Tensile strength (MPa) ‘ Young’s modulus (GPa{) Toughness (M3)m
S. formivorus
#1 . 17+4 314+75 6.2+1.2 38+12
#2 Composite threacls 15+6 271+95 43+1.6 27+15
Major ampullate silk | 20.5+ 0.5 1495 + 65 8+0.8 1367
Minor ampullate silk | 33+3.3 923+ 154 10.6+1.2 137+ 22
A. argentat& | Flagelliform silk 172+5.0 534+40 0.001+0.0001 75+6
Aciniform silk 404+24 1052+ 120 104+1.4 230+31
Tubuliform silk 28.6+1.5 476+ 90 11.6+2.1 95+17

Table 1. Mechanical properties of threadsSfformivorusvebs (real stress—strain data + standard deviation
(SD)) in comparison with representative orb-web spider silks afgentatareal stress—strain data + standard
error of the mean (SEM)).

We further investigated the molar percentage of car@prhidrogen i), nitrogen () and sulphur § in the
threads of the upper and lower sections of the basket web. Although the Idiearceeeprised more submicron
bers than the upper section, tl@gHNScomposition in both ber types was similar (Supplementaiyld S1).
e outstanding dry mass of around 35% may be attributed to oxygen atoms as a major element of pndteins a
to inorganic materials like dust particles, which were found indetvthe threads (Supplementary Fig. S1).
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(o . . —eoec'e
e crab spider S. formivorusssembles micro- and submicron bers into threads to build a basket web with
an extraordinarily high dimensional stability, which provides a foraging platform to capture an&dl as av
protective refuge for the resident spider and its eggs. Although this basket web is unique across spider web:s
some insects also build free-standing silken structures. For instance, the moths of the faaidigelsuild
cage-like, protective cocodfr€’, which seem to possess a similar dimensional stability compared with the webs
of S. formivorusFree-standing, single silk threads were further observed with lacewings, forming egg stalks made
of proteins with a cross-structuré’.

Interestingly, the basket web&fformivoruseems not to contain any ant deterrents such as 2-pyrrolidinone,
which is found in the orb web bdfephila antipodian® and provides protection from ant invasion. Rather, it is
likely that the basket web contains an ant-attracting compound, similar to the allomoescnerfound in the
silk of orb-webs, and which enhances the capture of.ies

e water repellent e ect of the basket web may be partly due to the mesh-like surface of the web, which led to
reduced physical interactions with water droplets, similar to the rough surface of non-wetting lotus mdfit leav
High hydrophobicity has also been observed in the silk used to fornasegin other spider speéiés e
basket web further showed no overall stickiness, indicating the absence of aggregate-like silkgwdgch pr
the agelliform silk of orb webs with adhesiveness for pagyucing®*®.

Our examinations of the micro bers and submicron bers con rmed considerable amountsloéets,
indicating that those bers are most likely not related to tteheet-free agelliform silks We further com
pared the secondary structure contents of the micro ber and Bubm bers in the thread cross-sections and
found only negligible di erences. is lack of signi cance could be the cause of the resolution of the macro-ATR
technique that is 3.2 &#h Nano-IR could be an ideal technique in future investgatto shed the light into a
more accurate measure of the protein secondary structurergerdf submicron bers.

ere are few accounts of the silk of spider egg cases, but large tubuliform silk bers form the outemdhell a
small aciniform silk bers line the interior of those examfrféd-iber diameters of these types of silks of orb-web
(araneid) spidersArgiope bruennichi7—8 um and 600 rfth Argiope aurantia5—10 um and 100—-200 finand
tangleweb (theridiid) spiderd.dtrodectus hesperus-5 um and 500 nif) are similar to that oB. formivorus
(2—4 um, 400 nm). us, the unusual web &. formivoruspparently comprises tubuliform and aciniform silks,
and the foraging web has arguably evolved as an extension dfjthel @rotective egg case.

Using S-FTIR microspectroscopy, we showed that the submicres vidéhin the thread cross-section had
a higher content of C—OH and/or C—O—-C groups compared with the micro bers, suggesting that submicron
bers in direct contact to the micro bers were modi ed by a C—OH and/efO=C-containing component (or
that only the submicron ber core comprises elevated amounts of C—OH and/or C—Oufisghut not the
submicron ber surface). C—-OH and/or C—-O-C groups are ladigifound in saccharid€s’, or in proteins
that result from glycosylatiéh so these molecular compounds may be found in the thre&isfafmivorus
Conjugated saccharides play a fundamental role in spider silk adhesiveness, facilitating attachmeatés subs
and cohesion of silk bet% Alternatively, C—-OH absorbance might be additionally derived from conjugated
amino acids such as serine, tyrosine and threonine. Longstamdiegrch on orb web silks has deepened our
understanding of their extraordinary material strength and elastiéiy Here, two distinct, longitudinally-
oriented ber types are assembled to form the composite thre&lgaimivorusin contrast to common ber-
reinforced plastics that receive their strength through incorporation of bers into a polyntex4¥#4, both
ber types of the threads &. formivorusnay contribute to the overall tensile properties. e tensileesgth
and Young's modulus &. formivorushreads, assessed using tensile testing, were signi camdy than that
of the major ampullate and minor ampullate silks of orb-webesgitf®=°. In general, a ber’s tensile strength
depends on the number of material imperfections, including voids, misaligned brils, and freereigd f
particle§’. We discovered a high degree of cavities in the submicron ber mé8ixformivorushreads (see
Fig.1h), potentially leading to a lower tensile strength.

e remarkable property of the silk threads @&. formivoruss their resilience against lateral loads, which
has not been previously noted in spider silk. As illustrated irB&jdhe lateral resilience correlates with the
thread cross-sectional area. It may be that the lateral resilience is not a function of timeget adialy, but also
that the biphasic structure plays a role in the threadi$uiral mechanism. Crack propagation in the threads of
S. formivorusnay be stopped at the interface between micro- and submicron bers similar ta#t®sitn
arti cial and natural ber-composite¥°3 which prevents early material failure.

In terms of biomimetics, the insights of the silk threadS.dbrmivorugould be inspiring twofold. First,
the threads may be used as a natural blueprint for the design of manrigiddhreads, for example for tissue
engineering or textile applications. Second, the unique structure of the threads comprising two dberent
types may inspire extrusion-based processes in order to fabricate rigid composite threads in a continuaus manner

-8t

"<t ET oecZe ™I .. \Meldllecteck WeBs & formivorugrom locations in central NSW, Australia
(NSW Scienti ¢ License SL101919). e basket webs were located on low bushes located adjacent to the nest
entrances or foraging trails of the meat &dpmyrmex purpureusNo animal ethics approval was required for
this study.

TEUfUf—<te T —S"EfT ... wead erbss:sectionsdvere prepared by embedding the threads
of S. formivorugn epoxy resin (EpoFix, Struers) with a resin to hardener ratio of 15:2. A er complete hardening
for 3 days, the epoxy blocks were ground stepwise using silicon carbide abrasive paper discs ending up with a
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abrasive particle size of 2.5 um. Polishing was carried out using MD-Dac, MD-Nap and MD-Chem discs (Stru-
ers) applied with suspensions of diamonds with 3, 1 and 0.04 um particle sizes, respectively.

<...” " e ... “Iméges of the webs were taken using a Leica M205C stereo microscope and a Leica Microscope
DMI 3000B. For scanning electron microscopy (SEM), all samples were sputter-coated with platinum (2 nm
coating) and imaged using a ZEISS Sigma VP 300.

‘e—f..— fe%Zt eI fe-nbilerio estithate the water contact angles on three individual webs of
S. formivorusa contact angle goniometer (SURFTENS Universal, OEG) was used. Contact angles were deter-
mined 1 min a er droplet deposition using 0.8 + 0.1 ul of ultrapure water.

Stec...fZ "1ece—f eSactoderiusferénivortisreads were incubated with either 8 M urea, 6 M
guanidinium thiocyanate, hexa uoroisopropanol (HFIP), 1-ethyl-3-methylimidazolium acetate (EMIM ace-
tate), 98% formic acid, 32% hydrochloric acid or 10 M sodium hydroxide at room temperature. Aer 3 and 7
days, images were taken using a Leica Microscope DMI 3000B.

Ztete —Cﬂ-ﬁ\lS feof Z > « e dri¥estigation of the carbon €), hydrogen K), nitrogen ) and sulphur
(S content in the basket web threadsSofformivorusvas performed using an elemental analyzer (EA 3000
HEKAtech). Respectively 2—-3 mg of the upper and lower sections of three individual webs werd axinacte
a sharp razor blade and transferred to tin capsules. e samples were oxidatively degraded at 1050 °C in an
oxygen atmosphere, whereby complete oxidation was ensured using a tungsten trioxide catalyst. gresultin
compounds were separated and quanti ed using a gas chromatograph with helium as carrier gapaed equi
with a thermal conductivity detector. e amount of substance (mol) of carb©) ydrogen K1), nitrogen {)
and sulphur § detected in the upper and lower web sections of the basket ®efoohivorusvere related to
the totalCHNSamount of substance yielding molar fractions (mol%).

“mfrEt e’ f..—"‘e labbtathry-based FTIR spectra of the submicron ber surfaces originating
from the webs ofs. formivorusi.e. of nonwoven-like sheets, were acquired using ATR-FTIR spectroscopy
(Bruker TENSOR 27, Bruker Optik GmbH). e sheets were removed from the web interior usingoaraher
blade and were placed onto the sensing surface of the diamond ATR crystal béforg agpessure onto the
top of the sample using an ergonomic clamp. Spectra were recorded using a spectrometer withah i@aspe
of 4000-600 crh and a resolution of 4 cinwith 200 co-added scans. Background spectra of a clean ATR sur-
face were acquired prior to each sample measurement using the same acquisition parameters. OPU%8.0 so wal
(Bruker Optik GmbH) was used for subsequent spectral processing and analysis.

STite of L7 fo—ke—fo%t ——fZ "f2% . —fe k@ ="
i ae spatial dlstrlbutlon of chemical groups and of secondary proteln structures in the threess-cr
section were analyzed using the synchrotron FTIR (S-FTIR) microspectroscopic technique at the Australian

Synchrotron IR Microspectroscopy Beamline (Victoria, Australia). e S-FTIR measurement wasrpedor

using a Bruker VERTEX V80v spectrometer coupled with a HYPERION 2000 FTIR microscope and a liquid
nitrogen-cooled narrow-band mercury cadmium telluride (MCT) detector. All synchrotron FTIR spectra were
recorded within a spectral range of 3900-750 arsing 4 cnt spectral resolution. Blackman-Harris 3-Term
apodisation, Mertz phase correction, and zero- lling factor of 2 were set as default acquisiticgt@arasing

OPUS 8.0 so ware suite (Bruker Optik GmbH). In particular, the thread cross-sections were analyged usin
an in-house developed macro ATR-FTIR device equipped with a germanium (Ge) ATR hemispherical crystal
(nge=4) having a 250 m diameter sensing facet and with a 20x IR objective (NA =0.60; Bruker Optik GmbH)
following Vongsvivut et &' e spectra were not processed using ATR correction, because the spectral com-
parison was all made based on the spectra data that was collected using the same setup, pacuisiiers

and optical con guration. As described in Vongsvivut étahe observed spatial resolution of our synchrotron
macro ATR-FTIR technique based on the parameters mentioned in the Experimental section was found to
be ~3.20 um. In practice, the thread cross-section, which was embedded in epoxy resin, was mounted on al
aluminium disc using double-sided polyimide (Kapton) tape, and placed into the sample stage of the macro
ATR-FTIR unit. First, the Ge ATR crystal was brought into the focus of the synchrotron IR beam kelow th
20x IR objective and, when the humidity in the nitrogen-purged enclosure surrounding the microscepe stag
had dropped to~20%, a background spectrum was recorded in air in a non-contact mode using a projected
beam size of 3.1 um at 256 co-added scans. e thread cross-section sample was then brought into contact with
the Ge ATR crystal. A rapid low-resolution overview synchrotron macro ATR-FTIR chemical s aptiaHy

acquired to determine the area and the quality of the sample contact at a 10 um step interval using 8 co-adde
scans. A subsequent synchrotron macro ATR-FTIR mapping measurement was performed on specis locatio
within the overview map where the spectral ngerprint features of the thread cross-section weesl jdesihg

a smaller step interval of 0.5 um and 8 co-added scans. Chemical maps were generated from the spectra by int
gration of the area under the speci ¢ peaks yielding spatial absorbance vallsssaddeed two-dimensional

plots. In particular, the distribution of proteins was demonstrated by integrating the ateathe amide |

band (1720-1590 ch), whereas integration of the absorbance bands in the range of 1200-08bawmed the
presence of C-OH and/or C—-O-C groups. Spatial distribution of #feeet secondary protein structure was
generated by calculating the second derivative of the original spectra and integratirai tieag in the range
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of 1638-1616 ch. e OPUS 8.0 so ware (Bruker Optik GmbH) was used for subsequent spectral processing
and analysis.

et Ty T —tce o — L ——"1F . 'e—d secofidaryf pretein strifcire’ e@ntent was
determlned usmg Fourier self- deconvolutlon (FSD) and curve tting of the amide | band (1720-15p0 cm
Curve tting sub peaks were applied at wavelengths 1611, 1619, 1624, 1630, 1640, 1650, 1659, 1666, 1680, 1
and 1698 cri to the Fourier self-deconvolved amide | band and curve tting was performed d@egstruc-
tures were assigned based on a protocol from Hu &twith side chains (1605-1616 tjn -sheets (1616—
1622, 1622-1628, 1628-1638 and 1697—-176%, candom coils (1638-1647 and 1647—-1656 ;m-helices
(1656-1663 crh), and turns (1663-1671, 1671-1686 and 1686—-1638Y, erhich was also successfully applied
in other studie¥8 Quanti cation of the secondary structure proportions was determined by the ratio of the
respective sub-peak integrals to the total sub-peak integral. For data analysisyegsfecticro ber cross-
sections, areas of submicron ber cross-sections and submicron ber surfaces (i.e. nonwoven-likef simeets) o
individual web were analyzed. Each amide | band (of respectively 7 spectra) was deconvolvee ateticur
for three times and the mean values were calculated. For FSD curve tting, Opusae g8ruker Optik
GmbH) was used.

o“te—<%of—c'e " =St ot .. Sfecetefisle pdperties oftprétruding (composite) threads
of S. fomivorusvebs were determined using a mechanical testing device (Bose ElectroForce 3220) equipped
with a 0.49 N load cell. e dry threads were mounted onto plastic frames with a gauge length of 2 mm using a
high viscosity glue (UHU Super glue) and placed into the fume hood for immediatg.dByinsequently, the
threads were observed using a light microscope (Leica Microscope DMI 3000B) and their diameters were deter.
mined using Leica Application Suite X so ware. e threads were uniaxially loaded wasirextension rate of
0.005 mm § at a relative humidity of 30%. A total number of 27 protruding threads originating from two indi-
vidual webs (#1 =8 samples, #2 = 19 samples) were analyzed. For the calculation of reahdtreasstrain,
data, Egs.1) and @) were used, whereagengineered stress) was calculated as the force divided by the thread
cross-sectional area (assumed to be circular) dadgineered strain) values were calculated as the change in
thread length divided by its original length.

@
@

e Young's modulus was determined as the slope of tlesst—strain plot in the linear elastic deformation
range, and only regression lines were considered for data evaluation possessing a coe cient of determina
tion>0.9. e material toughness was assessed by integrating the stress—strain plot using Origin 8rt@&. Al
bars show standard deviation (SD).

Mechanical tests were conducted to analyze the lateral resilience of threads originating from ft& web o
formivorusand of double- lament major ampullate silk of the orb wedeghila eduli¢N. eduliy. e samples
were mounted onto plastic frames with a gauge length of 2 mrg adiigh viscosity glue (UHU Super glue)
and dried immediately in the fume hood. Subsequently, the frames were tallizomed into a mechanical
testing device (Bose ElectroForce 3220 equipped with a 2.45 N load cell) and a lateral force was applied ont
the threads/ bers at a rate of 0.05 misntil rupture. Lateral resiliencies were investigated usirthreé@ds
of a single web @. formivorusand 14 double- lament major ampullate silks extracted from a shhgéslulis
spider. e lateral resiliencies were plotted against the crossicsead areas of ths. formivorushreads and of
the double- lamentN. edulissilks. Cross-sections of tBe formivorushreads as well as of tNe edulissingle
lament silks were assumed to be circular.

f=f [f<Zf,<Zc=>
e authors declare that the data supporting our ndings are available within the article appl@nentary
Information.
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Figure S1.Chemical resistance & formivorusipper and lower web sections. Light microscopy imagesaéted 7 d incubation
at room temperature in i) chaotropic agents including oreguanidinium thiocyanate (GAmSCN), ii) hexafluoroisopropanol
(HFIP), iii) 1-Ethyl-3-methylimidazolium acetate (EMIM acetate), iv) formic agdrbchloric acid and v) sodium hydroxide.

Yellow arrowheads indicate dust particl&be scale bars are 500 pm.

Table S1.Molar fractions of carbonQ), hydrogen i), nitrogen N) and sulphur$) found in the threads of the upper and lower

sections ofS. formivorusvebs.

Carbon (C) Hydrogen (H) Nitrogen (N) Sulphur (S)
Material
[mol %] [mol %] [mol %] [mol %]
Upper section 33.97 £ 0.38 56.05 £ 0.29 9.97 £0.08 0.01 £0.01
Lower section 33.78 £ 0.52 56.56 + 0.80 9.64 +0.49 0.02 +0.01
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