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Zusammenfassung

ZUSAMMENFASSUNG

Das Ziel der Gewebezlichtung (Tissue Engineering) ist die Wiederherstellung, Erhaltung
oder Optimierung von biologischen Gewebefunktionen und sogar ganzen Organen. Bei
komplexen und schwerwiegenderen Verletzungen wird eine Tragermatrix bzw. ein 3D-Gerlst
(Scaffold) benétigt. Die Gerliste aus Polymeren, Keramiken oder Metallen werden durch
traditionelle oder additive Fertigungsverfahren hergestellt, bevor die Besiedelung der Zellen
und Kultivierung erfolgt. Um Zelladhasion, -migration, -proliferation und -differenzierung zu
ermdglichen, missen die 3D-Scaffolds viele Anforderungen erflllen. Zum einen spielen die
Oberflachenladung und Benetzbarkeit sowie die Topographie der Gerlste eine
entscheidende Rolle. Zum anderen missen die PorengréBe, Porositat sowie mechanischen
Eigenschaften der Gerlste die Zelladhasion erlauben und férdern. Aufgrund ihrer
Biokompatibilitdt werden fir die Herstellung dieser Gerlste vor allem Biopolymere
verwendet. Je nach Anwendungsgebiet und Zelllinie missen die Materialien und
Geristeigenschaften angepasst werden, so dass die natirliche extrazelluldre Matrix
moglichst genau nachgeahmt wird.

Zu den traditionellen Fertigungsverfahren zahlen u.a. die Gefriertrocknung und das
Auslaugen von Salzen (Salt leaching). Durch das Variieren der SalzpartikelgréBe und der
Parameter wahrend des Einfrierens kdnnen Gerlste mit definierten Poren hergestellt
werden. Ein entscheidender Nachteil dieser Methoden ist die fehlende Genauigkeit bei der
Herstellung der Gerlste und die komplizierte Steuerung und Regulierung der inneren
Struktur. Deshalb werden additive Fertigungsverfahren, wie z. B. die Stereolithographie und
der 3D-Druck, eingesetzt. Durch einen automatisierten Prozess kdnnen komplexe
dreidimensionale Strukturen computergesteuert aufgebaut werden. Bei den meisten
additiven Fertigungsverfahren erfolgt die Verarbeitung unter extremen Bedingungen (hohe
Temperaturen, Drucke), weil klassische Werkstoffe verwendet werden. Deshalb erfolgt die
Besiedelung der Scaffolds mit Zellen auch hier erst nach der Herstellung. Allerdings kann
dadurch die Zellbesiedelung des Geristes teilweise inhomogen erfolgen sowie das

Gewebewachstum ungleichmaBig sein.

Eine vielversprechende Alternative zur klassischen Gewebeziichtung ist die Biofabrikation,
bei der durch eine automatisierte Herstellung biologisch funktionale Produkte mit struktureller
Organisation aus lebenden Zellen, bioaktiven Molekllen oder Biomaterialien durch
Biodrucken oder Bioassemblierung und nachfolgender Reifung entstehen. Durch Prozesse,
wie z. B. Tintenstrahldruck, Dispensdruck und laserinduzierter Vorwértstransfer, kénnen

hierarchische, dem natlrlichen Gewebe nachempfundene Strukturen erzeugt werden, die
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eine schnelle Vaskularisierung und Ausbildung funktionaler Komponenten ermdglichen. Die
eingesetzten Materialien, vor allem Hydrogele, missen bei diesen Methoden sowohl
druckbar als auch biokompatibel sein. Hydrogele aus natlrlichen Polymeren, wie z. B.
Alginat und Gelatine, sind bereits in der Biofabrikation als druckbare Materialien (Biotinten)
etabliert. Dennoch wird intensiv an alternativen Biomaterialien geforscht, um beispielsweise
die Formstabilitdt der gedruckten 3D-Konstrukte und deren Biokompatibilitdt zu erhéhen. Die
Verwendung von natirlichen Polysacchariden und Proteinen ist vor allem durch deren
variierende Qualitdt und das mdogliche Auslésen von immunogenen Reaktionen und
Krankheitstibertragungen begrenzt. Deshalb ist es von groBem Interesse, dass neue
Biopolymere entwickelt werden, die in dieser Komplexitat und Funktionalitat in der Natur

nicht vorkommen.

Spinnenseide ist aufgrund ihrer Biokompatibilitdt und Bioabbaubarkeit eine
vielversprechende Alternative flir die Gewebezichtung. Designte Spinnenseidenproteine
eADF4(C16) und deren Varianten, die auf der repetitiven Kernsequenz des
Dragline-Seidenproteins Araneus diadematus Fibroin 4 (ADF4) der europaischen
Gartenkreuzspinne (Araneus diadematus) basieren, kdnnen heutzutage biotechnologisch
effizient hergestellt werden. Ein Vorteil der rekombinanten Herstellung ist, dass die Proteine
genetisch modifiziert werden kénnen. Nach der biotechnologischen Herstellung kénnen die
rekombinanten Spinnenseidenproteine in verschiedene Morphologien, wie z. B. Schaume
und Hydrogele tberfuhrt werden.

Im Rahmen dieser Dissertation wurden durch unterschiedliche Herstellungsverfahren
3D-Scaffolds aus dem rekombinanten Spinnenseidenprotein eADF4(C16) und der mit einer
Zelladhasionsdomane modifizierten Variante eADF4(C16)-RGD hergestellt. Zunéchst
wurden, durch das Auslaugen von Salz, Schdume mit einer definierten und steuerbaren
PorengréBe (30 — 440 um), Porositat (> 91 %) und mechanischen Eigenschaften im Bereich
von Weichgeweben produziert. Zudem waren die Schdume proteolytisch abbaubar, so dass
sie nach und nach von der naturlichen extrazellularen Matrix ersetzt werden konnten. Die
Analyse der Biokompatibilitdt dieser porésen Strukturen zeigte, dass Mausfibroblasten auf
den Schaumen aus eADF4(C16) nicht adharieren und proliferieren kénnen, dies aber durch
die Einflhrung des Zelladhasionsmotivs RGD ermdglicht wird. Die Zellen waren durch die
Offenporigkeit und Interkonnektivitdt des Schaumes im gesamten Gerilst gleichmaBig
verteilt. Die Ergebnisse zeigten, dass die Schaume aus den rekombinanten
Spinnenseidenproteinen attraktiv fir den Einsatz als Tragermatrix in der Gewebezichtung
sind.

Da durch einen computergesteuerten automatisierten Herstellungsprozess die &uBere und

innere Struktur von Gertlststrukturen besser reguliert werden kénnen, wurde im zweiten Teil
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der Arbeit das Potential von Hydrogelen aus rekombinanten Spinnenseidenproteinen als
Biotinte evaluiert. Die selbstassemblierten Hydrogele konnten aufgrund der schnellen,
reversiblen supramolekularen Wechselwirkungen der Proteine und des scherverdiinnenden
Verhaltens des Proteinnetzwerkes direkt mittels Dispensdruck verarbeitet werden. Es
entstanden mehrlagige, formstabile 3D-Konstrukte, die nicht durch zusétzliche
Quervernetzer mechanisch stabilisiert werden mussten. Vor dem Drucken wurden zu der
eADF4(C16)-Spinnenseidenlésung humane Fibroblasten gemischt, deren Zugabe weder
einen Einfluss auf die physikalische Gelbildung noch auf den Druckprozess hatte. Die Zellen
Uberlebten den Druckprozess und waren Uber sieben Tage vital. Allerdings sank wéahrend
des Gelbildungsprozesses die durchschnittliche Viabilitat der Zellen um ca. 30 %. AuBerdem
zeigten die eingekapselten Zellen nach einer Woche noch keine gespreitete Zellmorphologie.
Deshalb wurde untersucht, wie die Uberlebens- und Proliferationsrate der Zellen verbessert
werden kann. Sowohl durch die Seidenproteinkonzentration als auch die Integration der
funktionalen Gruppe RGD konnte die Proliferation der Zellen initiiert werden. Uber einen
Zeitraum von 15 Tagen proliferierten sowohl Fibroblasten als auch Myoblasten in den
Hydrogelen aus eADF4(C16)-RGD.

Die durch die Salt leaching-Methode und die Biofabrikation hergestellten 3D-Scaffolds sind
vielversprechend fir die Gewebezilichtung, da nicht nur die Gerlsteigenschaften (z. B. durch
Variation der Proteinkonzentration), sondern auch deren Biokompatibilitdt gesteuert werden

kdnnen.
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SUMMARY

The aim of tissue engineering is to restore, maintain or optimize biological tissue functions
and to potentially replace whole organs. To reach this aim, a 3D scaffold for the guidance of
cells is required. The scaffolds comprise polymers, ceramics or metals and can be produced
by various processes (i. e. additive manufacturing). Independent of the processing method,
there are many requirements these scaffolds have to fulfill: they have to support cell
adhesion, migration, proliferation and differentiation. On one side the hydrophobicity, surface
charge and topography of the scaffolds are important. On the other side pore size, porosity,
and mechanical properties of the scaffolds have to be adjusted to allow and promote cell
adhesion. Due to their biocompatibility, especially biopolymers can be used as scaffold
materials. Depending on the field of application, material and scaffold properties need to

mimic the natural extracellular matrix as closely as possible.

Traditional manufacturing methods include for example freeze-drying and salt leaching. By
variation of the parameters during freezing or the salt particle size, scaffolds with defined
pores can be produced. An important disadvantage of these methods is the lack of accuracy
in the production of the scaffolds and the lack of control over the internal structure.
Therefore, additive manufacturing, such as stereolithography and 3D printing have been
used. Most of these techniques are carried out under extreme conditions (e.g. high
temperatures, pressures), since conventional materials are employed. However, the cell
cultivation of the scaffold occurred after manufacturing and the placement of cells in the

scaffold is not controlled.

A promising alternative to traditional tissue engineering is biofabrication, also called
bioprinting, the simultaneously processing of cells, signaling molecules and materials into 3D
constructs. The hierarchical structures of the natural tissue can be achieved by automated
processes, such as inkjet printing, robotic dispensing and laser induced forward transfer.
Imitating natural structures enables rapid vascularization and formation of functional
components. One of the greatest challenges within the field of biofabrication is the
development of process-compatible materials.

The materials used in biofabrication, especially hydrogels, must be both printable and
biocompatible. Hydrogels made of natural polymers, such as alginate and gelatin are already
established as bio-printable materials (bioinks). Nevertheless, further research for alternative
biomaterials for example to increase form stability of the printed 3D constructs and their
biocompatibility must be done. The use of natural polysaccharides and proteins is limited

v
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primarily by the varying quality and the possible induction of immunogenic reactions and
diseases.

Spider silk is a promising candidate in tissue engineering due to its biocompatibility and
biodegradability. The recombinant spider silk proteins eADF4(C16) and its modified variant
eADF4(C16)-RGD are based on the repetitive core sequence of the dragline silk protein
ADF4 (Araneus diadematus fibroin 4) of the European garden spider (Araneus diadematus).
The biotechnological production of these proteins enables a high amount with consistent
quality. The proteins can be genetically modified and processed into different
three-dimensional morphologies, such as foams and hydrogels.

In this thesis different manufacturing processes were used to prepare 3D scaffolds made of
eADF4(C16) and eADF4(C16)-RGD. First, foams with defined pore sizes (30 - 440 um),
controlled porosity (> 91 %) and mechanical properties in the range of soft tissues were
produced by salt leaching. The foams were proteolytically degradable, and can be gradually
replaced by the natural extracellular matrix. The analysis of the biocompatibility of these
porous structures showed that mouse fibroblasts cannot adhere or proliferate on foams
made of eADF4(C16). The adhesion and proliferation could be significantly improved by the
introduction of the cell adhesion motif RGD. The cells were homogeneously distributed over
such a scaffold due to its open porosity and interconnectivity.

Since the outer and inner structure of a 3D-printed scaffold can be better adjusted by a
computer controlled automated manufacturing process, the potential of hydrogels made of
recombinant spider silk proteins as bioink was evaluated. The self-assembled hydrogels
could be printed by robotic dispensing due to the rapid reversible supramolecular interactions
of the proteins and the shear-thinning behavior of the protein networks. Multi-layer, form
stable 3D constructs could be printed without the need of crosslinker or additives to stabilize
the constructs. Before printing, human fibroblasts were added to the eADF4(C16) spider silk
solution. The addition of the cells had no impact on the physical gelation and the printing
process. In addition, the cells survived the printing process and were viable for more than
seven days. Incubation of the hydrogel without the addition of fresh media resulted in a
decrease in the viability of the cells by approximately 30 %. In addition, the encapsulated
cells showed round cell morphology after one week. In order to improve the cell proliferation
rate and morphology, the fabrication of the bioink was optimized. The survival and
proliferation of the cells could be controlled by the spider silk protein concentration and the
introduction of the functional group RGD. Over a period of 15 days encapsulated fibroblasts
and myoblasts proliferated well in the hydrogels made of eADF4(C16)-RGD.
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The spider silk 3D scaffolds produced by salt leaching and biofabrication are promising
candidates for tissue engineering, because both the scaffold’'s properties and its
biocompatibility can be controlled i. e. by the protein concentration and the introduction of

functional groups.

\



Einleitung

1 EINLEITUNG

1.1 GEWEBEZUCHTUNG ( TISSUE ENGINEERING)

Die Gewebezichtung bzw. das Tissue Engineering wurde 1993 definiert als ,ein
interdisziplindrer Bereich, der die Prinzipien der Ingenieurs- und Biowissenschaften vereint,
um biologische Substitute zu entwickeln, die biologische Gewebefunktionen und ganze
Organe wiederherstellen, erhalten oder verbessern sollen“.! In den vergangenen zwei
Jahrzehnten kam es in der Gewebezlichtung zu betrachtlichen Fortschritten in den
verschiedensten Bereichen, wie z. B. der Herstellung von alternativen Biomaterialien sowie
der Entdeckung und Entwicklung neuer Medikamente und Biofabrikationsstrategien.?® Die
derzeit in der Gewebezlchtung und regenerativen Medizin angewandten Therapien kénnen
in drei Hauptansatze unterteilt werden: A) Klassische Gewebezichtung bzw.
Stammzelltherapie, B) Einsatz von GerUsten (Scaffolds), die durch traditionelle oder additive
Fertigungsverfahren hergestellt werden. Die Tragermatrices werden dabei entweder ohne
oder mit Zellen implantiert und C) die Implantation von zellbeladenen dreidimensionalen
(38D-) Konstrukten, die mit Hilfe der Biofabrikation hergestellt werden (Abb. 1).
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A) Klassische Gewebeziichtung
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Abbildung 1. Anséitze der Gewebeziichtung und regenerativen Medizin. A) Klassische
Gewebezlchtung bzw. Stammzelltherapie; B) Einsatz von Gerlisten (Scaffolds), die durch traditionelle
Fabrikationstechniken oder additive Fertigungsverfahren hergestellt werden. Die Tragermatrices
werden dabei entweder ohne Zellen (Strategie 1), nach dem Ausséen der Zellen (Strategie 2), oder
nach der in vitro Kultivierung implantiert (Strategie 3); C) Biofabrikation fir die Herstellung
zellbeladener 3D-Konstrukte, die anschlieBend implantiert werden. SLA: Stereolithographie; SLS:
selektives Lasersintern; FDM: Fused Deposition Modeling (Schmelzschichtung); 3DP: 3D-Druck.
Modifiziert nach Pereira & Bértolo, Engineering 2015, 1(1): 90-112 mit freundlicher Genehmigung des
Verlages Chinese Academy of Engineering & Higher Education Press.

In der klassischen Gewebeziichtung bzw. Stammzelltherapie werden die Zellen entweder
vom Patienten selbst (autolog) oder von einem Donor (allogen, xenogen) gewonnen und

verschiedenen Weiterverarbeitungsschritten unterzogen, bevor sie erneut in den Patienten
2
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injiziert werden.® Bevor dies geschieht, werden die gewonnenen Zellen nach der Isolierung in
vitro in einer 2D-Zellkultur gezichtet. Dieser Therapieansatz ist relativ einfach durchfihrbar,
allerdings haben in vielen Bereichen solche Verfahren trotz langjahriger Forschungen nicht
zum Durchbruch gefiihrt, weder fir therapeutische Anwendungen noch fiir die Herstellung
funktionaler humaner ex vivo Gewebedquivalente. Die injizierten Zellen kdnnen oft nur
schwer in einem Kklinisch relevanten Zeitraum ohne Abnahme der Zellvitalitdt in der
gewulnschten Position Uberleben. Eine Alternative ware hingegen die Zellimmobilisierung in
Vesikeln, so dass die Zellen langer im Zielgewebe verweilen kdnnen bevor eine neue

nattrliche extrazellulare Matrix (EZM) aufgebaut ist.'®

Far komplexe dreidimensionale Gewebe und schwerwiegendere Verletzungen werden
vorgefertigte  Tragermatrices mit Zellen besiedelt, die die Infiltration sowie
Zelladhéasion, -migration, -proliferation und -differenzierung ermoglichen.> ' Bereits in den
frihen 70er Jahren wurde vermutet, dass mit Hilfe von neuen biokompatiblen Materialien
Zellen in ein synthetisches StitzgerUst eingelagert werden kdénnen, so dass anschlieBend
nach Implantation in einen Organismus die Synthese neuer EZM geférdert wird und
schlieBlich ein neues, funktionelles Gewebe entsteht.’> Nach der Herstellung der pordsen
3D-Scaffolds werden diese Uber die gesamte Tragerstruktur mit Zellen besiedelt.
AnschlieBend erfolgt ein Reifungsprozess, vorzugsweise in einem Bioreaktor, bei dem ein
Zell-Material-Verbund gezlchtet wird, der als Gewebeersatz in den Patienten implantiert
wird. Traditionelle Fabrikationstechniken, wie z. B. Gefriertrocknung, das Auslagen von Salz
(Salt leaching) oder das Aufschaumen (Gas foaming), werden immer noch zur Herstellung
dieser porésen Strukturen verwendet (Abb. 1B)."*'* Der kontinuierliche Gebrauch ist vor
allem auf die einfache Herstellungsweise und die geringen Kosten zurickzufhren.
Allerdings ist ein entscheidender Nachteil, dass die innere Architektur (z. B. Porositét,
PorengroBe und Poreninterkonnektivitdt) nur schwer kontrolliert werden kann.”™ Im
Gegensatz dazu kénnen mit Hilfe additiver Fertigungsverfahren, wie beispielsweise
Stereolithographie (SLA), selektives Lasersintern (SLS), Schmelzschichtung (Fused
Deposition Modeling; FDM) und 3D-Druck (3DP) Scaffolds mit erhdhter Genauigkeit,
Auflésung und Reproduzierbarkeit hergestellt werden (Abb. 1B).2 4

Additives Manufacturing (AM), auch als Rapid Prototyping oder einfach dreidimensionales
(3D-) Drucken bezeichnet, zeichnet sich dadurch aus, dass die gewilnschte Struktur durch
einen automatisierten computergesteuerten Prozess direkt Schicht-fir-Schicht ohne eine
externe Form aufgebaut wird und somit komplexe, heterogene Scaffolds geschaffen werden.
Open-Source-Projekte wie RepRap und Fab@home haben additives Manufacturing far
Privatanwender erschwinglich gemacht und flhrten somit zu einer hohen Akzeptanz des
3D-Druckens (Abb. 1B). Die entwickelten Desktopdrucker basieren auf der Fused Deposition
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Modeling-Methode und kénnen 3D-Scaffolds aus thermoplastischen Materialien mit einer
Auflésung von 200-400 um herstellen.'® Andere Systeme wie selektives Lasersintern
erlauben die Herstellung von sehr komplexen Strukturen mit einer Auflésung von 50-300 pm,
werden allerdings hauptsachlich in der Industrie eingesetzt.' Sowohl FDM als auch SLS
werden verwendet, um thermoplastische Polymere zu verarbeiten. Mittels hoher
Temperaturen wird zundchst das Material geschmolzen. AnschlieBend werden
3D-Strukturen durch kontrolliertes Ausharten des Thermoplasts hergestellt. Alternative
Technologien zur Verarbeitung von beispielsweise Hydrogelen, um komplexe 3D-Scaffolds
herzustellen, sind u. a. die Zwei-Photonen-Polymerisation und die Stereolithographie. Sie
nutzen Licht, um meist radikale Polymerisation rdumlich begrenzt zu induzieren und somit
definierte Strukturen zu erstellen. Obwohl die KonstruktgréBe begrenzt ist, kénnen durch die
2PP-Methode Konstrukte mit einer Auflésung kleiner als 100 nm hergestellt werden. Dies ist
vor allem fur die Analyse von Zell-Matrix-Interaktionen interessant.’”® Im Gegensatz zur
Zwei-Photonen-Polymerisation kénnen mit Hilfe der Stereolithographie Konstrukte im
Zentimeter-Bereich hergestellt werden. Der gréB3te Nachteil der licht-induzierten Prozesse ist
die begrenzte Anzahl an prozesskompatiblen Materialien. Zudem ist beim Drucken von
zellenthaltenen Hydrogelen entscheidend, dass der Photoinitiator nicht zytotoxisch ist
(Abb. 1B)." Die Wahl der Methode hangt sowohl von dem zu druckenden Material als auch
von der daraus resultierenden Struktur (GréBe, Architektur, Aufldsung) ab. Der Vorteil aller
additiven Technologien ist die verbesserte Kontrolle Gber die Eigenschaften der
3D-Scaffolds. Allerdings ist der entscheidende Nachteil, dass die Zellbesiedlung nicht
homogen Uber das Geriist verteilt ist, und somit die Neubildung von BlutgefaBen, also die
Vaskularisierung, unzureichend ist, wodurch das Gewebewachstum ungleichméBig erfolgt.2°
Lebende Zellen und Signalmolekiile kénnen nicht wahrend des Herstellungsprozesses
hinzugegeben werden, da die langwierige Produktion sowie die rauen Bedingungen und die
schadlichen Losungsmittel einen negativen Einfluss haben.'®

Die Implantation von zellbeladenen Matrices, also die gleichzeitige Verarbeitung von Zellen
und Biomaterialien, scheint eine vielversprechende Alternative darzustellen (Abb. 1C). In der
Biomaterialforschung und Gewebezlichtung wird dieses Verfahren seit Beginn des Einsatzes
additiver Fertigungsverfahren als Biofabrikation bzw. Biodrucken bezeichnet. Bei der
Biofabrikation kénnen Zellen, Signalmolekile und Materialien direkt in gewebeartige
Strukturen Uberfihrt werden. Dadurch kann bereits vor der biologischen Reifung in Kultur
eine dem natlrlichen Gewebe nachempfundene Struktur erzeugt werden und die notwendige

Reifungszeit minimalisiert werden.

Um Zellen sowohl auf zwei- als auch auf dreidimensionalen Matrices zlichten zu kénnen, ist

es wichtig, die Zell-Matrix-Interaktionen zu verstehen. Im folgenden Kapitel werden die
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unspezifischen und spezifischen Interaktionen zwischen Zellen und der jeweiligen Matrix

(EZM oder das eingesetzte Material) naher erlautert.

1.2 ZELL-MATRIX-INTERAKTIONEN

Tragermatrices, die in der Gewebezlichtung eingesetzt werden, missen eine Vielzahl an
Anforderungen erflllen. Primére Zellen bendtigen eine Matrix, entweder die extrazellulare
Matrix oder ein Substrat, um ihre spezifischen Phanotypen zu entwickeln.
Zell-Matrix-Interaktionen  beeinflussen viele verschiedene Prozesse, wie z.B.
morphologische Veranderung, Zellmigration, -proliferation und -differenzierung.?2! Die
komplexen Interaktionen zwischen Zellen und der Materialoberflache kénnen sowohl durch
unspezifische Interaktionen, wie z.B. Benetzbarkeit, Oberflachenladung, elektrische
Leitfahigkeit und Oberflachentopographie, als auch durch spezifische Interaktionen, z. B.
mittels Zelladh&sionsmotive, vermittelt werden (Abb. 2).2124

unspezifische Interaktionen spezifische Interaktionen

strukturierter RGD DRGD RGD RGD

Film Support o RG i e ) ;

Zelladhasionsmotive
(z.B. RGD)

Oberflachenhydrophobizitat Zellausrichtung beglnstigte Zelladhasion

Abbildung 2. Ubersicht iiber unspezifische Zell-Matrix-Interaktionen, wie z. B. Benetzbarkeit
und Oberflaichentopographie, sowie spezifische Interaktionen beginstigt durch
Zelladhasionsmotive. Modifiziert nach Schacht & Scheibel, Current Opinion in Biotechnology 2014,
29: 62-69, mit freundlicher Genehmigung des Verlages Elsevier.

AuBer den Zellen des Blutes und des Immunsystems sind alle Zelllinien adhasionsabhéngig
und besitzen Adhé&sionsproteine (cell adhesion molecules, CAMs), wie z. B. Integrine und
Cadherine, um mit der Oberflache bzw. mit anderen Zellen zu interagieren. Viele Zellen
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leiten ohne Matrix-Adhasion den Zelltod (Apoptose) ein, wodurch es in vivo zur AbstoBung

oder Einkapselung von Implantaten kommen kann.2>-2¢

1.2.1 UNSPEZIFISCHE INTERAKTIONEN

Im Allgemeinen spielen Ladung, Benetzbarkeit und Topographie von Materialoberflachen
eine entscheidende Rolle fir die Zelladhasion, wenn spezifische Zelladhdsionsdoménen
(z.B. RGD) fehlen (Abb.?2).2" Die Doppellipidschicht der Zellmembran und viele
extrazelluldre Matrixproteine sind unter physiologischen Bedingungen negativ geladen, so
dass die Zelladhédsion auf positiv geladenen Materialien durch die elektrostatische Anziehung
beglnstigt ist.263° Zusétzlich erfolgt eine unspezifische Bindung von Proteinen durch
elektrostatische Wechselwirkungen an dem Substrat, die wiederum die Zelladhasion an der
Oberflache beeinflussen.?®: 3! Die Proteinadsorption und die Zelladhasion kénnen zudem
durch die Benetzbarkeit bzw. Hydrophobizitat der Oberflache beeinflusst werden.®? Es wurde
beobachtet, dass die Proteinadsorption auf hydrophoben Materialoberflachen
(Wasserkontaktwinkel > 65°) gegeniber hydrophilen erhoht ist.®® Auf stark hydrophoben
Oberflachen kommt es zu einer Konformations&nderung der Proteine und dadurch bedingt,
vermutlich zu veranderten Zuganglichkeiten von z. B. Zelladhdsionsdomanen.®*% Dadurch
ist die Zelladhasion auf Oberflachen mit Hydrophobizitdt mittlerer GréBenordnung
(Wasserkontaktwinkel 55°) bevorzugt.?® 3537 Neben der Hydrophobizitat der Oberflache spielt
deren Topographie bzw. Rauigkeit eine entscheidende Rolle bei der Zelladhasion. Bereits
1911 zeigte Harrison, dass die Oberflachenstruktur einen Einfluss auf die
Zellmorphologie, -migration und -ausrichtung adhé&renter Zellen hat.?® Zellen reagieren dabei
auf Strukturen im Mikro- bis Nanometerbereich.®*4* Es koénnen somit je nach
Anwendungsgebiet gezielt Oberflacheneigenschaften gesteuert werden, die entweder die
Zelladh&sion begtinstigen oder verhindern.

1.2.2 SPEZIFISCHE INTERAKTIONEN

Neben unspezifischen Interaktionen spielen spezifische Interaktionen zwischen Liganden
und Zelladhasionsmolekilen (CAMs), wie Integrinen und Cadherinen, eine wichtige Rolle bei
der Zelladhdsion. Wahrend Cadherine Zell-Zell-Interaktionen steuern, sind Integrine
transmembrane Zell-Adhéasions-Glykoprotein-Rezeptoren, die die gréBte Klasse der CAMs
darstellen und sowohl bei Zell-Zell- als auch bei Zell-Matrix-Interaktionen beteiligt sind.*® Die
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Integrine stellen die Verbindung zwischen extrazellularen und intrazelluldren Prozessen dar
und steuern die Struktur des Cytoskeletts, die
Zellpolaritat, -adhéasion, -migration, -proliferation, sowie den Aufbau der extrazellularen
Matrix.*¢-48 Integrin ist ein nicht-kovalent verbundenes Heterodimer, das aus einer a- und
B-Untereinheit besteht und u. a. an das Tripeptid RGD, eine Erkennungssequenz, die zuerst
in Fibronektin identifiziert wurde, bindet.*> 45! Mittlerweile sind weitere, die Zelladhasion
fordernde Erkennungssequenzen, wie z. B. IKVAV und YIGSR bekannt.®?% |[KVAV und
YIGSR sind Erkennungssequenzen, die in der a1 bzw. 1 Kette von Laminin, einem weiteren
Bestandteil der extrazellularen Matrix, vorkommen.%¢->” Dennoch ist RGD die am besten
erforschte und am meisten eingesetzte Zelladh&sionssequenz fir die Fdrderung von

Zelladhasion.

Zelladhasion und somit die Biokompatibilitdt eines Scaffolds kann mit Hilfe von
Zelladhasionsdoménen entscheidend verbessert werden, indem die Materialien entweder
direkt mit extrazellularen Matrixproteinen (z. B. Fibronektin) beschichtet oder genetisch bzw.
chemisch mit entsprechenden Peptidsequenzen modifiziert werden (Abb. 3).°8
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Zelladhé&sion o
Zellmigration

—>

=

Oberflache

Extrazellulare
Matrix

Abbildung 3. Integrin-vermittelte Zelladhdsion auf einer Oberfliche mit Fibronektin-
beschichtung. Nach der Zellanhaftung und -ausbreitung wird das Cytoskelett Uiber die Aktinfilamente
und den Multiproteinkomplex organisiert und fokale Adhéasionen bilden sich aus. Die Zellmigration
erfolgt Uber Filopodien.

Zum Beispiel wurde das Seidenraupenprotein Fibroin mit dem synthetischen Peptid GRGDS
kovalent funktionalisiert und somit die Zelladhasion entscheidend verbessert.2" % Zudem
wurden Adhasionsdomanen (von Kollagen | oder Fibronektin Ill) in rekombinant
hergestelltem Bombyx mori-Fibroin eingebracht, so dass anschlieBend die Adhédsion von
Fibroblasten (BALB/3T3) auf Filmen aus dem modifizierten Protein gesteigert wurde.®¢2
Dieses Verhalten wurde ebenfalls bei Filmen aus rekombinant hergestellten
Spinnenseidenproteinen, die entweder genetisch oder chemisch mit dem RGD-Peptid
funktionalisiert wurden, festgestellt.®
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1.3 DREIDIMENSIONALE GERUSTE

1.3.1 ANFORDERUNGEN

In vitro Zellkulturanalysen erfolgen typischerweise in zweidimensionalen (2D-) Systemen
(Abb. 4). Allerdings stimmt das Zellverhalten dort nicht mit dem Verhalten in naturlicher
Umgebung uberein. Deshalb sind dreidimensionale Geriiste von groBem Interesse, die als
Matrix in der Gewebezichtung bzw. nach dem 3D-Drucken den Zellen als Leitstruktur dienen
und somit die Adhasion, Proliferation und Differenzierung férdern. Die 3D-Scaffolds ahmen
dabei die natlrliche zellulare Mikroumgebung mit ihren mechanischen und biochemischen
Eigenschaften nach.!" Als Geriist werden beispielsweise Vliesstoffe, porése Schaume und
Hydrogele eingesetzt, die somit als kiinstliche extrazellulare Matrix dienen.845

2D-Zellkultur 3D-Zellkultur
mikropordses Scaffold Scaffold
Scaffold aus Mikrofaser aus Nanofibrillen
ORN%WY e
) ' =]
2 UL = %

Abbildung 4. 2D-Zellkultur versus 3D-Zellkultur. 3D-Scaffolds sind beispielsweise Schaume
(mikropordse Scaffolds), Vliese, die aus Mikrofasern bestehen oder Hydrogele, die aus Nanofibrillen
aufgebaut sind.

Wenn kinstliche Scaffolds in der Zellkultur eingesetzt werden sollen, missen verschiedene
Parameter berlcksichtigt und verschiedene Anforderungen erfillt werden. Ein ideales Gerust
fur die Gewebezlchtung sollten Zelladhasion, -migration und -proliferation in
dreidimensionaler Umgebung ermdglichen und férdern. Sowohl die Benetzbarkeit und
Oberflachenladung als auch die Topographie des Gerlstes spielen eine entscheidende
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Rolle. Porengr6Be, Porositat, mechanische Eigenschaften sowie Biokompatibilitdt und
Bioabbaubarkeit der Gertiste sind wichtig bei der Kultivierung von Zellen in vitro und in vivo.

Studien haben gezeigt, dass das Zellverhalten in 3D-Strukturen unter anderem von der
PorengréBe, Porositat und deren Verteilung abhangt. Diese Parameter kdnnen u. a. durch
das Herstellungsverfahren und die Polymerkonzentration stark beeinflusst werden.®® Eine
hohe Porositat ist ein wichtiger Faktor, da das hohe Oberflachen-Volumen-Verhaltnis
essentiell ist, um Platz fir Zellkultivierung, -wachstum und EZM-Produktion zu schaffen.??
6769 AuBerdem muss die Diffusion von Nahrstoffen, Sauerstoff und Abfallprodukten
(Stoffwechselabfélle und Nebenprodukte des biologischen Abbaus) garantiert sein.®¢° Die
favorisierte PorengréBe hangt zusatzlich vom Zelltyp ab.””! Oh et al. haben beobachtet,
dass Osteoblasten und Chondrozyten ein besseres Zellwachstum auf einem
Poly-e-Caprolacton (PCL)-Scaffold mit einer PorengréBe zwischen 380 und 405 um
aufweisen, wahrend Fibroblasten PorengréBen zwischen 186 und 200 um bevorzugen.”®
Weitere Parameter, wie die Festigkeit des Materials, also die mechanischen Eigenschaften
und die Stabilitdt des GerUstes, spielen eine entscheidende Rolle beim Zellwachstum. Ein
Gerust fir die Gewebeziichtung sollte temporar das Zellwachstum unterstitzen und darf
deshalb nicht in vitro oder nach der Implantation vorzeitig kollabieren.' 22 AuBerdem sollte
das Gerlst mdglichst genau die mechanischen Eigenschaften des Zielgewebes
nachahmen.”™ Zellen koénnen die Festigkeit ihrer Umgebung in biologische Signale
Ubersetzen (Mechanotransduktion) und anschlieBend in gewissem Mafe darauf reagieren.”*
3 Die Elastizitat der Matrix spielt eine wichtige Rolle bei der Proliferation und Differenzierung
der Zellen.”*"® Engler und seine Kollegen haben gezeigt, dass mesenchymale Stammzellen
sich unterschiedlich differenzierten, je nachdem welche Festigkeit (0,1 — 40 kPa) die Matrix
aufwies.”> Gewebe und Organe des menschlichen Korpers zeigen, mit Ausnahme von
Knochen, Elastizitadtsmoduln (E-Moduln) zwischen 1 und 200 kPa.”® Dementsprechend muss
je nach Anwendungsgebiet die Festigkeit des Gerlistes angepasst werden, indem z. B. das

Herstellungsverfahren, das Material selbst oder die Polymerkonzentration variiert werden.?!

Neben der Porengré3e, Porositat und den mechanischen Eigenschaften der GerUste ist die
Biokompatibilitdt des Materials entscheidend.?! Eine gute Biokompatibilitat des Materials ist
zwingend erforderlich, da z. B. keine AbstoBungsreaktionen in umliegenden Geweben
ausgelost werden dirfen, die die Funktion des neuen Gewebes beeintrachtigen.' 22 76 Das
Material sollte nicht toxisch sein und keine allergische Reaktion oder Immunantwort
auslosen, wéahrend es kontrolliert abgebaut wird.'® 2! 24 76 Generell lassen sich die
Materialien fur die Gewebeziichtung in zwei Gruppen einteilen. Zum einen die natirlichen
Materialien, die sich wieder in autolog, allogen und xenogen einteilen lassen und zum

anderen die synthetischen Materialien.”” Der Vorteil synthetischer Polymere besteht darin,
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dass unterschiedliche Strukturen preiswert und reproduzierbar hergestellt werden kénnen.
Zudem koénnen ihre Eigenschaften, wie mechanische Festigkeit und Hydrophobizitat,
kontrolliert werden. Allerdings sind synthetische Polymere im Kérper haufig nur sehr langsam
abbaubar und sind toxisch bzw. verursachen entziindliche Reaktionen.'? Im Gegensatz dazu
sind natirliche Polymere, wie z. B. Chitosan, Alginat und Kollagen biokompatibel, ohne eine
immunologische Reaktion auszulésen. Die physikomechanischen Eigenschaften dieser
Polymere sind jedoch zum Teil eingeschrankt. Deshalb ist es wichtig, entweder ein
nattirliches, mechanisches stabiles Polymer zu finden, das in groBen Mengen bei
gleichbleibender Qualitat produziert werden kann, oder ein synthetisches biokompatibles

Polymer.’®

1.3.2 SCHAUME

Schaume werden in der Gewebezichtung vor allem in der Knochen- und
Knorpelregeneration eingesetzt. Beim Herstellungsprozess durfen keine Zusatz- und
Hilfsstoffe verwendet werden, die als toxische Ruckstdénde im Schaum zurickbleiben
kénnen. Zudem durfen hohe Temperaturen nicht die Eigenschaften des verwendeten
Materials verandern. Der Prozess selbst muss eine optimale Porengré3e und Verteilung bei
optimaler Porositat liefern, um eine Strukturkompatibilitdt zu erreichen.' Eine Vielzahl an
Herstellungsverfahren, wie Gefriertrocknung oder Salt leaching, wurde entwickelt um
bioabbaubare und -resorbierbare Materialien in 3D-Polymer-Scaffolds mit einer hohen
Porositat und Oberflache zu produzieren.’®8' Bei allen Methoden ist das Ziel reproduzierbare
3D-Scaffolds zu produzieren, die als Stutze dienen, bis das neue Gewebe ersetzt ist.

Die Gefriertrocknung bzw. Lyophilisation ist eine haufig eingesetzte Methode um pordse
Zelltrager fir die Gewebezlichtung und andere biologische Anwendungen herzustellen.®? Ein
entscheidender Vorteil bei dieser Methode ist, dass als Lésungsmittel Wasser eingesetzt
werden kann. Beim Entfernen des Lésungsmittels kommt es zu keinen Verunreinigungen, so
dass keine langen Waschschritte bendtigt werden. Bei Seidenfibroin-Geriisten
beispielsweise, die durch die Gefriertrocknung hergestellt wurden, wurde beobachtet, dass
verschiedene Porenmorphologien und Nanostrukturen sowohl durch die
Proteinkonzentration als auch die Gefrier-Parameter wahrend der Herstellung beeinflusst
werden konnen.® Salt leaching wurde bereits flr Gerliste aus z.B. Kollagen oder
Polylactiden, genutzt.®® 8 Diese Technik wird oft eingesetzt, da sie eine effiziente und leichte
Verarbeitung darstellt. Die PorengrdBe und Porositat der Gerliste wird reguliert, indem
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granulare Salzpartikel (Porogene) mit unterschiedlichen GréBen (60-1200 um) zu der
Polymerldsung hinzugegeben werden (Abb. 5).8'. 8588

16sung

. —
Salzkristalle (z.B. NaCl) Verdampfen des Lésungsmittels Auswaschen des Salzes mit Wasser Schaum als 3D-Geriist
als Porogen

Abbildung 5. Herstellung von Schaumen mit Hilfe der Salt leaching-Methode. Fir die Herstellung
der 3D-Gerlste werden Salzkristalle als Porenbildner (Porogene) verwendet. Nach dem Verdampfen
des Lésungsmittels wird das Porogen herausgewaschen, sodass ein poréser Schaum entsteht.

Freed et al. und Mikos et al. produzierten pordse Poly-L-Lactid (PLLA) Gertste durch Lésen
des Polymers in Chloroform und Zugabe von NaCl-Kristallen mit definierter GréBe in einem
bestimmten Salz-Polymer-Verhaltnis. Die Dispersion wurde anschlieBend in eine Form
gegossen und das Lésungsmittel verdampft. Im nachsten Schritt wurde das Salz mit Wasser
ausgewaschen und die porése Polymermatrix getrocknet, so dass ein Schaum entstand.®’
Schaume, die durch Salt leaching hergestellt wurden, zeigen oft an der Grenzflache eine
dichte und wenig pordése Schicht, die die Zelladh&sion und -migration in vitro, sowie das
Einwachsen des Gewebes nach der Implantation in vivo behindern.’® Zusatzlich sind die
Makroporen teilweise schlecht vernetzt, was zu einer ungleichmaBigen Verteilung der Zellen
und einer verminderten Lebensfahigkeit fuhrt.2° In der Salt leaching-Methode wird das
Porogen als Platzhalter fir die spateren Poren verwendet. Beim Gas foaming hingegen
bilden sich die Poren durch ein Hochdruckgas, z. B. CO,, welches als Schaummittel dient.'
Die Porositat und Porenstruktur hangen von der Menge an Gas, der Art der Blaschenbildung
und der Diffusionsrate der Gasmolekille durch das Polymer ab. Oftmals ist das durch Gas
foaming hergestellte Geriist jedoch zu kompakt fir die Zellen.®® Deshalb werden oft Gas
foaming und Salt leaching kombiniert. In diesem Fall dient Ammoniumhydrogencarbonat als
Porogen und nur die Menge an Salzpartikeln und deren GréBe bestimmen die Porositat und
PorengroBe.®® Nam et al. haben PLLA mit Ammoniumhydrogencarbonat gemischt. Das
Lésungsmittel Dichlormethan wurde verdampft und durch Vakuum oder Immersion in heiBem
Wasser (~90 °C) anschlieBend die Schaumbildung induziert. Die entstandenen GerUste
zeigten eine zusammenh&ngende Makroporenstruktur ohne eine kompakte Schicht und
ohne Poren an der Oberflache der Gerlste.®

Durch die unterschiedlichen Herstellungsverfahren kénnen Schaume mit verschiedenen
Eigenschaften je nach Anwendungsgebiet produziert werden. Im Vergleich zu Hydrogelen
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zeigen Schaume eine stabilere und offenporigere Struktur, was die Zelladhdsion unterstiitzt
und férdert. Allerdings kdnnen sie aufgrund ihrer starren Struktur schwer in einen Patienten
injiziert werden. Besser daflir geeignet sind Hydrogele, die als Wirkstoffdepot bzw. im
Bereich der Wundheilung als injizierbares System zum Einsatz kommen.

1.3.3 HYDROGELE

Bereits seit mehreren Jahren werden Hydrogele aufgrund ihrer dreidimensionalen Struktur,
der hydrophilen Eigenschaften und der potentiellen Biokompatibilitat in der Gewebezlichtung
eingesetzt, da sie verschiedene Merkmale der nattrlichen Umgebung von Zellen vereinen
und eine homogene Zellverteilung gewahrleisten.®® %293 Hydrogele sind dreidimensionale
vernetzte hydrophile Polymernetzwerke, die bis zu 99 % (w/w) ihres Trockengewichtes an
Wasser aufnehmen und physikalisch quellen ohne sich zu l6sen.%% Hydrogele fir
biomedizinische Anwendungen wurden bereits aus einer Vielzahl von synthetischen und
nattrlichen Polymeren, wie z. B. Polylactid (PLA), Polyglykolsdure (PGA), Polyethylenglykol
(PEG) und Poly-e-Caprolacton (PCL), Kollagen, Alginat, Agarose, Fibrin, Chitosan und
Seide, hergestellt.®®%° Hydrogele kénnen in folgende zwei Gruppen eingeteilt werden:
molekulare und selbstassemblierende Hydrogele. Molekulare Hydrogele basieren auf
einzelnen Molekillen als Grundbausteine. Durch eine chemische oder physikalische
Vernetzung der langkettigen Polymere entstehen Hydrogele. Die chemischen bzw.
permanenten Hydrogele bilden ein kovalentes Netzwerk, das nicht in wassrigen Systemen
geldést werden kann, ohne die kovalenten Bindungen zu brechen.'® '°' Die chemischen
Hydrogele kénnen beispielsweise durch Radiation (z. B. Bestrahlung von Polyethylenoxid
(PEO) in Wasser), chemische Quervernetzer (z.B. Behandlung von Kollagen mit
Glutaraldehyd) oder Copolymerisierung von einem Monomer und Quervernetzer in Lésung
(z. B. Hydroxyethylmethacrylat (HEMA) + Ethylenglycoldimethacrylat (EGDMA)) synthetisiert
werden.’® |m Gegensatz zu den chemischen Hydrogelen sind die physikalisch
quervernetzten Hydrogele dynamisch und reversibel durch nicht-kovalente Interaktionen
(z. B. hydrophobe, elektrostatische und ionische Wechselwirkungen, sowie durch
Wasserstoffbriickenbindungen) quervernetzt (Abb. 6).16 102
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Abbildung 6. Grundlegende molekulare Interaktionen, die an der physikalischen Gelbildung
beteiligt sind.

Wenn beispielsweise Polyelektrolyte mit multivalenten lonen der gegenséatzlichen Ladung
inkubiert werden, kann ein physikalisches bzw. ionotropes Hydrogel entstehen. Ein Beispiel
fir diese Art der Hydrogele ist Alginat. Die Gelbildung hangt dabei von der Konzentration der
Komponenten, der lonenstarke und dem pH-Wert der Losung ab.'® Ein weiteres Beispiel
sind Agarose oder Gelatine, die durch die Abkulhlung der Polymerlésung ein physikalisches
Hydrogel bilden.'%? Physikalisch quervernetzte Hydrogele zeigen vielversprechende
Eigenschaften fur den Einsatz in der Gewebezlchtung, da die Gelbildung angepasst werden
kann und oftmals keine chemischen Quervernetzer nétig sind, die das Zellverhalten
beeintrachtigen kdnnten.'®

Die zweite Gruppe umfasst Hydrogele, die aus selbstassemblierenden Strukturen, wie z. B.
Fibrilen oder Mizellen, bestehen. Dabei wandeln sich spontan die ungeordneten
Grundbausteine in groBe und komplexere supramolekulare Einheiten um.!%+1% Die
Umorganisation der Grundbausteine in geordnete Strukturen erfolgt aufgrund spezifischer
Erkennungssequenzen, unterstitzt durch eine Kombination aus vielen verschiedenen
nicht-kovalenten Interaktionen (Abb. 6).'% Als Grundbausteine dienen vor allem Proteine und
Peptide. Kollagen aus der Haut kann z. B. solch ein makroskopisch strukturelles Element
darstellen. Bei dem Strukturprotein der extrazellularen Matrix lagern sich drei linksgéngige
Helices zu einer rechtsgangigen Superhelix durch Wasserstoffbriickenbindungen
zusammen. Ein weiteres Beispiel sind Amyloid-Fibrillen. Die in Losung intrinsisch ungeordnet
vorliegenden Proteine bzw. Peptide kdnnen sich unter bestimmten Bedingungen in
B-Faltblattstrukturen umwandeln, die in cross-B—Konformation vorliegen. Amyloid-p-Peptide
sind ein typisches Beispiel fur fibrilenformende Peptide. Das charakteristische
Rdéntgenbeugungsmuster flr cross-p—Strukturen zeigt, dass die Stréange der dicht gepackten
B-Faltblatter senkrecht zur Faserachse verlaufen.'1% Die Zwischenprodukte (z. B.
Oligomere und Protofibrillen) wahrend der Fibrillenbildung werden mit einer Vielzahl an
Krankheiten, wie z. B. Alzheimer und Parkinson, in Verbindung gebracht.'®'1% Allerdings

kénnen auch andere Proteine, die keine Krankheiten auslésen, amyloiddhnliche Fibrillen
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ausbilden.!" Untersuchungen haben gezeigt, dass die Seidenproteine Fibroin (von Bombyx
mori) und das rekombinante Spinnenseidenprotein eADF4(C16) spontan Hydrogele bilden,
die auf Fibrillen basieren (Abb. 7).%5 112114

Fibrillen

B-Faltblatt- Fibrillen- ’ A
bildung blldung < i? ‘ﬂ
'\
_> e R“:

Scherkraft Hydrogel
instrinsisch induziert
ungeordnetes
Monomer

Abbildung 7. Hydrogelbildung durch Selbstassemblierung. In dem intrinsisch ungeordneten
Monomer kommt es durch eine strukturelle Umlagerung zu p-Faltblattstrukturen. Bei einer kritischen
GroBe von Monomeren bzw. Oligomeren bildet sich ein Nukleationskeim. AnschlieBend erfolgt durch
Anlagerung von weiteren Monomeren oder Oligomeren das Fibrillenwachstum.®5: 115118 Durch eine
physikalische Vernetzung (z. B. hydrophobe Interaktionen, Verschlaufung) der Fibrillen kommt es zur
Hydrogelbildung.

Die Seidenproteine sind amphiphil, da sich hydrophobe und hydrophile Bereiche in der
repetitiven Sequenz abwechseln. Die raumliche Umlagerung von hydrophoben und
hydrophilen Grenzflachen verursacht die Selbstassemblierung der Seidenproteine in
Nanofibrillen."” Die Fibrillenassemblierung der Seidenproteine beinhaltet zwei Phasen, die
typisch fur cross-p-Fibrillen sind:''%'?! Die Anfangsphase beinhaltet die Umwandlung von
ungeordneten Monomeren zu antiparallen B-Faltblattern, die durch Wasserstoffbriicken-
bindungen und intramolekulare Interaktionen stabilisiert werden.''® Die hydrophoben
Interaktionen initieren eine Oligomerisierung und schlieBlich die Bildung eines
Nukleationskeims. Die Wachstumsphase startet nach der Keimbildung, wenn sich weitere
Monomere oder Oligomere anlagern und die Fibrillen wachsen.'”'"® Die Umwandlung zu
Fibrillen kann durch hohe Proteinkonzentrationen, hohe Temperaturen, niedrigen pH-Wert

und bivalente lonen erfolgen.% 113114

Die Vorteile von Hydrogelen als Tragermatrix in der Gewebeziichtung sind, dass die
wassrige Umgebung Zellen und anfallige Wirkstoffe (z. B. Peptide, Proteine, DNA) schitzen
kann und ein guter Transport von Nahrstoffen und Abfallprodukten zu sowie von den Zellen
weg erfolgen kann. Die Nachteile sind allerdings, dass die Hydrogele oftmals schlechtere
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mechanische Eigenschaften aufweisen und es schwer ist, unter sterilen Bedingungen zu
arbeiten.'® 22 Dennoch zahlen Hydrogele zu den vielversprechendsten Kandidaten in der
Biofabrikation und Wundheilung. Im folgenden Kapitel wird der Einsatz von Hydrogelen in
der Biofabrikation n&her erlautert.'®

1.4 BIOFABRIKATION IN DER GEWEBEZUCHTUNG

In der Gewebezlchtung und regenerativen Medizin ist die Biofabrikation eine innovative
Technologie, die nicht nur auf die Herstellung von Gerlsten durch additive
Fertigungsverfahren  beschrankt ist."”> Anders als in klassischen, additiven
Fertigungsverfahren zur Herstellung biomedizinischer Implantate und Scaffolds mit
anschlieBender Zellbesiedlung, zielt die Biofabrikation zur gleichzeitigen Verarbeitung von
Materialien und Zellen auf die Nutzung automatisierter Prozesse ab. Dadurch werden
Zell-Biomaterial-Konstrukte hergestellt, die durch ihre innere und &uBere r&umliche
Anordnung in funktionale Gewebe reifen kdnnen. Der Begriff Biofabrikation wurde erstmals
2009 von Mironov et al. als ,die Produktion von komplexen lebenden und nicht lebenden
biologischen Produkten aus Rohmaterialien wie lebenden Zellen, Molekulen, extrazellularer
Matrix und Biomaterialien“'?* definiert. Vor kurzem wurde von der Internationalen
Gesellschaft fir Biofabrikation eine aktualisierte Definition veréffentlicht.’2® In dieser heiBt es,
dass ,Biofabrikation [ist] die automatisierte Herstellung biologisch funktionaler Produkte mit
struktureller Organisation aus lebenden Zellen, Zellaggregaten wie Mikrogeweben, hybriden
Gewebekonstrukten, bioaktiven Molekllen oder Biomaterialien durch Biodrucken oder
Bioassemblierung und nachfolgender Reifungsprozesse“'?® sei. Biodruck (Bioprinting) und
Bioassemblierung sind zwei Hauptstrategien der Biofabrikation. Wenn lebende einzelne
Zellen, bioaktive MolekUle, Biomaterialien oder Zellaggregate klein genug sind und gedruckt
werden konnen, konnen die Konstrukte durch den Biodruck hergestellt werden.'? Im
Biodruck ist die minimale Herstellungseinheit auf molekularer Ebene. Im Gegensatz dazu
sind bei der zweiten Strategie, der Bioassemblierung, die minimale Fertigungseinheit
Bausteine aus vorgeformten Zellkomplexen, die fur die automatisierte Assemblierung grof3
genug sind. Bei der Bioassemblierung werden Zellaggregate, Zellstrange, Zellschichten oder
komplexere Strukturen, wie Organoide oder Mikrogewebe, bestehend aus Zellen und deren
extrazellularer Matrix, fir die Herstellung von 2D- oder 3D-Konstrukten verwendet.'?® Die
Bildung dieser vielzelligen Strukturen erfolgt durch zellgetriebene Selbstorganisation.® Im
Folgenden werden Fabrikationssysteme und etablierte druckbare Materialien fir den
Biodruck beschrieben.
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1.4.1 FABRIKATIONSSYSTEME

Wenn Zellen gedruckt werden sollen, kénnen viele additive Fertigungstechniken, die in
Kapitel 1 beschrieben wurden, aufgrund der extremen Bedingungen (z.B. hohe
Temperaturen) nicht eingesetzt werden. Die Anforderungen an die Biofabrikationsprozesse
und die daflr verwendeten Materialien, die sogenannten Biotinten, sind wesentlich héher als
beim Drucken von klassischen Werkstoffen ohne Zellen. Der Herstellungsprozess muss
unter zellfreundlichen Bedingungen, wie z.B. mit wassrigen L&sungsmitteln, bei
physiologischen Temperaturen und mit niedrigen mechanischen Scherkraften ablaufen.
Zudem muissen die eingesetzten Materialien, bei denen Hydrogele derzeit die
vielversprechendsten Kandidaten sind, zellkompatibel sein. Dabei muissen durch den
Druckprozess mechanisch belastbare sowie formstabile 3D-Strukturen, die das Uberleben
der Zellen gewahrleisten, erzielt werden. Durch diese Voraussetzungen liegt eine begrenzte
Anzahl an geeigneten Technologien und Materialien vor. Nur wenige 3D-Druckverfahren sind
hierfir geeignet. In den nachfolgenden Kapiteln werden die wichtigsten und am besten
etablieten  Technologien  (Tintenstrahldruck, Dispensdruck und laserinduzierter
Vorwartstransfer) fur das Drucken von Hydrogelen unter zellfreundlichen Bedingungen im
Detail und vergleichend dargestellt (Tab. 1).'
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Tabelle 1. Vergleich der wichtigsten und am besten etablierten additiven Fertigungstechniken in der Biofabrikation, deren Eigenschaften und
besonderen Merkmale. Modifiziert nach Jungst et al., Chemical Reviews 2015, DOI: 10.1021/acs.chemrev.5b00303, mit freundlicher Genehmigung des
Verlages American Chemical Society und nach Malda et al., Advanced Materials 2013, 25(36): 5011-5028, mit freundlicher Genehmigung des Verlages John

Wiley and Sons.

Eigenschaften Tintenstrahldruck Dispensdruck Laserinduzierter Ref.
Vorwairtstransfer (LIFT)
thermisch piezoelektrisch Pneumatik Kolben Schraube material- Opferschicht
N N l l L Laserpuls
? S ’ | ‘ s 1 ( Donor
| | | B3 & [

s | piezoelekt. ! b -

Dampfq Aktuator \*! l W, W 4 ]; J .. 127

blase L) L) 111} ~— =

& L) L] | __=
- o n 1 l
e &° — = = %o
_ LR o
Materialviskositats-bereich 3.5 - 12 mPa-s 30 - (6 x 107) mPa-s 1 -300 mPa's 128132
Mechanische/strukturelle niedrig hoch niedrig 198
Integritat
Auflésung ~ 75 um 100 um bis mm-Bereich 10 — 100 pm 184137
Arbeitsprinzip kontaktfrei Kontakt kontaktfrei
NadelgroBe 20 — 150 pm 20 um bis mm-Bereich ohne Nadel 187-138
Beladungsvolumen ml - Bereich ml - Bereich > 500 nl 194
Giinstiges/einfaches nein (wenn kommerziell erhéltliche ja ja
auswechselbares Reservoir Kartuschen verwendet werden)
Fabrikationszeit mittel bis lang kurz lang 16
Kommerziell verfiigbar ja ja nein 138
Kosten des Druckers niedrig mittel hoch 181
Vorteile hohe Auflésung, hohe Zellvitalitat, breite Viskositatsspanne der hohe Auflésung, hohe Zellvitalitat 183-134
kommerziell erhéltlich, kosteneffizient  Materialien, Aufbau klinisch
relevanter Konstruktgré3en mdglich,
kommerziell erhéltlich
133-134

Nachteile

limitierter Viskositatsbereich

limitierte Auflésung

limitierte KonstruktgréBen, nicht

kommerziell erhaltlich, hohe Kosten
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1.4.1.1 TINTENSTRAHLDRUCK

Beim Tintenstrahldruck wurden zunachst handelsibliche Tintenstrahldrucker umgebaut,
indem die Kartuschen entleert, gereinigt und mit dem zu druckenden Material-Zell-Gemisch
wieder beflllt wurden.'® Im Laufe der Jahre wurden neue Systeme entwickelt und neben
thermischen auch piezoelektrische Druckképfe eingesetzt (Tab.1). Bei thermischen
Tintenstrahldruckern wird die Erzeugung von Tropfen durch elektrische Impulse ausgelést,
die zu einem Temperaturanstieg im Heizer flUhren und anschlieBend von der
Tintenverdampfung und dem MaterialausstoB begleitet werden.'?” In den thermischen
Tintenstrahldruckern werden Temperaturen von bis zu 300 °C erreicht."® Es konnte
allerdings gezeigt werden, dass mit diesen Druckern selbst bei diesen Temperaturen vitale
Zellen gedruckt werden konnen.'0%2  Es wird angenommen, dass der kurze
Temperaturimpuls im Millisekundenbereich nur zu einem kleinen Temperaturanstieg (wenige
Grad Celsius) des Materials fiihrt und somit keinen Einfluss auf die Zellvitalitat hat.'4?
Allerdings verwenden die meisten Forscher, die mit Tintenstrahldruckern arbeiten,
piezoelektrische  Drucksysteme  flr  biomedizinische = Anwendungen. Bei dem
piezoelektrischen Druckkopf wird das Material aus dem Reservoir mit Hilfe eines
piezoelektrischen Aktuators ausgestoBen. Die angelegte Spannung fihrt zu einer
Deformation des piezoelektrischen Kristalls und somit zu einem Materialaussto3.'® Durch die
Deformation kann die ausgestoBene Materialmenge und die Geschwindigkeit des
gedruckten Tropfens gesteuert werden, so dass dieses Verfahren flexibel ist und an die
Materialeigenschaften angepasst werden kann.3

Der Tintenstrahldruck als kontaktfreie Druckmethode mit einem typischen Arbeitsabstand
von 1-3 mm kann in drei entscheidende Schritte eingeteilt werden: (1) Materialausstof3, (2)
Tropfenbildung im Flug sowie (3) Aufprall und Wechselwirkung des Tropfens auf dem
Substrat.’* Typischerweise weisen die Nadeln am Druckkopf einen Durchmesser von
20-30 um auf, so dass nur Materialien mit Viskositaten unter 20 mPa-s gedruckt werden
kdnnen.'?8 140 Beim Tintenstrahldruck sollte im Idealfall jeder Druckimpuls einen individuellen
Tropfen erzeugen. Allerdings kann sich wahrend des Fluges der Tropfen in kleinere
Satelittentropfen teilen, so dass die Auflésung reduziert wird."* Abhangig von der
Aufprallgeschwindigkeit (~ 5-10 m-s™) und den Materialeigenschaften wird der Tropfen auf
der Substratoberflache seine Form behalten oder sich ausbreiten.'*® Typischerweise nimmt
die Oberflache des Tropfens beim Aufprall zu, wodurch die Auflésung der Methode auf ca.
75 um fir das Drucken mit Zellen begrenzt ist.'

Um Linien oder 3D-Strukturen zu erzeugen ist es notwendig, dass die Tropfen Uberlappen
und miteinander wechselwirken. Dabei ist die Oberflachenspannung entscheidend, die stabil

genug sein muss, um die Geometrie bis zur Verfestigung zu erhalten.’** Zusammengefasst
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sind die Vorteile des Tintenstrahldruckers der geringe Materialverbrauch, die hohe
Uberlebensrate von Zellen sowie die hohe Aufldsung der Strukturen von etwa 75 pm. '35 144
Vor allem weil die Drucker kommerziell erhaltlich sind, ist dieses Verfahren zudem
kosteneffizient. Eines der Hauptnachteile dieses Verfahrens hingegen ist, dass sich hiermit

nur niedrigviskose Materialien verarbeiten lassen.'23 140

1.4.1.2 DISPENSDRUCK

Der Dispensdruck ist mdglicherweise die vielversprechendste Methode im Bereich der
Biofabrikation, da 3D-Konstrukte mit klinisch relevanten Abmessungen in einer fir die
praktische Anwendung geeigneten Zeitspanne gefertigt werden koénnen (Tab. 1)."® Im
Gegensatz zum Tintenstrahldruck, bei dem einzelne Tropfen gedruckt werden, wird beim
Dispensdruck ein kontinuierliches Filament abgelegt, so dass die strukturelle Integritat der
gedruckten Konstrukte erhéht wird (Abb. 8).127

Abbildung 8. Dispensdruck. A) Computergesteuerter Dispensdruck, bei dem das Material aus der
Nadel flie3t und auf der Substratoberflache abgelegt wird. B) Stereomikroskopische Aufnahme eines
mehrlagigen, gedruckten Pluronic® F127 Konstruktes. Modifiziert nach Jungst et al., Chemical
Reviews 2015, DOI: 10.1021/acs.chemrev.5b00303, mit freundlicher Genehmigung des Verlages
American Chemical Society.

Beim Dispensdrucken wird das zu verdruckende Material in eine Kartusche gefllt. Mit Hilfe
eines Kontrollsystems kann die Kartusche computergesteuert bewegt und
Schicht-fur-Schicht eine 3D-Struktur aufgebaut werden. Der Mechanismus des Dosierens
kann entweder pneumatisch oder mechanisch erfolgen (Tab. 1). Bei der am haufigsten
vorkommenden pneumatischen Dosierung steuert ein Ventil den Materialaussto3. Die
mechanisch betriebene Dosierung basiert meist auf einem Kolben oder einer Schraube mit
deren Hilfe das Material, wie bei der pneumatischen Dosierung, durch eine feine Nadel
gedriickt wird.'?” Dementsprechend bestimmt der Nadeldurchmesser die Auflésung (100 pm

bis mm-Bereich) des Prozesses.'® Aufgrund der verschiedenen Dosierungssysteme ist
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dieses Verfahren besonders variabel in Bezug auf die Viskositdt des zu verdruckenden
Materials (30 — (6x107) mPa-s). Das auf einer Schraube basierende System kann Materialien
mit den héchsten Viskositaten verarbeiten, da wahrend des AusstoBens hohe Driicke erzielt
werden.'?® Allerdings ist es auch das Verfahren mit dem kompliziertesten Aufbau. Im
Gegensatz dazu weist die pneumatische Dosierung einen einfacheren Aufbau auf und im
Vergleich zum Kolben getriebenen System kénnen hier aufgrund der variablen Driicke
hohere Viskositaten verdruckt werden.™® Der groBte Nachteil dieses Verfahrens ist die
Verwendung von Druckluft, da das komprimierte Gas zu einer Verzégerung zwischen dem
Start bzw. Stopp des Materialflusses und dem Start/Stopp der letztendlichen Dosierung flhrt.
Dieses Problem kann behoben werden, indem entweder eine Zeitverzégerung einkalkuliert
wird, so dass die eigentliche Druckposition erst anschlieBend angefahren wird, oder indem
unmitteloar vor der Offnung des Druckkopfes ein Ventil eingesetzt wird.'® Allerdings ist im
Hinblick auf das eingesetzte Material der Dispensdruck das vielseitigste Verfahren. Dadurch,
dass Nadeln mit unterschiedlichen Durchmessern verwendet werden kénnen, kénnen diese
einfach an die Viskositaten des zu verdruckenden Materials angepasst werden. AuBerdem
kénnen Konstrukte im Millimeterbereich in kurzer Fabrikationszeit hergestellt werden,
worunter allerdings die Aufldsung leidet.'” Mit dieser Methode kénnen jedoch, sofern die
Auflésung nicht entscheidend ist, gro3e Konstrukte, wie z. B. Kklinisch relevante Implantate,
gedruckt werden. 2’

1.4.1.3 LASERINDUZIERTER VORWARTSTRANSFER (LIFT)

Das additive Fertigungsverfahren mit der hdchsten Auflésung (10 — 100 um), das sogar ein
kontrolliertes Verdrucken einzelner Zellen erlaubt, ist der laserinduzierte Vorwartstransfer
(LIFT) (Tab. 1)."8 Hierbei wird ein gepulster Laser auf den sogenannten Donor, bestehend
aus einem lichtdurchlassigen Tragermaterial, einer Opferschicht und dem zu druckenden
Material, gerichtet. Der Laser verdampft die Opferschicht lokal und fihrt damit zu einem
Ausstol3 des Materials. Werden der Donor und/oder das Substrat kontrolliert bewegt, knnen
durch die Materialtrépfchen 2D- und 3D-Strukturen aufgebaut werden.'30: 132 147150 Dg gin
Laser als treibende Kraft verwendet wird, ist die Auflésung bei der LIFT-Technik
hauptsachlich von der Laserenergie und Dauer des Laserpulses abhangig. Zusatzlich sind
die Materialeigenschaften und die Dicke der Donorschicht entscheidend fir das
ausgestoBene Materialvolumen. Durch den Laserpuls wird Material im Donor verdampft, so
dass eine Blase entsteht. Diese Dampfblase muss sich bis zum Substrat ausbreiten, damit
Material ausgestoBen werden kann. Ist die Laserfluenz jedoch zu niedrig, kollabiert die

Blase. Ist die Fluenz zu hoch, produziert die Blase ungerichtete submikrometergrof3e
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Tropfen.'1%* Die Materialeigenschaften sind dementsprechend entscheidend, da sie einen
Einfluss auf die Blasenbildung haben. Zusétzlich beeinflussen die viskoelastischen
Eigenschaften des Materials die Weitergabe des Gasdruckes und somit das Aussto3en des
Materials. Der laserinduzierte Vorwartstransfer schlieBt die Licke im Viskositatsbereich
zwischen dem Tintenstrahldruck und Dispensdruck (1 — 300 mPa-s).'® Zudem ist dieses
Verfahren, wie der Tintenstrahldruck, eine kontaktfreie Druckmethode bei dem ein
Arbeitsabstand von 1-3 mm vorliegt, so dass auch raue Oberflachen bedruckt werden
konnen.'® Zum Drucken wird auf der einen Seite nur wenig Material (einige 100 nl) benétigt,
auf der anderen Seite wird der schnelle Aufbau gréBerer Strukturen dadurch erschwert.!34
Zudem sind derzeit keine kommerziell erhaltlichen Drucksysteme verfligbar und die hohe

Auflésung des Prozesses erfordert teure, hochprazise Aktuatoren. '3

1.4.2 BIOTINTEN

In der Biofabrikation beschreibt der Begriff Biotinte druckbare Biomaterialien mit integrierten
Zellen. Da die Anforderungen an die gewahlten Materialien sehr hoch sind, stellen Biotinten
oft den limitierenden Faktor in der Biofabrikation dar (Abb. 9).
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Biotinte

physikochemische physiologische
Eigenschaften Eigenschaften

Zellfreundlichkeit

Druckbarkeit uneingeschrénkte Diffusion * Zellvitalitat
« Formstabilitat £ ZelIw;_anderung
+ mechanische Stabilitst gesteuerte Abbaubarkeit * Zellteilung

« Zelldifferenzierung
« Gewebebildung

NS

Zellbeladenes 3D-Konstrukt

Abbildung 9. Physikochemische und physiologische Anforderungen an Biotinten. Die
physikochemischen Eigenschaften beinhalten die Druckbarkeit des Materials und die Form- und
mechanische Stabilitat des gedruckten Konstruktes. Das 3D-Konstrukt soll zusétzlich in einem
adaquaten Zeitraum abgebaut werden kénnen und die Diffusion von Nahrstoffen und Abfallprodukten
ermdglichen. Dies wiederum steht in engem Zusammenhang mit der Zellfreundlichkeit. Die
eingeschlossenen Zellen missen migrieren, sich teilen und differenzieren kénnen, so dass es zu einer
Gewebeneubildung kommen kann. Eine ideale Biotinte vereint all diese Eigenschaften. Modifiziert
nach DeSimone et al., Pure and Applied Chemistry 2015, 87(8): 737-749, mit freundlicher
Genehmigung des Verlages De Gruyter.

Neben der Druckbarkeit und Zellfreundlichkeit des Materials muss das gedruckte
3D-Konstrukt eine hohe Formstabilitat aufweisen.'?” Idealerweise sollte das Konstrukt
selbsttragend sein, so dass keine Nachbehandlung fir die mechanische Stabilisierung nétig
ist."® Das Konstrukt soll anschlieBend die Eigenschaften des Zielgewebes so gut wie moglich
nachahmen. Viele Studien haben gezeigt, dass Hydrogele aufgrund ihres hydrophilen
Charakters und da sie eine zellfreundliche Umgebung gewahren, derzeit die
erfolgversprechendsten Ausgangsmaterialien fiir Biotinten sind.'?” 3* Die wichtigste
physikalische Eigenschaft, die ein Hydrogel fir den 3D-Druck auszeichnet, ist dessen
rheologisches Verhalten.'® 27 155 VVor dem Druck darf es nicht zu einer Sedimentation der
eingekapselten Zellen kommen und wahrend des Druckens muss die Biotinte gleichmaBig
flieBen und anschlieBend auf der Substratoberflache schnell aushérten bzw. gelieren. Wenn
die Biotinte bereits vor dem Drucken geliert, darf der Druckprozess keine irreversiblen
Schaden des Gelnetzwerks verursachen.’® Wenn die Polymere nicht selbstassemblieren,
werden sowohl physikalische als auch chemische Quervernetzungen verwendet, um

formstabile 3D-Kontrukte zu erzielen. Die physikalische Quervernetzung ist zwar eine
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zellfreundliche Methode, allerdings wird oft nur ein schwaches Netzwerk ausgebildet und der
Abbau der Konstrukte erfolgt unkontrolliert.'® %5 Aus diesem Grund miissen viele derart
vernetzte Hydrogele durch chemische Quervernetzer (z. B. Enzyme oder Photoinitiatoren)
nachbehandelt werden. Diese wiederum durfen keine toxische Wirkung auf die
immobilisierten Zellen haben.

Die durch die Fertigungsverfahren bedingten Anforderungen an Biotinten stehen oft im
Konflikt mit den biologischen. Die eingekapselten Zellen missen im gedruckten Konstrukt
migrieren, proliferieren und sich differenzieren kénnen. Das verwendete Material muss dies
nicht nur zulassen, sondern sogar férdern.'” Zusatzlich muss das Biomaterialgertst in
einem Zeitraum abgebaut werden, in dem sich neues Gewebe bildet und das Scaffold
ersetzt, ohne dass schadliche Abbauprodukte entstehen.® Da Biopolymere oft Komponten
der extrazellularen Matrix sind oder makromolekulare Eigenschaften &hnlich zu der
nattirichen EZM aufweisen, kommen darauf basierende Biotinten in Form von injizierbaren

und druckbaren Hydrogelen verstarkt zum Einsatz.'*

1.4.2.1 BIOPOLYMERE FUR DEN 3D-DRUCK

Natlrliche Polymere werden, trotz ihrer Nachteile gegenlber synthetischen Polymeren, oft
als Biotinten eingesetzt. Vor allem durch die fehlende Reproduzierbarkeit der Grundstoffe
und somit die Kontrolle der Prozessparameter sowie die oftmals limitierten mechanischen
Eigenschaften weisen natlrliche Polymere eine bessere Bioaktivitdt als synthetische
Polymere auf.'%®'¢0 Weder die Biopolymere selbst noch deren Abbauprodukte sind toxisch
fir den Korper und oft wird keine Immunantwort ausgeldst. In einigen nattrlichen Proteinen
fordern spezifische Signalmolekile, wie z.B. die Zelladhdsionsdomane RGD, die
Zelladhasion und —proliferation beim Kontakt mit der Hydrogelmatrix.'?” Proteine, wie
Kollagen, dessen Derivat Gelatine und Fibrin, werden ebenso wie eine Reihe von
Polysacchariden, wie Alginat, Agarose und Hyaluronsdure, fir den 3D-Druck eingesetzt
(Tab. 2).'6 81 Oftmals werden Biopolymere kombiniert, um optimale materialspezifische
Eigenschaften hinsichtlich der Zellantwort bzw. der mechanischen Stabilitdt, Porositat,

Viskositat und chemischen Zusammensetzung in einem Hydrogel zu vereinen. 34 16
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Tabelle 2. Natiirliche Polymere, die als druckbare Hydrogele in der Biofabrikation eingesetzt werden. Modifiziert nach Jungst et al., Chemical Reviews
2015, DOI: 10.1021/acs.chemrev.5b00303, mit freundlicher Genehmigung des Verlages American Chemical Society.

Biopolymer Additives Anwendungsbereich Ref.
Fertigungsverfahren
Polysaccharide
Agar/Agarose Dispensdruck Geweberegeneration (Knorpel), Nervenregeneration 159, 162-167
Alginat Dispensdruck, Geweberegeneration (Herzmuskel), Nervenregeneration, Transportsysteme 130, 136, 141, 148, 164, 168-171
Laserinduzierter (Wirkstoffe, Proteine, Zellen, Gene), Wundheilung
Vorwértstransfer,
Tintenstrahldruck
Cellulose Dispensdruck Geweberegeneration (Knorpel), Wundheilung 184, 172178
Gellan Tintenstrahldruck Geweberegeneration (Knorpel), Wirkstofftransportsystem e
168, 178-183

Hyaluronséure
Proteine
Fibrin/Fibrinogen

Gelatine

Kollagen

Seide

Gemisch
Matrigel

Dispensdruck
Tintenstrahldruck
Dispensdruck
Dispensdruck,
Tintenstrahldruck

Tintenstrahldruck

Dispensdruck

Geweberegeneration (Knorpel, Gehirn, Blutgeféie)

Geweberegeneration (Nerven, Blutgefal3e, Haut, Sehnen, Bander, Leber,
Augen), Transportsysteme (Wirkstoffe, Proteine, Gene), Wundheilung
Geweberegeneration (Knorpel), Transportsysteme (Wachstumsfaktoren, Zellen),
Wundheilung

Geweberegeneration (Haut, Leber, Blutgefa3e, Dinndarm), Transportsysteme
(Wirkstoffe, Proteine, Zellen)

Geweberegeneration (Knochen, Knorpel), Wirkstofftransportsystem

Geweberegeneration (Leber)

74,168,171, 184

168, 171, 185-189

137, 190-192

157,193-195

196
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Polysaccharide

Die meisten Polysaccharide sind in der Lage Hydrogele zu bilden, die entweder auf
Wasserstoffbriickenbindungen (z. B. Agarose) oder intermolekularen, elektrostatischen
Interaktionen (z. B. Alginat) basieren. Es wurde bereits eine Vielzahl an injizierbaren und
biologisch abbaubaren Hydrogelen aus natlrlich vorkommenden Polysacchariden, wie
Hyaluronsaure, Alginat und Agarose, fir biomedizinische Anwendungen entwickelt und
getestet. Im Folgenden werden die Polysaccharide Alginat und Agarose, die bereits in der
Biofabrikation eingesetzt werden, naher beschrieben.

Alginat, als ein wichtiger und haufig verwendeter Vertreter der natirlichen Polymere im
3D-Druck, zeichnet sich durch eine gute Biokompatibilitdt aus. Es wird aus Braunalgen
gewonnen und besitzt eine lineare Block-Copolymer Struktur, die aus 1,4-glycosidisch
verknipften o-L-Guluronsauren und B-D-Mannuronsauren besteht.'®® Hydrogele aus Alginat
konnen durch die Gelierung mit bivalenten Kationen (Ca?*) hergestellt werden.'® Die
ionische Quervernetzung ist ein milder und zellfreundlicher Prozess, da im Vergleich zur
Photopolymerisation beispielsweise kein Energieeintrag stattfindet. Alginat zeigt zudem (wie
z. B. Zahnpasta) ein scherverdiinnendes Verhalten. Dadurch flieBt die Biotinte durch die
angelegten Scherkrafte im Druckkopf wahrend des Druckens und hartet sofort aus, wenn
anschlieBend die feinen Geriststrukturen auf der Oberflache abgelegt werden.'?” Da die
Viskositat Uber die Konzentration eingestellt werden kann, ist Alginat fir die meisten
Prozesstechniken in der Biofabrikation geeignet. Es konnte gezeigt werden, dass Alginat mit
menschlichen adipdsen Stammzellen gedruckt werden konnte, ohne dass im Anschluss die
strukturelle Integritét beeinflusst wurde.'®® Allerdings ist der Abbau von auf Alginat-basierten
Biotinten nur schwer zu steuern und es konnte nachgewiesen werden, dass die
mechanische Stabilitdt von gedruckten Konstrukten nach kurzer Zeit (ca. 40 % in 9 Tagen)
verloren geht. Zudem besitzt Alginat keine Zelladhdsionsdomanen.'®%170. 197 Zyr
Verbesserung der Zellantwort und thermischen und mechanischen Stabilitat wird Alginat mit
zahlreichen Proteinen modifiziert, indem beispielsweise oxidiertes Alginat Uber eine

kovalente Bindung mit Gelatine verbunden wird.®®

Agarose, eine Hauptkomponente des Agars, wird vor allem aus den Rotalgengattungen
Gelidium und  Gracillaria  gewonnen und besteht aus D-Galaktose und
3,6-Anhydro-L-Galaktose, die glycosidisch miteinander verbunden sind, sowie ionisierten
Sulfatgruppen.’™®  Agarose geliert durch die Bildung von intermolekularen
Wasserstoffbriickenbindungen bei Abklihlung.2® Die viskoelastischen Eigenschaften der
Hydrogele aus Agarose hangen vom Molekulargewicht und der Konzentration ab. Die
einstellbaren Elastizitdtsmoduln der physikalisch vernetzten Hydrogele liegen zwischen
< 1 kPa und einigen tausend Kilopascal und somit im Bereich von nattrlichen Geweben und
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Organen (Knochen ausgenommen).” 20" Maher und Kollegen haben 2009 3D-Scaffolds aus
thermoreversiblen Agarose-Hydrogelen mit Hilfe eines pneumatischen Dispensdruckers
hergestellt.'® Dabei wurde Agarose in ein Gelatineenthaltendes Bad gedruckt. Gelatine
diente nicht als Quervernetzer, sondern als Unterstitzung, um das gedruckte Konstrukt zu
stabilisieren. Ohne dieses Bad verschmolzen die einzelnen Lagen und in den meisten Fallen
kollabierte das Scaffold.?®? Zudem wurden Hydrogele aus Agarose mit eingekapselten
mesenchymalen Stammzellen mit Hilfe eines Fluorkohlenstoffbads gedruckt. Die
eingekapselten Zellen waren mindestens 21 Tage vital und die zellbeladenen Hydrogele
waren mehr als sechs Monate stabil.'6?

Neben Polysacchariden, die aus Pflanzen und Algen gewonnen werden, werden auch
bakterielle extrazellulare Polysaccharide (EPS) im Bereich des 3D-Druckens eingesetzt.
Kirzlich wurde Gellan, ein Vertreter der EPS, als Biotinte mit verschiedenen Zelltypen
verdruckt.'”* Gellan ist ein Vielfachzucker, der mittels Fermentation von Kohlenhydraten
hergestellt wird und als Zusatzstoff in der Lebensmittelindustrie als Verdickungsmittel
eingesetzt wird.2%® Die linearen Molekiile von Gellan liegen bei Temperaturen um 30 °C
ungeordnet vor und transformieren bei niedrigeren Temperaturen zu Doppelhelices. Bei
hohen Konzentrationen (> 2 % w/v) wandeln sich die Doppelhelices in langliche Aggregate
um und bilden ein makroskopisch stabiles Gel.2°* Es wurde gezeigt, dass das Gel aus Gellan
eine Sedimentation und Aggregation der Zellen verhindert sowie ein kontinuierliches FlieBen
wahrend des Druckprozesses erlaubt.”

Obwohl Polysaccharide eine Vielzahl an vorteilhaften Eigenschaften fr Biotinten aufweisen,
sind vor allem deren schwache mechanische Stabilitat und ihr Quellverhalten von

entscheidendem Nachteil. Proteine stellen eine vielversprechende Alternative dar.

Proteine

Proteine, wie Kollagen, Gelatine, Fibrin und Fibroin, wurden bereits als Biotinte fur die
Herstellung von 3D-Konstrukten eingesetzt.'?’

Kollagen ist mit einem Anteil von 20-30 % der Gesamtproteine das am haufigsten
vorkommende Protein in S&ugetieren und deshalb von besonderem Interesse in der
Gewebezlichtung.'®: 205 Die Hauptfunktionen von Kollagen sind die mechanische
Stabilisierung der extrazelluldren Matrix sowie die Kontrolle der Zelladhasion, -migration und
Waundheilung.2% Kollagene bestehen aus drei linksgangigen Helices, die wiederum Uber
Wasserstoffbrickenbindungen zu einer rechtsgangigen Superhelix angeordnet sind.
Kollagen ist bioabbaubar, biovertraglich und kann einfach gewonnen und modifiziert
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werden.2” Allerdings zeigen kollagenbasierte Biotinten chargenabhéngige Variationen und
schwache mechanische Eigenschaften (Elastizititsmoduln: ~ 1 kPa).'3" 208 Gelatine ist die
denaturierte Form von fibrillarem Kollagen und wird oft als Biotinte eingesetzt, weil es eine
schwéachere immunogene Reaktion als Kollagen zeigt.?® Gelatine ist wasserloslich,
bioabbaubar, biokompatibel und enthdlt das natirliche Zelladh&dsionsmotif Arg-Gly-Asp
(RGD).178 18, 18919, 210211 Allerdings basiert die Gelbildung auf physikalischen
intermolekularen Wechselwirkungen der Gelatinemolekile, so dass die entstehenden Gele
unter physiologischen Temperaturen nicht stabil sind.?'> Aus diesem Grund werden oft
Mischungen aus den zuvor beschriebenen Biopolymeren beim 3D-Druck eingesetzt sowie
Quervernetzungsmethoden angewendet. Beispielsweise wurde eine Biotinte aus Alginat,
Gelatine und Fibrinogen hergestellt, die anschlieBend mit Ca?* quervernetzt wurde.!”
Alternativ wurde Gelatine mit Alginat gemischt und zweifach quervernetzt (thermisch und
ionisch).187 Kirchmajer und Panhuis zeigten kirzlich, dass stabile Hydrogele aus Gelatine
und Gellan mit Calciumionen und Genipin, eine chemische Komponente, die aus der
Gardenia Frucht gewonnen wird, vernetzt und die Eigenschaften durch die

Zusammensetzung gesteuert werden kdénnen.2'3

Fibrin, ein weiteres extrazelluldres Matrixprotein, ist ebenfalls fir Anwendungen in der
Biofabrikation geeignet. Fibrin wird mit Hilfe des Enzyms Thrombin aus Fibrinogen gebildet,
das so aggregiert, dass ein fibrillares Netzwerk entsteht. All diese Faktoren sind mafBgeblich
an der Wundheilung beteiligt.2'+2'® Fibrin geliert schnell, ist biokompatibel und bioabbaubar;
Hydrogele aus Fibrin werden ohne fibrinolytischen Inhibitor innerhalb von zwei Wochen
enzymatisch abgebaut.?'®2"” Vor kurzem wurde Fibrin als druckbares Hydrogel beim
Tintenstrahldruck eingesetzt, um 3D-Nervenkonstrukte herzustellen. Die Konstrukte wurden
erstellt, indem abwechselnd Fibringele und neuronale Vorlauferzellen gedruckt wurden.'8
Obwohl Fibrinogen und Thrombin einfach aus dem Blut gewonnen werden kdnnen, weisen
Fibrinhydrogele als Biotinten einen Nachteil auf: die gedruckten Konstrukte aus Fibrin
zeigten inaddquate mechanische Eigenschaften und zerfielen schnell. Die Fibrinhydrogele

mit der vielversprechendsten mechanischen Integritat waren fir nur 3 Wochen stabil 218220

Seiden sind natirliche Proteinfasern, die von Arthropoden (Spinnen & Insekten) produziert
werden. Seide ist von groBem Interesse in biomedizinischen Anwendungen und der
Biofabrikation, da sie biokompatibel ist, langsam abgebaut wird und auBergewdéhnliche
mechanische Eigenschaften zeigt.2": %8 157 221 K{yrzlich wurde die Herstellung von
strukturierten Substraten aus Seidenfibroin (Bombyx mori) durch Tintenstrahldruck
etabliert.'% Schicht-flir-Schicht wurden Tropfen aus ionomeren Seidenproteinen, die
chemisch mit Poly(L)-Lysin und Poly(L)-Glutaminsdure Seitenketten modifiziert wurden,

produziert. Die sogenannten Seidennester dienten als Plattform fir die Immobilisierung von
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Escherichia coli (E. coli) Zellen, die weder ihre Zellmorphologie noch Funktion verloren.
Durch diesen Fabrikationsprozess konnten biokompatible Scaffolds innerhalb eines
geeigneten Zeitraums hergestellt werden, die beispielsweise als Biosensoren verwendet
werden konnten.'® Jedoch wurde festgestellt, dass eine Seidenfibroinldsung ohne Zugabe
anderer Polymere haufig zu einer Nadelverstopfung, aufgrund der scherinduzierten
B-Faltblattkristallisation wahrend des Druckens, fiihrt.'® Deshalb wurde Fibroin kiirzlich in
Kombination mit Gelatine als Biotinte flir die Herstellung von 3D-Gewebekonstrukten
eingesetzt und es wurde gezeigt, dass die in situ Quervernetzung und der Druckprozess
zellfreundlich sind, da eingekapselte Vorlauferzellen tberlebten. '’

Die Verwendung von natirlichen Proteinen als Biotinte ist hauptsachlich aufgrund ihrer
variierenden Reinheit sowie durch das mégliche Auslésen von unerwiinschten biologischen
Antworten begrenzt. Da Saugetiergewebe die Hauptquelle fiir Proteine, wie z. B. Kollagen,
Gelatine und Fibrin, sind, bestehen weitere Bedenken hinsichtlich Krankheitstibertragungen

und immunogenen Reaktionen.”® 222

1.4.2.2 REKOMBINANT HERGESTELLTE BIOPOLYMERE

Heutzutage kénnen durch molekularbiologische Methoden neue Biopolymere entworfen und
entwickeln werden, die in dieser Komplexitat und Funktionalitét nicht natdrlich vorkommen.
Die rekombinante Herstellung von kunstlichen Proteinen ermdglicht es, die
Materialeigenschaften, wie Mechanik, Abbau, Porositat, Zell-Material-Interaktionen und

Zytokompatibilitat, anzupassen bzw. einzustellen (Abb. 10).16:223
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Abbildung 10. Schematisches Modell, das den Weg vom natiirlichen Protein iiber das
Proteindesign bis hin zum injizierbaren bzw. druckbaren Hydrogel aus rekombinanten
Proteinen aufzeigt. Modifiziert nach Jungst et al., Chemical Reviews 2015, DOI:
10.1021/acs.chemrev.5b00303, mit freundlicher Genehmigung des Verlages American Chemical
Society.

Rekombinante Proteine sind viel leichter mit einer definierten Molekdilstruktur herzustellen als
synthetische und natirliche Materialien.* 224227 Durch das spezifische Design von
rekombinanten Proteinen, wie z.B. der Kopplung von funktionellen Gruppen an
Strukturproteine wie Kollagen, Elastin oder Seide, kénnen biologische Aktivitdten ahnlich der
nattrlichen extrazellularen Matrix geschaffen werden. Beispielsweise kénnen verschiedene
funktionelle Doméanen von natlrlichen Proteinen, z. B. Zell-Material-Interaktions-Domanen,
mit strukturellen Doméanen in einem neu designten Protein (z. B. Fusionsprotein) kombiniert
werden. Alternativ kénnen rekombinante Proteine leicht mit kurzen Peptidsequenzen, wie
z. B. RGD oder IKVAV, die spezifische Liganden fir Zellrezeptoren sind und Zelladhasion

steuern, modifiziert werden.%®

Es ist wichtig zu erwahnen, dass zum einen nicht alle Polypeptide und Proteine rekombinant

hergestellt werden kénnen und zum anderen nicht alle Proteine mit nicht-peptidischen
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Motiven kombiniert werden kdnnen, ohne eine chemische Modifikation nach der Herstellung.
Wenn eine rekombinante Produktion mdglich ist, besteht die Herausforderung meistens in
der Gewinnung von ausreichenden Ausbeuten fir den industriellen MaBstab. Dies hangt
vom gewahlten Wirtsorganismus, dem Fermentationsprozess und dem Protein selbst ab.
Bislang gibt es nur wenige rekombinante Proteine, die in ausreichenden Mengen hergestellt
werden kénnen. In Tabelle 3 sind die rekombinant hergestellten Proteine, die entweder
bereits beim 3D-Druck eingesetzt wurden oder zu injizierbaren Hydrogelen verarbeitet

werden kénnen, aufgelistet.

Tabelle 3. Rekombinant produzierte Proteine, die als injizierbare bzw. druckbare Hydrogele
eingesetzt werden kénnen. Modifiziert nach Jungst et al., Chemical Reviews 2015, DOI:
10.1021/acs.chemrev.5b00303, mit freundlicher Genehmigung des Verlages American Chemical
Society.

Rekombinante Vorteilhafte Anwendungsbereiche Ref.

Proteine Eigenschaften

Kollagen Bioabbaubar, Geweberegeneration (kornealer
biokompatibel Ersatz, Nerven), 207, 228-230

Wirkstofftransportsysteme

Elastin Elastomere Geweberegeneration (Knorpel,
Eigenschaften, Blutgefaie),
231-235
biokompatibel, hohe Weichgewebeersatz,
Léslichkeit Wirkstofftransportsysteme
Resilin Geringe Festigkeit, Geweberegeneration (Knorpel,
hohe Elastizitét, Blutgefaie) 236-238

reversible Dehnbarkeit

Nahezu jedes Expressionssystem, wie Bakterien, Hefen, transgene Tabakpflanzen,
Insektenzellen, Saugetierzellen, Seidenraupen und transgene Mause, wurde genutzt, um
rekombinantes Kollagen oder ausgewéahlte Domanen herzustellen.207- 228 230. 239 |m Vergleich
zum natdrlichen Kollagen hat das rekombinant Hergestellte die Vorteile, dass es z. B.
unbedenklich hinsichtlich Krankheitstbertragungen ist und mit Zelladhdsionsdoméanen
funktionalisiert werden kann.”® 222 230 Dje rekombinante Produktion von Kollagen ist sehr
komplex, da haufig posttranslationale Modifikationen eingefiihrt werden missen, um die
quervernetzten und helikalen Strukturen zu stabilisieren. Deshalb erfordert die Biosynthese
von Kollagen spezifische Enzyme wie Prolyl-4-Hydroxylase. Ohne Prolyl-4-Hydroxylase
entstehen keine rechtsgangigen Superhelices, sondern funktionslose Kollagenmolekile, die
unter physiologischen Bedingungen nicht stabil und somit fir biomedizinische Anwendungen
ungeeignet sind.2*® Von den getesteten Wirtsorganismen produzieren nur S&ugetierzellen
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Kollagen mit einem identischen L-4-Hydroxyprolingehalt wie das natlrliche Kollagen.
Allerdings kénnen damit nur geringe Mengen (0,6 — 20 mg/l) Protein hergestellt werden.?*' In
Wirtsorganismen wie E. coli und Hefen ist eine Multigenexpression noétig, um der
Abwesenheit des Enzyms Prolyl-4-Hydroxylase entgegenzuwirken.?*' Mit Hilfe der
Multigenexpression konnte Kollagen Typ |, Il und Il mit dem gleichen Gehalt an
L-4-Hydroxyprolin wie im nativen Protein und einem Titer von 0,2 — 0,6 g/l hergestellt
werden.?*? Bislang wurde der Gebrauch von Hydrogelen aus rekombinant hergestelltem
Kollagen als Biotinte noch nicht veréffentlicht.

Elastin ist eine Komponente der extrazellularen Matrix, die in elastischen Geweben
vorkommt und fir die Flexibilitit der Gewebe verantwortlich ist. Die elastomeren
Eigenschaften von Elastin haben die Herstellung von Elastin-ahnlichen Polypeptiden (ELPs)
unterstiitzt." 23 ELPs zeigen ein thermosensitives Verhalten, so dass die
Ubergangstemperatur durch die Hydrophobizitdt, das Molekulargewicht und die
Konzentration der Polypeptide kontrolliert werden kann.23% 243 Zudem kann der komplette
reversible Phasenibergang durch verschiedene Umgebungsbedingungen, wie Temperatur,
lonenstarke, Redoxzustand und pH, gesteuert werden.?®? 23 ELPs sind unterhalo der
charakteristischen Ubergangstemperatur wasserldslich. Steigt die Temperatur allerdings
Uber die charakteristische Temperatur, kommt es zu einem Phasenubergang und die ELPs
aggregieren, was zu einem physikalisch-vernetzten Netzwerk fiihrt.2%2 244 Materialien, die aus
diesen ELPs hergestellt wurden, zeigen exzellente mechanische Eigenschaften (&hnlich zu
natirlichen Elastin), sind biokompatibel und weisen eine minimale Immunantwort nach der
Implantation auf.23% 245246 Gelenkknorpelzellen wurden bereits erfolgreich in Hydrogele aus
ELPs eingekapselt, die anschlieBend injiziert wurden, um einen unregelmafBig geformten
Knorpeldefekt zu flillen bis eine Integration in das umliegende Gewebe erfolgte.?3': 234247 Dag
ELP Netzwerk unterstitzte sowohl die Zellvitalitat und Infiltration als auch die
Knorpelmatrixsynthese.

Natirliches Resilin ist ein elastomeres Protein mit auBergewdhnlichen mechanischen
Eigenschaften, mit geringer Steifigkeit und hoher Elastizitat. Es ist in speziellen Regionen der
Insektencuticula vorhanden und spielt eine entscheidende Rolle beim Insektenflug, im
Sprungmechanismus von Fléhen und der Stimmgebung von Zikaden.?*® Kirzlich wurden
Hydrogele aus rekombinant hergestellten Resilin-dhnlichen Polypeptiden (RLPs) hergestellt,
die gute mechanische Eigenschaften (1 — 25 kPa) flr die Gewebezlichtung aufzeigten.?* Es
konnte gezeigt werden, dass das isotrope dreidimensionale Netzwerk sich wie ein ideales
Gummi mit einer nahezu perfekten reversiblen Elastizitat verhalt.2® RLP Hydrogele kdnnen
mit Tris[(hydroxymethyl)-phosphin] schnell gebildet werden und es konnte gezeigt werden,
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dass die mechanische Integritdt wahrend des Quervernetzens aufrechterhalten bleibt und
eingekapselte primare mesenchymale Stammzellen (MSCs) liberleben.?3”

1.5 SPINNENSEIDE

1.5.1 NATURLICHE SPINNENSEIDE

Catherine Craig hat 1997 den Begriff Seide folgendermafBen definiert: ,Seiden sind Proteine
mit einer hochrepetitiven Aminosauresequenz, die im flissigen Zustand gespeichert und
durch Scherung oder Verspinnen zu einer Faser werden.“?*® Seiden werden ausschlieBlich
von den zu den GliederfiBern (Arthropoda) gehdérenden Klassen der Spinnentiere
(Arachnida), Insekten (Insecta) und TausendfiBer (Myriapoda) in speziellen Drisen fir
unterschiedliche Aufgaben produziert.?*® Spinnenseide z&hlt, zusammen mit der Seide des
Seidenspinners Bombyx mori, zur bekanntesten Seide. Spinnenseide fasziniert
Wissenschaftler vor allem aufgrund ihrer auBergewdhnlichen  mechanischen
Eigenschaften.?®® Seidenfasern sind extrem stabil und dehnbar, so dass sie eine Zahigkeit
aufweisen, die keine andere natlrliche oder synthetische Faser erreicht.?>' Zusatzlich ist
Spinnenseide biokompatibel, biologisch abbaubar und I6st keine Entziindungs- bzw.
allergischen Reaktionen aus.??' Deshalb wurden Spinnennetze bereits seit Jahrhunderten als
Wundverband fir Hautverletzungen verwendet.?*?

Vor kurzem wurde Spinnenseide als kunstliches Scaffold fur die Nervenregeneration
eingesetzt.?32* Defekte der peripheren Nerven koénnen durch ein artifizielles
Nervenimplantat aus dezellularisierten Venen, Spinnenseidenfasern und Schwann-Zellen in
einem Matrigel repariert werden. In einem adulten Schaf konnte gezeigt werden, dass die
Spinnenseide die Schwann-Zell Migration, das Neuwachsen von Axonen und die
Remyelinisierung in einem 6cm groBen Defekt des Nervus tibialis (Schienbeinnerv)
forderte.?®® AuBerdem wurden natlrliche Spinnenseidenfasern als mikrochirurgisches
Nahtmaterial getestet, um herkdmmlich verwendete Materialien in der Mikro- und
Neurochirurgie zu ersetzen.®®2’ Dabei wurde gezeigt, dass die mechanischen
Eigenschaften der geflochtenen Spinnenseidenfaden im Vergleich zu Nylon, dem
gegenwartigen klinischen Standard, verbessert waren. Zusammen mit der Biokompatibilitat
der Spinnenseide konnten die Mikrofaden fiir die Nervenregeneration eingesetzt werden.’

Spinnenseide ist ein vielseitiges Material, da Spinnen, im Gegensatz zu anderen
Gliedertieren, verschiedene Arten von Seiden fir unterschiedliche Aufgaben produzieren
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kdnnen (fir einen detaillierten Uberblick siehe Heidebrecht & Scheibel, 2013).2%8 Ungefahr
die Halfte aller derzeit bekannten Spinnenarten verwenden Netze zum Beutefang.?*® Neben
Trichter- und Baldachinnetzen finden Radnetze die weiteste Verbreitung. Weibliche
Radnetzspinnen, zu denen die europaische Gartenkreuzspinne Araneus diadematus und die
goldene Seidenspinne Nephila clavipes zahlen, produzieren sieben verschiedene Seiden

(Abb. 11).28.260

Dragline-Seide

Rahmen, Speichen Minor Ampullate-Seide

und Abseilfaden Hilfsspiralfaden

Flagelliform-Seide

Fangspirale Aciniform-Seide
Beutefang,
Auskleiden

der Eihlille

Tubiliform-Seide
robuste Eihiille

Aggregat-Seide
Klebstoff

Piriform-Seide
Befestigungszement

Abbildung 11. Ubersicht der sieben verschiedenen Seidenarten, die von weiblichen
Radnetzspinnen, wie z. B. der Gartenkreuzspinne (Araneus diadematus), produziert werden.
Modifiziert nach Heidebrecht & Scheibel, Advances in Applied Microbiology 2013, 82: 115-153, mit
freundlicher Genehmigung des Verlages Elsevier.

Die Seidenarten sind benannt nach der Drlse, in der sie gebildet werden, und unterscheiden
sich zum einen in ihrer Zusammensetzung und zum anderen in ihren mechanischen
Eigenschaften.?®' Die am besten charakterisierte Spinnenseide ist die Dragline-Seide (engl.
dragline = Schleppseil), die sowohl die Rahmenkonstruktion und Speichen des Netzes und
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als auch den Abseilfaden bildet und dem Netz Stabilitat verleiht.2%® 262 Die Seide besitzt, wie
die Flagelliform-Seide, eine auBergewdhnlich hohe Zahigkeit, so dass sie, bezogen auf den
Durchmesser der Faser, mehr Energie aufnehmen kann als viele andere Seidenarten, bevor
sie reiBt.?' Die auBergewohnlichen mechanischen Eigenschaften basieren auf der
molekularen Struktur und auf dem hierarchischen Aufbau des Spinnenseidenfadens
(Abb. 12).258.263-264

Glykoproteine
MI-Seide
/ Fil/zril\en

a‘morphe
Bereiche

Schale Kern

Abbildung 12. Kern-Schale Struktur der Dragline-Seide. Der Kern des Fadens besteht aus
Fibrillen, die entlang der Faserachse angeordnet sind. Auf molekularer Ebene beinhalten die Fibrillen
kristalline Bereiche, die je nach Aminosaurezusammensetzung in einer amorphen Matrix eingebettet
sind. Der Kern wird von einer Schale aus drei Lagen, Minor Ampullate (MI)-Seide, Glykoproteinen und
Lipiden, umschlossen. Modifiziert nach Heidebrecht & Scheibel, Advances in Applied Microbiology
2013, 82: 115-153, mit freundlicher Genehmigung des Verlages Elsevier.

Die hierarchische Struktur der Dragline-Seide besteht aus einer Kern-Schale Struktur. Die
Schale beinhaltet Lipide, Glykoproteine und Minor Ampullate-Seide und dient als Schutz vor
Austrocknung und Bakterien.2%%2¢7 Der Kern hingegen besteht aus Nano- und Mikrofibrillen-
blindeln, die entlang der Faserachse angeordnet sind.2%® 268 Diese Fibrillen bestehen aus
hochgeordneten nanokristallinen Bereichen, die in einer amorphen Matrix eingebettet
sind.?%%270 Die alaninreichen, kristallinen Bereiche dienen als Quervernetzer und sind somit
fir die ReiBfestigkeit der Dragline-Seide verantwortlich, wéahrend die glycinreichen,
amorphen GGX und GPGXX Motive fur die Elastizitdt des Spinnenseidenfadens

sorgen.271-274

Der Kern des Dragline-Fadens besteht mindestens aus den zwei Hauptproteinkomponenten
MaSp1 (Major Ampullate Spidroin 1) und MaSp2 (Major Ampullate Spidroin 2), die beide
einen hohen Anteil (~ 60 %) der unpolaren, hydrophoben Aminosduren Glycin und Alanin
aufweisen und in der groBen Ampullendriise (Major Ampullate) produziert werden.?® Sie
unterscheiden sich nur in ihrem Prolingehalt und der Hydrophobizitat.2”> Alle Major Ampullate
Spidroine besitzen eine hoch repetitive Kernsequenz mit alaninreichen, hydrophoben und
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glycinreichen, hydrophileren Regionen, die von nicht-repetitiven, gefalteten Termini flankiert
werden.?’! Die repetitiven Einheiten bestehen aus etwa 20-40 Aminosauren, welche 90 %
der Gesamtproteinsequenz darstellen und in dem natirlichen Seidenprotein bis zu
hundertmal hintereinander wiederholt werden.?”® Die terminalen, ca. 120-140 Aminosauren
langen, hochkonservierten Doménen spielen eine wichtige Rolle bei der Speicherung der
hochkonzentrierten Proteinldésung in der Spinndriise sowie bei der korrekten Ausrichtung der
Molekile wahrend der Fadenassemblierung im Spinnkanal. Beide Termini sind
dimerisierungsfahige, globulare Doméanen, die aus fiinf a-Helices bestehen.?76-279

Bei der Gartenkreuzspinne Araneus diadematus werden die Hauptkomponenten der
Dragline-Seide ADF3 und ADF4 (Araneus diadematus Fibroin) genannt.?®' Beide
Seidenproteine weisen im Gegensatz zu den bekannten MaSp-Proteinen einen hohen
Prolingehalt von ca. 16 % auf.?6 29 Aus diesem Grund kénnen sie als MaSp2-Analoga
betrachtet werden.?®' Wie bei den MaSp-Proteinen existieren bei ADF3 und ADF4
Unterschiede bezlglich ihrer Hydrophobizitdt. ADF3 ist hydrophiler und somit besser I6slich
in wassrigen Systemen, wahrend ADF4 hydrophober ist und dadurch leicht zu fibrillaren

Strukturen assembliert.282-283

1.5.2 HERSTELLUNG REKOMBINANTER SPINNENSEIDE

Aufgrund der herausragenden mechanischen und physiologischen Eigenschaften von
Spinnenseide ist diese in den Fokus der Forschung geriickt, wodurch die Gewinnung und
Produktion von Spinnenseide im groBen MaBstab nétig wurde. Im Gegensatz zum
Seidenspinner B. mori kbnnen Spinnen nicht gezlchtet werden, da sie ein kannibalistisches
und territoriales Verhalten zeigen.®* AuBerdem ist die Gewinnung der natiirlichen Seide sehr
zeitaufwandig. Da die Seidenqualitdt durch Umwelteinflisse, wie z.B. die Nahrung,
beeinflusst wird, stellen Qualitdtsschwankungen ein weiteres Problem dar.2° 28528 Deshalb
wurde eine biotechnologische Herstellung von rekombinanten Spinnenseidenproteinen
etabliert, so dass Proteine mit gleichbleibender Zusammensetzung und Qualitédt in

ausreichenden Mengen produziert werden kénnen.2%8: 287

Verschiedene prokaryotische und eukaryotische Wirtsorganismen wurden getestet, um
Spinnenseidenproteine rekombinant herzustellen. Eine detaillierte Zusammenfassung wurde
kirzlich von Heidebrecht und Scheibel veroffentlicht.2%® Dabei kann die Anzahl, der sich
wiederholenden Module, verschiedenen Motive und Abstédnde zwischen ihnen, variiert
werden. 28 282, 288289 E(ir eine effiziente Produktion in Prokaryoten wurde die abgeleitete
Konsensussequenz der natirlichen Spinnenseidenproteine durch reverse Translation unter

Berlicksichtigung der bakteriellen codon usage in eine Nukleotidsequenz Ubersetzt.?8' Die
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Konsensussequenz wurde anschlieBend durch eine nahtlose Klonierungsstrategie
multimerisiert und in einen Expressionsvektor transformiert.?®2 Die designten Gene konnten
im Anschluss in E. coli exprimiert und die Proteine durch Hochzelldichtefermentation in
groBen Mengen produziert werden.?” Obwohl| die so hergestellten Proteine in Bezug auf
Aminosauresequenz und GroéBe den naturlichen Seidenproteinen nicht identisch sind,
weisen sie dennoch deren wesentliche Merkmale auf, wie z. B. intrinsisch entfaltete I6sliche
Strukturen, B-Faltblattreiche unlésliche Formen und Selbstassemblierung. Mit Hilfe der
biotechnologischen Herstellung kénnen nun die Hauptkomponenten der Dragline-Seide der
Gartenkreuzspinnen in ausreichenden Mengen produziert werden. eADF3 und eADF4
(engineered A. diadematus Fibroin 3 und 4) sind abgeleitete Varianten der natirlichen
Spinnenseidenproteine ADF3 und ADF4.2%2 In dieser Arbeit wurde das rekombinante
Spinnenseidenprotein eADF4(C16) und dessen modifizierte Variante eADF4(C16)-RGD
verwendet (Abb. 13).

repetitive Kern-
ADF4 == jomane

-

Konsensussequenz: C-Modul

Gartenkreuzspinne GSSAAAAAAAASGPGGQGPENQGPSGPGQGPGGP

A. diadematus

l lModifizierung
B c-Modu

H,N HAN

NNl ~coon "N R coon

B reo-Motv 16 16
eADF4(C16) eADF4(C16)-RGD

Dragline-
Seide

Abbildung 13. Die rekombinanten Spinnenseidenproteine eADF4(C16) und eADF4(C16)-RGD
bestehen aus 16 C-Modulen. Das C-Modul ist die Konsensussequenz der repetitiven Kerndoméne
von Araneus diadematus Fibroin 4 (ADF4). Das Protein ADF4 ist eine der Hauptkomponenten der
Dragline-Seide, die wiederum den Rahmen des Spinnennetzes bildet und als Abseilfaden der
Gartenkreuzspinne (A. diadematus) dient. eADF4(C16)-RGD ist die genetisch mit der
Zelladhasionsdomane RGD modifizierte Variante von eADF4(C16). Modifiziert nach DeSimone et al.,
Pure and Applied Chemistry 2015, 87(8): 737-749, mit freundlicher Genehmigung des Verlages
DeGruyter.

eADF4(C16) entspricht einer artifiziellen Variante des repetitiven Kernbereichs von ADF4
ohne terminale Domanen. Dabei wurde die Konsensussequenz (C-Modul) 16-mal
wiederholt.?®2  Bei der rekombinanten Herstellung kénnen in artifiziellen
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Spinnenseidenproteinen durch genetische Modifikation entweder gezielt einzelne
Aminosauren mutiert oder funktionelle Gruppen eingefiihrt werden.%® 63 290292 Djg
Spinnenseidenproteine kénnen dadurch flr diverse Anwendungen spezifisch funktionalisiert
werden. Die einfachste genetische Modifikation ist die Einfihrung von einzelnen
Aminosauren mit spezifischen, chemischen Seitenketten, wie z. B. Cysteinreste mit ihren
Thiolgruppen. An jene Gruppen kénnen anschlieBend z. B. Peptide, Enzyme oder Partikel
kovalent gekoppelt werden.®® 2%2 |n dieser Arbeit wurde neben dem rekombinanten
Spinnenseidenprotein eADF4(C16) mit eADF4(C16)-RGD gearbeitet, bei dem Uber eine
Linkersequenz (GGSQ) eine lineare RGD Sequenz (GRGDSPG) am C-Terminus genetisch
eingefiihrt wurde, um die Zelladh&sion zu verbessern (Abb. 13).63

Rekombinante Spinnenseidenproteine kénnen nicht nur zu Faden, sondern auch zu anderen
Morphologien, wie Filme, Hydrogele, Partikel, Schaume oder Vliese fir diverse

Anwendungen, verarbeitet werden.23 114, 116,291-293

1.5.3 SPINNENSEIDENPROTEINE FUR BIOMEDIZINISCHE ANWENDUNGEN

Aufgrund der Biokompatibilitdt und vollstdndigen biologischen Abbaubarkeit rekombinanter
Spinnenseide sowie durch deren Prozessierbarkeit in unterschiedliche Morphologien gibt es
vielfaltige Anwendungsmdglichkeiten. Neben einem Einsatz der Seidenproteine in neuartigen
Hochleistungsfasern, z. B. als Nahtmaterial, sind Einsatze in Wundverbanden, im gerichteten

Wirkstofftransport oder in Scaffolds in der Gewebezlichtung vorstellbar (Abb. 14).24 221,251,287,
294-295
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Abbildung 14. Biomedizinische Anwendungen von Spinnenseide. Rekombinante
Spinnenseidenproteine kdnnen in verschiedene Morphologien, wie Fasern, Partikel, Kapseln, Vliese,
Hydrogele, Schaume und Filme, weiter verarbeitet werden. Modifiziert nach Schacht & Scheibel,
Current Opinion in Biotechnology 2014, 29: 62-69, mit freundlicher Genehmigung des Verlages
Elsevier.

Es wurden bereits dreidimensionale Gerlste (z. B. Schdume und Hydrogele) aus
rekombinanten Spinnenseidenproteinen fur die Gewebezlchtung hergestellt und deren
Biokompatibilitat getestet. Schdume wurden aus dem rekombinanten Spinnenseidenprotein
rS1/9 (basierend auf MaSp1 von Nephila clavipes) durch Salt leaching hergestellt. In vitro
Studien haben gezeigt, dass Mausfibroblasten auf Schaumen aus rS1/9 adharieren und
proliferieren. Innerhalb einer Woche migrierten die Zellen in die porésen Scaffolds.?®® Auch in
vivo konnte beobachtet werden, dass eine Vaskularisierung und das Einwachsen in das
umliegende Gewebe sowie das Ausbilden von Nervenfasern bei den rS1/9 Scaffolds acht
Wochen nach der subkutanen Implantation erfolgte.2®” Schaume und fasernbasierte Matrizen
aus dem rekombinanten Spinnenseidenprotein 4RepCT (basierend auf Major Ampullate
Spidroin 1 von Euprosthenops australis) unterstiitzten ebenfalls Wachstum, Adhasion und
Kollagen Typ | Produktion bei menschlichen primaren Fibroblasten.?®2% Zusatzlich waren
makroskopische 4RepCT-Fasern nach der subkutanen Implantation in Ratten gut vertraglich.
Im Gegensatz zur Kontrollgruppe mit Fasern des Seidenspinners (MersilkTM) unterstitzten
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4RepCT-Fasern das Einwachsen von Fibroblasten und die Bildung von Kapillaren im

Zentrum der Faserbiindel.2982%9
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2 ZIELSETZUNG

In der Biomedizin wird angestrebt, Tragermatrices (Scaffolds) herzustellen, die die
Zelladhasion, -migration, -proliferation und -differenzierung ermdglichen. Die Entwicklung
von neuen biokompatiblen Materialien, welche nach der Implantation zunéchst den Zellen als
klinstliches Stitzgerist dienen, ist entscheidend. Die Materialien miissen anschlieBend nach
und nach abgebaut und durch neue extrazellulare Matrix ersetzt werden, bis ein neues,
funktionelles Gewebe entsteht. Spinnenseide ist aufgrund ihrer hervorragenden
Biokompatibilitdt und Bioabbaubarkeit ein Material flr vielseitige biomedizinische
Anwendungen. Die biotechnologische Herstellung von Spinnenseidenproteinen erlaubt eine
Produktion im industriellen MaBstab mit gleichbleibender Qualitat. Zudem ist es méglich, die
rekombinanten Spinnenseidenproteine gentechnisch, z. B. mit Zelladhasionsdoménen, zu
modifizieren und somit die biologischen Eigenschaften des Materials zu steuern. In dieser
Arbeit wurde mit den rekombinanten Spinnenseidenproteinen eADF4(C16) und der
RGD-modifizierten Variante eADF4(C16)-RGD gearbeitet, deren Sequenzen von der
Dragline-Seide der Gartenkreuzspinne (A. diadematus) abgeleitet wurden. Die
rekombinanten Spinnenseidenproteine kénnen in verschiedene Morphologien, wie z. B.
Schaume und Hydrogele, tberfihrt werden. Eine Fabrikationstechnik fir die Herstellung von
Schaumen stellt das Salt leaching dar. Diese Methode wurde in der Arbeit angewendet, um
porése Strukturen aus rekombinanten Spinnenseidenproteinen flir den Einsatz als
3D-Scaffolds herzustellen. Zunachst sollten die PorengréBen, Porositat und strukturellen
Eigenschaften der Schaume sowie deren mechanische und katalytische Eigenschaften wie
auch deren Abbaueigenschaften analysiert werden. Im Anschluss sollte die Biokompatibilitat
dieser 3D-Scaffolds mit Hilfe von Adhéasions- und Proliferationstests untersucht werden.
Dartiber hinaus sollten Hydrogele aus rekombinanten Spinnenseidenproteinen, wie die
Schaume, als Tragermatrix fur diverse Zelllinien (Fibroblasten, Keratinozyten, Myoblasten,
Osteoblasten, HelLa) untersucht werden. Mit Hilfe der Biofabrikation bzw. dem 3D-Drucken
kénnen  3D-Strukturen  Schicht-flir-Schicht aus  Material/Hydrogel-Zell-Mischungen
computergesteuert aufgebaut werden. Im Gegensatz zur klassischen Gewebeziichtung
kénnen gewebeahnliche 3D-Konstrukte mit isotrop verteilten Zellen hergestellt werden, die
eine direkte Versorgung mit Nahrstoffen garantieren. Sowohl an den Herstellungsprozess als
auch an die verwendeten Materialien, die sogenannten Biotinten, werden hohe
Anforderungen gestellt. Da Biotinten einerseits druckbar und andererseits zellkompatibel
sein mussen, stellen diese oft den limitierenden Faktor in der Biofabrikation dar. In dieser
Arbeit sollte zunadchst untersucht werden, ob Hydrogele aus rekombinanten
Spinnenseidenproteinen mit eingekapselten Fibroblasten als Biotinte im 3D-Druck eingesetzt
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werden kénnen. Dabei ist zunachst die Druckbarkeit der Hydrogele entscheidend, so dass
formstabile 3D-Konstrukte hergestellt werden kénnen. Zuséatzlich sollte analysiert werden, ob
die eingekapselten Zellen sowohl die Gelbildung als auch den Druckprozess Uberleben und
im Anschluss innerhalb der 3D-Konstrukte migrieren und proliferieren kénnen. Um die
Zellvitalitat und Uberlebensrate sowie die Proliferationsrate der eingekapselten Zellen zu
erhéhen, sollte der physikalische Gelbildungsprozess der Hydrogele aus eADF4(C16)
optimiert und funktionelle Gruppen, wie z. B. RGD, eingebracht werden.
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3 SYNOPSIS

Obwohl die klassische Gewebeziichtung, bei der isolierte Zellen in vitro in der 2D-Zellkultur
gezlichtet werden, relativ unkompliziert ist, kénnen komplexe 3D-Strukturen mit dieser
Methode nicht aufgebaut werden. Die injizierten Zellen kénnen oft nur schwer in einem
klinisch relevanten Zeitraum in der gewilnschten Position Uberleben, ohne dass die
Zellvitalitat abnimmt.> ' Deshalo werden fiir schwerwiegendere Verletzungen und
komplexere, dreidimensionale Gewebe entweder vorgefertigte Tragermatrices (Scaffolds)
vor der Implantation mit Zellen besiedelt oder die Zellen direkt mit dem Material gemischt,
bevor komplexe 3D-Konstrukte Schicht-fiir-Schicht aufgebaut werden.? . 14 300 Dje
vorliegende Arbeit umfasst drei Publikationen, die in Kapitel 7 dargestellt sind und die
Herstellung von 3D-Scaffolds aus rekombinanten Spinnenseidenproteinen far die
Gewebezichtung umfassend diskutieren (Abb. 15).
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Gewebezilichtung fir komplexe
dreidimensionale Gewebe

1) Scaffold-basierter Ansatz 2) Biofabrikation
Traditionelle Fabrikationstechniken 3D-Druck mit Hydrogelen
(z.B. Salt leaching) i ] N als Biotinte

Ausgangsmaterial:
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Spinnenseidenproteine Y

oy u
Salzkristalle als Porogen ~ Auswaschen von NaCl ‘U
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Schdume als 3D-Scaffolds Zellbeladene 3D-Konstrukte
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Abbildung 15. Verschiedene Herstellungswege von dreidimensionalen Scaffolds fir die
Gewebeziichtung. 3D-Scaffolds kdénnen z. B. durch traditionelle Fabrikationsverfahren, wie Salt
leaching, hergestellt werden. Dabei wird die Tragermatrix (z. B. Schdume) nach dessen Herstellung
mit Zellen besiedelt. Es kénnen aber auch zellbeladene 3D-Konstrukte mittels 3D-Druck fur die
Gewebezlchtung von komplexen Geweben verwendet werden. Dabei werden oftmals Hydrogele als
Biotinte eingesetzt. Als Ausgangsmaterial dienen rekombinante Spinnenseidenproteine.

Eine vielversprechende Methode zur Herstellung von porésen Schaumen aus den
rekombinanten Spinnenseidenproteinen eADF4(C16) und der RGD-modifizierten Variante
eADF4(C16)-RGD stellt das Salt leaching dar (Teilarbeit |, Kapitel 7). Die daraus
resultierenden porésen 3D-Strukturen wiesen mechanische Eigenschaften im Bereich von
Weichgeweben auf. Die PorengréBen und Porositdt der Schdume konnte durch die
SalzkristallgréBen individuell eingestellt werden. Neben den strukturellen und mechanischen
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Eigenschaften, die das Zielgewebe so gut wie méglich nachahmen sollen, missen die
3D-Scaffolds biokompatibel sein und die Zelladhasion, -proliferation und -differenzierung
unterstiitzen.?> 7> 8! Fibroblasten konnten auf den oben beschriebenen Schaumen aus
eADF4(C16)-RGD adharieren und proliferieren, wahrend die Zellen auf den unmodifizierten
eADF4(C16) Schaumen schlecht adharierten. Dennoch stellt die schwierige Kontrolle tber
die innere Architektur (z. B. Porositat, Porengré3e) beim Salt leaching einen entscheidenden
Nachteil dar. Durch einen automatisierten Prozess kdnnen 3D-Scaffolds mit erhdhter
Genauigkeit und Reproduzierbarkeit hergestellt werden. Dadurch kénnen die Konstrukte
direkt in hierarchische gewebeartige Strukturen Uberflhrt werden. Deshalb wurden im
zweiten Teil der Dissertation in Zusammenarbeit mit Prof. Dr. Jirgen Groll und Tomasz
Jingst (Universitat Wirzburg) Hydrogele aus den rekombinanten Spinnenseidenproteinen
eADF4(C16) und eADF4(C16)-RGD als neue Biotinte im 3D-Druck eingesetzt (Teilarbeit II,
Kapitel 7). Erstmals konnten zellbeladene Spinnenseidenhydrogele mittels Dispensdruck
ohne zusatzliche Quervernetzer in formstabile Konstrukte gedruckt werden. Zusétzlich
konnten die eingekapselten Fibroblasten mindestens sieben Tage in den gedruckten
Scaffolds Uberleben. Die genetische Einflhrung der RGD-Sequenz hat den Vorteil, dass es
zudem mdglich ist, die Zell-Material-Interaktionen zu steuern. Da bereits ein Drittel der Zellen
vor dem Druckprozess durch die Einkapselung der Zellen starben, war das anschlieBende
Ziel, die Uberlebens- und Proliferationsrate der eingeschlossenen Zellen zu erhéhen
(Teilarbeit Ill, Kapitel 7). Da die Zellen Zellkulturmedium zum Uberleben brauchen, wurde
zundchst der Einfluss des Mediums auf die Hydrogelbildung und mechanischen
Eigenschaften untersucht (Teilarbeit Ill, Kapitel 7). Mono- und bivalente Kationen, die im
Zellkulturmedium enthalten sind, beeinflussten den Selbstassemblierungsprozess der
Spinnenseidenproteine sowie die Gelbildungskinetik und Festigkeit der Hydrogele
entscheidend. Bemerkenswerterweise konnten sowohl Fibroblasten als auch Myoblasten
langfristig (Uber 15 Tage) durch die Einfihrung der funktionellen Gruppe RGD spreiten und

letztendlich proliferieren.

3.1 MITTELS SALT LEACHING HERGESTELLTE SCHAUME ALS 3D-SCAFFOLDS

Eine Vielzahl an Herstellungsverfahren wurde entwickelt, um 3D-Scaffolds mit einer hohen
Porositat und groBen Oberflache aus biokompatiblen und bioabbaubaren Materialien fir die
Gewebeziichtung zu produzieren. Es ist jeweils das Ziel, reproduzierbare 3D-Scaffolds
herzustellen, die eine gewisse Zeit (bis das neue Gewebe ersetzt ist) im Kérper den Zellen
als Stltze dienen. Eine traditionell angewendete Technik zur Herstellung dieser 3D-Scaffolds

ist das Salt leaching, bei der die PorengréBe und Porositat der Gerliste durch die GréBe von
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granularen Salzkristallen (Porogen) reguliert wird (Abb. 5).79-81: 8588 Djese vielversprechende
Methode wurde bereits fur die Herstellung von Gerlsten aus diversen Polymeren, wie z. B.
Kollagen oder Polylactiden, angewendet.®® 84 In dieser Arbeit wurden 3D-Scaffolds aus den
rekombinanten Spinnenseidenproteinen eADF4(C16) und eADF4(C16)-RGD durch die Salt
leaching-Methode hergestellt. Durch den Porenbildner NaCl entstanden mechanisch stabile
Schaume, die nicht zusatzlich mit Lésungsmitteln, wie z. B. Methanol oder Ethanol,
nachbehandelt werden mussten. Dies ist ein groBer Unterschied zu Salt leaching-Schaumen
aus Fibroin Seide vom Seidenspinner B. mori (Teilarbeit |, Tabelle 1). Schaume, die durch
Salt leaching hergestellt werden, zeigen oft eine dichte und wenig pordse Schicht an der
Grenzflache, die die Zellmigration in vitro sowie das Einwachsen des Gewebes nach der
Implantation behindert.’® Hier konnte allerdings gezeigt werden, dass die Schiaume hoch
pords (> 91 %) mit verbundenen Poren waren (Teilarbeit I, Abbildung 2A und Tabelle 2).
Durch die SalzkristallgroBe konnte die PorengrdfBe gesteuert werden, so dass Schaume mit
Porengré6Ben von 30-440 um hergestellt werden konnten, die damit in einem flr eine
effiziente Zelladh&sion optimalen Bereich liegen (Teilarbeit |, Abbildung 1 und Tabelle 2).
Neben der PorengrdBe und Porositat der 3D-Scaffolds sind die mechanischen Eigenschaften
wichtig fur die Zelladhasion und -proliferation.”* Deshalb wurde mit Hilfe von Drucktests die
mechanische Stabilitdt der Schdume untersucht (Teilarbeit |, Abbildung 2B). Die
Druckfestigkeit stieg von 0,94 auf 3,24 kPa mit zunehmender Proteinkonzentration (4 %-8 %
w/v) an. Im Gegensatz zu Salt-leaching-Schaumen aus Fibroin liegen damit die
mechanischen Eigenschaften im Bereich von sehr weichem Gewebe.”> 8! 88 Weiche
Matrices mit einem Elastizititsmodul im Bereich des Elastizitdtsmoduls von Gehirn
(~ 0,1-1 kPa) fordert die Differenzierung von Stammzellen in neuronale Zellen, wahrend
Stammzellen auf festeren Matrices im Bereich von Muskeln (E-Modul ~ 8-17 kPa) sich in
myogene Zellen differenzieren.” Interessanterweise zeigten alle Spinnenseidenschdume ein
geringes Quellverhalten (3-9 %) (Teilarbeit |, Tabelle S1). Im Gegensatz dazu zeigten Salt
leaching-Schaume aus Fibroin eine Quellung von 20-55 %. Mdglicherweise ist dies durch die

unterschiedliche Hydrophobizitat der zwei Proteine zu erklaren.8®

Die 3D-Scaffolds missen allerdings nicht nur mechanisch stabil sein, sondern auch nach
und nach durch die natirliche extrazellulare Matrix ersetzt werden und somit bioabbaubar
sein.®" Es konnte anhand der Modellproteasen Kollagenase Typ IA (CHC) aus Clostridium
histolyticum und Protease Mix XIV (PXIV) aus Streptomyces griseus eindrucksvoll gezeigt
werden, dass die Schdume aus rekombinanten Spinnenseidenproteinen abbaubar sind. In
Anwesenheit von Protease Mix XIV erfolgte der Abbau innerhalb von vier Tagen, wahrend
die Schaume udber einen untersuchten Zeitraum von 15 Tage in Anwesenheit von

Kollagenase nur zu 20 % abgebaut wurden (Teilarbeit |, Abbildung 3).
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Um die Biokompatibilitdt der Schdume zu analysieren, wurde zunéchst die Zellvitalitdt und
Morphologie von Mausfibroblasten nach sieben Tagen Inkubation detektiert (Teilarbeit I,
Abbildung 4). Die Zelladh&sion auf Schdumen aus eADF4(C16) war schwach; die Zellen
zeigten eine runde Morphologie. Zudem konnten Zellaggregate beobachtet werden. Da
eADF4(C16) kein Zelladhasionsmotiv besitzt, wird die Zelladh&sion vor allem durch die
Hydrophobizitat, Oberflachenladung und Topographie beeinflusst.2®24 8. 301 Wie bereits flr
Filme aus rekombinanten Spinnenseidenproteinen gezeigt®®, konnte die Zelladhasion auf
eADF4(C16)-RGD Schaumen aufgrund der Zelladhdsionsdoméne RGD entscheidend
verbessert werden (Abbildung 16 und Teilarbeit I, Abbildung 5). Quantitativ wurde das
Adhasions- und Proliferationsverhalten der Fibroblasten mittels Alamar-Blau-Assay

analysiert.
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Abbildung 16. Kultivierung von BALB/3T3 Mausfibroblasten auf 8 % (w/v) eADF4(C16) und
eADF4(C16)-RGD Schaumen mit verschiedenen PorengroBen (wie angegeben). 45S5 Bioglass®
und Alz0s Schdume wurden als Kontrollen verwendet. A) Adhé&sionstest nach 24 h, quantifiziert durch
den Alamar-Blau-Assay und normiert zur Adhasion auf Al2Os Schdumen (Positivkontrolle). Im
Vergleich zu eADF4(C16) Schaumen war die Adhé&sion auf allen eADF4(C16)-RGD Schaumen
signifikant (***p<0,0001) verbessert. B-D) Rasterelektronenmikroskopische Aufnahmen von 8 % (w/v)
eADF4(C16) (B), 45S5 Bioglass® (C) und Al:Os (D) Scaffolds. E) Analyse der Proliferation von
Fibroblasten auf Seidenschdumen und Kontrollschdumen. Die Proliferation wurde durch den
Alamar-Blau-Assay quantifiziert und gegen die Proliferation auf Alz20s Scaffolds nach zehn Tagen
normiert.
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Die Ergebnisse der quantitativen Analyse der Zelladhasion korrelierten mit den Ergebnissen
der morphologischen Untersuchungen. Durch die Offenporigkeit waren die Fibroblasten im
Schaum gleichmaBig verteilt und das gesamte Geriist war innerhalb von sieben Tagen
bewachsen (Teilarbeit |, Abbildung S5). Interessanterweise hatte die PorengréBe bei allen
Schaumen keinen entscheidenden Einfluss auf die Zellmorphologie. Im Gegensatz dazu
konnte dieser Einfluss im Proliferationstest Gber zehn Tage festgestellt werden. Auf beiden
Schaumarten (eADF4(C16) & eADF4(C16)-RGD) proliferierten die Zellen auf den Scaffolds
mit mittleren PorengréBen (125-315 um) schneller als auf den Scaffolds mit den gréBeren
Poren (315-500 um). Dies ist bedingt durch die Kombination aus gutem Néahrstoff- und
Abfallprodukttransport und groBer Oberflache. Die Proliferation war prinzipiell langsamer auf
Schaumen ohne RGD-Domane.

Die Ergebnisse zeigten, dass Spinnenseidenschdume mit kontrollierbaren Eigenschaften
(z. B. PorengréBe, mechanische Eigenschaften, Zelladhdsion sowie —proliferation)
hergestellt werden kdnnen, die neue Perspektiven der 3D-Scaffolds im Bereich des
Weichgewebeersatzes eréffnen.

3.2 SPINNENSEIDENHYDROGELE ALS NEUE BIOTINTE FUR DEN 3D-DRUCK

In friheren Studien wurde bereits gezeigt, dass aus den rekombinanten
Spinnenseidenproteinen eADF4(C16) und eADF4(C16)-RGD durch Selbstassemblierung
physikalisch quervernetzte Hydrogele hergestellt werden koénnen (Abb. 7).%% % Die
Morphologie und Porengré3e dieser Hydrogele hangt von der Proteinkonzentration ab und
wird zudem durch die Funktionalisierung des Proteins und die chemische Quervernetzung
beeinflusst.'™* Mit zunehmender Proteinkonzentration nimmt die PorengréBe von 200 um auf
10 um ab und die Festigkeit der Hydrogele zu. Durch eine chemische Quervernetzung wird
die dreidimensionale Struktur der Hydrogele zusatzlich stabilisiert. Die Elastizitdtsmoduln
lagen je nach Proteinkonzentration und Vernetzungsgrad zwischen 0,1 und 110 kPa und
somit im Bereich von natlrlichen Weichgeweben und Organen und in einem optimalen
Bereich fiir eine effiziente Zelladhasion.”™ ''* Durch die regulierbaren Eigenschaften der
Hydrogele aus rekombinanten Spinnenseidenproteinen zeigen diese ein groBes Potential fir
verschiedene biomedizinische Anwendungen. Deshalb wurde in dieser Arbeit zunéchst die
Zytokompatibilitdt der Hydrogele aus den rekombinanten Spinnenseidenproteinen
eADF4(C16) und eADF4(C16)-RGD analysiert. Wie bereits auf Filmen und Schaumen aus
eADF4(C16) gezeigt (Teilarbeit 1),5% war die Zelladhasion sowie -proliferation von BALB/3T3
Fibroblasten gering (Teilarbeit 1l, Abbildung 1). Auf den eADF4(C16)-RGD Hydrogelen
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hingegen konnten nicht nur Fibroblasten, sondern auch alle weiteren getesteten Zelllinien,
wie Myoblasten, Osteoblasten, Keratinozyten und HelLa Zellen, signifikant verbessert
adhéarieren und proliferieren. Aufgrund dieser Ergebnisse wurde anschlieBend das Potential
dieser Hydrogele als neue Biotinte evaluiert, weil Hydrogele zu den vielversprechendsten
Biotinten-Kandidaten fiir die Biofabrikation zahlen. Da Biotinten nicht nur druckbar, sondern
auch zellfreundlich sein mlssen, stellen geeignete Materialien fiir den 3D-Druck oftmals die
groBte Herausforderung dar.27: 155

Fur die Herstellung der Hydrogele wurde eine 3 % (w/v) eADF4(C16) und eADF4(C16)-RGD
Lésung Uber Nacht bei 37°C inkubiert. Die Analyse mittels Fourier
Transform-Infrarot-Spektroskopie zeigte, dass sich der pB-Faltblattgehalt der Proteine
wahrend der Gelbildung verdoppelte und somit intermolekulare p-Faltblatt-Interaktionen die
treibende Kraft bei der Gelierung sind (Teilarbeit I, Tabelle S1). Erstmalig ist es gelungen,
dass Hydrogele aus rekombinanten Spinnenseidenproteinen gedruckt werden konnten
(Teilarbeit Il, Abbildung 2). Aufgrund ihres scherverdiinnenden Verhaltens und der schnellen
und reversiblen supramolekularen Wechselwirkungen zwischen den Proteinen konnte im
Gegensatz zu Hydrogelen aus Fibroin ohne weitere Komponenten direkt gedruckt werden
(Teilarbeit 11, Abbildung S2 A & B).'>": 194

Die wahrend des Druckens im Druckkopf entstehenden Scherkréfte lieBen das Hydrogel
flieBen. Sobald die GerUststrukturen auf der Oberflache abgelegt wurden, hartete das
Hydrogel sofort aus. Dadurch konnten formstabile 3D-Konstrukte aus mehr als zehn Lagen
mit einer H6he von ca. 3 mm hergestellt werden (Teilarbeit I, Abbildung 2 und S3).
Bemerkenswerterweise  konnten die  Spinnenseidenkonstrukte  ohne  zusatzliche
Quervernetzer oder Nachbehandlung fir die mechanische Stabilisierung gedruckt werden.
Im Gegensatz dazu missen viele etablierte Biotinten, wie beispielsweise Alginat, mit

Quervernetzern (Ca?* etc.) nachbehandelt werden, um die Druckgenauigkeit zu erhéhen.%

Um zellbeladene Konstrukte zu drucken, wurden humane Fibroblasten vor der Gelbildung
mit den hochkonzentrierten Spinnenseidenlésungen gemischt (Abbildung 17A und Teilarbeit
[, Abbildung 2 &3).
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Abbildung 17. 3D-Druck von Spinnenseidenhydrogelen durch Dispensdruck. A) Schematische
Darstellung des 3D-Druckens. Die Zellen wurden entweder auf den Konstrukten nach dem Drucken
kultiviert (1) oder vor dem Druckprozess eingekapselt (2). B & C) Konfokale
Laser-Scanning-Mikroskopie Aufnahmen von humanen Fibroblasten, die vor dem Druck in
eADF4(C16) Hydrogele eingekapselt wurden. Die gedruckten Konstrukte bestanden aus zwei Lagen
und die Lebend/Tot-Farbung (lebende Zellen: griin; tote Zellen: rot) erfolgte 48 h nach dem Drucken.

Die Zugabe der Zellen zur Biotinte hatte weder einen Einfluss auf die Selbstassemblierung
des Hydrogels noch die Druckbarkeit des Materials. Zuséatzlich war entscheidend, dass die
Zellen den Druckprozess Uberlebten und mittels Lebend/Tot-Farbung gezeigt werden konnte,
dass sie Uber mindestens sieben Tage vital waren (Abbildung 17B &C, sowie Teilarbeit I,
Abbildung 3 & S4). 48 Stunden nach dem Drucken konnte eine durchschnittliche Vitalitat der
Zellen von 70,1 +7,6% quantifiziert werden. Dies ist identisch zu nicht gedruckten
Hydrogelen aus rekombinanter Spinnenseide, was verdeutlicht, dass der Druckprozess die
Zellvitalitat nicht negativ beeinflusst. Die Ergebnisse dieser Arbeit zeigten, dass Hydrogele
aus rekombinanten Spinnenseidenproteinen vor allem aufgrund ihrer Formstabilitdt und
Biokompatibilitat eine vielversprechende Grundlage fur die Herstellung von Biotinten und
eine attraktive Alternative zu etablierten Biotinten darstellen.
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3.3 OPTIMIERUNG DER UBERLEBENSRATE VON EINGEKAPSELTEN ZELLEN IN
DER BIOTINTE

Wie bereits in Teilarbeit Il gezeigt, konnten 3D-Konstrukte aus eADF4(C16) und
eADF4(C16)-RGD Hydrogelen mittels Dispensdruck hergestellt werden. Die Uberlebensrate
der eingeschlossenen humanen Fibroblasten lag nach 48 Stunden bei den gedruckten
eADF4(C16) Hydrogelen bei 97 % im Vergleich zu nicht gedruckten Hydrogelen. Allerdings
starben bereits ~ 30 % der Fibroblasten vor dem Druckprozess wéahrend der Gelbildung.
AuBerdem zeigten die eingeschlossenen Zellen eine runde Zellmorphologie. Aus diesem
Grund wurde in dieser Arbeit erforscht, wie die Uberlebens- und Proliferationsrate der
eingekapselten Zellen erhdht werden kann (Teilarbeit Ill). Da die Zellen Zellkulturmedium
zum Uberleben benétigen, erfolgte die Zugabe der Zellen in 15 % (w/v) Zellkulturmedium zur
hochkonzentrierten Spinnenseidenlésung. Im Zellkulturmedium sind eine Vielzahl an Salzen,
Zuckern und Proteinen enthalten, die die Interaktionen und Wechselwirkungen zwischen den
Seidenproteinen beeinflussen kénnen. Es konnte bereits gezeigt werden, dass Salze, wie
z. B. CaCl;, NaCl und KCI, eine wichtige Rolle bei der Fadenbildung im Spinnentrakt
spielen.?’727% 392 |n dieser Arbeit wurde der Einfluss des Zellkulturmediums auf die
Sekundarstruktur und Hydrogelbildung der Seidenproteine sowie die mechanischen
Eigenschaften der Hydrogele untersucht (Teilarbeit Ill, Kapitel 7). Die mono- und bivalenten
Kationen des Zellkulturmediums beeinflussten den Selbstassemblierungsprozess der
Spinnenseidenproteine entscheidend. Obwohl die Zugabe von Zellkulturmedium zu den
Spinnenseidenhydrogelen keinen Effekt auf die Sekundarstruktur zeigte, konnte ein
signifikanter Effekt bei der Gelierungskinetik festgestellt werden (Abbildung 18A und
Teilarbeit 11l, Tabelle 1 & Abbildung 1).
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Abbildung 18. Einfluss von Zellkulturmedium auf die Hydrogelbildung (A) und rheologischen
Eigenschaften (B) von 3% (w/v) eADF4(C16) und eADF4(C16)-RGD Hydrogelen. A)
Zeitabhangige Gelierungskinetik von eADF4(C16) und eADF4(C16)-RGD L&ésungen in An- und
Abwesenheit von Zellkulturmedium (15 % w/v) bei 37 °C. Mittels Triibungsmessungen (bei 570 nm)
wurde auf Bildung von Nanofibrillen geschlossen. B) Rheologische Charakterisierung von
eADF4(C16) und eADF4(C16)-RGD Hydrogelen in der An- und Abwesenheit von 5 mM CaClz und
Zellkulturmedium (15 % w/v).

Die Hydrogele gelierten sehr viel schneller in Anwesenheit von Zellkulturmedium als ohne.
Der Bildungprozess von 3 % (w/v) eADF4(C16)-RGD Hydrogelen mit Zellkulturmedium
begann direkt nach der Dialyse und war nach ca. zehn Stunden abgeschlossen.
Interessanterweise zeigten im Gegensatz dazu Hydrogele aus eADF4(C16) eine
finfstindige Verzégerungsphase und der gesamte Gelbildungsprozess dauerte ca. 15
Stunden. Generell hatte das Zellkulturmedium einen gréBeren Einfluss auf die
Hydrogelbildung bei eADF4(C16)-RGD Hydrogelen. Mittels rheologischer Messungen
wurden die mechanischen Eigenschaften der Spinnenseidenhydrogele in An- und
Abwesenheit von CaClz und des Zellkulturmediums bestimmt (Abbildung 18B). Durch die
Zugabe von 5 mM CaCl, anderten sich die mechanischen Eigenschaften der Hydrogele
entscheidend. Bei eADF4(C16)-RGD Hydrogelen nahm die Schubspannung bei gleicher
Deformation um das 1000-fache im Vergleich zu getesteten Hydrogelen bei Abwesenheit
von CaCl, zu. Durch die bivalenten lonen werden die abstoBenden, elektrostatischen
Wechselwirkungen reduziert und die Krafte fir die intermolekularen Reaktionen kdnnen
Uberwiegen.®® Zudem flihrten die ionischen Interaktionen zwischen den bivalenten Kationen
und COO" Seitenketten der Spinnenseidenproteine zu einem Anstieg in der Festigkeit der
Hydrogele. In Anwesenheit von CaCl. waren eADF4(C16)-RGD Hydrogele 2,5-fach fester als
eADF4(C16) Hydrogele. Dieses Phanomen ist derzeit nicht komplett verstanden, da durch
die Zelladhdsionsdomane RGD diese Hydrogele lediglich eine weitere Carboxylgruppe
besitzen. Da das Zellkulturmedium eine hochkomplexe elektrolytische Lésung ist, wurden
durch die Zugabe von Zellkulturmedium die ionischen Wechselwirkungen verstarkt. Obwohl
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die Hydrogele durch die Zugabe von Zellkulturmedium fester waren, wiesen die Hydrogele
immer noch ein scherverdinnendes Verhalten auf, was entscheidend fir den
3D-Druckprozess ist (Teilarbeit Ill, Abbildung 3). Es kann zusammengefasst werden, dass
Kationen die Vernetzung, Bildung und Festigkeit von Hydrogelen aus Spinnenseide
beeinflussen, so dass dadurch die Einkapselung der Zellen reguliert werden kann. Zudem
konnte gezeigt werden, dass durch die Variation der Proteinkonzentration und die Einflhrung
der funktionellen Gruppe RGD die Uberlebens- und Proliferationsraten signifikant erhéht
werden (Abbildung 19).
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Abbildung 19. Kultivierung von BALB/3T3 Fibroblasten und C2C12 Myoblasten eingekapselt in
2 % und 3 % (w/v) eADF4(C16) und eADF4(C16)-RGD Hydrogelen. Proliferationstest Gber 15 Tage
mit Fibroblasten (A) und Myoblasten (B), quantifiziert durch den Alamar-Blau-Assay. Im Vergleich zu
eADF4(C16) Hydrogelen war die Proliferation auf eADF4(C16)-RGD verbessert. C-H)
Fluoreszenzmikroskopische Aufnahmen von Fibroblasten (C-E) und Mpyoblasten (F-H), die in
eADF4(C16) und eADF4(C16)-RGD Hydrogele eingekapselt wurden. Die Lebend/Tot-Farbung erfolgte
nach 20 Tagen Inkubation. C, F) 3 % (w/v) eADF4(C16); D, G) 2 % (w/v) eADF4(C16)-RGD; E, H) 3 %
(w/v) eADF4(C16)-RGD. MaBstab: 250 pm.

Im Gegensatz zu den in Teilarbeit Il gezeigten Ergebnissen konnte erstaunlicherweise nach
ca. sechs Tagen detektiert werden, dass sowohl Fibroblasten als auch Myoblasten in
eADF4(C16)-RGD Hydrogelen spreiten und proliferieren. Dies war fiir beide Zelllinien in

Hydrogelen ohne funktionelle Gruppe nicht mdglich. Interessanterweise bevorzugten die
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Fibroblasten eine Proteinkonzentration von 3 % (w/v) eADF4(C16)-RGD, wéahrend die
Myoblasten bevorzugt in 2 % (w/v) eADF4(C16)-RGD Hydrogelen proliferierten. Wie bereits
erwahnt, reagieren unterschiedliche Zelllinien auch unterschiedlich auf verschiedene
Matrixelastizitaten, die in diesen Hydrogelen durch die Proteinkonzentration reguliert werden

kénnen.”

In dieser Arbeit konnte gezeigt werden, dass mit dem gleichen Material und damit der
gleichen chemischen Zusammensetzung die mechanischen Eigenschaften,
Gelierungskinetik und Biokompatibilititen ohne den Einsatz von weiteren Materialien oder
Quervernetzern gesteuert werden kdnnen. Dies erdffnet ein breites Anwendungsspektrum
fir die Gewebezlchtung und regenerative Medizin, wie z. B. in der Knorpelregeneration,
Wundheilung oder als Wirkstofftransportsystem.
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ABSTRACT: Materials for tissue engineering have to be
biocompatible and have to support cell adhesion, proliferation
and differentiation. Additionally, in case of soft tissue
engineering the mechanical properties have to accommodate
that of the tissue with mechanical integrity until the artificial
scaffold is replaced by natural extracellular matrix. In case of
artificial 3D scaffolds, it is of critical importance to be able to
tune the mechanical properties, the inner free volume (i.e.
pore size) and degradation behavior of the employed
biomaterial. Here, the potential of recombinant spider silk
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protein salt crystal
modification size
<«
S | protein
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proteins was evaluated concerning their processing into and application as 3D scaffolds for soft tissue engineering. Highly porous
foams made of the recombinant spider silk protein eADF4(C16) and a variant containing an RGD motif were fabricated by salt
leaching yielding mechanically robust scaffolds. In contrast to other salt-leached silk scaffolds, the swelling behavior of these
scaffolds was low, and the mechanical properties in the range of soft tissues. The pore size and porosity of the foams could be
adjusted by the salt crystal size. Fibroblasts adhered and proliferated well in foams made of the spider silk RGD variant but not in

the foams of the nonmodified one.

KEYWORDS: recombinant spider silk proteins, salt leaching, foams, porous scaffolds, biomedical applications, tissue engineering

B INTRODUCTION

An ideal scaffold for tissue engineering should enable cell
adhesion, migration, proliferation, and differentiation in three
dimensions based on a high porosity with suitable pore sizes.'
Moreover, the used material should be biocompatible, nontoxic,
nonimmunogenic as well as biodegradable at a rate that allows
the formation of new natural tissue.” On the other hand the
scaffold has to be mechanically stable, with properties in the
range of the natural soft tissue (Elastic modulus ~1 kPa) to be
replaced.” Matrix stiffness is increasingly appreciated as an
important mediator of cell behavior to regulate cell signaling,
effecting growth, survival, and motility, and it has been shown
that tissue-specific cells like fibroblasts sense matrix stiffness to
regulate the formation and maintenance of tissues.”'°

A broad range of synthetic polymers, like polylactic acid
(PLA) and polyglycolic acid (PGA), as well as natural polymers
such as collagen, alginate and silk, have been utilized for
biomedical applications in the form of 3D scaffolds. In spite of
the processability of synthetic ones, naturally occurring
polymers are generally considered more promising in this
field due to their biodegradability and biocompatibility. In
recent years, silkworm silk fibroin has been explored as scaffold
material for different biomedical applications, due to its
biocompatibility, biodegradability and mechanical properties
upon processing."'~'* It could be detected that fibroin scaffolds
can act as matrices for cells supporting their adhesion,

-4 ACS Publications  © 2016 American Chemical Society

migration and proliferation. Silk fibroin scaffolds were also
shown to sustain for over 1 year in rats without significant
degradation."” A number of methods have been used to prepare
silk-based 3D scaffolds.”'*”"? Salt leaching is a widely used
technique due to its efficiency and ease of processing."”’™**
However, salt-leached fibroin scaffolds generally are stiff caused
by the adopted silk conformation (f-sheet-rich), which restricts
their use in some soft tissue applications.”””*" Salt leached
fibroin scaffolds show compressive moduli between 100 and
790 kPa depending on the porogen content, being comparable
with other polymeric biomaterial scaffolds commonly used in
tissue engineering such as in regeneration of cortical bone."”’
Also foams of recombinant silks based on the major ampullate
spidroin 1 from the spider Euprosthenops australis were tested
for the growth behavior of neural stem cells, which were shown
to retain their differentiation potential into acstrocytes.”
Fibroblasts showed a slightly less growth on such foams
compared to other scaffolds made of this silk protein, such as
films and fibers.”***

Here, recombinant spider silk proteins based on the
repetitive core sequence of ADF4, one out of at least two
major ampullate spidroins of the European garden spider
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Araneus diadematus, were employed, because materials made of
the engineered variant eADF4(C16) can be easily processed
into various morphologies with adjustable properties.”**” In
this study, the polyanion eADF4(C16) were prepared as foams
and thus acted as an optimized control of the material and
scaffold properties. Additionally, we used a genetically modified
variant of eADF4(C16) with the cell binding motif RGD.”* Salt
leaching was used to fabricate such three-dimensional porous
foams, and the structure, pore size, porosity, and swelling
behavior of the salt leached foams were controlled by the salt
crystals.

B MATERIALS AND METHODS

Materials. The recombinant spider silk protein eADF4(C16)
consists of 16 repeats of a consensus sequence, named C-module
(GSSAAAAAAAASGPGGYGPENQGPSGPGGY GPGGP), mimick-
ing the core domain of one dragline silk protein of the European
garden spider (Araneus diadematus). Recombinant production of
eADF4(C16) and of the genetically modified variant eADF4(C16)-
RGD in Escherichia coli as well as their purification were performed as
described previously.”** Briefly, for the purification of eADF4(C16)
and eADF4(C16)-RGD, E. coli cells were incubated in S0 mM Tris/
HCI + 100 mM NaCl buffer, pH 7.5 and 0.2 mg/mL lysozyme at 4 °C
for 30 min and lysed by ultrasonication. After centrifugation of cell
fragments, soluble E. coli proteins were precipitated by heat
denaturation at 80 °C for 20 min and removed by centrifugation.
The remaining silk proteins were salted out with 20% ammonium
sulfate at room temperature (RT).>%**

Preparation of Recombinant Spider Silk Foams, Films and
Hydrogels. The standard conditions for the foam preparation are
summarized in Table 1.

Table 1. Standard Conditions for Foam Preparation

salt crystal size (um)

protein range range  range salt-to- salt-to-
concentration I: II: III: protein ratio  protein ratio
(eADF4(C16)) 63— 125— 315— w/wZlow w/w £ high
w/v % 125 315 500 ratio ratio
4 4-1 4-11 4-111 75:1 125:1
6 6-1 6-11 6-111 50:1 85:1
8 8-1 8-II 8-III 37.5:1 60:1

For foam preparation, the lyophilized recombinant spider silk
proteins were dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
(Alfa Aesar) at final concentrations of 4, 6 and 8% (w/v). Crystals of
sodium chloride (NaCl, Carl Roth) were used as porogen. NaCl was
grinded using a Mortar Grinder RM 200 (Retsch) and sieved using a
Sieve Shaker KS 1000 (Retsch) yielding NaCl crystals in the ranges of
63—125 pm, 125—315 um or 315—500 pm. In a 75:1 (4% (w/v)),
50:1 (6% (w/v)), and 37.5:1 (8% (w/v)) (w/w) salt/protein ratio, the
protein solution was cast on the salt crystals in cylindrical molds
(Figure S1). The solvent was evaporated for at least 48 h, and the
NaCl was leached out in milli-Q water for 24 h upon 6—8 water
changes. Until usage, the scaffolds were either stored in milli-Q water
at room temperature or freeze-dried using a Lyophilizer (alpha 1-2
LD plus, Christ).

For film preparation, the silk protein solutions (4, 6 and 8% (w/v)
eADF4(C16) in HFIP) were cast in cylindrical molds without salt
crystals. After evaporation of the solvent the films were either stored
untreated or incubated in 6 M NaCl solution for 4 h to induce f-sheet
formation rendering silk films water insoluble.”

The recombinant spider silk hydrogels were prepared by dialysis of
4 mg/mL soluble eADF4(C16) against aqueous buffer (10 mM Tris/
HC], pH 7.5) and concentrated by dialysis against polyethylene glycol
(PEG 20,000, Carl Roth), which induces water removal as described
previously.*® The final protein concentration was adjusted to 3% (w/

518

v). The gelation occurred overnight at 37 °C. Until usage, the
hydrogels were stored at room temperature.

Fourier Transform Infrared (FTIR) Spectroscopy. Analysis of
the secondary structure of freeze-dried eADF4(C16) foams, as well as
untreated and post-treated (NaCl) HFIP-derived eADF4(C16) films
was performed using a Bruker Tensor 27 spectrometer (Bruker,
Germany). Spectra were measured by attenuated total reflection
(ATR) with a resolution of 4 cm™, and 60 scans were averaged.
Analysis of the amide I band (1590—1720 cm™) was performed by
Fourier self-deconvolution (FSD) to determine individual secondary
structure elements (Figure S2B—D). Band assignments were made
according to Hu et al.* Minimum 3 spots per sample were tested of
each composition.

Pore Size and Porosity. To analyze the morphology of the salt
leached scaffolds, they were fractured in liquid nitrogen using a razor
blade. Freeze-dried samples were sputter coated (2 nm) with platinum,
and scanning electron microscopy (SEM) images were taken using a
14S0EsB Cross Beam (Zeiss, Germany) at an accelerated voltage of 3
kV. To determine the pore size, light microscopy images of wet and
freeze-dried foams were evaluated graphically. The area and lateral
length of the pores were analyzed using Image] 1.48v (Wayne
Rasband, National Institute of Health).

The density and porositz of freeze-dried eADF4(C16) foams were
determined by gravimetry.”> For the analysis of the influence of the
salt-to-protein ratio, foams were prepared at different salt-to-protein
ratios (low ratio: 75:1 (4% (w/v)), 50:1 (6% (w/v)), and 37.5:1 (8%
(w/v)); high ratio: 125:1 (4% (w/v)), 85:1 (6% (w/v)), and 60:1 (8%
(w/v)) (w/w) salt/protein ratio). The density of eADF4(C16)
protein (gpmtem) and of the foams (¢g,,) was measured with a density
scale AG24S (Mettler Toledo). Freeze-dried foams and untreated
HFIP-derived eADF4(C16) films were weighed in air (m,) at room
temperature and afterward submerged in a liquid of known density
(¢p) and weighed again in liquid (my,). The density of the samples, ¢, is
expressed as

(1)

To determine ¢,orin, €thanol was used as medium. To determine oy
86% (v/v) glycerol (Carl Roth) was used. The porosity of a foam, II,
was expressed as

H(%) = (1 - gfoam/gprotein)IOO% (2)

Mechanical Properties. The compressive moduli were analyzed
with an open-sided/confined method using an ElectroForce 3220
(Bose), equipped with a 0.49 N load cell. Four to five samples were
evaluated for each composition. Round foams (@ 12 mm) with a
height of 4—5 mm were prepared in polystyrene well plates with 12
mm in diameter (Thermo Fisher Scientific) and stored in milli-Q
water until testing. To compress the wet foams, a cylindrical Teflon
stamp of 8 mm in diameter was moved onto the foams until a
prepressure of 2 mN was reached. With a velocity of 0.01 mm/min the
stamp was moved 0.3 mm into the foam. After the reduction of the
pressure to 0 N, the foam was compressed for a second time. The
stress—strain curves were recorded, and the elastic compressive moduli
were determined by the slope of the initial linear section of the
curve.**** For statistical analysis, an unpaired two-tailed t-test was
performed for groups with similar variances. No difference could be
detected between different salt crystal sizes, and therefore the samples
were averaged for statistical analysis (n > 11).

Enzymatic Degradation. The in vitro degradation experiment
was performed as described previously by Miiller-Hermann and
Scheibel.*® For the degradation experiment, 8% (w/v) eADF4(C16)
foams (125—315 um salt crystal size) and 3% (w/v) eADF4(C16)
hydrogels were analyzed. The scaffolds were incubated in the presence
of 87.5 ug protease per 1 mg scaffold for 15 days under controlled
atmosphere (30% humidity) at 25 °C. Collagenase type IA from
Clostridium histolyticum (CHC, Sigma-Aldrich) and protease mix type
XIV from Streptomyces griseus (PXIV, Sigma-Aldrich) were used.
Control experiments without enzymes were performed in TCNB
buffer (50 mM Tris, 10 mM CaCl,, 150 mM, NaCl, 0.05% Brij 35, pH
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Table 2. Secondary Structure Elements of Freeze-Dried Salt Leached Foams in Comparison to That of Untreated Films, Salt-
Treated (NaCl) Films, and 100% Methanol-Treated Films Made of eADF4(C16)”

secondary structure content (%)

secondary structure  wavenumber range (cm™)“

a-helices 1656—1662 142 + 14

[-sheets 1616—1637 225 + 1.8
1697-1703

random coils 1638—1655 452 + 3.1

p-turns 1663—1696 182 £ 29

untreated film film treated with 6 M NaCl

film treated with 100% methanol salt (NaCl) leached foam

93+ 13 91+ 13 93 + 1.8
44.6 +£ 1.8 46.6 + 1.0 424 + 2.0
239 +£ 0.5 22.5 +£ 03 252 + 1.1
222 + 0.5 219 + 0.6 231+ 1.6

“Peak assignment taken from refs 30 and 39. bStructural contents were calculated using Fourier self-deconvolution (FSD) of the amide I bands.

crystal size: 63 - 125 pm

salt crystals

salt leached foams

125 - 315 pm

315 - 500 um

Figure 1. Top panel: light microscopy images of salt crystals used in the salt leaching process; bottom panel, scanning electron microscopy images of
the cross-section of 8% (w/v) eADF4(C16) salt leached foams, respectively.

7.5). Buffers or enzyme solutions were changed every 24 h. The
experiments were performed in triplicates.

Cell Line Cultivation. BALB/3T3 mouse fibroblasts (European
Collection of Cell Cultures) were cultivated in Dulbecco’s Modified
Eagle Medium (DMEM, Biochrom) supplemented with 10% fetal
bovine serum (Biochrom), 1% (v/v) GlutaMAX (Gibco), and 0.1%
(v/v) gentamicin sulfate (Sigma-Aldrich) in a controlled atmosphere
of 5% CO,, 95% humidity and at 37 °C. Viability and number of cells
were analyzed using trypan blue (Sigma-Aldrich) in a Neubauer
chamber (Laboroptik, UK).

Calcein A/M Staining. 8% (w/v) recombinant spider silk foams
were prepared in 8-well p-slides with a glass bottom (Ibidi, Germany)
and incubated for 30 min in the presence of a final concentration of
150 uM Rhodamin-B (Carl Roth). Porous AL, O; and 45SS Bioglass
scaffolds were used as controls. All scaffolds were washed twice with
phosphate buffered saline (PBS) (Sigma-Aldrich) and once with
DMEM before adding cells; 143 000 or 714 000 cells per cm® scaffold
were seeded and cultivated up to 7 days. The foams had a volume of
0.07 cm?. Cell culture medium was changed every day. For the Calcein
A/M staining cells were incubated in the presence of 0.4 mM calcein
acetoxymethyl ester (Calcein A/M, Invitrogen) for 20 min at 37 °C.
After washing with PBS twice, the cells within the scaffolds were
visualized using a LeicaDFC3000 G fluorescence microscope (Leica).
Fluorescence microscopy images were deconvoluted with the no-
Neighbor method using the LASX software from Leica.

Adhesion and Proliferation Assay. 8% (w/v) recombinant
spider silk scaffolds were prepared in hanging cell culture inserts for
24-well plates (Merck Millipore). Porous ALO; and 45SS Bioglass
scaffolds were used as controls. All scaffolds had a volume of 0.14 cm?
and were washed twice with PBS and once with DMEM. For the
adhesion test 714,000 cells/cm® were seeded on the scaffolds.
Additionally, for controlling the cell behavior under standard
conditions, 50,000 cells/cm* were seeded on untreated or treated
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24-well plates. In the adhesion assay the cells were cultivated for 24 h
at 37 °C. After washing with PBS twice, the scaffolds were incubated in
10% CellTiter-Blue (Promega) in DMEM for 4 h at 37 °C. Every hour
the solution was mixed by pipetting. Cell adhesion was quantified by
determining the fluorescence intensity of resorufin (A 530 nm; A,
590 nm) by using a plate reader (Mithras LB940, Berthold). All cell
adhesion experiments were repeated three times with three replicates
each time. For statistical analysis an unpaired two-tailed t test was
performed for groups with similar variances. The sample number was
>8 (for all samples).

For cell proliferation analysis, 71 400 cells/cm® were seeded on the
scaffolds and as controls 5,000 cells/cm? on untreated and treated 24-
well plates, each. The cells were cultivated for 10 days at 37 °C. Every
day, the samples were washed twice with PBS and then incubated in
10% CellTiter-Blue in DMEM for 4 h at 37 °C. Every hour the
solution was mixed by pipetting. After measurement of the
fluorescence intensity the samples were washed twice with PBS, and
fresh DMEM was added.

B RESULTS AND DISCUSSION

Foam Preparation and Protein Secondary Structure
determination. Porous foams were fabricated using a salt
leaching technique, as previously used for other biopolymers
such as fibroin, collagen and polylactic acid (Figure
§1).129367% After mixing of the porogen salt (sodium chloride
(NaCl)) with the recombinant spider silk protein in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) and evaporation of the solvent,
the salt was removed in water yielding a highly porous
mechanically stable protein scaffold.

The secondary structure of the freeze-dried foams was
analyzed using Fourier transform infrared (FTIR) spectroscopy
and Fourier self-deconvolution (FSD) analysis of the amide I
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band (Figure S2, Table 2). As control, untreated HFIP-derived
eADF4(C16) films were analyzed showing mainly a-helical and
random coil structures.””*” Previously it has been shown that
treatment of spider silk films with alcohols (e.g, methanol,
ethanol) or potassium phosphate leads to a conversion of the a-
helical and random coil to -sheet-rich structures, accompanied
by a gain of water insolubility and a higher chemical stability
against denaturing agents.””** Spider silk films treated with 6 M
NaCl solution showed also an increase in -sheet content (44.6
+ 1.8%), which is in the same range as seen for films post-
treated with methanol (46.6 + 1.0%).*° Similar to treated films,
salt-leached, HFIP-derived foams displayed 42.4 + 2.0% p-
sheet, 9.3 + 1.8% a-helix, 25.2 + 1.1% random coil, and 23.1 +
1.6% f-turn structures. In both cases, the NaCl crystals acted as
structure-conversion nuclei”” Because of the high p-sheet
content induced by NaCl, an additional post-treatment of the
salt leached foams with, e.g, methanol or ethanol was not
necessary, simplifying the fabrication process, which reflected a
clear difference to the process of making salt-leached silkworm
fibroin foams."

Pore Size and Porosity. Pore size, interconnectivity, and
porosity of the scaffolds are critical for tissue engineering,
because cell migration, as well as the transport of nutrients and
waste products has to be guaranteed. Additionally, the cells
should be able to attach to the scaffold walls, and cell—cell
interactions have to be enabled. The pore sizes of the freeze-
dried spider silk foams were analyzed using scanning electron
(SEM) and light microscopy (Figure 1, Figure S3). The SEM
images showed interconnected and porous morphologies. The
porogen particles used for salt leaching were sieved to obtain
pore sizes in a defined regime and, therefore, scaffolds with
specific properties. Not surprisingly, the salt crystal size had a
significant influence on the pore size of the salt leached foams
with increased pore sizes upon increased salt crystal size.
Generally, scaffolds with interconnected pores with diameters
>100 pm are considered as a minimum requirement for tissue
engineering.’”***’ Here, the analyzed foams showed pore sizes
between 31 and 437 um depending on the used salt crystal sizes
(Figure 1 and Table 3).

Table 3. Theoretical and Analyzed Salt Crystal Size, As Well
As Pore Size and Porosity of 8% (w/v) eADF4(C16) Foams

size range
I I 11T
theoretical salt crystal size (um)  63—125 125-315 315-500
analyzed salt crystal size (um) 45—158 121-320 319-514
pore size (ym) 31-172 59-248 129-437
porosity (%) 91.0 £ 0.5 93.0 + 0.9 93.7 £ 0.1

Quantitative analysis of the salt crystal and pore sizes showed
that the pore sizes deviated between 10 and 60% from the size
of the original salt crystals used to form the pores. In most cases
the pore sizes were smaller than the size of the NaCl salt
crystals (Table 2) reflecting the partial dissolution of the salt
crystal surface during the foam-building process. Differences in
pore sizes between wet and freeze-dried foams could not be
detected (Figure S3).

The porosity of freeze-dried eADF4(C16) foams was
determined by gravimetry, showing only a slight increase of
porosity with increasing salt crystal size (from 91.0 + 0.5% to
93.0 & 0.9% and 93.7 + 0.1%), respectively, whereas neither
the protein concentration nor the ratio between the used
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volume of salt and protein solution had an apparent influence
on the porosity of the salt leached spider silk foams (Table 3,
Figure 2A). In contrast, the porosities of salt leached silkworm
fibroin foams varied between 84 and 98% depending on the
porogen ratio of 10:1 w/w and 20:1 w/w porogen to silk."

Mechanical Properties. Besides pore size and porosity of
the scaffolds, their mechanical properties are highly important
for cell survival, adhesion, and proliferation.”’ Application of
salt-leached silk scaffolds in soft tissue regeneration can be
encumbered with excessive stiffness, since salt-leached silkworm
fibroin silk scaffolds generally have a relatively high silk II (-
sheet-rich) content, resulting in the observed high stiff-
ness.”’"*>*>** Nazarov et al. prepared HFIP-derived salt
leached fibroin foams with compressive moduli between 100
and 790 kPa, and water-derived foams showed even higher
compressive moduli (70—3330 kPa)."”’ Additionally, the
stiffness increased upon raising the concentration of silk fibroin
from 4 to 10 wt %.”°

The compressive moduli of the salt leached spider silk foams
in a hydrated state raised from 0.94 + 0.26 kPa to 3.24 + 1.03
kPa with increasing protein concentration from 4% (w/v) to
8% (w/v) (Figure 2B). The elastic moduli of the salt leached
foams were in the range of soft tissues, and the determined
compressive moduli were in the range of scaffolds derived from
low-concentrated fibroin solutions.”* This feature is important
because Engler et al. had examined the influence of matrix
elasticity on the differentiation of human mesenchymal stem
cells, where soft matrices with an elastic modulus in the range
of that of brain (~0.1—1 kPa) favored differentiation of
mesenchymal stem cells into neuronal-like cells.”

The swelling behavior of the salt leached foams was
determined using a Discovery V20 stereomicroscope (Zeiss)
(n = 6) (Figure S3, Table S1). Sizes of the foams were analyzed
in a dry state using the stereomicroscope software (ZEN2012
blue edition). Afterward, the foams were incubated in 50 uL
milli-Q water for 2 min. The water was removed and size of the
foams was measured again. All foams (4—8% (w/v)) revealed a
low swelling characteristic, scaffolds swelled 3—9% depending
on the porogen size. In contrast to the spider silk foams,
aqueous-derived fibroin scaffolds showed a swelling of 20—55%,
likely due to the differences in hydrophilicity of the two
proteins.”’ Spider silk foams prepared in the presence of
smaller salt particles showed a higher swelling behavior (e.g.,
8% (w/v) 8.9 + 2.5%) than foams prepared with 315—500 ym
salt crystals (8% (w/v) 3.2 + 1.1). It was assumed that foams
with a higher surface-to-volume area can absorb a higher
amount of water.

Proteolytic Degradation. Materials for tissue engineering
applications have not only to be mechanically stable to support
cell adhesion and proliferation without collapsing, but they also
need to be replaced gradually by native extracellular matrix and,
therefore, have to be (slowly) biodegradable."

All foams and hydrogels were stable in TCNB buffer, and
upon incubation no significant hydrolysis or dissolution thereof
was detected for 15 days (Figure 3). To test the biodegradation
of the scaffolds, we employed collagenase IA (CHC) and
protease mix XIV (PXIV), because they have been previously
established as good model proteases for degradation studies of
silk protein scaffolds.*>**~*® The collagenase type IA is a
mixture of several enzymes, including type I and type II
collagenase, acting as a model enzyme cocktail representative
for wound proteases.”” The protease mix XIV is a mixture of at
least ten proteases with broad substrate specificity. Although
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Figure 2. (A) Porosity of 4% (w/v), 6% (w/v), and 8% (w/v) eADF4(C16) foams with different salt-to-protein ratios (low ratio: 75:1 (4%), 50:1
(6%), and 37.5:1 (8%); high ratio: 125:1 (4%), 85:1 (6%), and 60:1 (8%) (w/w) salt/protein ratio) and salt particle size ranges as indicated (I, 63—
125; 11, 125—315; 111, 315—500). (B) Compressive moduli of 8% foams were significantly higher in comparison to 4% and 6% foams at low salt-to-

protein ratios (75:1 (4%), S0:1 (6%), and 37.5:1 (8%)) (**p < 0.001, ***p < 0.0001). The samples were averaged over all salt crystal sizes, because
no difference could be detected.
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Figure 3. Percentage of degraded eADF4(C16) after incubation of (A) 8% (w/v) eADF4(C16) salt leached foams (125—315 ym porogen size) and
(B) 3% (w/v) eADF4(C16) hydrogels in TCNB buffer in the presence or absence of PXIV (digestive enzyme model) (465 pg/mL) or Collagenase
(CHC) (wound protease model) (465 ug/mL) over 15 days under controlled atmosphere (30% humidity) at 25 °C, respectively.
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Figure 4. Fluorescence microscopy images of BALB/3T?3 fibroblasts cultivated on 8% (w/v) eADF4(C16) and 8% (w/v) eADF4(C16)-RGD foams

with different pore sizes and >91% porosity after 7 days of incubation. The cells were stained with Calcein A/M (green). The scaffolds were stained
with Rhodamin-B.

PXIV is more likely a suitable model for digestive enzymes, it comparison with previously published data.***’ In correspond-
was here used as an additional model enzyme to allow ence to previous degradation experiments of other eADF4-
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(C16) morphologies (particles, films and nonwoven meshes)
with PXIV and CHC the total amount of 87.5 ug protease per 1
mg scaffold was kept constant, resulting in a concentration of
465 pg/mL, which is a factor of 1300 higher than the naturally
occurring 351 ng/mL of wound proteases.3° Degradation
experiments were not feasible at lower protease concentrations,
due to the slow kinetics and to the extremely low concentration
of degradation products (being below the detection limit).
Therefore, it should be kept in mind that degradation in vivo
might be much slower than the here detected degradation in
vitro.

Similar to previously published results with hydrogels made
of B. mori fibroin, in the presence of PXIV the 3D-scaffolds
degraded quickly within 4 days (remaining hydrogel: 9.25 wt %;
remaining foam: 6.62 wt %), whereas in the presence of CHC
less degradation could be detected even after 1S5 days
(remaining hydrogel: 46.55 wt %; remaining foam: 74.75 wt
%), confirming the high proteolytic activity of PXIV for silk
materials. **>"%!

Compared to the degradation of other morphologies made of
recombinant spider silk, the hydrogels and foams degraded
relatively quickly in the presence of CHC. Only particles
degraded faster (93% in 1S5 days), while films and nonwoven
meshes degraded only up to 13% and 5% within 15 days,
respectively.”> This phenomenon can be explained by the high
surface-to-volume ratio, based on the high porosity of the salt-
leached foams. However, it has to be noted that the protease
concentration was 3 times higher in the experiments with foams
and hydrogels (465 pig/mL) in comparison to experiments with
particles, films and nonwoven meshes (175 ug/mL).*

Cell Viability and Morphology. To analyze the
biocompatibility of the scaffolds, BALB/3T3 mouse fibroblasts
were cultivated on foams made of 8% (w/v) eADF4(C16) and
eADF4(C16)-RGD with different pore sizes over 7 days
(Figure 4, Figure SS).

The cell adhesion was weak on eADF4(C16) foams
independent of the pore size. The cells showed a round
morphology, and cell aggregates were detected. Rounded
morphology and cell aggregates of mouse fibroblasts could be
also observed on hydrogels and films made of eADF4(C16)
under various cell culture conditions.”® Because of the lack of
cell binding motifs in eADF4(C16), adhesion is mostly
influenced by hydroghobicity, surface charge and topography
of the scaffold.**>*%° However, the cells were viable over at
least 1 week in such spider silk foams. Adhesion of cells was
improved on foams made of eADF4(C16)-RGD compared to
those made of eADF4(C16). The cells attached to the strands
of the porous structures and showed spread morphology.
Furthermore, the cells were homogeneously distributed inside
the eADF4(C16)-RGD scaffolds and covered almost the entire
scaffold within 7 days, without an apparent influence of the
pore size (Figure SS). The improved cell adhesion on
eADF4(C16)-RGD foams correlates well with results obtained
from experiments performed on hydrogels and films.”*>*
However, whereas fibroblasts encapsulated in hydrogels showed
a round shape due to the dense fibrillary network, the open-cell
interconnetive and porous structure of the foams obviously
rendered these scaffolds more attractive for the cells.”*

Adhesion and Proliferation. To evaluate cytocompati-
bility of the spider silk foams, we quantified adhesion and
proliferation of fibroblasts using the cell-titer blue assay. Cell
seeding densities and efficiencies were calculated after 24 h of
incubation (Table S2).
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Porous scaffolds made of 45SS Bioglass (Figure SC) and
aluminum oxide (Al,0;) (Figure SD) were used as 3D
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Figure S. Cultivation of BALB/3T3 fibroblasts on 8% (w/v)
eADF4(C16) and 8% (w/v) eADF4(C16)-RGD foams with different
pore sizes (as indicated) and >91% porosity. 45SS Bioglass and AL, O,
foams were used as controls. (A) Adhesion was quantified after 24 h of
incubation by using the cell-titer blue assay and normalized to
adhesion on Al,O; scaffolds (positive control). The adhesion of all
tested samples was significantly improved (***p < 0.0001) on
eADF4(C16)-RGD foams compared to that on eADF4(C16) foams.
(B—D) Scanning electron microscopy images of 8% (w/v) eADF4-
(C16) (B), 45SS Bioglass (C) and AL, O; (D) scaffolds. E) Analysis of
the proliferation of BALB/3T3 fibroblasts on 8% (w/v) eADF4(C16),
8% eADF4(C16)-RGD, 4S5SS Bioglass, and AL,O; scaffolds in a
controlled atmosphere of 5% CO,, 95% humidity and at 37 °C.
Proliferation was quantified by using the cell-titer blue assay and
normalized to proliferation on Al,Oj scaffolds (positive control) at day
10.

controls. 45SS Bioglass is a highly porous and brittle bioactive
ceramic material with a porosity of ~90%, pore sizes between
200 and 500 pm, and comﬂpressive and bending strengths in the
range of 0.3—0.5 MPa.%* The freeze-cast aluminum scaffolds
showed an aligned honeycomb structure with pore sizes of
100—500 pm, porosity of 40—85% and a comgressive strength
in the range of 10~95 MPa (Figure 5D).>°”°

Figure SA shows the adhesion of fibroblasts on the scaffolds
after 24 h of incubation. All values were normalized to adhesion
on ALOj; scaffolds (positive control). Even after 24 h of
intensive washing of the scaffolds with water, PBS or DMEM
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before seeding of the cells, the 45585 Bioglass scaffolds released
alkaline substances hampering the viability of the cells resulting
in a low adhesion of only 15 + 9% relative to the fluorescence
intensity of Al,Oj scaffolds. The release was observed using the
pH indicator phenol red in the cell culture medium. In
correlation with the results of the Calcein A/M staining, the
fibroblasts showed a significantly improved adhesion on
eADF4(C16)-RGD foams compared to that on eADF4(C16)
ones. The relative adhesion was determined to be 70 + 9%
(63—125 um), 75 + 2% (125—315 um) and 58 + 8% (315—
500 pm) for foams made of eADF4(C16) in comparison to
that on the positive control. On scaffolds made of eADF4-
(C16)-RGD the fibroblasts adhered with 133 + 2% (63—125
um), 118 + 10% (125—315 um), and 126 + 22% (315—500
um) of the adhesion on the positive control, showing the
strong influence of the type of protein, as well as in this case the
low impact of the pore size at the given size ranges on cell
adhesion.

Next, the proliferation of fibroblasts was tested on the
scaffolds over 10 days (Figure SE). Fibroblasts could not grow
on 45SS Bioglass scaffolds, but proliferated well on Al,O;
scaffolds. All values were normalized to proliferation on Al,O;
scaffolds (positive control) at day 10. On eADF4(C16)-RGD
foams, the cells showed a very similar growth rate compared to
that on ALO; scaffolds, whereas the cell proliferation was
significantly decreased on foams made of eADF4(C16). After
10 days of incubation, almost twice the amount of cells were
detected on eADF4(C16)-RGD foams (113 + 8%, 125—315
um and 99 + 6%, 315—500 pm, relative to the fluorescence
intensity of the positive control) when compared to scaffolds
made of eADF4(C16) (67 + 8%, 125—315 pum and 56 + 12%,
315—500 ym). While fibroblasts reached the plateau phase of
growth on the eADF4(C16)-RGD foams after 10 days, the cells
on the eADF4(C16) foams were still growing in the
exponential growth phase at that time point. Interestingly, an
influence of the pore size was detectable on cell proliferation.
On both foams, made of eADF4(C16) and eADF4(C16)-RGD,
the cells proliferated faster on the scaffolds with pores sizes
between 125 and 315 pm, compared to scaffolds with bigger
pores (315—500 pm). Foams with smaller pore sizes between
63 and 125 pm could not be used, because it was particularly
difficult to wash these foams in order to remove residues of the
cell-titer blue assay, which interfered with the measurements
leading to data misinterpretation.

In summary, the results showed an improved adhesion and
proliferation of BALB/3T3 fibroblasts on foams made of
eADF4(C16)-RGD compared to ones made of eADF4(C16),
which is due to the presence of the cell recognition motif
RGD.*®** In accordance with this finding, matrices (e.g, fibers,
foams and films) made of the RGD-modified 4RepCT showed
significantly improved cell adhesion in comparison to
unmodified 4RepCT matrices.”” The spider silk matrices with
the cell binding motif RGD promoted early adherence of all
tested cells types (fibroblasts, keratinocytes, endothelial and
Schwann cells) which formed stress fibers and distinct focal
adhesion points.”” The adhesion and proliferation of the cells
on RGD-modified spider silk scaffolds was even better than on
Bioglass and Al,Oj; scaffolds. Both Bioglass and Al,O; scaffolds
are generally fabricated as scaffolds for bone tissue engineer-
ing.” Fibroblasts prefer softer materials instead of osteoblast-
like cells, however, explaining the observed results. Additionally,
salt leached spider silk scaffolds showed a higher porosity and

smaller pore sizes than both ceramic scaffolds. Oh et al.
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evaluated the optimal pore size for fibroblasts growing on
cylindrical PCL scaffolds, in which fibroblasts preferred a
smaller pore size range (186—200 um) compared to
chondrocytes (380—40S um), because of the higher surface
area for cell attachment and signaling.61

B CONCLUSION

Salt-leached foams of the recombinant spider silk proteins
eADF4(C16) and eADF4(C16)-RGD were fabricated with
tunable properties. NaCl crystals allowed the production of f-
sheet-rich scaffolds with a porosity of at least 91% without the
need of additives or cross-linkers for mechanical stabilization.
The mechanical properties of the foams were simply adjusted
by the protein concentration. The compressive moduli were in
the range of soft tissue, rendering the spider silk foams suitable
scaffolds for soft tissue engineering, as well as wound dressings.
The proteolytic degradation of the spider silk foams in the
presence of a model protease mix for wound healing proteases
confirmed the biodegradability of recombinant spider silk
proteins. In cell adhesion assays, fibroblasts showed a round
morphology and weak adhesion on salt leached foams made of
eADF4(C16), but cell adhesion and proliferation was
significantly improved on foams made of eADF4(C16)-RGD.
Fibroblasts proliferated best in foams with a middle pore size,
because of the combination of good nutrient and waste product
transport and a high surface area. Compared to other porous
scaffolds such as Al,O; and Bioglass, cell adhesion and
proliferation was slightly better on eADF4(C16)-RGD foams.
The results indicate that spider silk foams with controllable
properties can be used as scaffolds for tissue repair and soft
tissue engineering.
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ADF4, Araneus diadematus fibroin 4

eADF4, engineered Araneus diadematus fibroin 4
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HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol

w/v, weight/volume

NaCl, sodium chloride

Tris/HCl, Tris(hydroxymethyl)aminomethane hydrochlor-
ide

p-a, pro analysi

PEG, polyethylene glycol

FTIR, Fourier transform infrared

ATR, attenuated total reflection

FSD, Fourier self-deconvolution

SEM, scanning electron microscopy

v/v, volume/volume

TCNB, Tris/CaCl,/NaCl/Brij 35

PXIV, protease type XIV from Streptomyces griseus
CHC, collagenase type IA from Clostridium histolyticum
CaCl,, calcium chloride

DMEM, Dulbecco’s Modified Eagle Medium
PBS, phosphate buffered saline

Calcein A/M, calcein acetoxymethyl ester
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Figure S1. Foam preparation by the salt leaching technique. For the foam preparation,
lyophilized recombinant spider silk proteins were dissolved in 1,1,1,3,3,3-Hexafluoro-2-
propanol (HFIP) (Alfa Aesar) at final concentrations of 4, 6 and 8% (w/v). Sodium chloride
crystals (NaCl) were used as porogen. NaCl crystals were sieved to achieve size ranges of 63-
125 um, 125-315 um or 315-500 um. A protein solution was cast on the salt crystals in
cylindrical molds at a 75:1 (4% (w/v)), 50:1 (6% (w/v)), and 37.5:1 (8% (W/Vv)) (W/w)
salt/protein ratio. The solvent was evaporated for at least 48 h, and NaCl was leached out in
milli-Q water for 24 h upon 6-8 water changes.
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Figure S2. FTIR (1750 — 1475 cm™) (A) and Fourier self-deconvolution (FSD) spectra (1720
— 1590 cm'l) (B-E) of salt leached foams (E) in comparison to that of untreated films (B), salt-
treated (C), and 100% methanol-treated (D) films made of eADF4(C16). For film preparation,
the silk protein solutions (4, 6 and 8% (w/v) eADF4(C16) in HFIP) were cast in cylindrical
molds without salt crystals. After evaporation of the solvent the films were either stored
untreated or they were post-treated upon incubation in 6 M NaCl solution or 100% methanol
for 4 h to induce 3-sheet formation rendering silk films water insoluble.
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Figure S3. Pore sizes of salt leached foams made of 8% (w/v) eADF4(C16) with different salt
particle sizes have been analyzed in a freeze-dried state.
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Figure S4. Stereomicroscope measurements to determine the swelling ratio of 8% (w/v) salt-
leached eADF4(C16) foams with 63-125 um salt crystal size. A) Dry state; B) Wet state.
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Table S1. Swelling percentage of salt leached foams made of eADF4(C16) as analyzed by
stereomicroscopy.

spider silk concentration / (w/v) %
4 6 8
salt crystal size / um swelling / %
63— 125 6.1 £1.8 74 +£0.5 8.9+£25
125 -315 49+£22 45+£03 40+£22
315-500 43+1.1 27+1.0 32+1.1
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Table S2. Cell seeding densities used in the adhesion test with BALB/3T3 fibroblasts after 24

hours of incubation. The data were normalized to the treated cell culture plate.

eADF4(C16) eADF4(C16)-RGD

ALO; Bioglass®

range I range Il rangelIll rangel range I1 range I11
cell seeding cell
density / % culture  0+0.1 0+0.1 18+16.5 20+33 49+133 27+45 11+13.3 31+3.0

plate
scaffold 69 +10 81 +21 48 £8 52+£2 40 +8 92 +£2 82 +£10 87 £20

cell seeding
efficiency / 100 100 73 72 45 78 88 74
%
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Figure S5. Confocal scanning microscopy images of BALB/3T3 fibroblasts cultivated on 8%
(w/v) eADF4(C16) (A & B) and 8% (w/v) eADF4(C16)-RGD (C & D) foams with 125-315
um salt particle size after 24 hours of incubation. The cells were stained with Calcein A/M
(green) and the scaffolds with Rhodamin-B.
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Abstract: Biofabrication is an emerging and rapidly expand-
ing field of research in which additive manufacturing tech-
niques in combination with cell printing are exploited to
generate hierarchical tissue-like structures. Materials that
combine printability with cytocompatibility, so called bioinks,
are currently the biggest bottleneck. Since recombinant spider
silk proteins are non-immunogenic, cytocompatible, and
exhibit physical crosslinking, their potential as a new bioink
system was evaluated. Cell-loaded spider silk constructs can be
printed by robotic dispensing without the need for crosslinking
additives or thickeners for mechanical stabilization. Cells are
able to adhere and proliferate with good viability over at least
one week in such spider silk scaffolds. Introduction of a cell-
binding motif to the spider silk protein further enables fine-
tuned control over cell-material interactions. Spider silk
hydrogels are thus a highly attractive novel bioink for
biofabrication.

R esearch in tissue engineering is traditionally focused on the
seeding of cells into porous material scaffolds in order to
generate a three-dimensional (3D) cell-material construct.
By using biodegradable materials with optimized scaffold
porosity, generated for example by additive manufacturing
(AM) techniques, promising results have been achieved in the
context of the repair and/or regeneration of tissues.' One
current focus of research is on seeding and culturing various
cell types in 3D environments that closely mimic the native
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extracellular matrix (ECM).”! This is based on the fact that
scaffolds must support cellular adhesion, growth, prolifera-
tion, migration, and, in case of progenitor cells, differentia-
tion.’! Recently, a rapidly growing number of studies have
focused on biomimicry beyond the ECM and the generation
of cell-loaded tissue-like hierarchical structures.'* To achieve
this goal, it is important to choose materials with properties
and functions which mimic the tissue that needs to be
replaced on the macroscopic scale.”) Moreover, such mor-
phologies cannot be reached by seeding cells on prefabricated
scaffolds; they are only achievable through the combined 3D
printing of cells and materials.

In addition to cytocompatibility, the printed materials (so
called “bioinks”) must show distinct physicochemical proper-
ties. For example, they should exhibit viscous fluid behavior
within the printing head but polymerize shortly after extru-
sion. In contrast to other AM techniques, robotic dispensing
enables the printing of clinically relevant scaffolds containing
biologically active substances and even cells. This technique
also allows the simultaneous processing of multiple materials,
which enables reproduction of the zonal structures of
tissues.l”) However, only few materials have so far been
developed for this purpose, with hydrogels as the most
promising candidates.”” Hydrogels are well established for
applications in tissue regeneration.’l They are usually based
on a variety of synthetically derived polymers, such as
poly(acrylic acid) (PAA), poly(ethylenglycol) (PEG), and
poly-(ethylene oxide) (PEO), as well as naturally derived
polymers such as agarose, alginate, chitosan, collagen, or
silk.®*l Concerning silk, in previous works, an inkjet printing
process was developed for the fabrication of microscopic
arrays of silkworm silk “nests” capable of hosting live cells for
prospective biosensors.'” Spider silk materials are particu-
larly interesting for biomedical use since they show an
absence of toxicity, slow degradation, little or no immunoge-
nicity, wide pore-size distribution, and elastic properties.!"!
Hydrogels made of recombinant spider silk proteins are
physically crosslinked by f-sheet structures, hydrophobic
interactions, and entanglement. The morphology and pore
sizes of spider silk hydrogels depend on protein concentration
and can be further influenced through functionalization of the
protein.['?!

In this study, hydrogels of recombinant spider silk proteins
were produced and used as a new bioink for the automatized
generation of 3D cell-loaded constructs. The recombinant
spider silk protein eADF4(C16) and a variant containing an
RGD motif were applied and assessed with regard to their
printability, the possibility to encapsulate cells, and finally the
generation of cell-loaded 3D hydrogel constructs through the
printing of cells suspended in spider silk protein solutions.™
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Like most concentrated polymer networks, hydrogels
made of spider silk proteins demonstrate viscoelastic behav-
ior, with stress changes proportional to linearly increasing
strain (Figure S1 in the Supporting Information).'"! The
elastic modulus of the eADF4(C16) hydrogel (3% w/v) was
approximately 0.02 kPa, and that of the e ADF4(C16)-RGD
hydrogel (3% w/v) was approximately 0.2 kPa, which is in the
range of soft human tissues and organs.'!! Shear thinning of
the gels was analyzed through oscillating measurements with
an oscillating stress of 10 Pa (Figure S2). The storage moduli
(G’) exceeded the loss moduli (G”) over the whole angular
frequency range, and both moduli were slightly dependent on
frequency. In these hydrogels, elastic behavior dominates over
viscous behavior, with low-viscosity flow behavior and good
form stability. Additionally, eADF4 hydrogels showed shear-
thinning (non-Newtonian) behavior, with high viscosity at low
angular frequencies and a decrease in viscosity at higher
frequencies (Figure S2B).

One important feature of hydrogels as cell scaffolds is
sufficient diffusion of nutrients, oxygen, and waste products
during cultivation. 5(6)-carboxyfluorescein or fluorescein
isothiocyanate (FITC)-conjugated dextrans were used as
model compounds for diffusion. It was shown that the
transport of nutrients and waste products through both
eADF4(C16) and eADF4(C16)-RGD hydrogels is possible,
even for the high-molecular-weight FITC-dextran (500 kDa),
although its diffusion was limited (Figure S2C,D).

To evaluate general cytocompatibility, cell adhesion of
BALB/3T3 mouse fibroblasts to the eADF4(C16) and
eADF4(C16)-RGD hydrogels was tested. The cell adhesion
of mouse fibroblasts was weak on e ADF4(C16) hydrogels, as
shown by a round shape and cell aggregation (Fig-
ure 1 A,B,E). Owing to the lack of cell adhesion motifs in
eADF4(C16), adhesion is mostly influenced by surface
charge, as well as the hydrophobicity and topography of the
scaffold.!**!> On e ADF4(C16)-RGD hydrogels, mouse fibro-
blasts were well spread and showed filopodia, a result
consistent with previous observations of mouse fibroblasts
growing on films and non-woven meshes made of e ADF4-
(C16)-RGD (Figure 1 C).[*13 For all of the tested cell lines
(fibroblasts, myoblasts, HeLa cells, osteoblasts, and keratino-
cytes), cell adhesion on eADF4(C16)-RGD hydrogels was
significantly improved in comparison to unmodified e ADF4-
(C16) hydrogels (Figure 1).

Interestingly, the adhesion of osteoblasts is much better
on eADF4(C16) hydrogels compared to the other cell lines.
This osteoblast-specific phenomenon is not yet fully under-
stood. In addition to improved adhesion, the proliferation of
fibroblasts was better on eADF4(C16)-RGD hydrogels in
comparison to eADF4(C16) hydrogels. Based on these
findings, eADF4 hydrogels were printed by using robotic
dispensing (Figure 2 A). Initial attempts to print with a print-
head that dispenses material based on a time—pressure
principle failed owing to inconsistent filament diameter.
Ultimately, we used a printhead with an electromagnetic
valve in combination with a 0.3 mm nozzle to print meshes
with a filament center-to-center distance of 2 mm. With this
printhead, the hydrogels were process compatible and had
high shape fidelity, based on the B-sheet transformation
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Figure 1. Cultivation of different cell lines on hydrogels made of 3%
eADF4(C16) or 3% eADF4(C16)-RGD. A) BALB/3T3 fibroblast adhe-
sion was quantified by using the cell-titer blue assay and normalized
to adhesion onto treated tissue culture plates (TCP) as the 100%
value. The adhesion of fibroblasts was significantly (***p <0.001)
higher on eADF4(C16)-RGD hydrogels than eADF4(C16) hydrogels and
TCP. B-D) Live-cell microscopy of BALB/3T3 mouse fibroblasts culti-
vated on eADF4(C16) (B) and eADF4(C16)-RGD (C) hydrogels and
treated tissue culture plates (D) after 24 h of incubation. The cells
were stained with the Vybrant CFDA SE Cell Tracer Kit. Scale bars:
50 um. E) Adhesion of different cell lines to respective hydrogels.
Adhesion of osteoblasts to eADF4(C16)-RGD hydrogels was set to
100 %. The adhesion of all of the tested cell lines was significantly
improved (***p <0.001) on eADF4(C16)-RGD hydrogels compared to
eADF4(C16) hydrogels. F) Proliferation of fibroblasts was quantified by
using the cell-titer blue assay.

during gelation and the shear thinning behavior (Table S1,
Figure S2A,B). The ultrastructural integrity was also evalu-
ated. It was possible to print up to 16 layers on top of each
other with a construct depth of approximately 3 mm without
structural collapse (Figure 2B-D and Figure S3).
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Figure 2. 3D printing of spider silk scaffolds by robotic dispensing.

A) Schematic representation of 3D-printing. Cells were either cultivated
on the 3D-scaffold (1) or encapsulated during processing (2). Stereo-
microscopy and digital images of 2-layer eADF4(C16) (B) and 8-layer
eADF4(C16) scaffolds (C, D) are shown.

In a first approach, human fibroblasts were seeded on the
scaffolds directly after printing. Human fibroblasts adhered
weakly on the surface of printed e ADF4(C16) hydrogels after
24 h, while the cells spread on scaffolds made of eADF4-
(C16)-RGD (Figure 3 and Figure S4A,B). These results
correlate well with the experiments performed on the
respective hydrogels prepared conventionally and indicate
that robotic dispensing does not negatively alter the cell-
material interactions of the spider silk proteins. No structural
changes occur during the printing process and the shear stress
during printing does not influence the cell behavior
(Table S1).

Given these results, the next step was to mix human
fibroblasts with highly concentrated 3% w/v eADF4(C16)
silk solution before gelation in an incubator at 37°C. The
addition of cells to the bioink did not influence the printability
of the material. The printing parameters only needed minor
modifications compared to cell-free inks: an increase of the
barrel pressure from 1.0 bar to 1.1 bar and a delay of the valve
opening time from 700 microseconds to 900 microseconds. All
other parameters could be kept constant without reducing
printing fidelity. Cell viability was evaluated at 24, 48, 72 h,
and 7days after printing by live/dead staining. It was
confirmed that, when encapsulated in eADF4(C16) hydro-
gels, the human fibroblasts survived the printing process and
were viable for at least seven days in situ, even in the absence
of cell adhesion domains (Figure 3C,D and Figure S4C-F).
We quantified viability according to the live/dead assays and
detected an average viability of 70.1 +7.6% after 48 h of
incubation. However, in this context it is important to note
that reference samples with cells incubated in the spider silk
hydrogels without printing showed almost identical survival
rates, so that the relative survival rate of cells in printed versus
non printed gels is 97 % . Hence, although cell viability in the
spider silk constructs is lower when compared to established
bioinks such as alginate (usually 90%) and gelatin (usually
98%), we could show that the printing procedure does not
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Figure 3. Human fibroblasts cultivated on printed 2-layer eADF4(C16)
(A) and eADF4(C16)-RGD (B) hydrogels after 24 h of incubation.
Fluorescence microscopy images of cells stained with calcein A/M
(live cells: green) and ethidium homodimer | (dead cells; red).
Ethidium homodimer | also stained the printed scaffolds. A, B) Focus
on the hydrogel. A, B') Focus on the well-plate. White arrow: dead
cells. (The corresponding confocal laser scanning microscopy images
are included in Figure S4A,B). C, D) Confocal laser scanning micro-
scopy images of human fibroblasts encapsulated in a printed 2-layer
eADF4(C16) hydrogel after 48 h of incubation (corresponding fluores-
cence microscopy images are included in Figure S4C-F).

affect viability."®! Most importantly, and in contrast to the
mentioned established systems, our spider silk offers the
possibility to biotechnologically and thus precisely tune the
biochemical properties in terms of cell adhesion and prolif-
eration, which will in future studies be performed and
optimized for printing. Given these results, as well the the
low batch-to-batch variations of the material and high
reproducibility of the printing, we are confident that recombi-
nant spider silk can be established as a bioink system for
biofabrication. The cells were spherical in shape and were
homogeneously distributed within the constructs. Cell density
did not seem to differ between the constructs, thus leading to
the conclusion that cells were distributed homogeneously
within the syringe and no sedimentation occurred during
gelation. The cells were spherical in shape because movement
of the cells was hindered by the dense nanofibrillar matrix.
Cellular mobility can be dependent on microenvironmental
conditions, such as morphology, space, substrate stiffness, and
hydrophobicity.!'”! Accordingly, the spherical shape was also
detected for primary dermal fibroblasts encapsulated in
alginate or fibrin hydrogels.'¥!

In conclusion, it could be demonstrated that recombinant
spider silk proteins can be used as bioink for 3D printing
without the need for additional components or post-process-
ing. By contrast, alginate, which is one of the most frequently
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used bioinks for 3D printing, shows less pronounced shear
thinning behavior than the silk used in this study. Therefore,
post-processing with a crosslinker (calcium ions) or the
addition of thickeners is necessary to increase the printing
fidelity of alginate, whereas the recombinant spider silk
hydrogels can be printed without additives or additional
crosslinking.'”! In the case of recombinant spider silk proteins,
cells can be directly added to the printing solution, thus
resulting in 3D printed cell-loaded constructs with high cell
viability for at least seven days. The introduction of a cell-
adhesion motif in the spider silk protein also enables control
over the cell-material interactions. This is thus a powerful
new system that significantly broadens the material spectrum
within the field of biofabrication.

Experimental Section

Hydrogel preparation: The recombinant spider silk protein eADF4-
(C16) consists of 16 repeats of module C (sequence:
GSSAAAAAAAASGPGGYG PENQGPSGPGGYGPGGP),
which mimics the repetitive core sequence of dragline silk fibroin 4
(ADF4) of the European garden spider Araneus diadematus."**"!
eADF4(C16) (MW: 47698 gmol ') and eADF4(C16)-RGD (MW:
48583 gmol ') were produced and purified as described previous-
ly.%<l 30 mgmL™" (3% w/v) eADF4(C16) and e ADF4(C16)-RGD
solutions were prepared as described previously!'*! (see the Support-
ing Information). Gels were formed overnight at 37°C and 95 %
relative humidity.*! Recombinant spider silk protein e ADF4(C16)
and its variants can be produced under good manufacturing practice
(GMP) conditions and printing was performed in a biosafety cabinet
in a cell culture laboratory, with sterile conditions and media. For the
invitro assays performed in this study, no further additional
sterilization was performed and we did not encounter any problems
with contamination. Nevertheless, for further long term studies and
in vivo investigations, sterilization methods (e.g., autoclaving, sterile
filtration, or y-irradiation) have already been developed for the
recombinant spider silks.”!

Cell culture experiments: For details of the cell lines and their
cultivation and preparation before the experiments, see the Support-
ing Information. For all cell culture experiments, hydrogels were
washed twice with cell culture medium before seeding the cells. For
cell morphology analysis, BALB/3T3 mouse fibroblasts were seeded
on eADF4(C16) and eADF4(C16)-RGD hydrogels with an initial cell
density of 47000 cellscm 2. As a positive control, the (well-adhering)
cells were seeded on commercially available treated tissue culture
plates (TCP; Nunc). Cells were stained with carboxyfluorescein
diacetate succinimidyl ester [Vybrant CFDA SE Cell Tracer Kit (Life
Technologies GmbH)], and after 24 h of incubation they were
visualized with a live-cell microscope (Leica). For cell adhesion
tests, 3% w/v eADF4(C16) and 3 % w/v eADF4(C16)-RGD solutions
were placed in Millicell inserts with 8 pm pore diameter, and the
hydrogels were formed overnight at 37°C. The next day,
75000 cellscm ™ were seeded on the hydrogels for 2.5h. After
cultivation, the hydrogels were washed twice with phosphate-
buffered saline (PBS; Sigma Aldrich) to remove non-attached or
dead cells, followed by the addition of fresh medium. After incubation
for 4 h with 10 % v/v CellTiter-Blue reagent (Promega), cell adhesion
was quantified by determining the fluorescence intensity of resorufin
(Aex 530 nm; A, 590 nm) by using a plate reader (Mithras LB 940). All
cell adhesion experiments were repeated three times with three
replicates each time. The statistical analyses were performed with the
software package STATISTICA 12.0 (StatSoft Inc). An independent
Student’s t-test (two-tailed) was performed on the absolute values of
the adhesion tests. Prior to the r-test, the homogeneity of variances
was tested with Levene’s test. The sample variances were considered
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equal if the p-value of the Levene’s test was greater than 0.05. For cell
proliferation analysis, 5000 cellscm™ were cultivated on e ADF4-
(C16) and e ADF4(C16)-RGD hydrogels for 9 days. Once every 24 h,
the samples were washed with PBS and the cells quantified by using
the CellTiter-Blue assay. The samples were then washed twice with
medium and incubated in fresh medium under controlled atmosphere
until the next day. The proliferation experiments were repeated twice
with three replicates per experiment. For analysis of the printed 2-
layer eADF4(C16) and eADF4(C16)-RGD scaffolds, human fibro-
blasts were cultivated on the scaffolds with a cell seeding density of
75000 cellsem™2. Cells and scaffolds were stained with Calcein
acetoxymethyl ester (Calcein A/M) and Ethidium Homodimer I
(Invitrogen; see the Supporting Information). Live and dead cells, as
well as the scaffolds, were visualized with a fluorescence microscope
(Carl Zeiss Axio Observer.Z1) and a confocal scanning microscope
(Leica TCS SP8 STED). Confocal laser scanning microscopy images
of human fibroblasts encapsulated in a printed 2-layer e ADF4(C16)
hydrogel were made at a cell density of 1200000 cellsmL " after 48 h
of incubation.

3D printing through robotic dispensing: Robotic dispensing was
performed by using a Bioplotter (regenHU) in a laminar-flow hood.
The printhead (CF-300N/H cell-friendly printhead for contact
dispensing) operated in the y,z plane and the collector along the
x axis. Before printing, the spider silk solutions were pre-gelled
overnight at 37°C and 95 % relative humidity (Figure 2 A).'** During
printing, the material was stored at room temperature in a pressurized
3cc syringe (Nordson EFD). Precise dispensing was achieved by using
an electromagnetic valve positioned in front of a nozzle with an inner
diameter of 0.3 mm, with a resulting strand width of 626 + 8 um. The
valve opening time was 700-900 ps and the flow was regulated by
pressure (1.0-1.1 bar). The printed constructs were analyzed with
a stereomicroscope (Carl Zeiss SteREO Discovery.V20).
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Hydrogel preparation

Lyophilized eADF4(C16) and eADF4(C16)-RGD were dissolved in 6 M guanidinium
thiocyanate at 4 mg/mL and dialyzed against 10 mM Tris/HCI, pH 7.5 overnight at room
temperature using dialysis membranes with a molecular weight cutoff of 6,000-8,000 Da.
Subsequent dialysis against 20% w/v poly(ethylenglycol) (PEG, 20,000 g/mol) with a
volume extent of PEG between 50 and 400 was used to adjust 30 mg/mL (3% w/v) silk

solutions as described previously.!"

Cell culture experiments

Cell line cultivation

BALB/3T3 mouse fibroblasts (European Collection of Cell Cultures), C2C12 mouse
myoblasts (CLS, cell lines service), MC3T3-E1 mouse osteoblasts (Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures), HaCaT keratinocytes
(CLS, cell lines service) and HeLa human epithelial cells (Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures) were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM) (Biochrom, Berlin, Germany) supplemented with 10%
v/v fetal bovine serum (Biochrom, Berlin, Germany), 1% v/v GlutaMAX (Gibco, Grand
Island, USA) and 0.1% v/v gentamicin sulphate (Sigma-Aldrich, Seelze, Germany) in
controlled atmosphere of 5% CO,, 95% relative humidity and 37°C. Human fibroblasts
(patient dermal fibroblast cells, G12660) were cultivated in Dulbecco’s Modified Eagle
Medium (DMEM) (Invitrogen, Eugene, USA) supplemented with 10% v/v fetal bovine
serum (Invitrogen, Eugene, USA), 1% v/v Streptomycin (Invitrogen, Eugene, USA) and
100 I.U./mL v/v penicillin (Invitrogen, Eugene, USA). Viability and number of cells were

analyzed using trypan blue (Sigma-Aldrich, Ayrshire, UK) or accutase (PAN Biotech



GmbH, Aidenbach, Germany) and a cell counter (CASY TT-Cell Counter, Roche AG,

Penzberg, Germany).

Live/dead assay

For the live/dead assay cells and scaffolds were stained with Calcein acetoxymethyl
ester (Calcein A/M) and Ethidium Homodimer | (Invitrogen, Eugene, USA). Calcein A/M
was added to the medium at a final concentration of 0.3 uM, Ethidium Homodimer | was
added to the medium at a final concentration of 0.1 uM and incubated for 20 minutes.
The samples were washed once with PBS, followed by addition of fresh PBS. Live and
dead cells as well as scaffolds were visualized using a fluorescence microscope (Carl
Zeiss Axio Observer.Z1, Oberkochen, Germany) and a confocal scanning microscope

(Leica TCS SP8 STED, Wetzlar, Germany).

FTIR Spectroscopy

Infrared-spectra were detected on a Bruker Tensor 27 (Bruker, Germany) spectrometer
equipped with an AquaSpec Flow Cell (microbiolytics GmbH, Germany) for analyzing
FTIR spectra in aqueous buffers. eADF4(C16) solutions (before gelation, after gelation
and after 3D printing) were suspended in 10 mM Tris/HCI, pH 7.5 to a final concentration
of 2 mg/mL and measured. Absorption spectra were detected after accumulation of 128
scans from 900 to 4000 cm™. All spectral transformations were performed using OPUS
software (version 6.5, Bruker Optik GmbH). Fourier self-deconvolution (FSD) of the

Amid | region (1595-1705 cm™) was performed as described previously.?!



Rheological measurements

Flow measurements

Stress-strain curves of 3% w/v eADF4(C16) and 3% w/v eADF4(C16)-RGD were
measured using the Rheometer AR-G2 (TA Instruments, New Castle, DE, USA) with a
25 mm plate-plate geometry with a 0.5 mm gap and a sample volume of 600 pL at room
temperature (Figure S1). A solvent trap with a wet sponge was used to minimize
evaporation. Shear (G) and elastic (E) moduli were calculated according to Hooke’s law
using the Poisson’s ratio (0.43) published by Urayama et al., 1993 and Johnson et al.,

2004.”! Each measurement was repeated three times.

Oscillating measurements

Oscillating measurements of 3% w/v eADF4(C16) and 3% w/v eADF4(C16)-RGD
hydrogels were performed as described above (Figure S2). Shear stress amplitude and
frequency sweeps were measured with a 0.5 mm gap and a sample volume of 600 pL.
Stress amplitude sweeps were measured at a constant angular frequency of 10 rad/s.
Afterwards dynamic frequency spectra were recorded in the linear viscoelastic regime
(constant oscillating stress: 10 Pa, as determined by shear stress amplitude sweeps).

Each measurement was repeated three times.



Diffusion test

Time-dependent tests of diffusion through eADF4(C16) and eADF4(C16)-RGD
hydrogels were performed using 5(6)-carboxyfluorescein (376 g/mol) (Sigma-Aldrich,
Seelze, Germany) or fluorescein isothiocyanate-dextrans (FITC-dextrans) (Sigma-
Aldrich, St. Louis, USA) with different molecular weights (3-5 kDa, 40 kDa, 150 kDa and
500 kDa) (Figure S2). Spider silk solutions (3% w/v) were placed in Millicell® inserts with
8 um pore diameter (Merck Millipore, Billerica, MA, USA), and hydrogels were formed
overnight at 37°C and 95% relative humidity. 1 mM of the fluorescence dyes, solved in
10 mM Tris/HCI, pH 7.5, were pipetted on the hydrogels and incubated at room
temperature. After 3-4 h of incubation the amount of dye in the flow-through was
quantified determining fluorescence intensity (Aex 485 nm; Aem 530 nm) using a plate
reader (Mithras LB 940, Berthold, Bad Wildbad, Germany). Each measurement was

repeated three times.



Table S1. Secondary structure elements eADF4(C16) before gelation, after gelation and
after 3D printing. Structural contents were calculated using Fourier self-deconvolution
(FSD) of the Amide | bands.

secondary structure content |/ %

secondary wavenumbﬁr range/ before gelation after gelation after 3D printing
structure cm
a-helices 1656-1662 12.6 7.5 7.5
p-sheets 1616-1637, 1697-1703 20.4 41.2 41.5
random coils 1638-1655 35.8 24.9 23.6
turns 1663-1696 27.0 18.2 19.0
side chains 1595-1615 4.2 8.2 8.4

* Peak assignment taken from literature .4
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Figure S2. Oscillating rheological measurements (A,B) and time-dependent tests of
diffusion (C,D) through 3% eADF4(C16) and 3% eADF4(C16)-RGD hydrogels. A)
Dynamic frequency spectra were conducted in the linear viscoelastic regime of the
hydrogels, as determined by dynamic stress sweeps (data not shown); full symbols: G’,
empty symbols: G”. B) The complex viscosity In*l is plotted as a function of angular
(ang.) frequency. G’ = shear storage moduli; G” = shear loss moduli. C) Diffusion of
5(6)-carboxyfluorescein through hydrogels in relation to the amount of loaded dye. D)
Diffusion of FITC-dextrans with different molecular weights (as indicated) through

eADF4(C16) hydrogels.



Figure S3. Stereomicroscopy images of printed 16-layer eADF4(C16)-RGD scaffolds

with a construct depth of ~3 mm.



Figure S4. A,B) Confocal laser scanning microscopy of human fibroblasts cultivated on
a printed 1-layer eADF4(C16)-RGD scaffold after 48 h of incubation. C-F) Fluorescence
microscopy images of human fibroblasts encapsulated in a printed 2-layer eADF4(C16)
hydrogel after 48 h (C) and 7 days (E) of incubation. (D,F) Non-printed eADF4(C16)
hydrogel as reference to (C) and (E). Cells were stained with calcein A/M (live cells:
green) and Ethidium Homodimer | (dead cells: red). Ethidium Homodimer | stained also

the printed scaffolds.
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Hydrogels made of polyanionic recombinant spider silk proteins (spidroins) were prepared either in the
presence or the absence of Dulbecco's Modified Eagle Medium (DMEM). Mono- and divalent cations
present in DMEM severely affected the self-assembly process of the spidroins. Although the addition of
DMEM had no apparent effect on secondary structure formation, there was a significant effect on the
kinetics as well as on the hydrogel network; in the presence of DMEM, gelation occurred more rapidly.
Additionally, the hydrogels were stiffer; however, the hydrogels were still shear-thinning. In summary;, it
can be concluded that there is a significant impact of ionic cross-linking on recombinant spidroin-based

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Traditional tissue engineering techniques have a significant dis-
advantage: the placement of different components which are used to
prepare tissue-like constructs (cells, biomaterials and biochemical
factors) is imprecise [1,2]. To overcome this disadvantage, researchers
have developed several techniques which allow for co-processing of
cells and biomaterials into specific structures; this sub-type of tissue
engineering is referred to as biofabrication [3,4]. Of these techniques,
one of the most promising is 3D bioprinting; layer-by-layer manu-
facturing of cell-encapsulating biomaterials into 3D scaffolds [5].
Natural biomaterials which have been used in 3D bioprinting are
collagen, gelatin and alginate; however, all of these have some sort of
disadvantage i.e. poor mechanical properties [1-3,6-14]. As an al-
ternative to these common bioinks, the recombinant spider silk
protein (spidroin) eADF4(C16) and its modified variant eADF4(C16)-
RGD have been recently introduced [15].

The polyanionic spidroin eADF4(C16) consists of 16 repeats of
module C (sequence: GSSAAAAAAAASGPGGYG PENQGPSGPG-
GYGPGGP), which mimics the consensus sequence of the repetitive
core of the European garden spider Araneus diadematus dragline silk
fibroin 4 (ADF4) [16,17]. The RGD variant thereof contains an RGD
integrin-binding motif introduced by genetic engineering at the

* Corresponding author.
E-mail address: thomas.scheibel@bm.uni-bayreuth.de (T. Scheibel).
! First authors.

http://dx.doi.org/10.1016/j.matlet.2016.07.044
0167-577X/© 2016 Elsevier B.V. All rights reserved.

C-terminus, which was previously shown to enhance mammalian
cell attachment on spider silk films [18]. These proteins can self-as-
semble from a disordered structure in solution into (-sheet rich fi-
brils [19]. Self-assembly is triggered by temperature, kosmotropic
phosphate ions and increased protein concentration [20,21].

Bioinks naturally require the use of cell culture media in the
fabrication process. As various ions severely affect the self-as-
sembly process [22], the aim of this research was to characterize
the material properties of the hydrogel prepared in the presence of
cell culture media. Through various assays, stages of the network
formation were observed: basic protein structure (FTIR), fibril
morphology and association (TEM), hydrogel network formation
kinetics (turbidimetry). Additionally, an effect of the formed net-
work on a critical bulk property (i.e. mechanics) of the hydrogel
was also observed (rheology).

2. Experimental
2.1. Transmission electron microscopy (TEM)

For TEM analysis, 3% w/v eADF4(C16) and 3% w/v eADF4(C16)-
RGD hydrogels, in the presence or absence of 15% v/v DMEM, were
diluted to 1 mg/mL. 5 uL of the diluted hydrogel was scattered on
100-mesh Formvar-coated copper TEM grids (Plano GmbH, Ger-
many), incubated for 10 min, washed two times using 5 pL of
double distilled water (ddH,0), and fibrils were negatively stained
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using 5 uL 2% uranyl acetate solution. Samples were allowed to dry
for at least 24 h at ambient temperature before imaging. TEM
imaging of dry samples was performed with a JEM-2100 trans-
mission electron microscope (JEOL, Tokyo, Japan) operated at
80 kV and equipped with a 4000 x 4000 charge-coupled device
camera (UltraScan 4000; Gatan, Pleasanton, CA).

2.2. Analysis of gelation kinetics

For gelation analysis, 100 uL of concentrated eADF4(C16) and
eADF4(C16)-RGD solutions in the presence or absence of 15% v/v
Dulbecco's Modified Eagle Medium (DMEM) without phenol red (Life
Technologies, USA) were added to 96-well plates (Nunc, Germany).
Phenol red-free DMEM was used to prevent false measurement or
background noise that might be introduced by this pH indicator. The
hydrogels were incubated at 37 °C and analyzed at various time
points for changes in turbidity. Turbidity changes upon gelation were
monitored at 570 nm using a Microplate Reader (Mithras LB 940,
Berthold Technologies, Germany) in absorbance mode. A sample
number of 4 (n=4) was used for each experimental group.

2.3. Fourier-Transform Infrared (FTIR) spectroscopy

Secondary structure content of the eADF4(C16) and eADF4
(C16)-RGD hydrogels in the presence or absence of 15% v/v DMEM
(Biochrom, Berlin, Germany) was evaluated after freeze-drying
hydrogel samples with a Bruker Tensor 27 spectrometer (Bruker,
Germany). Spectra were detected by attenuated total reflection
(ATR) with a resolution of 4 cm ™!, and 120 scans were averaged.
Analysis of the amide I band (1595-1705 cm~!) was performed by
Fourier self-deconvolution (FSD) to determine individual second-
ary structure elements as described previously [23-26]. A sample
number of 3 (n=3) was used for each experimental group.

2.4. Rheology

Stress-strain curves of eADF4(C16) and eADF4(C16)-RGD in the
presence of different ions were measured using a flow measure-
ment mode at the Rheometer AR-G2 (TA Instruments, New Castle,
DE, USA) with a 25 mm plate-plate geometry and a 0.5 mm gap
and a sample volume of 600 pL at room temperature. The shear
rate was kept constant at 3.0~ 3 1/s. To analyze the influence of 15%
v/v DMEM on the viscosity behavior of these hydrogels, the hy-
drogels were measured using additionally the steady state flow
measurement mode. Here, the shear rate was increased from 0.1 to
100 s~ . For all measurements a solvent trap with a wet sponge
was used to minimize evaporation. All rheological measurements
were performed with pre-formed hydrogels. The highly con-
centrated spider silk solutions were gelled for 24 h at 37 °C before
rheological measurements. A sample number of 2-3 (n=2-3) was
used for each experimental group and one representative curve
shown per group.

3. Results and discussions
3.1. Concentration of relevant ions in hydrogel formulations

Dulbecco's Modified Eagle Medium (DMEM) contains numer-
ous salts, sugars and proteins, which could influence the charge-
charge interactions between the proteins. In this context, salts like
CaCl,, NaCl and KCl have already been identified as important in
the formation of spider silk threads in nature, and are therefore of
particular interest for the hydrogel formation as well [27]. These
ions are classified as either kosmotropic or chaotropic [28]: lons
such as Ca®*, are highly chaotropic, CI" is neither kosmotropic of

chaotropic, and K* and Na* are kosmotropic, with K+ being
slightly more kosmotropic.

In the final formulation of the eADF4(C16) and eADF4(C16)-
RGD hydrogels prepared with DMEM, the molarity is 16.43 mM for
NaCl, 0.80 mM for KCl, and 0.27 mM for CaCl,. An example cal-
culation for NaCl is shown below in Eq. (1). The entire value is
multiplied by 0.15 to account for the fact that the final con-
centration of DMEM is 15% v/v.

6.4g/L/58.44g/mol*1000 mM/1 M#0.15 = 16.43 mM NaCl )

3.2. Structural characterization of eADF4(C16) and eADF4(C16)-RGD
hydrogels

The consensus motif (C-module) comprises 35 amino acids
with one (Ala)g stretch able to form P-sheets as well as glycine/
proline rich GPGXY repeats remaining disordered or helical in
solution [26,29,30]. When the protein converts from the soluble to
the insoluble state, there is an increase in the amount of -sheet
rich structures [21,26]. Therefore, the gelation process of eADF4
(C16) and eADF4(C16)-RGD can be characterized by the formation
of nanofibrils accompanied by this change in secondary structure.
Here, it was investigated if the presence of 15% v/v cell culture
media influences the secondary structure of eADF4(C16) and
eADF4(C16)-RGD hydrogels using FTIR spectroscopy. Fourier self-
deconvolution (FSD) of the amide I band allowed assignment of
individual secondary structure elements (Table 1) [23-26].

The hydrogels fabricated in the absence or presence of DMEM
were indistinguishable concerning their secondary structure
composition; all hydrogels showed an overall (-sheet content
between 45% and 47%.

3.3. Morphological analysis of the fibrillary network

The morphology of the fibrils and fibrillary network of the 3%
w/v eADF4(C16) and eADF4(C16)-RGD hydrogels in presence of
cell culture media were evaluated using transmission electron
microscopy (TEM) (Fig. 1A and B).

3% w|v eADF4(C16) hydrogels were organized by nanofibrils
with a diameter of around 10 nm as shown previously, while 3% w/
v eADF4(C16)-RGD hydrogels showed slightly thinner nanofibrils
with a diameter of around 7 nm [32]. In addition, the fibrillary
network of eADF4(C16)-RGD hydrogels was more densely packed
in comparison to that of eADF4(C16) hydrogels. However, the
presence of DMEM had no apparent influence on the gross mor-
phology of the hydrogels; although there appeared to be a change
in opacity, as confirmed by turbidity measurements, likely origi-
nating from the slightly denser packing.

Table 1

Secondary structure elements of 3% eADF4(C16) and 3% eADF4(C16)-RGD made in
the absence or the presence of DMEM (15% v/v). Structural contents were calcu-
lated using Fourier self-deconvolution (FSD) of the amide I bands.

Secondary structure content|%

Secondary = Wavenumber 3% C16 3% C16, 3% C16-RGD 3% C16-
structure®  range/ cm ™! 15% RGD, 15%
DMEM DMEM
a-helices 1656-1662 89+03 85+01 87406 75+ 11
B-sheets 1616-1637, 447 +13 471+18 451+08 46.1+2.5
1697-1703
Random 1638-1655 225+09 21.7+03 23.0+0.2 219+0.2
coils
Turns 1663-1696 213+04 214+05 20.7+0.6 21.9+0.7
Side chains 1595-1615 26+11 13+22 25104 26+10

¢ Peak assignment taken from literature [23,31].
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Fig. 1. (A, B) TEM images of hydrogels made of self-assembled recombinant spider silk fibrils. (A) 3% eADF4(C16), (B) 3% eADF4(C16)-RGD. (C-E) Time-dependent turbidity
changes (indicative of nanofibril formation) [21] of 3% eADF4(C16) and 3% eADF4(C16)-RGD solutions in the absence and presence of DMEM (15% v/v) as indicated at 37 °C.
(C) Changes in turbidity were quantified at 570 nm and normalized to the highest value. Each data point is averaged from three independent samples. 3% eADF4(C16)
hydrogels in the absence of DMEM (D) and presence of DMEM (15% v/v) (E) after 2 h of incubation at 37 °C.

3.4. Effects of cell culture media on the gelation process

Physical crosslinking in recombinant spider silk protein hy-
drogels occurs due to the formation of inter- and intramolecular
interactions among the proteins based on hydrogen bonds and
hydrophobic interactions [22]. To analyze the impact of the ions
and the ionic strength of the DMEM on the assembly rate of the
network, the turbidity of each sample was monitored at 570 nm in
a time-dependent manner (Fig. 1C).

Hydrogel formation in the presence of DMEM exhibited more
rapid gelation in comparison to that without DMEM. For 3% w/v
eADF4(C16)-RGD hydrogels, the gelation process began im-
mediately after dialysis and was completed after around 10-15 h.
Formation of hydrogels made of 3% eADF4(C16) had a 5h lag-
phase and took overall longer to complete. It was also observed
that DMEM had a significantly greater influence on the rate of
hydrogel formation of eADF4(C16)-RGD compared to that of eADF4
(C16). This could be due to the additional charge residues on the
RGD sequence for ionic bonding.

3.5. Rheological characterization of eADF4(C16) and eADF4(C16)-
RGD hydrogels

Previously it has been shown that eADF4(C16) hydrogels de-
monstrate elastic moduli similar to most polymers, within the

regime of most human tissues and organs, with the exception of
bone tissue [21,33-35]. To determine the effects of cations (ex-
emplary Ca®* was tested) and DMEM on the mechanical proper-
ties of spider silk hydrogels, their stiffness was determined using
rheology (Fig. 2).

The addition of 5 mM CaCl, to 3% w/v eADF4(C16)-RGD hy-
drogels resulted in a 1000 x increase of shear stress, while the
shear stress of 3% w/v eADF4(C16) hydrogels increased just 400 x
at the same applied strain. Divalent ions decrease repulsive elec-
trostatic interactions, and forces that favor intermolecular asso-
ciation reactions can prevail [36]. Additionally, COO~ ions of
amino acid side chains in the spidroins by ionic interactions, and
therefore result in a significant increase in the mechanical stiff-
ness. Interestingly, the effect of DMEM was more significant than
CaCl, alone. As DMEM is a highly complex electrolyte solution,
there is most likely multiple types of ionic bonding.

Previously it was shown that hydrogels made of 3% w/v eADF4
(C16) exhibit shear thinning behavior, in contrast to hydrogels
made of silk fibroin [15,37]. To analyze the impact of DMEM on the
shear-thinning behavior of the spider silk hydrogels, they were
characterized using a steady state flow mode (Fig. 3).

All analyzed samples showed shear thinning behavior, with
high viscosity at low angular frequencies and a decrease in visc-
osity at higher frequencies. However, the addition of DMEM lead
to higher viscosities at low shear rates. Interestingly, no
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Fig. 2. Rheological characterization of hydrogels made of recombinant spider silk
proteins. Stress-strain curves of 3% w/v eADF4(C16) and 3% w/v eADF4(C16)-RGD
hydrogels in the absence and presence of 5 mM CaCl, and DMEM (15% v/v).
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Fig. 3. Viscosity measurements with increasing shear rate of 3% w/v eADF4(C16) and
3% w/v eADF4(C16)-RGD hydrogels in the absence and presence of DMEM (15% v/v).

differences in viscosity between 3% w/v eADF4(C16) and 3% w/v
eADF4(C16)-RGD was observed.

4. Conclusion

In this work, recombinant spider silk protein-based hydrogels
were characterized in the presence or absence of Dulbecco's Mod-
ified Eagle Medium (DMEM). The formulation of DMEM contains
many ions which are identified as important for the self-assembly
process of spider silk proteins [27]. Data showed similar secondary
structures and fibril formation, regardless of the addition of DMEM,
and therefore differences seen in the hydrogel's stiffness, viscosity, or
turbidity can be related instead to the formation of additional phy-
sical crosslinks to the presence of monovalent and bivalent cations
[22,38]. However, which is an important property for 3D printing, the
shear thinning behavior is maintained, this being important for ap-
plications of spider silk hydrogels as bioinks.
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Appendix A

Hydrogel preparation: eADF4(C16) (MW: 47698 g mol~') and
eADF4(C16)-RGD (MW: 48583 g mol ') were produced and pur-
ified as described previously [16,18]. Lyophilized eADF4(C16) and
eADF4(C16)-RGD were dissolved in 6 M guanidinium thiocyanate
at 4 mg/mL and dialyzed against 10 mM Tris/HCl, pH 7.5 overnight
at room temperature using dialysis membranes with a molecular
weight cutoff of 6000-8000 Da. Subsequent dialysis against 25%
w/v poly(ethylenglycol) (PEG, 20,000 g mol~') with a volume ex-
tent of PEG between 50 and 400 was used to adjust 30 mg/mL (3%
w/v) silk solutions as described previously [21]. Hydrogels were
formed overnight at 37 °C and 95% relative humidity [21].
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Spider silk has extraordinary mechanical properties, is
biocompatible and biodegradable, and therefore an ideal
material for biomedical applications. However, a drawback for
any application is the inhomogeneity of spider silk, as seen for
other natural materials, as well as the low availability due to the
cannibalism of most spiders. Recently, developed recombinant
spider silk proteins ensure constant material properties, as well
as scalable production, and further the processing into
morphologies other than fibres. Biotechnology enables genetic
modification, broadening the range of applications, such as
implant coatings, scaffolds for tissue engineering, wound
dressing devices as well as drug delivery systems.
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Introduction

Spider silk fibres fascinate scientists especially due to
their extraordinary mechanical properties [1]. The com-
bination of strength and elasticity provides a toughness no
other natural or synthetic fibre can achieve [2]. Addition-
ally, spider silk is biocompatible, biodegradable and
shows hypoallergenic properties suitable for biomedical
applications [3,4].

Importantly, spider silk reflects an entire class of materials
with different properties, since spiders can produce

several types of silk (for an overview see Heidebrecht
and Scheibel [5°°]). The best characterised spider silk is
the Major Ampullate (MA)/Dragline silk, constituting the
outer frame of orb webs, serving also as a lifeline for the
spider and which will be exclusively discussed herein [6].
Two classes of Major Ampullate spidroins have been
identified in dragline fibres, called MaSp1l and MaSp2,
which differ in proline content and hydrophobicity [7]. All
Major Ampullate spidroins consist of a highly repetitive
core domain, flanked by non-repetitive termini [8]. In the
core domain distinct amino acid motifs (glycine-rich
repeats and polyalanine blocks) enable secondary struc-
tures (random coil/helical and B-sheet) accounting for the
mechanical properties of the fibre [8-11]. The terminal
domains play an important role during storage of spidroins
as a spinning dope in the gland and during the initiation of
fibre assembly in the spinning duct [12-15].

For centuries, spider’s webs have been successfully used
to stop bleeding and to promote wound healing [16].
Recently, spidersilk has been used as an artificial support
for nerve regeneration [17,18]. Defects of peripheral
nerves can be repaired by a composite nerve graft made
ofacellularized veins, spider silk fibres and Schwann cells
(SC) mixed with matrigel (a solubilized tissue basement
membrane matrix rich in extracellular matrix proteins).
In adult sheep, spider silk enhanced Schwann cell
migration, axonal-regrowth and remyelination including
electrophysiological recovery in a 6.0 cm tibial nerve
defect [19°°]. Further, native spider silk fibres were
tested as a braided microsurgical suture to substitute
conventional materials in microsurgery and neurosurgery
[20,21]. It was shown that the mechanical properties of
braided spider silk sutures were superior to those of
nylon, the current clinical gold-standard [21]. However,
one major drawback of natural spider silk sutures is the
inhomogeneity of the fibres, as seen with other natural
materials, since differences in silk properties occur be-
tween individual spiders and even within single individ-
uals upon environmental changes. Another drawback
is the low availability of natural material due to
problems in farming based on the cannibalistic behaviour
of spiders [22,23].

Biotechnological production of spider silk proteins, as
well as the development of silk processing techniques
enabled the supply of engineered silk materials for bio-
medical applications, such as implant coatings, drug
delivery systems or scaffolds for tissue engineering, which
are reviewed herein.
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Genetic engineering to achieve functional spider silk proteins.

Recombinant production of engineered spider
silk proteins

In the last decades, several prokaryotic and eukaryotic
hosts have been tested concerning recombinant pro-
duction of spider silk proteins, as recently summarized
in Heidebrecht and Scheibel [5°°].

The benefits of recombinant spider silk proteins (RSSP)
are the homogeneity of the starting material as well as the
controllable processability into different morphologies,
like films, hydrogels, particles or non-woven meshes for
various applications [24-29]. Further, biotechnology
enables genetic engineering to directly incorporate func-
tional groups into the RSSPs (Figure 1) [24,25,30°].

The simplest genetic modification is the incorporation of
individual amino acid residues with chemically specific
side chains, like cysteine residues comprising thiol
groups. A cysteine variant of the RSSP eADF4(C16)
(based on the dragline silk protein ADF4 of A. diadematus)
allowed the covalent coupling of peptides, enzymes or
particles before and after silk processing into materials,
demonstrating its potential for a broad range of appli-
cations [25,30°].

Engineered spider silk proteins comprising functional
peptide sequences

For biomaterials applications, specific interactions be-
tween cells and the surface of a material are essential.
Spider silk proteins can be exemplarily modified with cell
adhesive peptides to improve cell binding, such as the
integrin-binding motif RGD (Arg-Gly-Asp) (Figure 1)
[28,30°,31,32]. Films made of eADF4(C16)-RGD showed
a significantly improved attachment and proliferation of
fibroblasts (BALLB/3T3) in comparison to unmodified
eADF4(C16) films [30°]. Another RSSP, 4RepCT,
genetically functionalized with RGD or the cell binding
peptides IKVAV, naturally found in the laminin a1 chain,
or YIGSR, present in the B1 chain, were processed into
fibres, foams and films [33,34]. The adhesion of all tested
cell types (fibroblasts, keratinocytes, endothelial and
Schwann cells) was significantly improved on RGD-
modified in comparison to unmodified 4RepCT films.
While only Schwann cells adhered better on matrices
comprising the IKVAV-motif, no clear effect of YIGSR
could be detected on any of the selected cell types [35].

Functionalizing spider silk proteins or silk hybrids with
antimicrobial peptides could be a new approach to

www.sciencedirect.com
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achieve multifunctional biomaterials in order to suppress
infections in combination with for example, supporting
cell growth. Recently, the human antimicrobial peptides
human neutrophil defensin 2 (HNP-2), human neutrophil
defensin 4 (HNP-4) and hepcidin were fused to an RSSP
6mer, based on the sequence of MaSpl from Nephila
clavipes (N. clavipes) (Figure 1). The silk hybrids were
processed into films showing antimicrobial activity
against Gram negative K. co/i and Gram positive §. aureus.
In addition, /z vitro cell culture studies (cytotoxicity/
proliferation) with a human osteosarcoma cell line
(SaOs-2) demonstrated the compatibility of these films
with mammalian cells [36]. I7 vivo studies in mice showed
that the silk-hepcidin protein was highly biocompatible,
causing a mild to low inflammatory reaction [37]. In a
similar approach, a hybrid between spider silk and a silver
binding peptide was produced, which could be processed
into films. These films nucleated silver ions from a
solution of silver nitrate and inhibited afterwards
microbial growth of Gram positive as well as Gram
negative bacteria i vitro [38].

Silica binding peptides were fused to a consensus
sequence of N. clavipes MaSpl introducing silicifying
properties [39]. Films thereof promoted osteoblast de-
velopment with the upregulation of key markers associ-
ated with bone formation [40,41].

Other peptides, such as cell penetrating and cell mem-
brane destabilizing peptides (CPPs) are useful candi-
dates, for example, for promoting gene transfer. In this
context, recombinant spider silk—polylysine fusions with
a ppT'G1 peptide, a lysine-rich cell membrane destabiliz-
ing peptide to bind plasmid DNA (pDNA), were
designed as a highly efficient gene carrier. The newly
generated fusion proteins showed useful transfection
efficiency, comparable to the transfection reagent Lipo-
fectamine 2000, and at the same time the possibility to
control gene release by controlling enzymatic degradation
rates of the complexes [42].

Engineering of chimeric spider silk proteins

Chimeric proteins consisting of the RSSP 6mer and the
bone sialoprotein (BSP) were processed into films as a
support for bone regeneration. Compared to the control
(6mer silk films), the Young’s modulus of films made of the
chimeric silk protein was significantly increased. Further-
more, the chimeric protein retained the ability to form
supramolecular aggregates, and in the presence of Ca**
ions these aggregates generated networks [43—45]. In vitro
studies have demonstrated that human mesenchymal stem
cells proliferated and differentiated into the osteogenic
lineage on 6mer + BSP films. The presence of cell binding
domains in BSP (such as RGD) may be responsible for the
cell response when compared to silk alone. For the plain
6mer films, osteoblast-like morphology was not as evident,

and a reduction on viability/proliferation was observed
after 3, 7 and 14 days in osteogenic medium [46,47].

Chimeric proteins based on N. clavipes MaSpl, and the
dentin matrix protein 1 (CDMP1), which provides con-
trolled nucleation and crystallization of hydroxyapatite,
targeted self-assembled silk structures with controlled
hydroxyapatite (HA) mineralization. Upon processing
into films, mineralization was initiated using simulated
body fluids (SBF) [48]. Mineralized silk films mediated
and promoted bone regeneration around wounds and
promoted osteoblastic differentiation in a three dimen-
sional scaffold [49-52].

Processing of engineered spider silk proteins
for biomedical applications

Spider silk proteins can be processed into coatings which
can be used to improve the biocompatibility and the
surface properties of biomaterials, such as medical grade
silicone implants. Silicones are highly resistant against
hydrolytic and enzymatic degradation, otherwise they are
considerably hydrophobic. Thus, adhesion of unspecific
proteins and cells as well as proliferation of inflammatory
and pro-fibrotic cells is promoted, all of which trigger
foreign body-associated fibrosis [53,54]. The most fre-
quently identified complication is capsular fibrosis, which
occurs in up to 27% of the patients in the first year after
surgery, and no modification of the silicone surface tested
showed beneficial effects so far [55-57]. Coatings of
eADF4(C16) yielded reduced fibrosis and contraction
upon implantation in rats, since the silk coating inhibited
fibroblast adhesion, proliferation and collagen I synthesis.
Additionally, significant reduction in capsule thickness,
post-operative inflammation and re-modeling of extra-
cellular matrix were observed for silk coated implants in
comparison to uncoated ones [58°].

Non-woven meshes made of natural (e.g. collagen,
fibroin) or synthetic (e.g. PLGA, PCL) polymers have
a great potential as an artificial extracellular matrix
(ECM) useful for wound healing and tissue engineering
[59]. Electrospinning of eADF4(C16) yielded a mesh
enabling the adhesion of fibroblasts (BALLB/3T'3) as well
as their proliferation [28]. In contrast, fibroblasts did not
adhere and proliferate on flat films indicating that the
topography of a silk scaffold influences cell-matrix inter-
actions [32]. Therefore, structured films were analysed to
learn more about the influence of topographies on cell
attachment [32,60]. Patterned silk films were made of two
different silk proteins (RSSP and recombinant lacewing
silk protein) using a Polydimethylsiloxan (PDMS) stamp.
Both, fibroblasts (BALB/3T3) and myoblasts (C2C12),
preferably adhered and aligned on the ground layer
(RSSP) and not on the ridges (recombinant lacewing silk
protein) [60]. In general, it can be stated that in the
absence of specific cell adhesion domains (such as
RGD), charge, wettability and topography of a surface
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Figure 2
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Overview of unspecific cell-matrix interactions determined by wettability and topography, as well as specific cell-matrix interactions mediated by
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Processing of recombinant spider silk proteins into colloidal systems for various biomaterials applications, such as drug, gene or enzyme delivery or
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Possible applications of spider silk materials in biomedicine. Recombinant spider silk proteins can be processed into morphologies other than fibres,

broadening the spectrum of possible applications.

play an important role for cell attachment (Figure 2)
[28,32]. Interestingly, in case of the patterned silk films
the presence of the RGD-cell binding motif did not
significantly improve cell binding, indicating the
importance of topography [60].

In vitro studies demonstrated that three-dimensional
porous scaffolds made of the RSSP rS1/9 allowed mouse
fibroblast adhesion and proliferation. Within one week,
cells migrated into the deeper layers of the porous scaf-
folds [61]. Next, porous scaffolds made of rS1/9 and
natural silkworm fibroin were compared concerning
microstructure and physiological behaviour. There was
a detectable difference in the microstructure with the
walls of the rS1/9 scaffolds being thicker and containing
specific micropores in contrast to fibroin-based ones
[62°°]. The vascularization and intergrowth of the con-
nective tissue, penetrated with nerve fibres, was more
prominent in Balb/c mice 8 weeks after subcutancous
implantation using the rS1/9 scaffolds. Further, after

implantation into bone defects of Wistar rats, the regen-
eration, accounting the number of macrophages and
multinuclear giant cells, was better in case of the rS1/9
scaffolds.

Foams and fibre-based matrices made of 4RepC'T sup-
ported growth, attachment and collagen type I production
of human primary fibroblast. Further, macroscopic
4RepCT fibres were well tolerated when implanted sub-
cutaneously in rats. In contrast to the control using silk-
worm silk (Mersilk ™) fibres, 4RepCT-fibres supported
ingrowth of fibroblasts and formation of capillaries in the
centre of 4RepC'T fibre bundles, indicating that 4RepCT
is superior in supporting the physiological migration of
fibroblasts and angioblasts [63,64]. Yang et al., 2010 used
supersaturated simulated body fluids to deposit calcium
phosphate coatings on 4RepC'T spider silk fibre bundles,
yielding a homogeneous and thick crystalline calcium
phosphate (CaP) layer, which was a perfect template
for bone marrow-derived hMSCs [65].
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RSSP can further be used to encapsulate active ingredi-
ents including drugs, proteins, genes and cells for delivery
or diagnostics (Figure 3) [66-68]. Low molecular weight
drugs as well as proteins can be loaded into eADF4(C16)
particles, which makes these slowly biodegradable
particles a promising drug carrier system, with uptake
and release of water-soluble substances being controlled
by processing conditions and crosslinking [66—68].

Spider silk particles can also be used as gene carriers for
tumour cell-specific delivery. Importantly, pDNA com-
plexes of RSSP containing poly(L-lysine) and the
tumour-homing peptides (THPs) F3 and CGKRK
showed significantly higher target specificity to tumour
cells and transfection efficiency in comparison to pDNA
complexes of recombinant spider silk proteins without
THP [69°°,70].

Microcapsules made of eADF4(C16) resemble an
enclosed reaction chamber with a semipermeable mem-
brane, in which reactions can be initiated from outside.
Further, the capsules can protect the enzyme (3-galacto-
sidase was used as a model) against proteolysis. Recently
established eADF4(C16) capsules are therefore promis-
ing tunable as well as protective enzyme reaction contain-
ers for technical and medical applications [71°].

Conclusion

In the past five years, the establishment of engineered
recombinant spider silk proteins has led to a steadily
increasing number of putative applications of spider silk
materials (Figure 4).

The benefits of recombinantly produced spider silk
proteins include the high quality and homogeneity of the
raw material. Biotechnological production is further easily
scalable, and processing as well as functionalization through
genetic engineering are controllable. By incorporation of
individual amino acids, functional peptide sequences or
even proteins, novel spider silk hybrid proteins can be
designed with a combination of natural and non-natural
silk features, opening the road towards novel multifunc-
tional (bio-) materials.
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Abstract: Despite significant investment in tissue engineering over the past 20 years, few tissue engineered
products have made it to market. One of the reasons is the poor control over the 3D arrangement of the scaffold’s
components. Biofabrication is a new field of research that exploits 3D printing technologies with high spatial
resolution for the simultaneous processing of cells and biomaterials into 3D constructs suitable for tissue engi-
neering. Cell-encapsulating biomaterials used in 3D bioprinting are referred to as bioinks. This review consists
of: (1) an introduction of biofabrication, (2) an introduction of 3D bioprinting, (3) the requirements of bioinks,
(4) existing bioinks, and (5) a specific example of a recombinant spider silk bioink. The recombinant spider
silk bioink will be used as an example because its unmodified hydrogel format fits the basic requirements of
bioinks: to be printable and at the same time cytocompatible. The bioink exhibited both cytocompatible (self-
assembly, high cell viability) and printable (injectable, shear-thinning, high shape fidelity) qualities. Although
improvements can be made, it is clear from this system that, with the appropriate bioink, many of the existing
faults in tissue-like structures produced by 3D bioprinting can be minimized.

Keywords: biofabrication; bioink; biomaterials; biomedical applications; 3D bioprinting; biotechnology;
NICE-2014; spider silk.

Biofabrication

In 1907, a protocol was first described for maintaining the viability of isolated tissue outside of an organ-
ism [1]. This technique, called in vitro tissue culture, catalyzed a boom of biologically-based technology and
debate over the possibilities and implications of this development. One of the most exciting technologies
which emerged is tissue engineering. Traditionally, tissue engineering is the modular assembly of biomateri-

Article note: A collection of invited papers based on presentations at the 2" International Conference on Bioinspired and
Biobased Chemistry and Materials: Nature Inspires Chemical Engineers (NICE-2014), Nice, France, 15-17 October 2014.

aThe authors contributed equally to this work.

*Corresponding author: Thomas Scheibel, Lehrstuhl Biomaterialien, Universitat Bayreuth, UniversitatsstraBe 30, 95447
Bayreuth, Germany, e-mail: thomas.scheibel@bm.uni-bayreuth.de; Bayreuther Zentrum fiir Kolloide und Grenzflachen (BZKG),
Universitdt Bayreuth, UniversitatsstraBe 30, 95440 Bayreuth, Germany; Institut fiir Bio-Makromolekiile (bio-mac), Universitat
Bayreuth, Universitatsstrae 30, 95440 Bayreuth, Germany; Bayreuther Zentrum fiir Molekulare Biowissenschaften (BZMB),
Universitdt Bayreuth, UniversitatsstraBe 30, 95440 Bayreuth, Germany; and Bayreuther Materialzentrum (BayMAT), Universitat
Bayreuth, Universitatsstrafie 30, 95440 Bayreuth, Germany

Elise DeSimone and Kristin Schacht: Lehrstuhl Biomaterialien, Universitat Bayreuth, Universitatsstrafie 30, 95447 Bayreuth,
Germany

Tomasz Jungst and Jiirgen Groll: Lehrstuhl fiir Funktionswerkstoffe der Medizin und der Zahnheilkunde, Universitat Wiirzburg,
Pleicherwall 2, 97070 Wiirzburg, Germany

© 2015 IUPAC & De Gruyter


mailto:thomas.scheibel@bm.uni-bayreuth.de

738 —— E.DeSimone etal.: Biofabrication of 3D constructs DE GRUYTER

als, cells and biochemical factors into tissue-like constructs [2]. Most accept the premise that in order to do
this successfully one must, to some degree, mimic the properties of the target tissue. These constructs are
immediately implanted or incubated in vitro prior to implantation. Relevant applications of tissue engineer-
ing include, but are not limited to: implants for regenerative medicine [3], in vitro models [4], biobots [5], and
alternative food-sources [6]. Although tissue engineering has shown promise towards these applications, few
have been approved for consumer use.

The high attrition rates of tissue engineered products are often hypothesized to be due to the modularity
of the approach. It results in high variability in the spatial arrangement of the different components (biomate-
rials, cells, soluble and insoluble biochemical entities). This is problematic for presentation of factors to cells,
which direct their behavior, as well as the architecture-dependent mechanical properties of these materials
[7]. Due to the intimate relationship between structure and function in biological systems, which is observed
across size scales, the success of tissue engineering is thereby limited by this poor control over hierarchical
structures and their assembly [8, 9]. To overcome these limits, novel technologies have been established:
cell-sheet technology, embedding or molding, centrifuge casting, dielectrophoresis, magnetic-force driven
cell-motion, micro-fluidics, biospraying and 3D bioprinting (Table 1). Of these, perhaps the most interest-
ing is the process of 3D bioprinting (3DBP). In this context, biofabrication can be defined as the automated,

Table 1: Published techniques in biofabrication and their basic, generalized process.

Technique Basic process References
Embedding or 1. Suspension of cells in polymer solution [10, 11]
molding 2. Addition of crosslinker or induction of crosslinking conditions

3. Encapsulation of cells in crosslinked polymer solution, typically within a vessel
which results in a defined 3D shape
. Removal of construct from mold if necessary
. Suspension of cells in polymer solution [12]
. Addition of crosslinker or induction of crosslinking conditions
. Cell-polymer solution transferred to vessel with defined 3D shape
. Centrifugation during polymerization of construct
. Removal of construct from mold if necessary
. Suspension of cells in a viscous polymer solution [13]
. Application of spatially non-uniform electric field
. Movement of cells, depending on the set-up, towards low or high field intensities
. Rapid polymerization of the solution, and encapsulation of cells
. Labeling of cells with magnetic nanoparticles [14]
. Cells cultured under magnetic field until monolayer formation
. Repositioning of cell monolayer onto a magnetized, positive mold
. Removal of cell-based constructs from mold
. Pre-fabrication of cell-laden constructs as ‘building blocks’ [15, 16]
. Flowing of constructs through microfluidic channels to a collection site
. Fusion of the constructs at the collection site
. Culture cells on a ‘smart polymer’ surface until monolayer formation; many [17]
cultures are done in parallel
2. Release of an undisrupted monolayer from the polymer’s surface upon external
stimulus (e.g. UV)
. Layering of monolayers to create 3D constructs
. Suspension of cells in polymer solution [18, 19]
. Placement of polymer solution into a chamber with a nozzle
. Application of pressure resulting in a controlled spray of the material
. Generation of 3D image [20-22]
. Dissection of image into 2D layers
. Translation of data to 3D printer
. Layer-by-layer printing until construct completion
. Post-processing if necessary

Centrifuge casting

Dielectrophoresis

Magnetic-force
driven cell-motion

Micro-fluidics

B W NERE, DM WNRDWUWNR, OGO WNDR D

Cell sheet

Biospraying

3D bioprinting

v WNEPE WP, W
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additive assembly of a biological construct by 3D patterning of cells and biomaterials in one processing step
[23, 24]. Although each of the named methods has unique advantages, 3DBP is often considered the most
valuable technique for tissue engineering/biofabrication due to it having the best spatial control over specific
components of the system.

The purpose of this review is to give the theoretical framework of 3DBP, and based on this framework to
critically evaluate the recent success of the technology with a particular focus on its use in printing silk-based
bioinks; bioinks are materials which are compatible with the 3DBP process.

3D bioprinting (3DBP)

3D printing, first patented by Charles W. Hull in 1986, is rapid fabrication of physical, three-dimensional mor-
phologies [25]. The process can be divided into five steps: (1) generation of a 3D image, (2) re-definition of the
3D image into a stack of 2D layers by an user-demarcated thickness, (3) interfacing this data with the printer,
(4) printing a layer of the previously defined thickness one-by-one until the construct is complete, and (5) any
necessary post-processing of the material [26-29]. The last step, post-processing, will be discussed in greater
detail in later sections, as this is dependent on the material which is used. Although this process applies to most
of the existing 3D printers, it should be said that this is a general description: there are many types of 3D print-
ing. As such, the nomenclature for this field is broad, and there is great variety depending on the subfield. For
example, some are based on the use of solid or liquid materials in the printing process, while others are based
on how the 3D object is created, for example, by adding material a layer at a time (additive manufacturing) [30].

3D printing fitting the definition of biofabrication is referred to as 3D bioprinting (3DBP). Its anatomical
elements include: the print head, the material cartridge, the actuator, the nozzle, the working area, and the
print stage. The print head is the part which connects precise, motor-controlled movement with actuation
of the material. The material cartridge holds the biomaterial and the cells to be printed under user-specified
conditions. The actuator is some element which applies pressure to cause material deposition. The nozzle
is the orifice, frequently a blunt needle, from which material is ejected. The print stage is the surface which
the 3D scaffold is printed onto, and in many set-ups also provides further motor-control. The working area is
the volume of space available for the construct. 3D bioprinters are most commonly classified based on their
mechanism of material deposition: extrusion, inkjet, or laser-assisted bioprinting (LAB).

Extrusion 3DBP, sometimes referred to as direct-write printing, is a set-up where the mechanical or pneu-
matic pressure is applied to a cartridge of material to extrude a continuous solution [31]. In the case of inkjet
3DBP, heat or acoustic energy is used to propel droplets of solution; the pressure in the cartridge is kept con-
stant with compressed gas [32]. In LAB, a high energy density beam is directed through a glass slide onto an
energy absorbing layer, typically gold or titanium, and the focused energy causes the formation of a concave
pocket in the material layer, and subsequently droplets or a jet being propelled towards a collector [33,
34]. Generally, the final printed volume is composed of single droplets; therefore they are correspondingly
depicted in Fig. 1. Each of these actuation mechanisms has direct and indirect effects. The direct, downstream
effects are on the materials which can be printed and on the shape of the volume which is printed (Fig. 1).

In order to be suitable for biofabrication, the most critical characteristics of a 3DBP process are that it
is (1) cell-friendly, (2) reproducible and practical, (3) it allows for printing complex physical and chemical
gradients, and (4) geometric structures. The performance of printers is typically evaluated by cell density
and viability (fulfills requirement 1), process speed, resolution and accuracy (fulfills requirement 2), and the
range of printable materials (fulfills requirement 3 and 4). How well these different printer set-ups generally
perform will now be discussed based on these requirements.

Extrusion printing

From this basic set-up there are many interesting variations, for example coaxial needle design [37] or
complex robotic joints to increase the degree of geometric freedom [38]. In biofabrication the resolution of
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Fig. 1: The different types of 3D bioprinting set-ups. They are defined based on their mechanism of material deposition, the
viscosity range of printable materials, and the morphology of the printed volume (i.e. fiber or droplet). These definitions are
given in relation to a representation of a print head which shows the actuator, the housing, the material cartridge, and the
nozzle (needle) [26, 32, 35, 36].

this technique is mainly limited by requirement 1 mentioned in the chapter above. Cell-free inks enable fiber
diameters, and thus resolutions of this method, to be as small as 10 um [39]. Using cell-loaded bioinks limits
the nozzle diameter and leads to a decrease in resolution to dimensions in the range of 200 um. This limita-
tion in resolution is accompanied by an increase in fabrication speed, as such extrusion printing enables
generating 3D structures of clinically-relevant sizes in a reasonable period of time [29]. In terms of the effects
on cells, cells can be printed at densities of several million/mL, and there is a wide potential for cell viability
post-printing; the cell viability ranges from as low as 40 % to as high as 97 % post-printing [26, 40]. Based
on this broad range, which is also compared across similar processing conditions (temperature and shear
stress), it is reasonable to conclude that cell viability is significantly affected by the bioink which is used.
Further, the attractiveness of this type of system is the wide-range of printable materials. In general, provid-
ing printable, biocompatible materials is a greater challenge in the field than the printing technology itself,
as will be discussed in the later section, Bioinks.
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Inkjet printing

Inkjet systems are the next most commonly used technique for 3DBP. The variables considered for the printed
volume (size, shape, speed) are pressure in the material cartridge, rate of nozzle opening and nozzle size. Its
performance allows cell viability of ~85 % and a resolution of 50 um [26]. Compared to the other methods dis-
cussed in this review inkjet printing based on commercially available inkjet printers suffers from the lowest
cell density (typically <1 million cells/mL) which can be printed [26]. Inkjet printing is also limited to a narrow
range of low material viscosities to avoid nozzle clogging or application of cell-damaging forces. There have
been, however, some adaptations used to prevent these problems, for example, nozzle-free ejection [26].

Laser-assisted bioprinting (LAB)

LAB is the least commonly used technique due to the complexity of the set-up, and the fabrication systems
not being commercially available. However, this should not indicate that it is not a valuable technique. A
distinct advantage of LAB is the absence of nozzle clogging, allowing a wide-range of rheological material
properties, although the non-dynamic viscosity range is limited compared to extrusion printing [36]. LAB has
exceptional resolution in the 10-micron range without affecting the cell viability as compared to the other
techniques. The process reliably has cell viabilities above 95 %, and can be used with cell densities of up to
108 cells/mL [26]. Unfortunately, in spite of these attractive features from the technical point of view, LAB
alone is unable to reach clinically-relevant construct volumes in a reasonable timeframe. This is because of
the low volume of printing material in the donor layer as well as of printed droplets. Therefore, LAB might be
limited in its practical applications in tissue engineering in the future.

Bioinks

In 3D bioprinting (3DBP) the term “bioinks” is used to describe cell-encapsulating material-matrices which
combine printability with cytocompatibility. These demands are quite high and often result in contradicting
requirements, making bioinks one great challenge in biofabrication. An ideal bioink can be printed, has high
shape-fidelity upon printing, is cytocompatible, and is tailored to its target tissue. Amongst studied bioinks,
hydrogels have had the greatest tendency towards success [29].

The major physicochemical parameters determining the printability of a hydrogel are their viscosity and
their rheological properties. During 3DBP, the bioink should extrude smoothly and undergo a rapid gelation
after printing. If the bioink is already pre-gelled, then the printing process should not result in irreversible
damage of the polymer network. Adequate mechanical properties, which can be tailored by polymer con-
centration or crosslinking of the hydrogel, are necessary to retain the designed and fabricated shape up to
clinically-relevant sizes [41]. As previously stated, the requirements imposed by the technique for the bioinks
tend to conflict with the biological requirements imposed by the cellular components. The final constructs
should allow migration, proliferation and support targeted differentiation of encapsulated cells, which typi-
cally calls for a soft substrate. Additionally, the gelation process should be mild and cell friendly [20]. Finally,
once the hydrogel precursors have been printed and the cells have survived, the scaffold must degrade at a
pre-determined rate when exposed to physiological conditions found in the target tissue [42]. Refer to Fig. 2
for representation of these requirements.

Established bioinks

Existingbioinksincludenatural (e.g. alginate, fibrin, collagenand gelatin) and synthetic [e.g. poly(ethylenglycol)
(PEG), polylactic acid (PLA)], polymers as well as modified versions of these polymers. The most commonly
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Fig. 2: Physicochemical and physiological requirements of the bioink. Physicochemical properties are related to the printabil-
ity by the viscosity and macromolecular structure of the material. The printed construct should also allow for diffusion, relating
the printed architecture to the cytocompatibility. The physiological activity is related to cytocompatibility by the degradation
products, the behavior under physiological conditions, and the biological activity (e.g. cell binding motifs). The final product,
the cell-loaded construct, should seamlessly combine these qualities.

used bioinks are the unmodified, natural polymers processed as hydrogels, and will therefore be the focus of
this discussion; natural polymers are the only biomaterials whose fabrication process can be directly used for
3DBP [43, 44]. For more detailed information, refer to Table 2 and to Malda et al. [29].

Alginate is one of the most commonly used materials for 3DBP. As a biomaterial in general, alginate has
been confirmed to be beneficial for cell viability and differentiation [42], as well as drug delivery [43, 45].
However, alginate-based bioinks also degrade rapidly, translate poorly when used with human-derived cells,
and have a limited amount of bioactive binding sites [42, 43, 46]. The next most commonly used bioink is
fibrin which has been used due to its success when cultured with neurons [22, 47] and the ability for auto-
logous sourcing [48]. However, fibrin hydrogels possess poor mechanical properties for most applications
and degrade before construct maturation [49, 50]. The last most commonly used hydrogel is collagen and
its derivative, gelatin. Collagen possesses a major advantage in being biodegradable, biocompatible, easily
available and highly versatile [32]. However, collagen-based bioinks show batch-to-batch variations, contrac-
tion of constructs, poor mechanical properties, are difficult to sterilize, and have poor water solubility [32, 51,
52]. In an attempt to maintain some of the positive biological activities while reducing these disadvantages,
gelatin has also been developed as a bioink [53-55]. Although gelatin shows improvement of the water solu-
bility and viscosity, the gel formation is solely based on physical intermolecular interaction of the gelatin
molecules, and the resulting gels are not stable under physiological temperature. Additionally, these gels are
also highly variable from batch-to-batch.

In order to expand the range of usable bioinks, there have been many modifications made to these
polymers. The most common modifications are chemical ones or polymer blending [35]. Some examples of
chemical functionalization include: methacrylation and acetylation of gelatin (modifies degradation) [54,
56], oxidation of alginate (modifies degradation) [42, 64], and synthesis of a block co-polymer comprised
of poly(N-(2-hydroxypropyl)methacrylamide lactate) [p(HPMAm-lactate)] and PEG (improves biodegradabil-
ity) [62]. Some examples of blends include fibrin and alginate (improves biological activity) [22, 54, 61, 65,
66], alginate and gelatin, alginate and gelatin in modified and unmodified forms [55], alginate, gelatin and
hydroxyapatite (optimized for bone tissue engineering) [58], thermoresponsive poly(N-isopropylacrylamide)
grafted hyaluronan (HA-pNIPAAM) blended with methacrylated hyaluronan (HAMA) (to improve printability)



Table 2: Overview of existing bioinks, their gelation method, and their advantages and disadvantages.

Bioink Gelation method Advantages Disadvantages References
Alginate lonic Biocompatible; supports cellular function Rapid degradation; lack of cell binding motifs [42, 43, 45, 46]
and differentiation
Fibrin Enzymatic Biodegradable; rapid gelation; easy Poor mechanical properties; fast disintegration [22, 47-50]
purification process
Collagen Thermal Biodegradable; biocompatible; availability; Limited sterilization techniques; batch-to-batch [32, 51, 52]
versatile variations; poor mechanical properties
Gelatin Thermal Biodegradable; biocompatible; water soluble Unstable at body temperature [53-55]
Gelatin methacrylamide Thermal/photo Mechanically stable; biodegradable; - [54, 56]
biocompatible; water soluble
Fibroin Self-assembly Biocompatible; biodegradable; robust Lack of cell binding motifs or enzyme degradation [20, 57]
mechanical properties sites; does not degrade under physiological conditions
Recombinant spider silk Self-assembly Biocompatible; biodegradable; robust Lack of enzyme degradation sites; does not degrade [40]
mechanical properties under physiological conditions
Bioinks optimized for specific applications by blending
Alginate/gelatin/ Thermal/ionic/ Biocompatible; biodegradable; robust - [58]
hydroxyapatite chemical/ mechanical properties
Gelatin methacrylamide/ Thermal/photo Mechanically stable; biodegradable; - [55]
hyaluronic acid biocompatible; water soluble
Gelatin methacrylamide/ lonic/thermal/ Mechanically stable; biodegradable; - [59, 60]
gellan gum photo biocompatible; water soluble
Fibroin/gelatin Enzymatic/ Biocompatible; biodegradable; robust - [20, 57]
thermal mechanical properties
Fully synthetic bioinks
Poly(ethylene glycol) Photo Mechanically stable; cartilage applications Low cytocompatibility [61]
dimethacrylate
p(HPMAm-lactate)-PEG Thermal/photo Biodegradable; mechanically stable Low cytocompatibility [62]
Glycosaminoglycan- Thermal Chondrogenic Low viscosity; slow gelation; poor printing properties [63]
based
HA-pNIPAAM-HAMA Thermal/photo Cytocompatible; fast, reversible gelation; - [63]

structural fidelity
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[63], gelatin with hyaluronic acid or gellan gum (to improve cell behavior towards bone tissue engineering,
mechanical properties and printability) [55, 59, 60, 67]. However, even with these modifications, there is an
urgent need for further development of bioinks to improve the mechanical properties, gelation process, cyto-
compatibility, degradation rate, tissue specificity, and adaptability to clinical set-ups.

Silk materials are particularly interesting for technical and biomedical use since they show absence
of toxicity, slow degradation, low or absence of immunogenicity, and extraordinary mechanical proper-
ties [40, 68-70]. Silk-based biomaterials have been used for medical sutures and breast implant coatings
[70-72], biosensing applications [73], and enzyme immobilization [74-76]. Recently, a silk-gelatin blend was
used as a bioink [20, 57]. This composite was cytocompatible, crosslinked, showed improved mechanical
properties (to gelatin alone), improved cell viability and differentiation (to gelatin, alginate and silk alone),
and improved degradation rates (to alginate and gelatin) [20, 43]. However, it was impossible to print silk
fibroin without additives; deposition of plain silk fibroin solutions leads to frequent clogging due to shear-
induced B-sheet crystallization [57]. In contrast, compared to silk fibroin scaffolds, spider silk bioink can
flow through the nozzle without clogging facilitating scaffold manufacturing [40]. This is due to the fact that
hydrogels made of recombinant spider silk proteins are physically crosslinked by B-sheet structures and
hydrophobic interactions and entanglements, which allows for reversible gelation upon shear-thinning [40,
77]. Further, due to the biotechnological production of recombinant spider silk proteins they can be geneti-
cally modified, e.g. with the cell binding motif RGD improving cell attachment [40, 78]. The combination of
these mechanical and biological properties raises the number of applications of recombinant spider silk as
a novel bioink.

Post-processing and crosslinking

Without delving into complex macromolecular chemistry, it is important to briefly discuss some of the
options for solidifying materials in 3DBP when materials do not self-assemble. The basic requirements for
a crosslinking process are that it must be rapid for shape-fidelity as well as non-toxic to cells. There are two
basic types of crosslinking which can be used: physical or chemical. In the case of physical crosslinking,
the most common approach is to maintain the conditions which stabilize the liquid phase in the mate-
rial cartridge and the conditions which push it towards gelation in the working volume or a tandem print
head. An example of this principle is printing a temperature-sensitive hydrogel onto a heated print stage
[55]. The advantage of physical crosslinking is that it is often cell-friendly; the disadvantage is that the
networks formed are typically weak and their degradation difficult to control. Due to these disadvantages
most physically crosslinked hydrogels must be post-processed by chemical crosslinking, and this results
in newly formed covalent bonds [29]. This is particularly true for inkjet printing, where the necessity of
a low viscosity material mandates some type of post-processing. Some interesting examples of chemical
crosslinking techniques include the use of enzymes or UV light [31, 47]. An example of a versatile method
for generating UV-crosslinkable hydrogels is by functionalizing 2-hydroxyethyl methacrylate (HEMA) with a
photoinitiator. HEMA is a polymeric monomer which can be coupled at hydroxyl groups, making it compat-
ible with many other polymers [79]. However, these types of crosslinking techniques often require synthetic
chemistry, making them impractical. Wet-chemical crosslinking allows for predictable, stable network for-
mation, however, the used crosslinking agents may be harmful to cells, and it requires a precise control of
crosslinking kinetics to avoid nozzle clogging [29].

3D bioprinting with recombinant spider silk proteins

Recently, the recombinant spider silk protein eADF4(C16) and a variant containing an RGD-motif were estab-
lished as bioinks. eADF4(C16) consists of 16 repeats of a module C mimicking the repetitive core sequence
of dragline silk Araneus diadematus fibroin 4 (ADF4) of the European garden spider (Fig. 3a) [81, 82]. The
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Fig. 3: (a) eADF4(C16) and eADF4(C16)-RGD are made of 16 C modules. The C-module reflects the consensus sequence of the
repetitive core sequence of Araneus diadematus fibroin 4 (ADF4), one of the main components of the dragline silk of the Euro-
pean garden spider (A. diadematus). Dragline silk is the best characterized spider silk, constituting the outer frame of orb webs
and serving as a lifeline for the spider [80]. (b) Going from a CAD template (left) to a 3DBP recombinant spider silk construct
(right). Recombinant eADF4(C16) was printed by robotic dispensing. In the CAD template, the different shades of gray represent
thickness with darker shades representing multiple layers. In the image of the construct it can be qualitatively observed that
the construct has the same shape as the CAD file, and the printed strands made of spider silk also have high shape fidelity
without the use of post-processing, crosslinking or thickeners.

recombinant spider silk proteins were assessed regarding their printability [40], and spider silk constructs
could be printed by robotic dispensing using a print head with an electromagnetic valve. The hydrogels were
process-compatible and had high shape fidelity (Fig. 3b). The printability is based on the B-sheet transforma-
tion of the proteins during gelation and shear thinning behavior of the hydrogels (Fig. 4).

It was shown that recombinant spider silk proteins can be used as bioink for 3D printing without the need
of additional components or post-processing [40]. In contrast, alginate and fibroin need post-processing with
crosslinkers or thickeners added to the solution to increase the printing fidelity [20, 58]. For more detailed
information of other bioinks, refer to [29] and Table 2.

To produce cell-loaded 3D hydrogel constructs, cells were encapsulated within a highly concentrated silk
solution before gelation. The addition of cells to the bioink did not influence the self-assembly into a hydrogel
or the printability of the material [40]. The cells survived the printing process and were viable at least 7 days
in situ. The viability within the spider silk hydrogel could be quantified with 70.1 £ 7.6 %. Although the cell
viability in the spider silk constructs is lower when compared to established bioinks such as alginate (~90 %)
and gelatin (~98 %), it could be shown that the printing procedure did not significantly affect viability, since
after printing 97 % of the cells survived [40, 42, 83].
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Fig. 4: Printing process for a physically crosslinked recombinant spider silk bioink. Cell-loaded spider silk constructs were
printed by robotic dispensing, as mentioned in Fig. 3. The process begins with preparation of the hydrogel from a cell-loaded
solution. The corresponding Fourier-transformed infrared spectroscopy (FTIR) structure data shows a peak shift corresponding
to B-sheet formation which occurred during self-assembly of the hydrogel. The next step in the process represents the print-
ing of the hydrogel accompanied by alignment of B-sheets under shear-stress, and this corresponds to the given rheological
behavior with increasing angular frequency leading to a decrease in complex viscosity, which is called shear-thinning. The final
construct is represented by a stereoscope image of the layered structure. The right-hand image represents the presence of
viable cells (redlines reflect auto-fluorescence of spider silk; red stained cells are dead and green stained ones viable).

Conclusion and future perspectives

In conclusion, 3D bioprinting (3DBP) techniques hold potential to overcome the current, process-based
challenges faced in tissue engineering: high variability and low control over the placement of different scaf-
fold components. Of the different types of 3DBP, it seems as though extrusion printing will be one excellent
option for the future of biofabrication, despite some of its drawbacks (nozzle clogging, resolution). Extrusion
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printing allows for fabrication of clinically-relevant constructs (size, cell density) and greater ease in bioink
development. Additionally, these advantages outweigh the disadvantages. For example, bioinks are critical
in cell viability after printing (physicochemical properties) and cell behavior throughout construct matura-
tion (physiological properties). Current bioinks tend to be better in either the “cell friendliness” (e.g. fibrin,
gelatin) or printability (recombinant spider silk protein). Future work will most likely focus on polymer
blends such that advantages are conserved or enhanced, and the disadvantages minimized or eliminated.

In terms of cell viability after printing, it is reasonable to hypothesize that cell viability is directly cor-
related with the mechanical stress that the cells are exposed to. In the optimal viscosity range for extrusion
printing, there seems to be some protection to shear stress which is absent in inkjet printing; in LAB there
are virtually no shear forces on the bioink, due to the nozzle-free set-up. However, LAB is incompatible with
higher viscosity ranges, due to the incompability of cells with certain wavelengths and energy densities.
Thereby, due to the greater flexibility in bioink development, it seems as though extrusion bioprinting will be
the technology that shows the greatest potential in the future. However, it is also possible to imagine future
developments will also focus on combining the different types of 3D bioprinting in order to further optimize
the process.
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1. INTRODUCTION

Additive manufacturing (AM), also referred to as rapid
prototyping, solid free-form fabrication, or simply three-
dimensional (3D) printing, comprises a number of technologies
that allow the direct generation of objects in a layer-by-layer
fashion through computer-aided design (CAD) and/or com-
puter-aided manufacturing (CAM)." With these processing
technologies, objects can be generated without the need for
molds, enabling a high degree of freedom in design and allowing
the direct production of structures that cannot be fabricated
using classical subtractive manufacturing techniques. AM
technologies have been primarily used in the engineering and
fabrication community” for decades but have matured into high-
precision (e.g, via electron beam melting) or low-cost (e.g., fused
deposition modeling, FDM) printers. AM is increasingly relied
upon for certain industrial production processes, for example, in
the case of laser sintering for titanium hip implants, and is
regarded as the next industrial or manufacturing revolution.’
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The high degree of automation and reproducibility in AM,
together with the precise control over where different
components can be placed in a 3D model, renders AM
particularly interesting for tissue engineering (TE), which aims
for the full restoration of damaged or degenerated tissues and
organs. Traditionally, the three main components of TE (cells,
prefabricated scaffolds, and growth factors) are combined to
form a construct that can be either directly implanted or
incubated in vitro for maturation prior to implantation.” AM
techniques have predominantly been applied for the fabrication
of scaffolds for such TE approaches.”’™" Seeding of cells onto
such prefabricated scaffolds usually results in a nonordered and
random distribution of cells which does not reflect the complex
hierarchical organization of functional tissue.

However, recapitulating the hierarchical complexity of native
tissues in cell-loaded constructs is a highly attractive strategy for
the creation of functional tissue equivalents. Therefore, cells,
biomaterials, and bioactive compounds have to be processed
simultaneously, and AM technologies are regarded as a method
to achieve this.” This relatively young approach is termed
biofabrication and can be defined as the creation of biological
structures for TE, pharmacokinetic, or basic cell biology studies
(including disease models) by a computer-aided transfer process
for patterning and assembling living and nonliving materials with
a prescribed 3D organization.'” This research field holds the
promise to overcome some of the most urgent challenges of TE,
such as the direct generation of large constructs including vessel-
like structures for initial nutrient and oxygen supply of the
embedded cells.

Biofabrication research has rapidly developed over the past
decade and has very recently been addressed by several excellent
review papers.'' ' It places high demands on the AM process
and the materials used for it, including so-called “bioinks”, cell
loadable and printable formulations that solidify after printing for
shape fidelity of the desired structure. The entire manufacturing
must produce defined structures using cell-compatible con-
ditions such as buffered aqueous solution and a narrow
temperature range and with limited mechanical shear forces.
Also, the materials and chemistry used for printing have to be
cytocompatible. This significantly limits the variety of applicable
AM technologies and suitable materials, with hydrogels as
predetermined candidates for bioinks. Hydrogels are three-
dimensionally cross-linked hydrophilic polymer networks that
swell without dissolution up to 99% (w/w) water of their dry
weights.'> These materials are particularly attractive for
biomedical applications as they recapitulate several features of
the natural environment of cells, the so-called extracellular matrix
(ECM),"° and allow for efficient and homogeneous cell seeding
in a highly hydrated mechanically supportive 3D environment.
Depending on the type of cross-linking, hydrogels can be divided
into two classes: (i) chemically cross-linked hydrogels (also
termed chemical hydrogels) and (i) physically cross-linked
hydrogels (also termed physical hydrogels). Chemical hydrogels
are formed by covalent networks and cannot dissolve in water
without breakage of covalent bonds. Physical hydrogels are,
however, formed by dynamic and reversible cross-linking of
synthetic or natural building blocks based on noncovalent
interactions such as hydrophobic and electrostatic interaction or
hydrogen bridges. Hence, physical hydrogels exhibit promising
properties for bioink development since they can rapidly retain
their shape after printing. Some recent reviews give a
comprehensive overview on the design and application of
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hydrogels for biomedical applications,"’~"* TE,”” and regener-
ative medicine.”'

There has been intensive research with regard to injectable
hydrogel formulations based on the fact that the gelation
behavior of hydrogels can be adjusted so that a hydrogel
precursor solution can be prepared and injected into a mold or
cavity and subsequently gelate and form a hydrogel after
injection.”””>* This can, for example, be achieved through shear
thinning properties leading to a viscosity decrease with increasin%
shear stress accompanied by the injection through a cannula.”
However, for 3D printing of cell-containing hydrogels, the
prerequisites are even more stringent than for injectable
hydrogels. For printing, the cell-loaded bioink formulation has
to be stable in the reservoir for the time of the printing procedure
(typically at least several minutes, depending on the size and
complexity of the structure to be printed) with rheological
properties imposed by the fabrication process and with a
homogeneous three-dimensional distribution of the cells. To
achieve reasonable resolutions, the nozzle diameters are also
significantly lower in printing than for simple injection, and after
printing, the (re)gelation needs to be rapid enough to ensure
shape stability of the printed construct. Ideally, the resulting
structure is self-supporting, and no postprocessing treatment is
needed for mechanical stabilization. The lack of geometrical
constraints and the need for rapid gelation to ensure shape
fidelity is the most significant and at the same time the most
challenging difference of injectable versus printable hydrogels.

As biofabrication eventually aims at delivering human tissue
models for biomedical research and eventually as a therapeutic
treatment option, it is important to keep in mind that a general
suitability for clinical translation should be taken into account for
the development of a new bioink. Generally, the materials have to
be sterile when entering the fabrication process, either through
sterile production or through conformity with a sterilization
method. Moreover, the materials should ideally be endotoxin free
but definitely cannot exceed the limits set by regulation, which
may be a more critical point for biopolymers than for synthetic
systems. These few but important general considerations should
therefore always be taken into account for bioink development.

Bioprinting and biofabrication originated from the technol-
ogy- and application-oriented (bio)engineering community and
did not evolve from chemistry or materials science. Hence, the
field has for long worked with established hydrogel systems
available in quantities that are necessary for the processes. The
vast majority of bioprinting and biofabrication studies thus use
alginate- and gelatin-based bioink formulations. Although this
has allowed achieving some remarkable successes, it has recently
become evident that the lack of a bigger variety of printable
hydrogel systems is one major drawback that hampers progress
of the complete field.”***

Hence, the scope of this review paper is neither to simply
recapitulate and summarize established printing methods and
printable hydrogels nor to summarize the achievements obtained
with the present biofabrication approaches toward the
construction of complex cellular arrangements or tissue-like
structures and their evaluation in vitro and in vivo. For this
information, we refer the reader to several excellent and most
recent review papers." '~ **°7*® The main objective of this paper
is to complement this information with a material-focused but
integral summary of the most important rheological aspects
relevant for printing together with an overview on the most
important printing techniques. Core part of the paper is an
interdisciplinary overview of possibilities to create tailored
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(macro)molecular building blocks for printable hydrogels. This
overview comprises existing strategies in related research fields
such as supramolecular chemistry for self-assembly strategies or
biotechnological approaches for bioinspired building blocks. Our
aim is to deliver a comprehensive set of information to be used as
a toolbox for polymer chemists and material scientists with a
basic set of fundamental design criteria for the rational
development of novel strategies toward bioinks.

In this review, we first introduce the most common 3D
printing techniques for hydrogel printing, followed by the
rheological demands on printable hydrogel systems with respect
to the different techniques and the additional limitation of
cytocompatibility during printing. We then briefly summarize the
role of chemical cross-linking, so far mainly used for pre-cross-
linking of the hydrogel building blocks before printing or
postfixing of printed structures, but also introduce dynamic
chemical bonds as a new and promising option for printing. We
then summarize the physical cross-linking possibilities poten-
tially exploitable for hydrogel printing, divided into supra-
molecular systems, functionalized polymers, and other strategies
such as particulates. Finally, we outline the potential of
biotechnological processes for the production of tailored
biomolecules for bioink development and review the most
promising biotechnologically produced systems.

2. FABRICATION SYSTEMS

Open source projects such as RepRap and Fab@home made AM
affordable for private users and led to increased popularity of 3D
printing. The developed desktop printers are based on FDM and
enable fabrication of 3D constructs from thermoplastic materials
in a layer-by-layer fashion with resolutions of about 200—400
um. A constantly growing number of users can experience the
benefits of AM and appreciate the new freedom of designing
printable objects. Other processes such as selective laser sintering
(SLS) allow production of very complex structures with high
resolution of 50—300 ym but are still mainly limited to industry
use.”” Both methods—FDM and SLS—can be used to process
polymers. They generate heat to melt the material and create
structures by controlled solidification of the thermoplasts. Due to
the thermal conditions during printing, they do not allow for
hydrogel processing, but there are a variety of technologies that
enable structuring hydrogels into 3D constructs.

Two very interesting processes capable of fabricating complex
3D objects from hydrogels are two-photon polymerization
(2PP) and stereolithography (SLA). They use light to induce
spatially limited polymerization and can be used to create well-
defined structures. For both processes the construct is mainly
generated by light-induced radical polymerization within a
monomer reservoir or light-induced cross-linking of a photo-
polymer. In 2PP a femtosecond laser is focused onto a spot
within this reservoir, releasing radicals from a photoinitiator on
its path. These radicals start a polymerization/cross-linking
reaction leading to solidification of material along the laser track.
Usually a drop of material, enclosed between two microscopy
glass coverslips with spacers in the millimeter range defining the
construct thickness, is used as the reservoir. Relating the reservoir
size to coverslips and taking into account that prints usually are
much smaller than the overall size of the slips gives an indication
of the producible sample size. Although the object size is limited,
2PP offers the possibility to produce constructs with spatial
resolutions as small as 100 nm and is thus especially interesting
for analyzing cell—construct interactions.’” SLA enables the size
limitations of 2PP prints to be easily overcome, generating
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constructs with dimensions in the centimeter range. Although
compared to that of 2PP the resolution is decreased, it still is as
high as 80—125 pm.”" In SLA the objects are produced in a layer-
by-layer fashion. The most frequently applied setup is the
bottom-up system where a laser scans and solidifies the top layer
of a reservoir. After one layer is created, a movable platform
lowers the construct further into the resin, covering it with the
next material layer. Print speeds can be increased using digital
light projectors, instead of scanning lasers, illuminating and
solidifying the whole layer at the same time. Another setup of
SLA is top-down systems where the construct is stepwise pulled
out of the resin after irradiation of one plane.”* A new version of
top-down SLA using digital light projectors that has recently
attracted attention is continuous liquid interface production
(CLIP).* In contrast to other SLA systems, CLIP utilizes an
oxygen-permeable window delivering oxygen to the glass—resin
interface. The oxygen inhibits the polymerization reaction,
creating a persistent liquid interface, allowing—in combination
with precise process timing—print speeds to be further
increased. CLIP enables the production of structures at hundreds
of millimeters per hour and thus is much faster than traditional
SLA techniques. Further research needs to be carried out to
confirm if the high print speeds can be realized for biomedical
applications. The main disadvantage of the light-induced
processes introduced in this section is the limited number of
suitable resins. Especially when printing structures from cell-
containing hydrogels, a special focus needs to be put on the
cytotoxicity of the photoinitiator.”

As this short introduction shows, there is a large selection of
fabrication systems available. The choice of the method mainly
depends on the material that shall be processed and on the
structure (size, architecture, resolution) that needs to be created.
As we will discuss, each method has limitations, and none of the
approaches can be considered better than another one. For some
applications, also the combination of different processes might be
beneficial. Fabrication systems are also still developed further,
and new technologies do arise. However, as this review focuses
on exploring material strategies that have been and/or can be
exploited for bioprinting and biofabrication, we focus here on the
three most important and best established technologies for
printing of hydrogels under cell-friendly conditions: laser-
induced forward transfer, inkjet printing, and robotic dispensing.
These techniques will be described in detail and compared to
each other in the following sections.

2.1. Laser-Induced Forward Transfer

The reviews of Chrisey et al,** Ringeisen et al,** and Schiele et
al.*® give excellent summaries of laser-induced forward transfer
(LIFT) techniques used for cell printing and also show examples
of structures being produced with these methods. For biomedical
applications, mostly modified LIFT techniques are applied.
Generally, all these systems have the same setup in common and
are comprised of three main components. The first is a pulsed
laser, the second is a donor slide (ribbon) from which the
material is propelled, and the third is a receiving substrate. The
laser is focused onto a laser-absorbing layer, evaporating the
material and thus generating a high gas pressure propelling
material toward the substrate. By controlled movement of the
donor and/or substrate, it is possible to build up 2D and 3D
structures from material droplets.”’ ~** For processing biological
materials, two different versions of modified LIFT are utilized:
matrix-assisted pulsed laser evaporation direct writing (MAPLE-
DW) and absorbing film-assisted laser-induced forward transfer
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A

energy absorbing layer
laser pulse
donor slide

Figure 1. Laser-induced forward transfer (LIFT). (A) Schematic drawing of the process. Reprinted in part with permission from ref 27. Copyright 2013
John Wiley and Sons. (B) Close-up view of the jet generated by the incident laser pulse. Adapted with permission from ref 44. Copyright 2011 Springer.
(C) Cell pattern printed with LIFT. Reprinted in part with permission from ref 39. Copyright 2010 Elsevier.

(AFA-LIFT). The main difference between those two techniques
can be found in the donor slide setup. In the most frequently used
MAPLE-DW setups, the donor slide comprises two different
layers—a laser transparent support layer and a laser absorption
layer. If the printing material itself is not absorbing light
efficiently, it needs to be mixed with a matrix that will adsorb light
and transfer the energy. In the case of cell printing, this matrix
usually is a hydrogel, cell culture medium with addition of
glycerol, or an extracellular matrix.** In contrast to that in AFA-
LIFT and its related versions such as biological laser printing
(BioLP), the donor contains three different layers—a laser
transparent support layer, a laser absorption layer, and a layer
with the deposition material (Figure 1A). The laser adsorption
layer in general is a thin (about 100 nm) metal coating that
absorbs the laser light, leading to evaporation of the coating. This
evaporation leads to a high-pressure bubble expanding toward
the surface and finally to material deposition. Although not
obligatory,” the receiving substrate in modified LIFT processes
for biomedical applications is mainly coated with a thin (20—40
um) hydrogel layer that prevents the deposited material from
drying and in the case of printing cells cushions the impact.”® In
the following section, we compare AFA-LIFT and MAPLE-DW
in regard to printing hydrogels for biomedical applications.*®

As discussed, the main difference between MAPLE-DW and
AFA-LIFT is the ribbon. In MAPLE-DW the light-absorbing
matrix is mixed with the biomedical material. The heating within
this layer and the irradiation with light might cause problems
when printing sensitive materials, but as many researchers could
confirm, it did not seem to have a negative effect on the cell
viability.”~* AFA-LIFT and BioLP use an additional light-
absorption layer mainly from Au, Ti, or TiO,.*”***" This layer
protects the underlying biological layer from radiation-induced
damage, but upon its evaporation the printed material will be
contaminated. It could be shown that by using an energy
conversion layer the reproducibility and resolution are enhanced
(Figure 1C shows a 2D pattern printed with LIFT).
Furthermore, this additional layer increases the selection of
possible printing materials.”’

After having commented on the differences between the
setups, we now briefly point out special demands on the material
accompanied by the LIFT process. Using a laser as the driving
force, the resolution of the LIFT techniques is mainly influenced
by the laser energy and laser pulse duration, but also the material
properties and the thickness of the deposition material layer will
influence the propelled material volume. The laser pulse will
evaporate material at the donor slide, leading to a vapor bubble.
This bubble needs to expand toward the surface, finally leading to
material ejection. As discussed by several groups,” ™" there is a
distinct laser fluence leading to material jetting (jetting regime;
see Figure 1B). If the fluence is too small, the bubble will collapse
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(subthreshold regime), and if the laser pulse energy is too high,
the bubble will generate undirected submicrometer droplets
(plume regime). For a given laser fluence, the material properties
will influence the bubble expansion. The thickness of the
biological layer on the donor slide will influence the energy of the
jetted material. The thicker the layer, the lower the amount of
kinetic energy that will be transferred to the jet. In addition, the
viscoelastic properties of the material will influence the
propagation of the gas pressure. Finally, also the surface tension
will determine material ejection.

2.2. Inkjet Printing

The process of inkjet printing is well-known from desktop
applications. Many private users have printed 2D graphical
printouts and maybe even refilled cartilages unwittingly, gaining
experiences potentially useful for biofabrication. The first
printers used modified setups and especially have cleaned and
reused cartilages originally produced for desktop applications.>
This straightforward approach in combination with the
accessibility of printers led to a profound understanding of the
inkjet printing process for biomedical applications. In the
following section, we give a basic overview of the different
setups. For a more detailed discussion of inkjet printing, we refer
the reader to a variety of excellent reviews dealing with the inkjet
technology and material properties for inkjet printing.**~
Inkjet printing can generally be operated in two modes. In
continuous inkjet (CIJ) processes, the ongoing generation of
drops creates a jet. Usually these drops are individually charged
and deflected by a second pair of electrodes for printing. Droplets
that are not needed for printing are collected in a gutter and can
be reused. CIJ is primarily used as a fast process for marking and
coding of products. The second inkjet printing mode is drop-on-
demand (DOD) printing. Here drops are only generated when
needed for printing. DOD is the setup well-known from
consumer inkjet printers used for 2D graphical printouts. The
working principle is based on an actuator generating triggered
pulses, leading to the ejection of a defined material volume from a
reservoir. Ideally, on its way to the substrate, the ejected material
will transform into a single drop being collected on a predefined
position on the substrate. As shown in Figure 2A, there are
mainly two possible driving forces for pulse generation applied
for DOD printing. In thermal inkjet printers, a heater is used to
evaporate its surrounding ink, generating a vapor bubble that
leads to ejection of material. Simply put, the droplet generation is
triggered by an electrical pulse leading to a temperature increase
in the heater accompanied by ink evaporation and material
ejection. Material is also expelled from the reservoir using
piezoelectric actuators. Here the applied voltage will generate a
distortion of a piezoelectric crystal, leading to triggered ejection
of material. In the next two sections, we discuss the benefits and
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Figure 2. Inkjet printing. (A) Schematic drawing of the process.
Reprinted in part with permission from ref 27. Copyright 2013 John
Wiley and Sons. (B) Example for propelled material after ejection at
different time points using a drop-on-demand printer. Adapted with
permission from ref 61. Copyright 2008 IOP Publishing. (C) Surface
profile of a linear pattern printed with inkjet-printed poly(lactic acid-co-
glycolic acid) (PLGA). (D, E) Different patterns of PLGA printed with a
piezoelectric inkjet. Panels C—E adapted with permission from ref 64.
Copyright 2010 Elsevier.

disadvantages of the different inkjet printing methods described
above with a focus on hydrogel printing for biomedical
applications.

The main disadvantage of CIJ for laboratory-scale and
biomedical applications is the high material throughput
accompanied by the continuous stream of drops. Compared to
other printing methods used for these applications, more
material is needed, and concerns regarding sterility and potential
material property changes due to processing might arise when
the material is reused. In contrast, the DOD process uses material
very efliciently and can also handle small batch sizes, making it
highly interesting for small-scale and nonindustrial applications.
In addition, the spatial resolution of DOD inkjet printers is
higher than for CIJ systerns.60

In thermal inkjet printers, the temperature of the heated
resistor can reach about 300 °C.%” Nevertheless, Xu et al.”> and
other groups—as reviewed by Boland’’—were able to print
viable cells using thermal DOD printers. It is believed that the
short duration of heating pulses in the range of several
microseconds only leads to a slight temperature increase (a few
degrees) of the bulk material, not negatively influencing the cell
viability.*® Setti et al.*® could also print enzymes with negligible
loss of activity using a thermal inkjet. As pointed out by Saunders
et al,” further research on the influence of thermal damage while
printing biomolecules needs to be undertaken to establish
thermal inkjet printing in the field of biomedicine. Due to this
concern, most researchers working with inkjet printers for
biomedical application use piezoelectric DOD inkjet systems to
avoid ink property changes by heat exposure. Another important
benefit of piezoelectric actuators in contrast to thermal actuators

is that they allow for an easy change of the piezoelectric crystal
distortion and thus in the pulsing. This again enables controlling
the ejected material volume and velocity of the created drop,
making the process more flexible to parameter adjustment
depending on the material characteristics.”’

We now analyze inkjet printing from a material scientist’s
perspective and thus focus on the material properties that are
decisive for this method. Inkjet printing as a noncontact printing
method with typical working distances of 1-3 mm® can be
divided into three crucial steps: (1) ink ejection, (2) drop
formation during flight, (3) impact and interaction of drops after
collection on the substrate. The ink ejection and possible
expelling mechanisms have already been discussed. It has to be
taken into account that typical nozzle sizes are in the range of
20—30 pm.”” This limits the viscosity of ink used for biomedical
applications to values that are typically below 20 mPa s™". In
addition to the viscosity, the ejection may be influenced by the
wetting behavior and thus for a given nozzle by the surface
tension of the ink, as wetting of the nozzle may lead to spray
formation rather than jet formation.”® Surface tension is also
critical for the second step and is typically in the range of 20—70
m]J m~ for graphical prints.”” In inkjet printing, each pressure
pulse should ideally generate an individual droplet, but the
dispensed material is initially composed of a leading drop
accompanied by a tail that can break up into satellite drops (see
Figure 2B) during flight,”" decreasing the resolution. Drop
formation in inkjet processes is complex and cannot be discussed
in detail in context of this work. Interested readers are referred to
the work of Fromm,”” Reis et al,*® and Jang et al.”” Briefly, these
works used a dimensionless number defined as the ratio between
the Reynolds number and the square root of the Webber
number. They used this to determine printable materials for
DOD inkjet printing. Further research investigating drop
formation with a focus on bioprinting was done by Xu et al.”’
The third crucial step during inkjet printing is the impact and
interaction of drops after collection on the substrate. Depending
on the droplet velocity (typically in the range of 5—10 m s™' ")
and material properties, the drop will splash or keep its shape
after impact (examples for different patterns fabricated with
inkjet printing are shown in Figure 2 C—E).”" Typically, inks
spread on surfaces and increase their size, limiting the resolution
of the method to approximately 75 um for bioprinting
applications.”" As shown by Sirringhaus et al.” for inkjet-printed
polymer transistors, substrate surface energy patterning can
further increase the resolution. Also changing the surface char%e
can increase the printing resolution as shown by Cobas et al.””
These surface modifications can be applied on 2D constructs
when printing dots or lines. When printing lines or structures,
drop overlap is needed and interaction between the droplets
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Figure 3. Robotic dispensing. (A) Schematic drawing of robotic dispensing showing the different mechanisms of ejection. Reprinted in part with
permission from ref 27. Copyright 2013 John Wiley and Sons. (B) Magnified view showing material dispensing from the needle and collection onto a

substrate. (C) Stereomicroscopic image of a printed Pluronic F127 construct.
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Table 1. Comparison of Fabrication Systems

feature modified LIFT
material viscosity range 1-300 mPa-s
mechanical/structural integrity low
resolution 10—100 pm
working principle noncontact

nozzle size nozzle free

load volume >500 nL
cheap/easily interchangeable  yes
reservoirs
fabrication time long
preparation time medium to high
commercially available no
costs for printer high
advantages accuracy
disadvantages ribbon fabrication, not suitable for constructs

in mm range

inkjet robotic dispensing refs
3.5—12 mPa-s 30 — 6 X 10" mPa-s 14, 38, 64, 76,
82
low high 77
~7S um 100 gm to mm range 31,71, 83, 84
noncontact contact
20—150 pm 20 pm to mm range 84—86
mL range mL range 31
no (if using commercial printer ~ yes
cartridges)
long to medium short
low to medium low to medium 14
yes yes 77
low medium 14
affordable, versatile printing of large constructs in 31, 77
cm range
nozzle clogging accuracy 31,77

must be considered. The surface energy is crucial for those
interactions, and they need to be stable enough to keep their
geometry previous to solidification.’” To generate uniform lines,
the spacing between the drops has to be adapted.”*”* In cases
where inkjet printing is used for 3D printing, surface modification
methods cannot be applied because droplets need to be collected
on top of each other. Here interactions between the droplets are
even more important than for generating 2D structures with
droplet overlap,”* making creation of 3D structures highly
dependent on droplet solidification.

2.3. Robotic Dispensing

Especially during the past few years, a large number of great
reviews dealing with technolo%ies applied in biofabrication have
been published.'"'>'**%*776=78 Al of these reviews also discuss
the process of robotic dispensing, displaying how promising this
comparatively new technique is for the field of biofabrication.
This is mainly due to the fact that robotic dispensing allows
production of 3D objects with sizes and dimensions relevant for
biomedical applications in short processing times. In the
following section, we will give an introduction to the different
setups (Figure 3A) used for biomedical applications termed
robotic dispensing.

Robotic dispensing is mainly used for printing 3D constructs
from continuous filaments. Material is loaded into a reservoir and
dispensed through a nozzle. By automated movement of the
nozzle relative to the build plate, constructs can be generated in a
layer-by-layer fashion. The driving mechanism of dispensing can
generally be either pneumatic or mechanical. In the most
frequent pneumatically driven setup, the valve triggering material
ejection sits between the inlet of the pressurized air and the
material. Mechanically driven dispensing is mainly screw- or
piston-based. Piston-based systems eject material triggered by
controlling the linear displacement of a plunger. The displace-
ment of the piston can directly be related to the dispensed
volume. In screw-driven systems, rotation of the screw transports
the material to the nozzle and is thus responsible for dispensing.
The material feed can be controlled not only by the screw
rotation speed but also by the screw design.”” All robotic
dispensing systems have in common that material is dispensed
through a fine nozzle determining the resolution of the process.”®
As known from industrial dispensing applications, the design of
the nozzle has a big effect on the dispensing homogeneity.
Because most printer setups for biomedical application use
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disposable and interchangeable needles, it is important to choose
the right needle with respect to the given ink properties. In their
latest review, Dababneh et al.”’ pointed out that further
improving the nozzle design might be necessary in the field of
bioprinting. Combining the fundamentals of the work of Yan et
al,”” who mathematically modeled the forces cells experience
during printing, with nozzle-design-dependent shear stress
analysis during dispensing might help to improve cell survival.
In the next section, we compare the different robotic dispensing
modes explained above and again focus on processing of
hydrogels for biomedical applications.

Utilizing a concept known from thermopolymer extrusion,
screw-driven systems are the method of choice when it comes to
processing high-viscosity materials because they are able to
generate high pressures for material dispensing. Tailoring the
screw design helps to adjust the process in regard to the feed rate
and dispensing homogeneity. Having the most complicated
setup in addition to being able to generate the highest shear
stresses makes screw-driven systems the least applied approach
in biofabrication. From an engineering point of view, pneumati-
cally driven systems have the easiest setup. Nevertheless,
applying high pressure typically makes them more suitable for
processing higher viscosity materials than piston-driven
systems.”® Being able to deal with a broad range of pressures
and thus with a broad range of material viscosities makes
pneumatic dispensing the most versatile robotic dispensing
mode. Using pressurized gas to apply a dispensing force at the
same time implies its biggest disadvantage. The gas used for
dispensing is compressible, which will result in a delay between
the material flow start/stop signal and actual dispensing start/
stop. This problem can be addressed either by applying a time
delay before reaching the printing position and a vacuum to stop
dispensing or by using a valve sitting just in front of the orifice.
Piston-driven systems have the most direct control over
dispensing. As described above, the linear piston displacement
directly leads to material ejection. Because most printers use
disposable syringes made from plastics, the maximum dispensing
pressure is limited by the stability of the piston and the quality of
the sealing between the piston and barrel. Taking into account
that at the laboratory scale dealing with small batch sizes might be
necessary, piston and pneumatic systems using disposable barrels
that can be emptied nearly entirely will be preferential to screw-
driven systems where material will remain in the system.
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Just as the other fabrication techniques, robotic dispensing also
puts specific demands on material properties. In contrast to
inkjet printing where single droplets are required in robotic
dispensing, collection of a continuous strand is crucial (Figure 3).
The material properties need to be designed in a way that avoids
strut breakup.”® Schuurman et al** could influence drop
formation of low-viscous gelatin methacrylamide solutions by
introducing high molecular weight hyaluronic acid. Using 20%
(w/v) gelatin methacrylamide solutions resulted in drop
formation at the needle tip. Adding 2.4% (w/v) hyaluronic
acid changed the viscoelastic properties of the ink, and strands
could be generated, highly improving the printing fidelity. As
mentioned by Lewis,™! printing functional 3D structures using
robotic dispensing places high demands on the inks. Ideally, the
inks should even self-support when spanning features need to be
printed. When it comes to building a 3D construct layer-by-layer,
the interaction of the substrate and the first layer is crucial and the
wetting behavior needs to be adjusted. This can be done by
choosing the right material combination or the right ink
composition® or by surface modification as mentioned in
section 2.2.

2.4. Comparison of the Fabrication Methods

Now that the different fabrication systems for biomedical
applications have been described, we compare those techniques
with regard to hydrogel processing. Table 1 shows a comparison
of the main differences and features of the printing methods. For
more detailed information, the reader is referred to a variety of
reviews.'#*”*”” These reviews will also offer a good overview of
the applications and give an excellent insight into the state-of-the
art research and latest developments in the field of biofabrication.
Some further excellent reviews focus on material systems for
biofabrication and connect bioink to the fabrication techniques
and applications.””***!

In the following paragraph, the fabrication processes will be
investigated and compared from three different aspects: (i)
material and structural, (ii) processing, and (iii) economical.
From a material and structural point of view, robotic dispensing
is the most versatile process. It enables generation of constructs
from a wide range of material viscosities displayed in Table 1.
Robotic dispensing mainly uses interchangeable needles and thus
allows the nozzle diameter to be easily adjusted to the dispensed
material’s viscosity. In contrast to the other processes, it deposits
a material filament instead of a single droplet and thus increases
the structural integrity. For many applications, the most
important processing aspect is the resolution. Modified LIFT
processes offer the highest resolution followed by inkjet printing.
The process with the lowest resolution is robotic dispensing.
Inkjet printing and LIFT as noncontact techniques allow
deposition of material with jetting distances of about 1—3 mm.
The benefit of noncontact deposition is that it allows printing
onto surfaces that do not need to be smooth. Ovsianikov et al.,
for example, used BioLP to print cells into a 3D scaffold
fabricated with two-photon polymerization.*” From a material
research point of view, the amount of material needed for the
process and material throughput are important—especially when
materials are synthesized on the laboratory scale. The methods
where the least material is needed are LIFT-based processes.
Here, usually very small material amounts in the range of several
hundred nanoliters are processed. The disadvantage that
accompanies this small material demand is of course that this
process only allows the building up of small-scale constructs.”"
Even though high-throughput versions of modified LIFT
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techniques have been developed for tissue engineering
applications,™ they still have the lowest material throughput of
all discussed techniques. Robotic dispensing allows fabrication of
constructs on the millimeter scale in a reasonable time, but
depending on the nozzle diameter can easily generate
throughputs in the range of milliliters per minute. From an
economical point of view, we first compare the processes with
regard to fabrication and preparation time. Of course, fabrication
time goes along with resolution. If high resolution is not needed
and big constructs such as clinically relevant implants are to be
fabricated, robotic dispensing is the method of choice. In robotic
dispensing and inkjet printing, the preparation times are low, and
preparation mainly consists of filling a reservoir that can be as big
as several milliliters. In modified LIFT techniques, a thin film of
material needs to be applied to the ribbon, and when the material
is used (one ribbon usually contains several hundred nanoliter
volumes of material), a new ribbon needs to be prepared,
increasing the preparation time. From a different point of view,
using ribbons can also be beneficia. On one hand, the
preparation is time-consuming, but on the other hand, the
material cost for the ribbon—it mainly consists of a glass
coverslip—is very low. Just as the needles, in robotic dispensing,
the reservoirs are disposables and can be easily purchased from
industrial or medical supply companies. Although the trend is
changing—more and more specialized systems are available—
most researchers use modified desktop inkjet printers for
biomedical applications. Using off-the-shelf printers is accom-
panied by high costs for new printheads compared to those of the
other techniques. Even if cartridges are reused, the preparation is
time-consuming. Of course, the benefit of using modified
printers also needs to be taken into account. They are cheap
and available and can easily be fixed. In robotic dispensing,
scientists also started to use modified low-cost open source
printers. Nevertheless, there are commercially available systems
that are adapted to the special needs of material dispensing for
biomedical applications, and most researchers prefer this more
expensive alternative. Contrary to the other methods for
modified LIFT techniques, there are no commercially available
printing systems available’” to date. The high resolution of the
process further necessitates using expensive high-precision
actuators.

3. RHEOLOGICAL CONSIDERATIONS

After having discussed the different fabrication systems and the
demands put on the inks by these techniques in the last section,
we now take a closer look at rheological aspects important for
designing printable hydrogels for nozzle-based dispensing. This
section can only introduce the topic generally, since the variety of
different hydrogel inks and their molecular properties (molecular
architecture, molecular interaction, ink formulation, ion strength,
colloidal components, reactive processes, etc.) have a strong
influence on the respective individual behaviors. However, the
information given in this section is intended as a basis and
starting point for bioink design and development.

From a rheological point of view, printing using nozzle-based
systems can be considered as material flow through a contraction
followed by tube flow. After the material is ejected and deposited
onto the collector, it needs to undergo a fast phase transition
obligatory to preserve the shape and thus enabling fabrication of
3D structures. As highlighted in the Introduction, the rate of this
process is crucial for printing and is one of the biggest differences
in demands between injectable and printable hydrogel systems.
After discussing some fundamentals of liquid dynamics in the
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next sections, we will subsequently increase the complexity of the
regarded models, approaching toward printable inks highlighted
with examples of applied ink systems. For further review on
liquid dynamics and polymer rheology, we refer the reader to a,
by far not complete, list of excellent literature dealing with this
topic.”*~

3.1. Rheology of Non-Newtonian Liquids

Liquids can generally be divided into two categories: Newtonian
and non-Newtonian. For Newtonian fluids, the viscosity is
independent of the shear rate, whereas, for non-Newtonian
liquids, the viscosity tensor exhibits a shear-rate-dependent
behavior (Figure 4). This dependence can be used to separate

shear thickening

4 Newtonian
plateau

Newtonian

viscosity

shear thinning

shear rate

Figure 4. Viscosity against shear rate for Newtonian and different non-
Newtonian fluids.

non-Newtonian liquids mainly into the following types: shear
thinning, shear thickening, thixotropic, and rheopectic. A
complete list with example systems developing the different
properties can be found elsewhere.”® As shown in Figure 4, shear
thinning materials show a decrease of viscosity with increasing
shear rates. Despite very low molecular weight materials, most
polymer solutions show this behavior. Polymeric liquids further
usually depict a linear plateau at low shear rates called zero shear
viscosity (also low shear viscosity or first Newtonian plateau).
This linear plateau is, in the literature, often set on a level with
yield stress, but there is a difference between those two
phenomena that can, for example, be observed at low shear. By
definition, yield stress materials will not flow—also taking into
account the very long time scales—until a critical stress, the so-
called yield stress, is exceeded. In contrast to that, the majority of
the systems discussed in this review will flow—even at observable
shorter time scales—under shears beneath the shear stress
plateau. This led to an ongoing”™ debate about the yield stress
concept.%_97 For practical applications this discussion seems to
be somewhat excessive and most researchers stick to the
concept.” Nevertheless, it is important to be aware of the
difference as this may, under certain circumstances, have an
impact on printing. Although not displayed in Figure 4 non-
Newtonian polymeric liquids usually evolve a second plateau
called high-shear viscosity or second Newtonian plateau.”" Since
in most cases, this plateau is only slightly higher than the solvent
viscosity, the second Newtonian plateau is not relevant for
printing processes.

Another interesting phenomenon observed for non-New-
tonian fluids is thixotropy. Especially when analyzing only limited
shear rate ranges, viscosity against shear rate plots of thixotropic
materials are often similar to those of shear thinning materials,
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but there is a very distinct difference: thixotropy is time-
dependent, whereas shear thinning is not. This becomes obvious
when the viscosity is plotted against time for a constant shear
rate. For shear thinning fluids, the viscosity will be constant, but
for thixotropic materials, it will decrease with time. A detailed
discussion of thixotropy and also the hysteresis that can be
examined by measuring material properties during increasing and
decreasing shear rates is not within the scope of this paper and is
described elsewhere.””'® In terms of printing, the time-
dependent viscosity thixotropic materials depict is important
and must be considered as it might lead to inhomogeneous
dispensing.

Shear thickening (see Figure 4) is the opposite of shear
thinning and is characterized by an increase of viscosity with
increasing shear rates. Also, just as shear thinning has shear
thickening as its counterpart, rheopectic materials evolve
characteristics opposite thixotropy. It is obvious that these
both behaviors are not favorable for printing applications.

3.2. Important Aspects of the Printing Process

For printability of non-Newtonian fluids, it is important to take
into account flow phenomena known from other technical
applications such as injection molding as summarized briefly by
Larson et al.'”" and Irgens'®” and detailed in the papers of
Barnes” and Shenoy.” In accordance with the rheological
discussion above, especially the phenomenon of extrudate
swell—also known as the Barus effect—is of interest. The
practical observation accompanied by this phenomenon is the
increase of the jet diameter after material exits the orifice of the
tube it was flowing through. This observation is mainly limited to
elastic materials such as polymer solutions’' and can in simple
terms be explained as follows: Flowing through the tube, the
material is compressed by the given confinement, and the
polymer chains are stretched. After the material is ejected, it will
expand due to the elasticity of the chains and their partial
relaxation, so that the diameter of the jet will increase. Extrudate
swell especially needs to be taken into account for high-
resolution printing using robotic dispensing. Usually, by
adjusting the process parameters—mainly the deposition
speed—it is possible to compensate this effect at least to some
extent.

As mentioned above, a very important property for printable
hydrogels and thus a crucial parameter to take into account
during ink development is the recovery rate of transition to the
solid state after printing. To achieve shape fidelity, the material
must undergo a rapid structural change and keep its shape after
dispensing. The faster the material gelifies after ejection the
higher the resolution of the resulting structure. In the case of
recovering materials, the interactions between the molecules will
strongly influence the transition and the time it takes after flow
stops. Although the aspect of solidification is important for
injectable materials too—for that reason we will take this class of
materials into account in the following sections—the conditions
are much more stringent for printable systems, as the nozzle
diameters used for printing are smaller and the time acceptable
for gelation is shorter.

Summarizing this discussion, from a rheological point of view,
an ideal ink for hydrogel printing combines the following
characteristics:

e Physical gel formation before printing with a shear

thinning but not thixotropic behavior down to a viscosity
that allows printing with the selected technology.
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e Rapid regelation after printing for shape fidelity at high
resolution.
e No or little pronounced extrudate swell.

If cells are part of the formulation, the viscosity before printing
must allow mixing and homogeneous 3D distribution of cells
throughout the printing process without affecting the viability.
Cell sedimentation that might lead to nozzle clogging and/or
uncontrolled inhomogeneous cell distribution through the
printed construct must be avoided. Also, shear forces cannot
exceed limits tolerable for cell survival””'® Hence, cell
aggregation during the time frame of printing is usually not
beneficial as it affects the shear-rate sensitivity.

In practice, a combination of these parameters is hard to
achieve. Especially the regelation rate after printing remains a
challenge. Hence, printed hydrogel structures usually have to be
stabilized if real 3D structures are to be obtained. One strategy is
to double print with a Thermoplast, resulting in a 3D
interdigitating structure of hydrogel and Thermoplast, thus
mechanically reinforcing the construct.'**'%> Most commonly,
the printed hydrogels are stabilized by postfabrication treatment,
increasing the cross-linking density of the network, for example,
by incubation in a solution that contains physical or chemical
cross-linker molecules, or by UV illumination if hydrogel
components are equipped with photopolymerizable groups.
These strategies are in principle undesired necessities for
suboptimal inks and will briefly be summarized and discussed
in section 4.

3.3. Underlying Molecular Concepts: Colloidal Solutions

In the following sections, we introduce some basic particular and
molecular concepts that comply with the terminology and the
ideas gained from discussing non-Newtonian fluids. One of the
simplest models able to depict non-Newtonian fluid behavior is a
so-called hard-sphere system. This can be considered as a
monodisperse suspension of spherical particles in a Newtonian
fluid not experiencing interparticle and particle—liquid inter-
actions. Although there are only a few real model systems
showing all necessary properties,"*'%” there is some general
knowledge one can gain from that model, such as the fact that
non-Newtonian characteristics will only be developed when
concentrations are high enough.

When interparticle interactions are additionally taken into
account, these interactions are manifold and will strongly
influence the rheological properties of the particulate systems,
inducing suspensions to be able to depict all known non-
Newtonian behavior.'”” The general character of interparticle
interactions can be distinguished using the concept of interaction
potential energy,"*® which helps to describe the resulting forces
and relevant length scales. Roughly, these interactions can be
separated into electrostatic, steric, electrosteric, and structural.
Mentioning the relevant length scales of these interactions
underlines why the properties of suspensions will be
concentration-dependent. At low solid loadings, the particles
will not alter the linearity of the Newtonian fluid because the
distances between particles are much bigger than the length
scales of the interactions. Increasing the loading, interactions will
more likely appear. If interparticle interactions dominate over
Brownian motions, so-called rest structures can form.”' In the
case of repulsive interactions, this will result in pseudolattice
structures, whereas, in the case of attractive interactions, the
particles will aggregate. When shear is applied to those systems
and is slowly increased, these structures will first withstand the
generated forces and then will be rearranged due to the reversible
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character of the interactions. Depending on the interaction
properties, this can lead to a macroscopic shear response
comparable to a first Newtonian plateau or even induce yield
stress. A further increase in shearing results in permanent
disintegration of the aggregates and nonrestored arbitrary
particle distribution after shearing. The shear-induced velocity
gradient leads to an orientation of the particles that enables them
to move over each other more freely. This in turn leads to shear
thinning or in the case of attractive interactions also to
thixotropy.'”® Generally, such systems will depict a second
Newtonian plateau if all particles show the orientation and, by
disruption of those layer orientations, show shear thickening with
further increasing shear rates. If shearing stops, the particles will
return to a rest structure.”’ Of course, these descriptions are very
pictorial, and there are theoretical models that represent the
properties of the suspension more adequately.”"'%~""!
Furthermore, scientific descriptions of colloidal suspensions are
also discussed in specialized literature.'°*'*® In the next section,
we give an example of how colloidal systems can be exploited for
ink development.

As described, particle interactions are crucial for the properties
of suspensions and thus need to be considered when designing
colloidal inks as shown by the Lewis laboratory. Jennifer Lewis
and co-workers transferred knowledge from ceramics science to
develop concentrated colloidal gel-based inks for direct-writing
applications.''” Over the past few years, they have generated
inspiring work, 137118 continuously improving their inks by
analyzing and controlling interparticle forces. Here, we use one of
their earlier systems''® as it comprises a model system containing
monodisperse silica microspheres that displays their meticulous
scientific work on developing printable colloidal inks. Coating
the colloids with poly(ethylene imine), they exploited the
concept of electrosteric'” interparticle forces to tailor the
viscoelastic properties of the system. Electrostatic interactions
between negatively charged silica particles and positively charged
poly(ethylene imine) induced strong ionic interactions between
the two species. In addition, changing the pH of the solution,
they were able to vary the { potential of the coated particles and
found the point of zero charge to be at a pH of about 10. At this
pH, the absence of electrostatic repulsion between the colloids
led to a system strongly flocculated by van der Waals forces and
thus to a fluid-to-gel transition. Finally, they added cellulose as a
thickening agent to increase the ink viscosity and reduce the
flocculation kinetics, even enabling fabrication of unsupported
spanning structures that are considered to be the most difficult
structures to print using robotic dispensing systems.

In describing ceramic colloid systems to a nonexpert, it might
seem strange that there are only a few real systems displaying the
properties of the hard-sphere model. However, due to surface
charges, even uncoated rigid ceramic particles will depict an
interaction potential energy longing for a classification as soft-
sphere systems.'°° Taking into account that spheres can also be
deformable will be the next step approaching toward the
description of polymeric systems. As outlined before, low
concentrations of hard spheres in a solution will not change the
Newtonian character of the liquid they are suspended in.
Nevertheless, they will increase the viscosity by deviating the
fluid flow lines.”* By shear-induced shape adaptation, deformable
particles will lead to less deviation and thus to a less pronounced
viscosity increase considering shear.'”” For higher concen-
trations, this will further result in more pronounced shear
thinning. This effect contributes to the extraordinary groperties
of blood."'” Under shear, red blood cells will deform,"* enabling
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blood to flow even through the tiniest capillaries in the human
body. For synthetic systems, the particle elasticity also has a
major impact on the rheological properties as reviewed by
Vlassopoulos et al.''” They pointed out that colloid elasticity has
an impact not only on flow-induced material response but also on
the zero shear viscosity of colloidal suspensions and that the
decrease of zero shear viscosity with increasing particle
deformability is generally more pronounced at higher volume
fractions. The models they considered for their review contained
polymer coils and star polymers evolving the lowest elasticity of
the discussed systems. Singh et al."”’ performed computer
simulations of ultrasoft colloids under linear shear flow, showing
that star polymers deform due to shearing. Furthermore, Huang
et al."*""** used simulations calculating that linear polymers will
depict shear-induced decoiling and stretching accompanied by
orientation along the flow direction. Huber et al.'*’ could
visualize the tumbling dynamics of semiflexible polymers under
shear conditions by imaging fluorescently labeled actin
molecules.

3.4. Underlying Molecular Concepts: Polymer Solutions

Polymer solutions are commonly used as model systems for soft
colloids which lead to the field of polymer solutions. Just as for
the hard-sphere model, the concentration will be crucial for the
rheological response of such systems. At very low volume
fractions, the distance between the chains will be larger than their
size. These systems are called dilute. As already discussed for
hard and deformable spheres, at very low concentrations, the
solvent properties will not be altered significantly. Increasing the
concentration results in coil overlap and leads to semidilute
solutions. Although the solvent will occupy most of the volume,
the coils will overlap and have a considerable impact on the
rheological properties. Being able to overlap clearly distinguishes
polymeric systems from the suspensions discussed before.
Raising the solid loading further will lead to concentrated
solutions dominated by coil interactions.*” Printable hydrogels
will usually depict concentrations in either the semidilute or
concentrated regime, and thus, for the following discussions, only
these systems will be considered. Even early models describing
semidilute systems, not taking into account interactions other
than topological, had to deal with coil overlap and with the
concept of entanglements.'** Although used in one context, it is
important to mention that overlap and entanglement should not
be put on one level. Semidilute and concentrated solutions are
defined by coil overlap but do not need to be entangled.'’” For
the chains to entangle, they will need to be long and flexible
enough. Experimental results could show that there is a critical
molecular weight for the formation of entanglements that
depends on the flexibility of the polymer backbone.”"'"”
Entanglement can, however, only occur in semidilute or
concentrated solutions. If chains are separated from each other,
they will not be able to interact. To some extent, these findings
are connected to each other. The longer the chains, the bigger
their interaction potential and the higher the number of
entanglements at the same concentration. Connecting the
entanglement density to rheological properties, the concept of
entanglements drastically changed the scientific understanding of
polymers. Accompanied by the model of reptation, researchers
were able to relate macroscopic polymer properties to the
microscopic behavior of single molecules. Due to that, the
concept of entanglements is an excellent example of how
theoretical models can enrich and evolve general understanding.
As we will not focus on models here, we refer the interested
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reader to excellent reviews dealing with this topic'*"'** and

continue our argumentation describing general factors influenc-
ing the properties of semidilute and concentrated polymer
solutions.

Aside from entanglements and the movement of polymer
chains within semidilute/concentrated solutions, intermolecular
interactions have to be taken into account. In general, an increase
of concentration will increase the amount of interactions, and
thus, polymer concentrations in solutions will have an influence
on the rheological properties. As shown in Figure S, a general

high ¢

low ¢

viscosity

shear rate

Figure S. Viscosity against shear rate for high and low polymer
concentrations (c) of a homopolymer solution in a good solvent.

observation dealing with polymer solutions is that with
increasing concentration the zero shear viscosity is raised and
the onset of shear thinning is shifted toward lower values.''’
With increasing load volume, the viscoelastic properties will be
more pronounced and lead to a bigger difference between first
and second Newtonian plateau values.”’ Another aspect is the
influence of the molecular weight distribution on the rheological
properties of polymeric liquids. Generally, it can be observed'®”
that increased polydispersity influences the transition from
Newtonian to non-Newtonian behavior. Solutions with a
broader molecular weight distribution will evolve non-New-
tonian properties at lower shear rates, but shear thinning will not
be as pronounced, and the decrease of viscosity against shear rate
will be broadened.

Recently, researchers have exploited this concept for designing
printable materials. Although using materials with a broader
molecular weight distribution was not the only aspect influencing
the rheological behavior of the inks, they could tune the flow
properties of their systems either by mixing batches of different
molecular weight distributions of identical materials''> or by
combining two types of materials with different distributions.'*®
These examples show that modern inks usually are—from a
rheological point of view—complex systems. The complexity is
mainly introduced by interactions between the molecules and by
molecule—liquid interactions. Due to the huge number of
interactions, a closer rheological discussion is outside the scope
of this review. We rather intended to present and discuss
simplified basic views of rheological concepts aiming for a more
generalized understanding of the possible system variations
allowing control of the rheological properties.

3.5. Characterization of Rheological Properties

Although it is not the main focus of this paper, we briefly
introduce some general aspects of rheological hydrogel analysis
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before moving on to the next sections. Rheological character-
ization is often underestimated in terms of hydrogel design for
biomedical applications.””"*” The spectrum of rheological
characterization methods for hydrogels is nearly as manifold as
the gels themselves, which sometimes makes comparability
difficult, which contributes to delaying general systematic
progress, especially for ink development. An excellent book
describing rheological concepts and explaining the different
characterization methods was provided by Malkin et al.'** For a
short overview focusing on hydrogel rheology, the interested
reader is also referred to less detailed reviews. *”'*’

As described, non-Newtonian fluids have shear-rate-depend-
ent properties. Furthermore, their characteristics will be
dependent on the kinetics and the magnitude of deformation.
This needs to be considered when choosing the test parameters.
They should be adapted to the processing and application
conditions as closely as possible. In terms of biofabrication, we
can roughly divide the measurement conditions into those that
are adjusted for the fabrication step or, postfabrication, for the
demands of the application. Due to the cellular component
usually present in TE applications, postfabrication character-
ization is mainly limited to analysis of the linear viscoelastic
properties of the printed hydrogels in the zero shear viscosity
region under static or dynamic conditions. In contrast,
fabrication conditions in the case of nozzle-based systems mainly
long for characterizations of the shear thinning region and the
recovery of the hydrogel after printing. Rheological measure-
ments with alternating shear rates are a helpful tool to analyze the
important recovery rate of printable materials. Eventually, the
correct set of characterization method and conditions has to be
selected for each ink system taking into account the envisioned
application. Independent of the fabrication method and
application, we nonetheless highlight the importance of rheology
and underline that taking into account rheological considerations
from the beginning is crucial for a rational and successful
development of a printable hydrogel formulation.

This section has underlined how crucial the rheological
properties of an ink are for successful printability. Before
presenting the different strategies to induce intermolecular
interaction and to design molecular components for printable
hydrogels which will be discussed in sections 5 and 6, the
following section will focus on the limitation of using chemical
cross-linking for 3D printing and its potential and common use
for postfabrication stabilization of constructs.

4. CHEMICAL CROSS-LINKING

As already introduced in section 1, hydrogels can be classified
according to the mechanism of their formation in chemical and
physical hydrogels. Physical hydrogels rely on noncovalent
interactions between their building blocks for network
formation. This makes the gels dynamic and endows them
with self-healing properties;l‘0 however, this is often accom-
panied by low mechanical strength and stability, which is
undesired in 3D printing for the final printed construct. Chemical
hydrogels in contrast are formed through chemical reactions and
the formation of covalent bonds that constitute the network.
Hence, these networks are less dynamic but stable until forces are
big enough to irreversibly break the covalent bonds. Such
properties are ideal for generation of mechanically stable
constructs. However, for the application of covalent cross-
linking during 3D printing of hydrogels, an ongoing chemical
reaction imposes a number of demands. A general challenge is
noncontinuous printing with stop—go phases, since the chemical
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reaction should not continue in the stop phase. Throughout the
printing procedure, no or only very limited cross-linking should
occur for the formulation remaining printable and also not
significantly changing its behavior over time during printing,
which would lead to structural inhomogeneity in the printed
object. During or immediately after printing, the cross-linking
should occur rapidly to ensure shape fidelity. These two demands
are best met by two-component systems that rapidly react upon
mixing. Such approaches have already been followed more than
10 years ago in work by Miilhaupt et al., who used isophorone
diisocyanate for the cross-linking of poly(ethylene glycol) (PEG)
and glycerin during 3D plotting, an approach which they termed
“reactive plotting”.131 However, they did not plot a hydrogel but
did create a water-swellable 3D hydrogel construct, and the
chemistry used is not cytocompatible and would definitely not
allow printing in the presence of cells.

Nonetheless, various in situ gelations via chemical cross-
linking methods such as polymerization, classical organic
reactions (e.g., Michael addition, click reactions), redox
reactions, and enzyme-driven reactions were used for the
generation of injectable hydrogels,"*””"** and numerous
cytocompatible cross-linking reactions for hydrogels are known
and have been used for encapsulation of cells within hydro-
gels."”> Moreover, a number of hydrogels have been developed
that chemically cross-link via peptide sequences which are
substrates for matrix-remodeling enzymes (so-called matrix
metalloproteases, or MMPs),"*° so that chemical cross-linking
can be combined with tailored specific biodegradability.
However, a most critical challenge for printing cells containing
covalently cross-linked two-component hydrogels remains the
mixing step, as cells are sensitive toward shear rates, but on the
other side, homogeneous mixing of the formulation has to be
ensured in a short time.

4.1. Post- and Prefabrication Cross-Linking

In accordance to the discussion above, the main application of
chemical cross-linking for hydrogel printing is postfabrication
stabilization of the printed constructs. Therefore, the hydrogel
precursors are endowed with chemically reactive groups, mostly
photopolymerizable groups such as acrylates, and the printed
construct is illuminated by UV light immediately after plotting.
Examples for this approach are numerous, and the most common
precursors used are poly(ethylene glycol) methacrylate,"”
poly(ethylene glycol) diacrylate,"*® polydiacetylene/poly-
(ethylene glycol) acrylate,"*” poly(2-hydroxyethyl methacry-
late) /2-hydroxyethyl methacrylate,"'> succinimidyl valerate
(SVA)—poly(ethylene glycol)/gelatin/gelatin methacrylate/fi-
brinogen/poly(ethylene glycol) amine/atelocollagen,*” hyalur-
onic acid/ hydroxyethzl methacrylate-derivatized dextran,'*!
gelatin methacrylate,"*>'* poly(ethylene glycol) diacrylate/
alginate,"** and GRGDS (Gly-Arg-Gly-Asp-Ser) acrylate/matrix
metalloproteinase-sensitive peptide acrylate/poly(ethylene gly-
col) methacrylate/gelatin methacrylate.'**

Hyaluronic acid methacrylate/gelatin methacrylate'*® was
chemically cross-linked before and after printing to tune the
formulation properties for the printing process and stabilize the
printed structure afterward. Combination of photoinitiated and
thermal cross-linking after printing was also used to adjust the
properties of gelatin methacrylamide/hyaluronic acid,”" Lu-
trol,'"”” and poly(N-(2-hydroxypropyl)methacrylamide lac-
tate)—poly(ethylene glycol).'** Finally, in some studies chemical
cross-linking was solely performed prior to printing, for example,
applying photopolymerization for poly(ethylene glycol) dia-
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Figure 6. Basic physical molecular interactions exploitable for physical gel formation.

crylate,'* gelatin methacrylate,"*® or Michael-type addition
between thiolated hyaluronic acid/thiolated gelatin/four-armed
poly(ethylene glycol) acrylate."”'

Also combinations of different intermolecular interactions
(ionic interaction and thermoswitchable hydrophobic inter-
action plus photochemical cross-linking) have been exploited for
optimizing the formulation properties for poly(N-isopropylacry-
lamide)/N,N’- methylenebls(acrylamlde) /poly(ethylene glycol)
dimethacrylate before printing.">” The same strategy to combine
different interaction types was also exploited with chemical
reaction as the fixation step of the structure after printing.
Examples comprise gelatin,'>” a gelatin/hyaluronic acid
mixture,”>* a formulation containing gelatin, alginate, and
fibrinogen,'**>'*° a mixture of gelatln and chitosan,"”” a
ﬁbrinogen/ collagen formulation,"*® a collagen/agarose/chitosan
system, % and a gelatin methacrylamide/gellan/alginate for-
mulation.'® Finally, systems containing alginate acrylam1de/
N,N’-methylenebis(acrylamide)/ethylene glycol and Ca®*
ions161 as well as alglnate/poly(ethylene glycol) diacrylate/
laponite and Ca?* ions'®* were ionically tuned for printability
before and structurally stabilized through irradiation after the
printing process.

4.2. Application of Dynamic Covalent Bonds for Printing

Some chemical bonds exhibit dynamic character after they have
been formed, meaning that they are stable under some
conditions but labile under others, or that they are in a constant
equilibrium between two states. Examples of dynamic chemical
bonds from nature are the switching of disulfides or thioester
exchanges in biosynthetic processes. For a detailed and
comprehensive presentation and discussion of such reversible
and dynamic chemical bonds, we refer to excellent reviews on
that topic.'®*'®* Chemical cross-linking toward networks that are
covalently built up by such dynamic bonds is possible prior to the
printing procedure and would allow, under the conditions
necessary for the respective bond, reversibility of the cross-linked
network during and after the printing, similar to the healing
phenomenon in physically cross-linked systems. One example
that has recently been exploited for hydrogel printing is the
dynamic chemistry of imines.'®® Imine chemistry has been used
for preparation of injectable hydrogels for several years, for
example, through mixing of oxidized hyaluronic acid with
chitosan. Gelation in this system was attributed to the reaction
between aldehydes in the oxidized hyaluronic acid and amines of
the chitosan.'®® A dynamic chemically cross-linked hydrogel
system for bioplotting was prepared along this cross-linking
ratlonale by cross-linking partially oxidized alginate with
gelatin.'®” Imine formation resulted in gelation before plotting,
but the gel could be printed using a robotic dispensing setup. The
viscosity of the system facilitated good printability and sufficient
stability of the printed structure so that the chemical cross-linking
could further stabilize the construct. As a beneficial byproduct,
gelatin improved the cytocompatibility of the system, and cells
could be plotted with this system. In another example of a
dynamic chemical bond, Meng et al."®® used boronic ester
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formation for supramolecular hydrogels based on boronic acid-
modified alginate and poly(vinyl alcohol) under basic conditions.
Step strain measurements show shear thinning behavior, e.g, at
low strain G’ =~ 10° Pa/G” ~ 500 Pa, and at high strain G" ~ 400
Pa/G” = 600 Pa with recovery properties. This combination of
reversible chemical cross-linking with shear thinning and self-
healing properties is very promising for printing applications.
Furthermore, disulfide cross-linked hydrogels have been
prepared from thiolated star-shaped PEG molecules and linear
polygylcidols. Disulfide formation and thus gelation could be
achieved and controlled under mild and cytocompatlble
conditions either by using alloxan as the catalyst'® or by
exploiting horseradlsh peroxidase without the need to add
hydrogen peroxide.'”’ The dynamic equilibrium between thiols
and disulfides presents another attractive example of dynamic
covalent bonds with potential application for printable hydrogel
systems.

5. MOLECULAR PHYSICAL GELS

We now focus on physically cross-linked hydrogels. As
highlighted in section 3, such gels inherently possess beneficial
properties for the printing procedure due to the dynamic and
reversible nature of their cross-links. Some of the established
printable systems, most prominently alginate, belong to this
group, and these will be included in this review for completion.
However, our main focus here is to summarize fundamental
principles for molecular assembly that have been developed in
polymer chemistry and especially supramolecular chemistry, a
very diverse field introduced by Jean-Marie Lehn,'”" and outline
their possible exploitation for the development of 3D printable
hydrogels. These strategies all rely on a small number of basic and
well-known interaction mechanisms such as hydrogen bonds,
complex formation or coordination bonds, 7—n stacking, and
hydrophobic and ionic interactions (Figure 6). These mecha-
nisms found widespread application in different fields of research
and, before entering a detailed discussion about promising
examples for 3D printing, we give an overview on recent review
papers and briefly summarize their contents.

Supramolecular polymer networks are a new class of materials
which basically can be categorized into two kinds of macro-
molecular systems and are compared with respect to their
formation, structure, and dynamics in a review by Sprakel and
Seiffert:'”* The first one is the “noncovalently bound monomer-
based polymer” consisting of small units which interact physically
and form a polymer network. The second is the “covalently
bound monomer-based polymer” with “noncovalent chain
interconnection” whose polymer backbone is covalently fixed,
and the polymer possesses side chain functionalities for inter-
and intramolecular interactions. A variety of functionalities for
supramolecular systems with broad properties and numerous
applications have been reviewed extensively by several research
groups. Schalley and Qi'”® reported on macrocycles for
functional supramolecular gels, including, e.g., crown ethers,
cyclodextrins, and spiroborate cyclophanes, and highlighted
different stabilization and gel—sol transition methods via
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environmental stimuli. Rim-bound/appended macrocycles and
host—guest complexes form stable gels and can be transferred
into solutions via temperature/pH change or addition of
competitive hosts or guests, e.g., applicable for the host—guest
formation of crown ethers and secondary positively charged
amines. Furthermore, they can be used for pressure-responsive
materials which can recover back to their initial form. Qiao and
co-workers' ™ gave a deeper insight into cyclodextrin-based
supramolecular assemblies and hydrogels. The variety of host—
guest interactions with cyclodextrins is an interesting flexible
cross-linking method for building blocks, e.g.,, polyrotaxanes,
molecular tubes, and capsules. The different cavity sizes of the
cyclodextrins (CDs), a-CD, -CD, and y-CD, allow binding of
appropriate guest moieties such as poly(ethylene glycol),
poly(caprolactone), and phenyl and adamantyl groups. The
host—guest formation was used for reversible sol—gel transition
triggered by light and redox reaction. The morphology of host—
guest-based supramolecular structures can be tuned via their
overall amphiphilic character and was reviewed by Huang and co-
workers.'”> Nanosheets, nanotubes, vesicles, and micelles can be
formed in this way for different applications. Hereby, the
molecular geometry and amount of hydrophilic and hydrophobic
functionalities play an important role in the shape formation.
Furthermore, organic compounds possessing 7-systems form
supramolecular gels via 7—7 interactions in solutions, so-called
low molecular weight gelators. Ajayaghosh and co-workers'”®
reported on 7-gelators with functional groups which can also
form different shapes via stacking, such as nanofibers, columns,
and helices. Percec and co-workers'”” presented several complex
systems based on dendron-mediated self-assembly. Depending
on the molecular geometry, the solvent, and the amount of
generations and functionalities, the formed supramolecular
structures, such as nanocapsules and columns, can be controlled
and are stabilized through 7—x interactions and hydrogen bonds.
With this wide pool of chemical functionalities and interactions,
it is possible to tailor materials with new properties. Zhang and
co-workers'”® reported on supramolecular polymers and high-
lighted the four most common interactions in this field with
respect to historical development, preparation, characterization,
and function. These are metal coordination bonds, multiple
hydrogen bonds, and host—guest and donor—acceptor inter-
actions. The dynamic nature of functional supramolecular
polymers opens a wide field of applications in medicine and
electronics for this new class of materials.'” The design and use
of these functionalities for supramolecular polymer gels was
reported by Matushita and co-workers,"*” who explain some
physical properties dependin§ on the functionalities within the
gel. Huang and co-workers'®' gave further insight into the
stimulus responsiveness of these materials induced, e.g., via light,
temperature, and concentration. Self-healing supramolecular gels
(Figure 7) were recently focused on and were reviewed with

dynamics of
association F.

Figure 7. Concept of self-healing materials relying on the reversibility of
physical interactions. Reprinted with permission from ref 183.
Copyright 2013 John Wiley and Sons.
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respect to the influence of basic molecular interactions within the
material on its properties. For example, Hayes and co-workers'**
and Binder and co-workers'® reported on healable supra-
molecular polymers based on a variety of hydrogen bonds,
donor—acceptor interactions, ionic interactions, and metal
coordination, which allow the materials to recover after being
damaged. Self-healing is also possible via constitutional dynamic
chemistry and was reported by Chen and co-workers.'** They
gave an overview of physical and also chemical self-healing with a
variety of healing conditions and efficiencies.

A variety of injectable hydrogels were reviewed by Li et al,,'®
who gave an overview of natural and synthetic polymers with a
focus on gelation, biodegradation, and biomedical applications.
Guvendiren et al.”* summarized shear thinning hydrogels also for
biomedical applications, such as peptides and synthetic polymers,
and explained the criteria for these properties which are
necessary for injection. Also, the necessity of reversible linkages
in adaptable hydrogel networks for cell encapsulation was
reviewed by Wang and Heilshorn.'*

This brief overview underlines the richdom of literature and
the multiple applications that rely on (supra)molecular
interaction mechanisms. All these basic physical molecular
interactions will be reviewed in the following section with respect
to their chemical design and possible use for printable hydrogels.
Therefore, we categorized them into four systems which will be
explained in the following order: supramolecular polymer,
supramolecular (low molecular weight gelators), macromolecu-
lar, and colloidal (solid particles, also in combination with the
aforementioned systems) as depicted in Figure 8.
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Figure 8. Supramolecular, macromolecular, and colloidal strategies for

hydrogel formation.

5.1. Supramolecular Approaches

5.1.1. lonic Interactions and Coordination Bonds.
Dupin and co-workers developed a hydrogel containing chain-
end-dithiolated PEG (PEG(SH),) possessing 0.8 eq of Au* as a
zigzag cross-linker.'®” A double-chamber syringe system with
solutions of the components was used for the hydrogel formation
during the injection. As the thiol’s nucleophilic character
depended on the pH value, the hydrogel’s properties varied
with this as well. For example, at pH 11, the thiol groups
possessed a strong nucleophilic character and therefore led to a
thiolate/Au—S exchange which made the hydrogel dynamically
flow up to a frequency of 0.9 Hz, after which the storage modulus
G’ became higher than the loss modulus G”. In contrast, at pH
3.1, the nucleophilic character of the thiols was weaker, causing
less thiolate/Au—S exchange, and therefore, the hydrogel was
more stable. Grande and co-workers used glutathione as a
binding component to Au* with its thiol functionality.'** Hereby,
the pH value was varied to switch between the gel and sol states,
which could be an interesting application for the pH-controlled
gelation process. Mecerreyes and co-workers synthesized a
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variety of polymer gels based on ionic interactions. They used
(di/tri)carboxylic acids (e.g, citric acid) and (di/tri)alkylamines
(e.g, N,N’,N”,N”-tetramethyl-1,3-propanediamine) which
formed supramolecular polymers after a proton transfer.'®’
Their storage modulus G’ and loss modulus G” were
temperature-dependent, and G” became higher than G’ after
the gel—sol transition temperature, which varied from 20 to 60
°C on the basis of the used monomers. Rowan and co-workers'”’
used 2,6-bis(1’-methylbenzimidazolyl)-4-oxypyridine for com-
plexation of Zn>* and La**, which formed shear thinning gels in
acetonitrile. They could also be transformed to solutions via
addition of acid or by heating. Generally, coordination bonds
possess high binding constants and could be used with various
metals and ligands for gel stabilization (Table 2).

Table 2. Examples of Metal-Coordination-Based
Supramolecular Polymers®

Ligand Type Metal K, Solvent/Counterion
Zn’ 41x10°M" CHCly/-
Co> 1.0x 10°M?! Pyridine/OA¢
Zn** ~108 Mt Aqueous KNO;
Zn®t 1x107 M’ Aqueous KNO;
Zn** 2x 10" M? CH;CN/CIO,
/TBAPF
Fe' ~ 10" M? Water
Zn? ~>10°M? CHCI;/CH;CN/CIO,
Fe™ ~ 10" M?

“Adapted with permission from ref 178. Copyright 2015 American
Chemical Society.

5.1.2. Hydrogen Bonds. Meijer and co-workers developed
ureidopyrimidinone (UPy)/urea-end-functionalized poly-
(caprolactone) for binding with UPy/urea-end-functionalized
peptides. Due to the strong association constant via quadruple
hydrogen bonding (K, = 10’ M~ in CHCly), the supramolecular
polymer was very stable but also very flexible at the same time.
The polymer was processed in a melt just below 80 °C, where the
polymer possessed a low viscosity, and was used to produce fibers
via electrospinning, films via solvent casting, and scaffolds via
fused deposition modeling.'”" Further supramolecular gels based
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on interactions via hydrogen bonds were obtained by the same
group.'”” The dodecane-based monomer possessed UPy and
urea functionalities on both chain ends and formed a
supramolecular polymer in chloroform via stirring. Mechanically
induced gelation is thermoreversible and could be transferred
back into the monomer solution via an increase of the
temperature. It showed shear thinning properties, whereas the
loss modulus G” became higher than the storage modulus G’ in
repeatable cycles. A pH-switchable and self-healing supra-
molecular hydrogel for injection was also investigated by
Dankers and co-workers.'”> End-functionalized PEG possessed
at both chain ends urea and UPy functionalities for hydrogel
formation via multiple hydrogen bonds which could be
controlled by the pH value. UPy groups could be deprotonated
at pH 8.5 lowering the strength of the hydrogen bonds, and this
led to a solution. The material also showed shear thinning
properties in a neutral state and a basic state, where in both cases
the loss modulus G” became higher than the storage modulus G'.
Repeatable dynamic strain amplitude tests of hydrogels
containing 10 wt % UPy—polymer also showed self-healing
behavior over four cycles. Binder and co-workers'”* synthesized
end-functionalized poly(isobutylene) with barbituric acid groups
and the Hamilton wedge with six hydrogen bonds which formed
a gel with self-healing properties. Table 3 shows hydrogen
donor—acceptor systems possessing different geometries, bind-
ing constants, and amounts of hydrogen bonds which could be
used for gel stabilization.

5.1.3. Host—Guest and Aromatic Donor—Acceptor
Interactions. Crown ethers interact with compounds contain-
ing protonated secondary amines via hydrogen bonds'”® by
forming host—guest complexes and were used by several research
groups as building blocks for supramolecular polymeric gels. For
example, Huang and co-workers synthesized two complementary
homoditopic compounds, one containing a crown ether and the
other a protonated alkylammonium group.'**'*” The formation
of a supramolecular polymer via host—guest interaction was
investigated at different concentrations in acetonitrile and
chloroform. [PdCl,(PhCN),] was added as a cross-linker
whose Pd** formed a complex with the triazole groups. The
formed gel showed interesting properties: It could be transferred
back to a solution by an external stimulus such as pH,
temperature, or cations. Additionally, it showed shear thinning
and self-healing properties. A gel containing 100 mM equimolar
monomers with 60% cross-linker possessed a G’ = 10* Paand G”
~ 10’ Pa at low strain rates and reached its gel—sol transition at
~100% strain. Strain sweep measurements from 0.1% to 200%
showed how the network could be destroyed and recovered back
to the initial cross-linked gel. Zheng and co-workers synthesized
a series of amphiphilic heteroditopic building blocks with the
same functional groups for host—guest interaction as described
before and additionally varied the crown ether group,
alkylammonium group, or spacer.'”® The gelation process was
investigated in water, acetonitrile, and DMSO, and the minimum
gelation concentration varied from 0.6 to 4.3 wt % with different
functional groups. It might be interesting to transfer a viscous
solution into a gel via changing the concentration during
printing. Similar supramolecular polymeric gels were investigated
by Yin and co-workers, who incorporated additional terpyridine
groups for complex formation with Zn?*."”” The material showed
self-healing properties and reversible gel—sol transition via
heating/cooling and addition of base/acid, ligands/Pd2+, and
Zn™.
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Table 3. Examples of Donor and Acceptor Hydrogen Bonds®
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“Adapted with permission from ref 178. Copyright 2015 American
Chemical Society.

Pillararene-based supramolecular polymer gels are novel
materials stabilized via host—guest interactions. Wei and co-
workers used copillar[$]arenes which possessed four 1,4-
dimethoxybenzene units and either one 1-methoxy-4-dodecyl-
benzene (COPS—12) or one l-methoxy-4-cetylbenzene
(COP5—16) unit, forming supramolecular polymers via self-
assembly in acetonitrile.””’ Thereby, the hydrophobic alkyl chain
interacted with the aromatic benzenes via CH:- 7 interactions,
and the formed gels showed reversible gel—sol transition via a
temperature change (68 °C for COPS—16 and 52 °C for COPS—
12). Additionally, the gels possessed self-healing properties; e.g,,
a gel (20 wt % COPS—16 in acetonitrile) returned back to its
initial form after being torn apart for 1 mm within 45 min. To get
a hydrophilic supramolecular pillarene-based gel, Yao and co-
workers introduced four 1,4-bis((2-ethyloxy)-
trimethylammonium)benzene units and one 1-methoxy-4-
cetylbenzene unit.”"" The self-assembly in water was also driven
by CH---7 interaction of the alkyl chain with the benzene units.
The rodlike fiber network also showed a gel—sol transition via
temperature. Zheng and co-workers developed amphiphilic
calix[4]arenes by acylization of the amino groups of the
calix[4]arene with dicarboxylic anhydrides which formed
supramolecular hydrogels.””” As the gel was not completely
stable in water, at least 5% (v/v) ethanol was needed to be added
to the solution. They investigated the gel stability from 5% to
25% (v/v) ethanol and showed that with a higher amount of
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ethanol the suspension—gel temperature and gel stability
increased. These amphiphilic compounds are interesting for
forming hydrogels but could be improved as ethanol is harmful
for cells and the sol—gel temperature might be tuned by addition
of other compounds. Table 4 shows host molecules with
associated guest molecules.

Table 4. Examples of Host—Guest Interactions”

Host Molecules  Molecular Structures Typical Guest Molecules
P-Cyclodextrin o o o"o Adamantane, coumarin
\}_//25@3%%
OHO H o
il ¢ o
oJoH ondHZo
O0H,
R
OH
Cucurbit[8]uril L ; Methyl vologen, charged
N“TSN
hANAW \‘ naphthalene, anthracene and
o. f Ay & b _S—Io alkene
z §S o
0 o
04‘;8'{" < S N?{“ZQ
N~ ‘"A,,J
F~"%
Calixarene Charged alkane, viologen
Crown Ether Y 9 o o Viologen, charged amine
o_0_P_Q 0
Pillarene Charged imidazole and

DABCO

“Adapted with permission from ref 178. Copyright 2015 American
Chemical Society.

Rowan and co-workers”” designed copolymers possessing 7-
electron-deficient naphthalenediimide units and 7-electron-rich
pyrenyl-end-capped polyamides which form self-healing supra-
molecular materials via 7—7 stacking. After damage, the aromatic
groups were stretched and could interact again by heating to 87
°C with a recovery of 100% of the material. This concept of 7—n
stacking was mostly used for self-healing materials with different
polymers and is summarized in Figure 9. Hayes and co-workers
filed a patent’” which described similar end-functionalized
polymers with 7— stacking for inkjets.

5.1.4. Low Molecular Weight Gelator. Ravoo and co-
workers developed tripeptides Fmoc-L-Cys(Acm)-L-His-L-Cys-
OH (1) and Fmoc-L-Cys-L-His-L-Cys-OH (2) which formed
supramolecular gels in water with shear thinning properties.”””
The Fmoc groups allow the 7—7 stacking for stabilization of the
gel with a minimum gelation concentration of 1.5 wt % which
possessed a storage modulus G’ ~ 10° Pa at low strain decreasing
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Figure 9. Examples of the two majorly used aromatic groups for donor—
acceptor interactions.

to ~1 Pa at 100% strain-amplitude sweep for peptide 1. The
viscosity decreased as well for peptide 1 by 6 orders of magnitude
with increasing shear rate. Ulijn and co-workers explored the
biocatalytic induction of supramolecular gel formation using
Fmoc- and methyl ester-terminated dipeptides.””® With these
end groups, a solution was present, and just after addition of the
hydrolytic enzyme from Bacillus licheniformis, which hydrolyzes
the methyl ester, a gel was formed via self-assembly of the
peptide. The subsequent hydrolysis was investigated with
different concentrations of enzyme, and the gelation was
confirmed via determination of the melting temperature. The
greater the number of enzyme units added, the greater the
amount of gel formed, and therefore, the melting temperature
increased. The same group developed further interesting
hydrogels based on Fmoc-functionalized short peptides.””” The
gel—sol/sol—gel transitions might be an interesting tool for
printing and stabilizing hydrogels which can be tuned in different
ways. Gelation of cyclic dipeptide derivates was induced by Feng
and co-workers.”” They used cyclo(1-Phe--Lys) and cyclo(1-
Tyr-L-Lys) possessing N-acetylated p-(+)-gluconic acid for gel
formation, which showed different sol—gel transition temper-
atures depending on the gelator concentration and perturbation.

Further low molecular weight gelators containing aromatic
groups for stabilization of gels via 7— stacking and possessing
thermoreversible properties were synthesized by the research
group of Schmidt.”””™*'" For example, they used 4-
(octanoylamino)benzoic acid and 4-alkoxyanilines, which
formed a gel upon addition of sodium hydroxide. Varying the
ratio of the base led to different amounts of formed gels and
therefore to different gel—sol transition temperatures. Zhang and
co-workers*'” developed a naphthalene-based gelator which
formed organogels with different gel—sol transition temperatures
dependent on its amount. For example, a gel containing 0.5 wt %
gelator possessed a gel—sol transition temperature of ~42 °C,
and a gel containing 2.0 wt % gelator possessed a §el—sol
transition temperature of ~58 °C. The group of Stupp” '~ also
used 7—n stacking for hydrogel formation with quinquethio-
phene—oligopeptide sequences at low concentrations. The
thiophene groups were modified with amphiphilic peptide
residues which improved the water solubility and in addition
led to self-assembling via S-sheet formation. The gelation time
was dependent on the concentration, e.g., 5 days for 1 wt % and
3—S5 h for 3 wt %. While this appears to be too long for cell
printing, the gelation time may significantly be optimized for
bioink development, for example, by using a multivalent
approach with functional polymers. Moreover, gelation times
of several hours up to days are not per definition detrimental to
biofabrication if the resulting network is dynamic as most
recently demonstrated for 3D printing of cell-loaded recombi-
nant spider silk protein hydrogels stabilized via $-sheet formation
(see section 6.1.2).

5.2. Macromolecular Gels

5.2.1. Naturally Occurring Biopolymers Used for
Hydrogel Formation. Biopolymers have frequently been
used in biofabrication, especially since they exhibit excellent
bioactivity.”**'#*'> A broad range of biopolymers has been
investigated to assemble injectable/printable hydrogels for
biomedical applications. This section summarizes the recent
progress on biodegradable and injectable hydrogels fabricated
from naturally occurring biopolymers such as polysaccharides

Table 5. Natural Biopolymers Used To Form Injectable or Printable Hydrogels for Biomedical Applications

biopolymer 3D printing technique applications refs
Polysaccharides

alginate laser-induced forward transfer, tissue repair (myocardial), nerve regeneration, delivery system (drugs, 39, 40, 56, 83, 161, 162, 167,
inkjet, robotic dispensing, proteins, cells, genes), wound healing 185, 219,221-223, 225-241
extrusion

chitosan extrusion tissue repair (cartilage, nerve), drug delivery, cancer therapy 185, 242,243

agar/agarose robotic dispensing tissue repair (cartilage), nerve regeneration 138, 159, 214, 222, 236,

244-248
cellulose robotic dispensing tissue repair (cartilage), wound healing 222,233, 249, 250

hyaluronic acid robotic dispensing, extrusion

tissue repair (cartilage, brain, vascular constructs)

80, 141, 146, 151, 154, 166, 185,

242,251, 252
chondroitin sulfate tissue repair (cartilage), drug delivery, wound healing 185,217,242
gellan gum inkjet tissue repair (cartilage), drug delivery 253-256
Proteins
collagen inkjet, robotic dispensing tissue repair (skin, liver, blood vessels, small intestine), delivery systems 20, 84, 238, 257—261

(drugs, proteins, cells)

tissue repair (cartilage), delivery systems (growth factors, cells), wound

tissue repair (nerves, blood vessels, skin, tendons, ligaments, liver, eyes),
drug delivery systems (drugs, proteins, genes), wound healing

tissue repair (bone, cartilage), drug delivery
Mixture

gelatin robotic dispensing
healing
fibrin/fibrinogen inkjet
silk robotic dispensing
matrigel robotic dispensing tissue repair (liver)
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150, 185, 239—241, 243, 259,

262, 263
185, 239, 264—269

270-274

275
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(alginate, agarose) and proteins (collagen, gelatin, fibrin, silk). A
further overview of hydrogels based on biopolymers applicable
for 3D printing is given by Kirchmajer et al.”°

5.2.1.1. Polysaccharides. Polysaccharides consist of sugars
linked via O-glycosidic bonds. Most of the polysaccharides are
able to form hydrogels, on the basis of bonding (e.g, agarose) or
intermolecular electrostatic interactions (e.g, alginate). A broad
range of injectable and biodegradable hydrogels made of
naturally occurring (or slightly modified) polysaccharides, such
as chitosan, hyaluronic acid, alginate, and agarose, have been
developed and tested for biomedical applications. For more
detailed information, refer to Li et al,'® Thiele et al,*!” and
Table S. Here, we focus on polysaccharides (alginate and
agarose) already used in biofabrication.

Alginate is one of the most frequently used (bio)polymers for
biofabrication due to its favorable biocompatibility and the
capability to support cell survival and differentiation in culture.
Alginate is a linear anionic polysaccharide containing homo-
polymeric blocks of 1,4-linked A-p-mannuronate and a-L-
guluronate. Alginate hydrogels can form through different
mechanisms. At pH values below 3, alginate self-assembles into
acidic $els by the formation of intermolecular hydrogen
bonds.”"® Furthermore, hydrogels can be formed by cooperative
binding of divalent cations such as Ca*" ions. Jia et al. have shown
that alginate can be used as a bioink for bioprinting. The alginate-
based bioinks were shown to be capable of modulating human
adipose-derived stem cell functions without affecting their
printability and structural integrity after cell culture.””” In
terms of alginate-based bioinks, unfortunately, the hydrogel’s
mechanical properties are quickly lost during in vitro culture
(approximately 40% within 9 days). Further limitations are
cellular responses differing dependent on the source of human
and animal cells and the lack of bioactive binding sites.”'"~>*!
Furthermore, alginate was prepared of different concentrations
and was cross-linked via addition of Ca?*
39/40,36,83,105,2227232 Polymer concentrations and printing
conditions were varied, leading to differences in the printing
quality. For example, Guillotin et al.*” used up to 1% (w/v)
alginate solutions for printing and obtained well-defined
constructs and high cell viability. Yan et al.**> used alginate
concentrations from 2% to 8% (w/v), but the higher it was, the
more defined structures were obtained. Nanofibrillated
cellulose/ alginate233 was also fabricated with subsequent cross-
linking via Ca*" ions in solution.

Agarose, one of the main components of agar, consists of (1—
3)-p-p-galactopyranose-(1—4)-3,6-anhydro-a-L-galactopyra-
nose as the basic unit and ionized sulfate groups.”’® Agarose
gelates through the formation of intermolecular hydrogen bonds
upon cooling, resulting in the aggregation of double helices by
the entanglement of anhydro bridges.””” The viscoelastic
properties of agarose hydrogels depend on the molecular weight
and solution concentration. The tunable elastic moduli of
physical gels are between <1 kPa and a few thousand kilopascals,
well in the stiffness range of natural tissues except bone.””®
Furthermore, agar was recently used with poly(acrylamide) and
poly(stearyl methacrylate) to form double-network hydrogels
with self-healing properties which exhibit potential for printing as
well.?”® In 2009, Maher and co-workers produced 3D scaffolds
made of thermoreversible agarose hydrogels by pneumatic
robotic dispensing with a stainless steel cartridge which could be
heated to 100 °C."** The agarose material was printed into a 3%
(w/v) gelatin medium bath. The medium bath did not act as a
cross-linking agent but merely as a construction support site.

ions.
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Dispensing of agarose without the incorporation into the gelatin
medium bath resulted in the distortion of individual layers and in
most cases caused the scaffolds to collapse.*® Furthermore,
human mesenchymal stem cells were encapsulated within
agarose hydrogels and subsequently printed into 3D structures
supported in high-density fluorocarbon. This high-density
hydrophobic liquid mechanically supported the cell-hydrogel
constructs during the printing process. Three-dimensional
structures with various shapes and sizes were manufactured,
and the resulting cell-laden hydrogel constructs remained stable
for more than 6 months. Live/dead and 4’,6-diamidino-2-
phenylindole (DAPI) staining showed viable cells 24 h after the
printing process, as well as after 21 days in culture.'>” Thermal

elation was used for a variety of hydrogels after printing, such as
agar,”****¢ agarose,”*>***** and methylcellulose.””

A large number of bacterial extracellular polysaccharides
(EPSs) have been recently reported to be useful for biomedical
applications. Compared to polysaccharides extracted from plants
or algae, bacterial EPSs have improved physical properties.”*’
Examples of reported bacterial EPSs for biomedical applications
include xanthan gum, gellan gum, dextran, bacterial alginate, and
bacterial cellulose. Although most bacterial EPSs are composed
of repeating sugar units with varying sizes and degrees of
ramification, some have an irregular structure, such as bacterial
alginate. The properties of the EPSs are determined by their
chemical composition, molecular structure, average molecular
weight, and distribution.”®" Good examples for the correlation
between chemical properties and functionality are gellan and
xanthan gum. While xanthan gum forms double helices without
creating a gel structure, gellan gum forms a macroscopic gel.”**
At high temperatures (~30 °C), the linear molecules of gellan are
in a disordered coiled state which turns into double helices upon
cooling. At high concentrations (>2%, w/v), the double helices
changed to thicker rodlike aggregates and formed the gel.”** The
final gel properties were dependent on the content of the acyl
groups. In a highly acylated form, two acyl substituents such as p-
acetate and D-glycerate were present. The acylated form
produced thermoreversible, elastic, and flexible gels, whereas
the deacetylated type formed hard, nonelastic, and brittle gels.”*’
Recently, endotoxin-free low-acyl gellan gum has been used as a
bioink for the reproducible printing of several cell types.”>> A
commercial microvalve deposition system and many-nozzle
piezoelectric inkjet printheads have been used for printing. The
gellan gum kept cells stable in suspension, preventing the settling
and aggregation of cells and showing stringent fluid properties
during printing.”>® Additionally, deacetylated gellan gum was
thiolated to prepare injectable gellan hydrogels which can be
physically and chemically cross-linked in situ. The thiolation
does not alter the hydrogel formation properties of gellan gum,
but leads to a lower phase transition temperature under
physiological conditions and to stable chemical cross-linking.”*

5.2.1.2. Polypeptides/Proteins. Collagen is the most
abundant protein in mammalian bodies, accounting for 20—
30% of the total protein, and therefore, it is of interest to be used
in biofabrication.”'”****** The main functions of collagen in
tissues are to provide mechanical support and to control cell
adhesion, cell migration, and tissue repair.285 All fibrous
collagens have a triple-helical structure with three parallel
polypeptides, a-chains, coiling around each other and forming a
right-handed triple-helical chain. Collagen is easy to process and
modify, and its abundance, nonantigenicity, biodegradability, and
biocompatibility render collagen a promising candidate for
biofabrication.”*® Moon et al. developed a modified inkjet printer
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using mechanical valves for processing high-viscosity hydrogel
precursors, such as collagen solutions, and prepared cell-laden
collagen hydrogels using bladder smooth muscle cells.”*’
However, collagen bioinks suffer from batch-to-batch variations,
loss of shape and consistency due to shrinkage, and poor
mechanical properties (elastic moduli around 1 kPa).****
Additionally, it remains especially difficult to sterilize it without
alterations of its structure.”>® Collagen type 1 was printed as well
with subsequent cross-linking with sodium bicarbonate,”*”**
and a mixture of alginate/collagen type 1 was also reported for
printing.238

Gelatin is partially denatured collagen.”® Compared to
collagen, gelatin is less immunogenic, and can be used as a
bioink due to its biodegradability, biocompatibility, natural cell-
adhesive Arg-Gly-Asp (RGD) motifs, and water solubil-
ity,?8015026%290291 However, the gel formation is solely based
on physical intermolecular interactions of the gelatin molecules,
and the resulting gels are not stable under physiological
temperature, but can be cross-linked.*®> A mixture of alginate/
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gelatin/fibrinogen”” was fabricated with subsequent cross-
linking via Ca®* ions in solution. Thermal gelation was also
used for gelatin,259 acetocollagen,260 collagen type 1,261
collagen/gelatin,259 matrigel,275 and gelatin/chitosan.243 Gela-
tin/alginate was also reported with a double-cross-linking
method via temperature and ions.”*”**' A novel work by
Kirchmajer and Panhuis™® describes a very strong hydrogel
based on gelatin/gellan gum cross-linked via genipin and Ca**
ions whose properties can be tuned via the composition.

Fibrin is another example of a specialized extracellular matrix
protein with potential applications in biofabrication. Fibrin is
formed by thrombin-initiated aggregation of fibrinogen into a
network of fibrils.””**”* The mechanical properties are governed
by the initial concentration of fibrinogen and/or thrombin.*°
Fibrin is biocompatible, cell adhesive, and biodegradable, and
fibrin hydrogels undergo enzymatic degradation (through
activated plasmin) within 2 weeks in cases where no fibrinolytic
inhibitors, such as aprotinin, are added.>"*%® Recently, fibrin was
used as a printable hydrogel for inkjet printing to build 3D neural
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constructs. 3D neural sheets were generated by alternate printing
of fibrin gels and NT2 neuronal precursor cells.”** Since
fibrinogen and thrombin can both be easily purified from blood,
they offer the opportunity of using an autologous source for
making the scaffold.**® However, there are also disadvantages for
using fibrin hydrogels as bioink: some fibrin hydrogels possess
poor mechanical properties and undergo fast disintegra-
tion.”*”?*® The best fibrin hydrogels with mechanical integrity
were transparent and stable for 3 weeks.””

Silks are natural protein fibers produced by Arthropoda such as
spiders of the class Arachnida as well as insects of the order
Lepidoptera. Native silk proteins are highly repetitive and are
composed of crystalline domains periodically interrupted by
helical or amorphous regions.””>**" Due to the absence of
toxicity, slow degradation, absence of immunogenicity, and
extraordinary mechanical properties, silk is particularly of interest
for biomedical applications and biofabrication.””"***7*% The
fabrication of patterned substrates from silk fibroin via inkjet
printing was established””” by successfully patterning silk arrays
by layer-by-layer deposition of dots composed of ionomeric silk
proteins chemically modified with poly(t-lysine) and poly(r-
glutamic acid) side chains. These “locked-in” silk nests remained
anchored to the substrate during incubation in cell growth
medium to provide a biotemplated platform for printing-in,
immobilization, encapsulation, and growth of Escherichia coli
cells. Overall, this fabrication process shows potential for the
universal and large-scale fabrication of biocompatible dot array
templates within a practical processing time scale. The
microscopic arrays could be used as prospective biosensors.””
However, it could also be detected that a plain silk fibroin
solution leads to frequent clog%ing of the needle due to shear-
induced f-sheet crystallization.””® Recently, Das et al. provided a
strategy for fabrication of 3D tissue constructs using a novel silk—
gelatin-based bioink encompassing living progenitor cells and in
situ cross-linking through a cytocompatible gelation mecha-
nism.””!

The use of naturally derived proteins as bioinks is limited
mainly due to their varying composition and purity, and they can
elicit inconsistent or unwanted biological responses. Since
mammalian tissues are the main source of proteins such as
collagen, gelatin, and fibrin, further concerns exist regarding
disease transmission and immunogenic responses.soé’307

5.2.2. Synthetic Peptides and Proteins. A novel method
of cross-linking using hydrogen bonds was reported recently
where polypeptoids were functionalized with grafted single DNA
strands, forming a shear thinning hydrogel after addition of the
complementary DNA strand which was used for 3D printing’*®
and injection.””” Hauser et al.”'” developed bioinks consisting of
trimer, tetramer, and hexamer peptides which self-assembled into
nanofibers. The gelation time could be tuned via the solvent
(deionized water versus phosphate-buffered saline, PBS),
concentration, and amino acid sequences. Various peptide/
protein-based hydrogels are also available via solid-phase
synthesis. Dasgupta et al.”'" summarized the variety of peptide
hydrogels and gave an overview of the relationship between
molecular functionalization, conformation, and properties of the
hydrogel. Condensation of amino acids first forms a primary
peptide sequence which then forms secondary structures such as
a-helix, f-sheet, f-hairpin, and coiled-coils. These peptides self-
assemble into nanofibers and form a hydrogel network by
elongation (Figure 10).

Apostolovic et al.>'* gave further insight into coiled coils in a
review concerning their history and possible applications.
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Material properties and rheological measurements of different
peptide- and protein-based hydrogels were summarized by
Sathaye etal,”"” and these hydrogels might be interesting inks for
printing as they show shear thinning and rehealing properties
based on their dynamic physical interactions. For example, Chen
et al.’'* investigated a f-hairpin peptide hydrogel which was
stabilized via hydrogen bonds within the amino acid units and
showed shear thinning properties at the same time. They used
different peptides with the sequences VKVKVKVKVPPPTKVK-
VKVKV-NH,, IKIKVKVKVPPPTKVKVKIKI-NH,, VKVKI-
KIKVPPPTKIKIKVKV-NH,, and IKIKIKIKVPPPTKIKIKIKI-
NH,, where they varied the amount of L-valine and L-isoleucines
in the peptide sequences. L-Isoleucine is more hydrophobic than
L-valine and possesses a higher affinity to form p-sheets via
hydrogen bonds. The hydrogel formation was triggered in a 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) solu-
tion containing 4 wt % peptide by adding Dulbecco’s modified
Eagle’s medium (DMEM). Via dynamic frequency sweeps, it
could be shown that with a higher amount of L-isoleucine the
hydrogel formation was faster and the storage modulus G" and
loss modulus G” increased. Dynamic time sweep measurements
of the peptide showed recovery to the initial G’ value after
removal of the strain. Schneider and co-workers®> "
investigated the rheological properties and the kinetics of
VKVKVKVKVPPPTKVKVKVKV-NH,/VKVKVKVKVPP-
PTKVEVKVKV-NH, hydrogels in more detail. These are
biocompatible and injectable and can be used for the
encapsulation of cells. For further stabilization, the peptide
sequence KVKVKVKVKVPP'PTKVKVKVKVK was modified
by the same group”'® to KVKVXVKVKVPP'PTKVKVXVKVK
with X = lysyl sorbamide, which possessed double bonds for
photochemical cross-linking. Bakota et al.>'’ synthesized a
peptide sequence called E,(SL)sE,GRGDS which formed a
hydrogel upon addition of Mg*". Its storage modulus G’ was
~480 Pa at low strain, which afterward decreased with higher
strain like the loss modulus G” at ~80% strain. Step strain
measurements were also performed and showed the material’s
shear thinning and recovery properties. It recovered over 75%
within 135 s after strain was removed and up to 100% of its initial
storage modulus within 10 min. A further temperature- and
additionally ion-dependent shear thinning hydrogel was
developed by Huang et al,*** who used the peptide sequence
FLIVIGSIIGPGGDGPGGD cross-linked in Ca’* solution or
under acidic conditions. For example, a hydrogel containing H*
possessed G’ ~ 4 X 10°Paat 5 °C, G’ ~ 3 X 10* Paat 50 °C,and a
hydrogel with Ca®>* possessed G’ & 150 Paat § °C and G’ ~ 400
Pa at 50 °C. This might be an interesting hydrogel whose
properties could be tuned via ionic interactions and temperature.
The same research group””' investigated the hydrogel formation
of this peptide sequence with Ca** in different DMSO/water
ratios and showed that the gel’s stability increases with higher
Ca’" concentration and water content.

Werner and co-workers developed a series of noncovalently
cross-linked hydrogels based on biomimetic peptide—heparin or
receptor—ligand interactions exhibiting properties potentially
exploitable for 3D printing. For example, they used four-arm star
PEG which was functionalized with positively charged
oligopeptides derived from L-lysine/L-arginine. When these
polymers were mixed with heparin, the peptides interacted with
the negatively char§ed sulfate groups from heparin and thus
formed a hydrogel.”**** Very low concentrations were sufficient
for hydrogel formation (S mM heparin, 2.5 or $ mM star PEG—
peptide conjugate), and the hydrogel’s stability could be tuned
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through variation of the peptide sequences. Another physically
cross-linked hydrogel based on a more specific protein—receptor
interaction was prepared by the same group through
functionalization of PEG with biotin and interaction with
tetrameric avidin.”** Biotin—avidin recognition resulted in
hydrogel formation, and the receptor—ligand-stabilized hydrogel
was investigated with respect to stiffness, swelling, and erosion in
water and different PBS buffer concentrations.

Besides peptides/proteins, also synthetic biocompatible
polymers such as poly(N-isopropylacrylamide)-block-poly-
(ethylene glycol)**® and Lutrol F127%%%*** were printed and
thermally stabilized. Physical cross-linking led to reversible
interactions which ensured a constant viscosity during printing
with a good biological compatibility.””'** There are still
capacities in this field, especially in the macromolecular design.
The materials were hardly varied, showing a limitation which
might be extended by using novel building blocks and
functionalizations described in more detail in the following
sections.

5.2.3. Host—Guest Interaction. Many research groups
developed functional polymers cross-linked via host—guest
interaction showing shear thinning properties which could be
interesting for printing. Chen and co-workers** synthesized
poly(ethyl acrylate)-containing protonated dibenzylammonium
moieties cross-linked with dibenzo-24-crown-8 bis(crown
ether). The resulting gel was pH- and temperature-responsive
and the gel—sol transition could be controlled via heating/
cooling or by addition of base/acid. Additionally, it possessed
self-healing properties, and strain amplitude sweep measure-
ments showed that upon a strain of ~30% the loss modulus G”
became higher than G'. Furthermore, step strain measurements
confirmed the material’s full recovery after removal of the strain.
Huang and co-workers®” used the same functionalities to
produce gels but in the opposite way: They synthesized
poly(methyl methacrylate) with pendant dibenzo[24]crown-8
ether groups and cross-linked them by addition of a secondary
protonated bisammonium compound. This gel showed as well
self-healing properties, pH responsiveness, and recovery after
strain. Continuous step strain measurements displayed the
repeatable changes of G’ and G”; e.g,, at a strain of 10*%, G’ ~ 0.1
Paand G” &~ 5 Pa, whereas, after the strain was decreased to 1%,
G’ =~ 100 Pa and G” = 10 Pa.

The research group of Burdick developed a series of injectable
hyaluronic acid-based hydrogels. They modified hyaluronic acid
separately with adamantane and f-cyclodextrin at the side
groups>*” in different ratios and investigated the influence of the
degree of functionalization and ratio in water on the hydrogel
formation, stability, and rheological properties. The storage
modulus G’, loss modulus G”, viscosity, and stability increased
with higher amounts of functionalized hyaluronic acid in the
hydrogel and with higher ratios of adamantane to $-cyclodextrin
functionalities. For example, a hydrogel containing hyaluronic
acid functionalized with 20% adamantane and 20% p-cyclo-
dextrin each at 7.5 wt % in total possessed a yield stress at ~60%
where the viscosity started increasing drastically and G” became
higher than G'. Continuous step strain measurements of the
same hydrogel showed full recovery after several cycles. In a
further work, the same research group additionally introduced
thiol and Michael acceptor groups for a secondary cross-linking
via Michael addition to the same host—guest-functionalized
hyaluronic acid.>*’ In this work they investigated the effect of
post-cross-linking on the stability of the hydrogel with different

Michael acceptors, different pH values, and different amounts of
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functionalized hyaluronic acid. Finally, Burdick and co-workers
used these materials for 3D printing.”>> A hydrogel based on a
mixture of hyaluronic acid with 25% adamantane and 25% f-
cyclodextrin functionalities was printed into a more stable
support gel consisting of hyaluronic acid with 40% of the same
functionalities. Further stabilization of the constructs was
achieved by additional functionalization with methacrylate
groups which were used for UV-induced cross-linking,

Ravoo and co-workers used adamantane-functionalized
hydroxyethyl cellulose for hydrogel formation via host—guest
interactions with amphiphilic f-cyclodextrin possessing n-
dodecyl chains on the primary side and oligo(ethylene glycol)
groups on the secondary side of the macrocycle.”*” These
amphiphilic intermolecular cross-linked f-cyclodextrin vesicles
are injectable and were investigated with respect to the storage
modulus, loss modulus, viscosity, recovery, and different
concentrations and host/guest ratios. The storage modulus and
yield stress increased with higher amounts of host—guest
functionalities in the hydrogel and could also be retransformed
into solution by addition of free adamantane or f-cyclodextrin.

There are also other possible guest molecules for cyclodextrin,
such as the linear PEG, which has been widely explored in this
field. Ito and co-workers showed that the cyclodextrins threaded
over PEG (rotaxanes) formed viscoelastic gels whereby two
cyclodextrin units were connected with different groups, forming
figure-eight cross-linkers.”>' > These are interesting function-
alities as they are pressure-responsive, and the cyclodextrin units
slide over the PEG chain when pressure is applied. The gel
therefore avoids the external stimulus to a greater extent
compared to chemically fixed cross-linking units, which makes
this concept attractive for functionalization of polymers for
designing tunable shear thinning properties. For example, the
following research groups have developed injectable hydrogels
based on the host—guest interaction of PEG with particular a-
cyclodextrins: Chen and co-workers™** developed a reduction-
sensitive supramolecular hydrogel based on [poly(ethylene
glycol) monomethyl ether]-graft-[disulfide-linked poly-
(amidoamine)] with a-cyclodextrin with shear thinning proper-
ties. They investigated the influence of the added amount of
dithiothreitol (DTT), which reduced disulfide bonds, on the
storage modulus, loss modulus, and viscosity. For example, a gel
without DTT possessed a viscosity at a low shear rate of ~135 Pa-
s, and a gel with DTT/disulfide bonds at a 5/1 ratio possessed a
viscosity of ~90 Pa-s, which both decreased upon a shear rate of
10 s™' to the second Newtonian plateau, which is near 0 Pa-s.
Zhang and Ma*** prepared a polymeric prodrug (PEGylated
indomethacin) which formed a supramolecular hydrogel by
addition of a-cyclodextrin. They varied the amount of the host—
guest compounds and investigated the influence on the storage
modulus, loss modulus, and viscosity, which all decreased with
lower host/guest ratios. A further series of host—guest-based
supramolecular hydrogels was synthesized by Li et al,**® who
compared the properties of the triblock copolymer poly[(R,S)-3-
hydroxybutyrate]—poly(ethylene glycol)—poly[(R,S)-3-hydrox-
ybutyrate] (5 X 10°> g mol™") with those of the high molecular
weight PEG (27 X 10° g mol™") and oligo(ethylene glycol)
methyl ether (MPEG) (4.7 X 10° mol™") by threading with a-
cyclodextrin. The poly[(R,S)-3-hydroxybutyrate] units of the
triblock copolymer led to an additional stabilization of the
hydrogel due to hydrophobic interactions, and the hydrogel
possessed shear thinning properties with a higher yield stress
than the other hydrogels containing PEG and MPEG.
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Figure 11. Supramolecular hydrogel with viologen/hydroxyethyl-functionalized cellulose and naphthalene-functionalized poly(vinyl alcohol) forming
host—guest complexes with cucurbit[8]uril. Reprinted with permission from ref 343. Copyright 2012 American Chemical Society.

Tian et al.”>’ developed an injectable and biodegradable
poly(organophosphazene) with pendant MPEG and glycine
ethyl ester side groups for supramolecular hydrogel formation
with a-cyclodextrin. They varied the chain lengths/amount of
MPEG, amount of a-cyclodextrin, and polymer concentration
and investigated the influence on the gel formation and the
rheological properties. Dynamic step strain measurements
showed the hydrogels’ shear thinning and recovery properties.
For example, a gel containing S X 10° g mol™' MPEG at the side
functionalities possessed a storage modulus G’ ~ 10° Pa and a
loss modulus G” & 1.4 X 10° Pa at 1% strain and G’ ~ 6 Pa and
G" ~ 40 Pa at 100% strain. Wu et al.”** prepared an injectable
electroactive supramolecular hydrogel. They used a copolymer
based on ethylene glycol, sebacic acid, and xylitol with a carboxyl-
capped aniline tetramer as a pendant side functionality whereby
this and the ethylene glycol units formed host—guest complexes
with y-cyclodextrin dimers and led to hydrogel formation. It is
interesting that the host—guest formation was conducted at the
polymer backbone and at the side chain as well, which extends
the possibility of functionalization and could be used for further
tuning of the hydrogel’'s properties. As the aniline tetramer
moiety is redox-active, this or other conducting groups might be
used for further in situ modification of the hydrogel. Additionally,
the reversible sol—gel transition can also be controlled via
addition of 1-adamantanamine hydrochloride or y-cyclodextrin
dimer into the solution.

There are more compounds for host—guest interactions which
were used for hydrogel formation showing controlled sol—gel
transition. For example, Nakama et al.”*’ modified hyaluronic
acid with different amounts of PEG chains along the side groups
and added a-cyclodextrin for supramolecular hydrogel for-
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mation. They investigated the effect of the degree of substitution
and pH value on the gel melting temperature, which decreased
with higher pH value/lower degree of substitution. Tomatsu et
al.**" developed a redox-responsive hydrogel based on dodecyl-
modified poly(acrylic acid), S-cyclodextrin, and ferrocenecar-
boxylic acid. A hydrogel was formed only with the polymer itself
due to the hydrophobic interactions of the long alkyl chains.
Addition of P-cyclodextrin led to preferential formation of
stronger intramolecular complexes with the alkyl chains,
resulting in solutions that exhibited a lower viscosity with rising
p-cyclodextrin content. Upon addition of ferrocenecarboxylic
acid, its higher association constant with f-cyclodextrin released
the alkyl chains from the complexes and thus induced re-
establishment of intermolecular interaction and hydrogel
formation. The subsequent oxidation of ferrocenecarboxylic
acid retransformed the hydrogel into a solution as the oxidized
species were too big for the host molecules, which could form
complexes with the alkyl chains again.

Loh™*! described in his review the variety of supramolecular
host—guest-based polymeric materials containing cyclodextrins,
cucurbit[#]urils, and calix[n]arenes. Calix[n]arenes (see section
5.1) and cucurbit[#]urils have received more attention in this
field and might be interesting for designing polymers for physical
cross-linking which could be used for printing. Cucurbit[n]urils
can interact with many different hosts such as diaminohexane/
spermine-containing”*” and viologen/naphthalene-contain-
ing”** polymers and form hydrogels. The latter work by Appel
et al. described poly(vinyl alcohol)-containing viologen moieties
and hydroxyethyl cellulose with naphthalene groups which
formed host—guest complexes with cucurbit[8]uril (Figure 11).
The hydrogels possessed very high water contents up to 99.7 wt
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Figure 12. Hyaluronic acid- and PEG-based hydrogels. Adapted with permission from ref 344. Copyright 2015 John Wiley and Sons.

% and showed shear thinning properties and recovery after
removal of the strain.

5.2.4. lonic Interactions and Coordination Chemistry.
Cross et al.’™** prepared injectable hybrid hydrogels based on
negatively charged hyaluronic acid mixed with positively charged
four-arm star poly(ethylene glycol)-block-poly(2-aminoethyl
methacrylate) (Figure 12). Investigations were made concerning
the influence of the star arm lengths, charge ratio, and osmolarity
(pure water and phosphate buffer) on the gel formation; e.g., the
most stable hydrogel was formed with (PEG,5-b-PAEM,,), and
hyaluronic acid with a charge ratio of 1/1 in water. The star-
shaped polymer acts as a cross-linker and has a positive influence
on the hydrogel formation compared with the linear analogue,
which led only to precipitations. Another PEG-based hydrogel
stabilized via ionic interaction of char%ed side groups of the
polymer was developed by Hunt et al.**> In this work, PEG was
used as a macroinitiator for ring-opening polymerization of allyl
glycidyl ether, which was subsequently functionalized with
sulfonate, carboxylate, or guanidinium groups via thiol—ene click
chemistry. The hydrogel’s stability could be tuned via the acidity
and basicity of the groups, e.g,, a 1/1 ratio of carboxylate/
ammonium gave a solution, whereas 1/1 carboxylate/guanidi-
nium yields a stable hydrogel at 10 wt %.

A further shear thinning gel based on positive and negative
charge interaction was developed by Wang et al.*** They
synthesized poly(p,L-lactic acid-co-glycolic acid) nanoparticles
coated either with poly(vinylamine) or with poly(ethylene-co-
maleic acid) which formed a shear thinning network due to
electrostatic interactions. If the polymer ratio and amount were
decreased, the viscosity decreased as well, which could also be
observed at high shear rates. For example, a gel containing 30%
nanoparticles possessed a viscosity of ~500 Pa-s and a gel with
20% nanoparticles possessed a viscosity of ~175 Pa's at a low
shear rate, and both viscosities decreased significantly when a
high shear rate was applied. Biinsow et al.**’ developed
mechanoresponsive polyelectrolyte brushes consisting of cati-
onic poly[2-(methacryloyloxy)ethyl]trimethylammonium chlor-

1517

ide (PMETAC) brushes with a covalently attached fluorescent
dye, S(6)carboxyfluorescein. They investigated the pressure-
dependent fluorescence quenching via atomic force microscopy,
and upon application of force, the brushes were subsequently
compressed due to the noncovalent electrostatic interaction.
This might be an interesting approach for hydrogels function-
alized with such groups to make them mechanoresponsive. The
viscoelasticity and toughness of hydrogels could be controlled via
the concentration of copolymers possessing cationic and anionic
groups and the concentration of sodium chloride in the solution
as shown by Gong and co-workers.”****’ They investigated
different ionic pairs with the monomers sodium p-styrenesulfo-
nate, 2-acrylamido-2-methylpropanesulfonic acid, [3-[(meth)-
acryloylamino]propyl]trimethylammonium chloride,
[ (acryloyloxy)ethyl]trimethylammonium chloride, and (N,N’-
dimethylamino)ethyl acrylate and determined the swelling
volume ratio, Young’s modulus, the tensile/fracture stress, and
the tearing energy of the materials. For example, a copolymer
based on sodium p-styrenesulfonate and [3-
(methacryloylamino)propyl]trimethylammonium chloride
showed weak interactions at low concentrations of <1.6 M
with swelling ratios up to ~10-fold which afterward decreased
with higher concentrations, and the Young’s modulus increased
at the same time, leading to a tougher hydrogel.

Gels can also be cross-linked via coordination chemistry, e.g.,
with palladium- and amine-based ligands, which was investigated
by Xu et al.”° to determine the effect on the gel’s shear thinning/
thickening properties®>” and on the zero shear viscosity.”>' They
used poly(4-vinylpyridine) cross-linked with bis-Pd(II) com-
pounds called [2,3,5,6-tetrakis{(dimethylamino)methyl}-
phenylene-1,4-bis(palladium trifluoromethanesulfonate) or
[2,3,5,6-tetrakis{(diethylamino)methy}phenylene-1,4-bis-
(palladium trifluoromethanesulfonate)] in dimethyl sulfoxide or
N,N’-dimethylformamide (DMF). The shear viscosity could be
tuned via the temperature, polymer/cross-linker concentration,
and kind of cross-linker that might be attractive for functional
hydrogels with tunable properties. Jackson et al.”>**** prepared
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metallopolymer films based on poly(butyl acrylate) containing
2,6-bis(1’-methylbenzimidazolyl)pyridine ligands for complex-
ation of Cu®', Zn?*, and Co*" ions and tuning the material’s
mechanical stability. This approach might be used for stabilizing
hydrogels via metal complexes.

5.2.5. Hydrogen Bonds. Polymers containing hydrogen
bond side groups could be interesting for printing as these
materials possess shear thinning properties. Lewis et al.’>*
prepared poly(n-butyl acrylate) containing acrylamidopyridine,
acrylic acid, carboxyethyl acrylate, or ureidopyrimidinone
acrylate in different ratios which lead to higher glass transition
temperatures, higher storage modulus G’, and higher zero shear
viscosities upon increased amount in the polymer. For example, a
polymer with acrylic acid with a mole fraction of 6% possessed a
zero shear viscosity of ~2 X 10° Pa-s, and a polymer with acrylic
acid with a mole fraction of 10% possessed a zero shear viscosity
10 times higher, ~2 X 10* Pa-s. Vatankhah-Varnoosfaderani et
al.*>* synthesized copolymers containing N-isopropylacrylamide
and dopamine methacrylate, which formed a gel in dimethyl
sulfoxide (DMSO) solution when sodium hydroxide was added.
This led to deprotonation of the dopamine units, which could
interact with each other and subsequently formed a gel within
seconds, whereas the same process in alkaline water took several
hours. The gel showed shear thinning properties whereby at
room temperature at low shear rate G’ & 250 Pa and G” = 19 Pa
and at 900% strain G” became higher than G'.

Further poly(N-isopropylacrylamide) was used with hydrogen
bond moieties for cross-linking by Hackelbusch et al.**® They
used diaminotriazine or cyanuric acid groups at the side chain
and added the complementary bismaleimide or Hamilton wedge
for gel formation in a methanol/chloroform (1/1) mixture. For
example, a gel with the Hamilton wedge receptor with a polymer
concentration of 200 mg mL ™" possessed a viscosity of ~5.4 Pa-s
at low shear rate and a yield stress of ~0.9 s™". Hydrogen bond
segments can also be used in the polymer backbone and thus
form gels via a-helix and f-sheet formation such as the
polypeptide-based organolator methoxypoly(ethylene glycol)-
block-poly(y-benzyl-L-glutamate-co-glycine) in DMF described
by Fan et al.”’ The critical gelation concentration could be tuned
via the monomer composition and the gel’s properties via the a-
helix/f-sheet ratio, which increases with higher amounts of
glycine N-carboxyanhydride. Additionally, the gel was injectable
and showed self-healing properties. Ji et al.>* prepared a polymer
possessing hydrogen bond and host—guest functionalities for gel
formation. The polystyrene-based polymer contained 2,7-
diamido-1,8-naphthyridine/dialkylammonium groups, and the
poly(butyl methacrylate)-based polymer contained deazaguano-
sine/benzo-21-crown-7 groups, and both were separately
dissolved in chloroform and formed a double-cross-linked gel
by combination of the solutions.

5.3. Colloidal Systems

The scope of this section is systems containing solid particles as
additives whose surface interacts in different ways with polymers
or small organic molecules, thus yielding supramolecular
hydrogels via self-assembly. Such strategies have so far been
pursued using silica nanoparticles, laponite, carbon nanotubes,
graphene sheets, titania sheets, and gold and silver nanoparticles
as will be presented and discussed in detail. A most recent
approach also demonstrated that interactions between latex
particles or block copolymer micelles and polymers can lead to
the formation of self-assembled hydrogels exhibiting shear
thinning and self-healing properties.”” All the systems
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containing solid particles described in this section show
properties such as shear thinning, temperature/pH-induced
reversible sol—gel transitions, or self-healing properties poten-
tially exploitable for the design of printable hydrogels.

5.3.1. Silica Nanoparticles and Laponite-Based Hydro-
gels. The hydroxide-rich surface of silica nanoparticles allows
covalent immobilization, e.g., of trimethoxysilyl compounds, via
condensation reaction. Guo et al."*’ modified the silica’s surface
with f-cyclodextrin, which formed host—guest complexes with
mono-end-functionalized PEG in aqueous solution. The
addition of a-cyclodextrin led to inclusion complexes with the
free PEG chain ends forming a viscoelastic hybrid hydrogel. Its
storage modulus G’ was around 4 times higher than that of the
formed hydrogel without p-cyclodextrin-functionalized silica
nanoparticles (native hydrogel). The hydrogel’s viscosity, at low
shear rates, was ~1.3 X 10’ Pa-s and was about 8 times higher
than that of the native hydrogel, 157 Pa-s. The hybrid hydrogel
showed pronounced shear thinning properties and reached the
same viscosity (10 Pa-s) as the native hydrogel at a shear rate of 1

-1

The silicium-rich compound laponite (Nag 5[ Mgs34Lige6-
SigO,0(OH),]) (clay nanosheet, CNS) was also investigated as
an additive in hydrogels. Haraguchi et al.**’ copolymerized
laponite with N,N’-dimethylacrylamide and N,N'-methylenebis-
(acrylamide) in different ratios and thus obtained hydrogels with
tensile moduli ranging from 1.16 to 15.55 kPa, tensile strengths
from 7 to 255.6 kPa, and water contents from 55.2% to 90.9%.
Further insights into the shear thinning properties of those
hydrogels were given by Aida and co-workers, who investigated
the interaction between the clay nanosheets and polymers and
dendrimers. Laponite contains oxyanions at the surface which
can interact with cationic compounds, leading to a hydrogel
formation via self-assembly. Additionally, sodium polyacrylate is
necessary for disentanglement of the CNS in solution. For
example, dendrimers of first, second, and third generation
abbreviated as G1, G2, and G3 binders were synthesized.*' They
possessed a linear PEG core with esterified 2,2'-(ethylenedioxy)-
bis(ethylamine) branches terminated with positively charged
guanidinium functionalities. It could be shown that the
hydrogel’s storage modulus G’ and loss modulus G” increased
with higher amounts of CNS and higher generation of the
dendrimers and thus with increasing guanidinium content.
Additionally, the formed hydrogels showed shear thinning
properties; e.g., a hydrogel containing 5% CNS, 0.38% G3
binder, and 0.15% sodium polyacrylate possessed a critical strain
region at 9% where the loss modulus G” became higher than the
storage modulus G’ and thus the solid hydrogel transformed into
a quasi-liquid state. The shear thinning behavior was also
confirmed via continuous step strain measurements where the
quasi-liquid and quasi-solid states could be obtained in change.
The storage modulus decreased from 0.5 MPa to 5 kPa and tan §
increased from 0.4—0.5 to 3.0—4.0 when 100% oscillatory force
was applied with a frequency of 1 Hz. By decreasing the
amplitude to 0.1% at the same frequency, the hydrogel recovered
and G’ and tan J reached their initial values. In a follow-up study,
Aida and co-workers also compared the influence of linear
molecular binders with different chain lengths and amounts of
guanidinium functionalities with a dendritic molecular binder in
CNS—hydrogels.**> The linear molecular binders consisted of
ABA triblock polymers with guanidinium-functionalized poly-
glycidol via thiol—ene click chemistry as A and polyethylene
glycol as B. Dendritic molecular binder was a G3 binder as
mentioned in the section before. Frequency sweep tests showed
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Figure 13. Schematic representation of CNS—polymer composite hydrogels reinforced by the incorporation of guanidinium pendant methacrylamide
(GMA) in the polymer chains. Reprinted with permission from ref 363. Copyright 2013 John Wiley and Sons.

that with a higher amount of CNS and higher amount of
guanidinium functionalities the storage modulus G’ increased,
which could also be observed for the loss modulus G” but only up
to a frequency of ~10 rad s™'. Shear thinning behavior of
hydrogels was also shown via strain sweep tests at 0.05% and
100%, where the loss modulus G” became higher than the
storage modulus G’ at a strain of 4%. Additionally, continuous
step strain tests at 0.1% and 100% showed the reversibility
between the quasi-solid and quasi-liquid states. The necessity of
such cationic binders for the stabilization of CNS—hydrogels was
further shown by the same research group in a follow-up
study.’® N,N'-Dimethylacrylamide (DMA)/N-isopropylacryla-
mide (NIPAAm) was copolymerized with guanidinium-pendant
methacrylamide (GMA) monomer and clay nanosheets in water
(Figure 13). The resultant hydrogels showed shear thinning
properties; e.g., with 2% CNS, 0.5% DMA, and 0.1% GMA, the
loss modulus G” was larger than the storage modulus G’ at 10%
strain at 6.0 rad s and the hydrogel changed from a quasi-solid
state to a quasi-liquid one. Stress—strain experiments with
different cationic amine side chain functionalities showed that
the guanidinium side groups lead to the most stable hydrogels. In
the case of no cationic compound in the hydrogel, it will lose its
form, and therefore, the stabilization of CNS via charge
interaction is necessary.

Gels were also prepared with a solid content between 3 and 10
wt % and CNS/gelatin ratio from 1/0 to 0/1.>°* Generally, the
higher the CNS content, the larger the storage modulus, with a
maximum of ~1.4 X 10° Pa. Alternating high and low strains
show the hydrogel’s shear thinning properties and its ability to
recover after strain.
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5.3.2. Carbon-Nanotube- and Graphene-Sheet-Rich
Compounds. Tan et al. synthesized an injectable supra-
molecular hydrogel based on single-walled carbon nanotubes
(SWCNTs) with the bile salt sodium deoxycholate (NaDC).**®
The amphiphilic bile salt interacted through its hydrophobic
steroid group with the carbon nanotube’s surface, leading to self-
assembly in aqueous solution due to the additional interaction of
the carboxyl group with water. Shear thinning experiments
revealed that, with a higher content of SWCNTSs, the hydrogel
had a greater shearing modulus and a higher shear stress. The
content of NaDC was kept constant at 30%, and the amount of
SWCNTs was varied from 1% to 3%. For example, with 1%
SWCNTSs, a shear modulus of 100 Pa (at a shear stress of 1 Pa)
could be achieved, and with 2% SWCNTs, a shear modulus of
even 10* Pa (shear stress of 80 Pa) could be achieved. An
injectable supramolecular hydrogel based on multiwalled carbon
nanotubes (MWCNTSs) was investigated by Du et al. which is
responsive to pH, temperature, and near-infrared (NIR) light
showing self-healing properties.’*® MWCNTSs were oxidized by
treatment with a mixture of concentrated sulfuric and nitric acids,
leading to a carboxylic acid-functionalized surface. The N-
ethylamine-functionalized poly(ethylene imine) formed a hydro-
gel with the oxidized MWCNTs via hydrogen bonds (COO™+
HN and NH-+-N), where the concentration of the polymer was
varied from 25 to 75 wt % and that of the oxidized MWCNTS
was varied from 0.015% to 0.5%. This system was sensitive to a
variety of stimuli exploitable for printing. For example, the
addition of HCl led to a protonation of the amine functionalities,
which decreased the amount of hydrogen bonds, and therefore, a
liquid was formed. After treatment with NaOH, the hydrogel
retransformed by deprotonation of those amine groups. Gel—sol

DOI: 10.1021/acs.chemrev.5b00303
Chem. Rev. 2016, 116, 1496—1539


http://dx.doi.org/10.1021/acs.chemrev.5b00303

Chemical Reviews

transition could also be controlled via exposure to NIR light or
via a temperature change. The temperature sensitivity could be
tuned linearly with the oxidized MWCNT content. For example,
a hydrogel containing 0.1 wt % oxidized MWCNT's heated to 55
°C for 30 s transformed into a liquid and retransformed into a
hydrogel after being cooled to 20 °C for 3 min. The self-healing
behavior was confirmed after treatment of the hydrogel
containing 0.5 wt % oxidized MWCNTSs with a deformation
stress of 200 or 800 Pa, and the storage modulus returned to 90%
or 80% after recovery. Furthermore, interesting studies on the
stability of hybrid hydrogels of amine-functionalized polymers
and oxidized carbon nanotubes (CNTs) were performed by
Hashmi et al.**” They investigated poly(N-isopropylacrylamide)
(PNIPAAm) and polymers with zwitterionic sulfobetaine
functionalities with different ratios, CNT, and cross-linker in
the hydrogel. SWCNTs were also used for supramolecular
hydrogel formation via host—guest interactions. Wang and
Chen’®® and Hui et al.**” used Pluronic, whose hydrophobic
poly(propylene oxide) (PPO) units interact with the SWCNTs’
surface and whose hydrophilic poly(ethylene oxide) (PEO) units
face into the hydrophilic solution after dispersion in water.
Addition of a-CD led to a host—guest interaction with the PEO
units and subsequently to hydrogel formation. For rheological
measurements and comparison, a native hydrogel containing
only Pluronic and a-CD was synthesized. In Wang’s and Chen’s
work, surprisingly, the SWCNTSs did not have a huge positive
contribution to the storage modulus because all values were at
least 1 order of magnitude smaller than those of the native
hydrogel, and only the gel formation was accelerated by the
addition of SWCNTs. The thermal reversibility and shear
thinning properties of the hybrid hydrogel were retained. For
example, at a shear rate of 0.01 s™', the native hydrogel possessed
a viscosity of ~4.4 X 10* Pa-s, whereas the hybrid hydrogel’s
viscosity was only ~4 X 10° Pa-s. In Hui’s work, the amount of a-
CD was increased, yielding more stable hydrogels.

The following hydrogels could be interesting for printing as
their sol—gel transition can be controlled. The interaction of
pyrene-based compounds with the SWCNTS’ surface via 7—x
interaction was exgloited for supramolecular hydrogel formation
by Ogoshi et al.>’”" They synthesized #-CD with a pyrene group
which could be attached to the surface of the SWCNTSs. After
addition of poly(acrylic acid) containing 2 mol % dodecyl groups,
host—guest complexes were formed by -CD with the aliphatic
side chains, and finally, a hydrogel was formed. The hydrogel
could be transformed back to a solution either via addition of a
competitive guest (sodium adamantine carboxylate) or by
addition of a competitive host (a-CD). Yang et al®”! used a
one-pot hexacomponent system with 7—7 stacking, Ugi reaction,
and reversible addition fragmentation chain transfer (RAFT)
polymerization for a polymer conjugation on carbon nanotubes.
The polymer PNIPAAm interacted with its pyrene end group on
the CNTSs’ surface and was functionalized with an MPEG at its
other chain end. This formed host—guest complexes with a-CD
and subsequently led to a transformation from a CNT dispersion
to a supramolecular hydrogel. A further hydrogel formation via
host—guest complexes of CNT's was investigated by Tamesue et
al.*”* The polysaccharide curdlan was functionalized with 3-CD
at the side chains and could helically wrap around SWCNTs in
water, exposing -CD functionalities to the liquid surroundings.
By adding poly(acrylic acid) containing pendant azobenzene
groups, a photochemically reversible hydrogel was formed via
host—guest interaction with -CD under visible light (430 nm).
This could be turned back into a solution by irradiation with UV
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light (365 nm) as the azobenzene group isomerized into the
trans-conformation. A sol state could also be reached by adding a
competitive host (a-CD) or a competitive guest (1,12-
dodecanedicarboxylate sodium salt). Modified amino acid
sequences possessing a long alkyl chain gelated in aqueous
solution above the minimum gelation concentration (MGC). If
they additionally possessed an aromatic group, they could
interact with CNTs and were stabilized due to the z—z
interactions. Such supramolecular hydrogels were investigated
by Mandal et al.””* They varied the aromatic groups (imidazole,
benzyl) and reached MGCs from 0.7% to 5.0% (w/v), enabling
tunable gel-to-sol transition temperatures, e.g, with a fixed
concentration of SWCNTs at 1.0% (w/v). In all cases, the hybrid
hydrogel possessed a higher gel—sol transition temperature than
the native hydrogel, and rheological measurements showed that
in most cases the storage modulus G’ increased with higher
amounts of CNTs, which confirmed the stabilization via 7—x
interactions.

First, supramolecular hydrogels based on a mixture of
graphene and Pluronics did not show any improvement in
mechanical features through addition of the graphene sheets
compared to native Pluronic hydrogels.””* A beneficial effect was
observed by adding reduced graphene oxide (RGO) sheets into
hydrogels based on short peptides as low molecular weight
gelators.””> They possessed [(fluorenylmethyl)oxy]carbonyl
(Fmoc) and Tyr (1)/Phe (2) as functional aromatic groups
which interacted with the graphene sheets via 7—7 stacking and
showed minimum gelation concentrations of 0.50% and 0.55%
(w/v) for gelator peptides 1 and 2. Furthermore, the storage
modulus G’ of the hydrogels increased with higher amounts of
graphene sheets. As the hybrid hydrogels also showed
thermoresponsiveness, the gel—sol transition could be used for
the 3D printing process by transferring the gel to a solution via
temperature change. Oxidized graphene sheets (graphene oxide,
GO) with carboxyl and hydroxyl groups on the surface enabled
the electrostatic interaction with compounds possessing
protonated amine or other positively charged functionalities.
On the basis of these interactions, a variety of stable
supramolecular hydrogels with a very low minimum gelation
concentration were prepared and could be useful tools for the 3D
printing process by changing the gelator’s concentration,
transferring solutions into the gel state. For example, Adhikari
et al.*’® used amino acids (L-arginine, L-tryptophan, L-histidine)
with 2 minimum gelation concentration of 1.45% (w/v) and
nucleosides (adenosine, guanosine, cytidine) with MGC = 2.0%
(w/v) as gelators with GO. A nanofibrous robust 3D network
structure was formed via self-assembly by heating the reaction
solution above 100 °C and cooling it to room temperature
afterward. Only a small amount of amino acids and nucleosides
with respect to GO was needed (~2.21%, w/w), which
confirmed their very good cross-linking ability between GO
sheets. A hydrogel containing L-arginine possessed a very high
storage modulus, G’ & 6 X 10* Pa, during the tested frequency
range from 0.1 to 628 rad s displaying a positive effect on the
hydrogel’s stability. Similar experiments with polyamines
(spermine, spermidine, tris(aminoethyl)amine) as incorporated
cross-linkers in GO hydrogels were conducted by the same
group.””” Tao et al. used (dimethylguanyl)guanidine hydro-
chloride (metformin hydrochloride, MFH) as an amine-
functional cross-linker for GO sheets which formed a hydrogel
via electrostatic interactions and hydrogen bonds.””® They
investigated the hydrogel formation with respect to different
cross-linkers: GO ratios need to be in the range of 1/13 to 1/10
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with 1 wt % GO content. Therefore, the necessary concentration
of the cross-linker was very low with respect to GO at <10% (w/
w). The pH value of the solution and thus the degree of
protonation of MFH and the carboxylic acid groups on the GO
surface played an important role as well in the hydrogel stability.
For example, the strongest interaction was displayed at pH 3,
where six kinds of hydrogen bonds were formed between GO’s
—OH/—COOH groups and MFH’s =NH/—NH/—NH,
groups along with electrostatic interaction of —COOH and =
NH,". In contrast, at pH 1, only four hydrogen bonds were
available and caused the weakest interaction between GO and
MEFH. These results make materials interesting for 3D printing as
the hydrogel’s properties can be tuned via the concentration and
the pH value, having an influence on the strength of cross-linking.
Another pH-responsive graphene oxide-based hydrogel was
investigated by Cong et al,, who used poly(acryloyl-6-amino-
caproic acid) and Ca*" for cross-linking.””” Ca®" interacted with
the carboxylic acid group of the polymer and with the graphene
sheets’ carboxylic acid groups on the surface, forming a highly
porous hydrogel. Both components were varied from 1.0% to
9.5%, showing—with higher amounts—an increasing tensile
stress of the hydrogel. In addition, it was stretchable, and in the
case of ruptures, it showed self-healing properties at pH < 3. This
pH range led to protonation of the carboxylic acid groups and
therefore to a more flexible system which solidified at pH > 7
reversibly. Yan and Han used chitosan as a cross-linker for GO,
forming a hydrogel via electrostatic interactions.’*® It showed
self-healing properties, and the gelation could be tuned via the
temperature and concentration of GO as it possessed a very low
sol—gel concentration. For example, a solution containing 8.0 wt
% chitosan remained a solution at room temperature with 0.2 wt
% GO and became a gel at room temperature with 0.3 wt % GO.
With a higher amount of chitosan and GO, the storage modulus
G’ increased; e.g., at 20 °C, G’ ~ 70 Pafor Owt % GO and G’ &
670 Pa for 0.3 wt % GO. G" and G” additionally showed a strong
temperature dependency and decreased with higher temper-
ature, weakening the electrostatic interactions within the
hydrogel. The incorporation of thermoresponsive polymers as
cross-linkers for GO is an ideal approach to tune the gelation via
temperature and was performed by Jiang and co-workers.”®!
They modified the GO surface with #-CD moieties and added
the block copolymer azo-PDMA-b-PNIPAAm (PDMA
poly(N,N’-dimethylacrylamide)), which led to cross-linking
due to the host—guest interaction of #-CD with the azophenyl
group. Hydrogelation started when the temperature was above
PNIPAAm’s lower critical solution temperature (LCST) (29.3—
39.9 °C), which varied with the degree of polymerization and
composition within the block copolymer. The sol—gel transition
was confirmed via measurement of the viscosity and storage/loss
modulus over time with a temperature decrease of 1 °C min™".
The hydrogel with host—guest-bound polymers on GO had
significantly higher storage/loss moduli than the one with loosely
bound GO without #-CD moieties and polymers which showed
the strong effect of supramolecular interactions in the hydrogel.
Another interesting method to increase the stability of hydrogel-
containing graphene sheets is to control their orientation in a
magnetic field. Wu et al. polymerized N,N’-dimethylacrylamide
containing N,N’-methylenebis(acrylamide) as a cross-linker with
GO and confirmed the anisotropic behavior via rheological
measurements.””” The storage modulus increased when the
sheer force was orthogonal to the graphene sheets in the
hydrogel due to higher resistance to an external influence
compared to the parallel case. Such an external magnetic field
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during the 3D printing process could be used to control the
hydrogels’ properties.

5.3.3. Metal-Based Gels. 5.3.3.1. Titania Nanosheets. Aida
and co-workers controlled the orientation of titania nanosheets
via an external magnetic field.”***** They used N,N'-
dimethylacrylamide as a monomer and N,N’-methylenebis-
(acrylamide) as a cross-linker for the UV-light induced
polymerization. Thereby, titanium was used as the initiator
which transfers an electron from the valence band to the
conduction band upon exposure to UV light, which set free
hydroxyl radicals in aquous solution and afterward initiated the
polymerization. This experiment could be an interesting
approach for in situ hydrogelation during 3D printing and for
controlling the hydrogel’s strength.

5.3.3.2. Gold and Silver Nanoparticles. Chen and co-
workers®® modified the gold’s surface with monothiolated f-
CD and used Pluronic as a cross-linker forming host—guest
complexes between PEO moieties and f-CD, leading to a
supramolecular hydrogel. The reversible transition to a solution
could be conducted by adding l-adamantanamine hydro-
chloride, which is a competitive guest for #-CD and destroyed
the supramolecular network. Further insights into the mechan-
ical properties of such host—guest formed hydrogels were given
by Shi and co-workers.**® They modified the gold nanoparticles’
(AuNPs) and nanorods’ (AuNRs) surfaces with monothiolated
mPEG. Addition of a-CD yielded a supramolecular hydrogel that
showed thermo- and mechanoresponsivity. AuNP hydrogels
possessed a gel—sol transition at 60 °C, and AuNR hydrogels
possessed a gel—sol transition at 70 °C. Both could be
transformed into a gel upon cooling of the solutions reversibly.
The storage modulus G’ was higher than the loss modulus G”
over the whole frequency range, displaying a stable hydrogel
doped with gold moieties. This gel also showed shear thinning
properties. Das and co-workers used low molecular weight
gelators (LMWGs) for the incorporation of gold salts and
subsequently in situ reduction to gold nanoparticles.”®” The
LMWGs consisted of dipeptides with a long aliphatic chain,
different aromatic groups, and either a carboxylic acid or a
sodium carboxylic group. The minimum gelation concentration
of LMWGs was varied in water from 0.58% to 3% (w/v) and in
aromatic solvents from 0.45% to 1.6% (w/v), which are very low
contents. The in situ reduction and formation of AuNPs in the
hydrogels increased their storage modulus G" and loss modulus
G” by around 1-2 orders of magnitude at low shear rates.
Additionally, the supramolecular hydrogels showed shear
thinning properties displayed by a change from the quasi-solid
state to the quasi-liquid state with increasing oscillatory stress.
Zhang and co-workers also synthesized supramolecular hydro-
gels based on low molecular weight gelators.”*® They used
different derivates of bile acids with low concentrations between
25 and 100 mM and incorporated silver and gold salts with
concentrations between S and 50 mM, which were reduced in
situ via irradiation of light. Here, the G’ and G” of supramolecular
hydrogels containing nanoparticles were 1 order of magnitude
higher than those of the native hydrogels. They possessed shear
thinning properties, and their yield stress was even lower than
that of the native one.

6. BIOTECHNOLOGICAL APPROACHES TOWARD
BIOINKS

Section 5 focused on chemical approaches to implement
molecular interaction mechanisms in artificial materials. Nature
has used and optimized such mechanisms throughout evolution,
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Figure 14. Schematic model of the steps along protein design to gain injectable/printable hydrogels.

together with a complex synthetic apparatus to synthesize the
molecular building blocks with the highest precision. Nowadays,
genetic engineering makes it possible to develop and design new
biopolymers with a complexity and functionality not found in
nature. Recombinant production of natural or artificial proteins
allows tailoring of a material’s properties such as mechanics,
degradation, porosity, cell interaction, and cytocompatibility
(Figure 14).**” Genetically engineered recombinant proteins are
much more accessible in a defined molecular structure than
synthetically produced materials.””**** Specific design of
functional groups along the constituent proteins (typically
structural proteins such as collagen, elastin, or silk) allows
biological activity similar to that of components of the natural
ECM. One possibility is to combine different functional domains
of natural proteins in one designed protein (e.g, a fusion
protein), for example, merging cell interaction domains with
structural ones. Alternatively, recombinant proteins can, by
design, be easily modified with short peptide motifs such as RGD
or IKVAV, which are unique ligands for cell receptors and
mediate cell adhesion. In the context of this review, we will
however primarily focus on (potential) printability.

Apart from the following exception, we will focus on
recombinantly produced biopolymers as the main structural
component of hydrogels, and not as a mediator or cross-linker for
hydrogelation. Lu et al.””> modified hyaluronic acid with peptide
sequences as an anchoring domain which forms an injectable,
shear thinning, and self-healing physical gel via the dock-and-lock
principle after addition of recombinantly produced dimerized
docking polypeptide sequences. The hydrogel possessed at low
strain G’ & 250 Pa/G” = 6 Pa and at high strain G’ # 20 Pa/G" ~
50 Pa, both of which were obtained in a repeatable way.
Additionally, the hyaluronic acid was modified with methacrylate
groups so that the hydrogel could be stabilized in a secondary
step via photopolymerization. This approach is thus very
promising as the initial step toward a printable hydrogel. For
further details on the use of recombinant proteins as cross-linkers
for hydrogelation, we refer to the review paper by Wang et al.**

It is important to mention that not all polypeptides and
proteins can be recombinantly produced, nor can proteins be
combined with nonpeptidic moieties, unless by chemical
postproduction modification. In the case in which recombinant
production is possible, receiving the proteins in sufficient yields is
often challenging. This depends on the host organism selected
for production, the fermentation process, and the protein itself.
Especially the latter often creates certain unpredictability for the
yield when a new process is initiated. Hence, so far there are not
many recombinant protein materials available in sufficient
amounts with properties such as shear thinning behavior and
form stability, as well as cytocompatibility. However, biotechnol-
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ogy holds the promise of overcoming this drawback and
expanding the field of bioinks for biofabrication, and the so far
only and very recently published report on the use of a
recombinant protein (based on spider silk sequences) without
any additive for 3D printing and biofabrication underlines the
great potential.”"*

In this section, we will briefly introduce the different
possibilities for production of recombinant proteins and then
give an overview over the so far reported recombinantly
produced proteins (elastin-like polypeptide, resilin-like polypep-
tide, recombinant collagen, recombinant silk) with properties
potentially exploitable for 3D printing. Furthermore, examples
for peptide—polymer and protein—polymer hybrid materials and
polynucleotides will be reviewed which show promising
properties and may in the future be tailored for the demands
of printing processes.

6.1. Designable Biopolymers: Recombinantly Produced
Proteins

6.1.1. Methods for Recombinant Protein Production.
Different host organisms can be used for recombinant protein
production such as bacteria, yeast, plants, insect and mammalian
cells, or transgenic animals.>®" E. coli is often used as a host
organism for recombinant protein production, since this Gram-
negative enterobacterium is suitable for a fast and inexpensive
large-scale production due to its simplicity, its well-known
genetics, and the capability of fast high-density cultivation, in
addition to the availability of different plasmids, fusion protein
partners, and mutated strains.”®” Besides E. coli, other bacterial
hosts have been employed for the recombinant production of
proteins. In contrast to E. coli, the Gram-negative bacterium
Salmonella typhimurium, for example, has the capability to secrete
proteins, which simplifies the isolation of the target protein from
the bacterial host proteins. Likewise, the Gram-positive
bacterium Bacillus subtilis is able to secrete large quantities of
recombinant proteins into the medium. The bacterial secretion
systems are much simpler than those of yeasts and fungi,
simplifying the efficient production.’® Nevertheless, yeasts, such
as Saccharomyces cerevisiae and Pichia pastoris, can be attractive
alternatives to bacterial hosts because they are able to correctly
process high molecular weight proteins including more complex
post-translational modifications such as glycosylations,””” and P.
pastoris is even able to grow to high cell densities (>100 g L ™" dry
cell mass).**® To obtain large amounts of recombinant proteins,
transgenic plants such as Arabidopsis thaliana and Nicotiana
tabacum (tobacco) have also been used. Plants are capable of
producing foreign proteins on a large scale and at lower costs in
comparison to most other organisms.””' Disadvantages of plant
hosts are a more complicated genetic manipulation than for
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Table 6. Recombinantly Produced Proteins for Injectable/Printable Hydrogels

3D printing
recombinant protein technique advantageous properties applications refs
collagen/collagen-like biodegradability, biocompatibility tissue repair (corneal substitutes), nerve 286,
regeneration, drug delivery 407—410
silk-like robotic remarkable mechanical properties, biocompatibility, tissue repair, nerve regeneration, wound healing 304, 411
dispensing biodegradability
elastin-like elastomeric properties, thermoresponsivebehavior, tissue repair (cartilage), vascular grafts, soft-tissue ~ 412—419
biocompatibility, high solubility replacement, drug delivery
resilin-like low stiffness, high resilience, reversible extensibility tissue repair (cartilage, vascular grafts) 420—-422

microbes and longer generation intervals.””> Additionally, the
production of large proteins can cause problems, because the
underlying genes are prone to genetic rearrangements.401

Introducing foreign sequences and genes into animals can be
achieved through different procedures, such as the integration of
synthetic genes into the chromosomal DNA or by transporting a
target DNA into cells, resulting in a transient expression.*”” The
transformation efficiency is low using both approaches; viruses as
transporters are in some cases much more promising because
they are extraordinarily efficient in transferring their own genome
into foreign cells. For example, baculovirus has been widely used
as a vector of target genes for their expression in insect cells.*"
Using insect cells as expression hosts has advantages such as high-
expression efliciencies, low feeding costs, the capability to secrete
proteins, simplified purification, and possible post-translational
modifications.*”**** Disadvantages are more complex cloning
procedures and longer %eneration times of the insect cell lines
compared to bacteria.*”> Mammalian cells and even transgenic
animals have also been used for recombinant protein
production.** Using transgenic animals to produce recombinant
proteins allows, e.g., the secretion into body fluids such as milk or
urine, enabling protein production for long time intervals, thus
gaining a higher protein yield.””"*** Disadvantages of this system
are that the creation of transgenic mammals is very time-
consuming and complex. Additionally, as in the case of spider silk
proteins that were secreted into the milk of goats and mice, the
challenge is to separate the recombinant proteins from milk
caseins, since several structural proteins and caseins show similar
properties such as self—assemb?, and especially mice only
produce a small amount of milk.”*”*** Table 6 gives an overview
of recombinantly produced proteins that have been used for 3D
printing or as injectable hydrogels, or exhibit properties
potentially exploitable for printing purposes. The different
approaches will be presented and discussed in more detail in the
following sections.

6.1.2. Silk-like Proteins. Due to spiders’ aggressive
territorial behavior and their cannibalism, their large-scale
farming is not feasible. Therefore, several prokaryotic and
eukaryotic hosts have been tested concerning recombinant
production of spider silk proteins, as recently summarized by
Heidebrecht et al.’*" Different silk-like polymers (SLPs) have
been produced with varying numbers (i.e., repeats) of single
sequence motifs, different types of motifs, and different spacings
between them.”*"**>**3¥*% Spider silk offers a very high
potential for biomedical applications due to the excellent
mechanical properties of its fibers and the biocompatibility and
biodegradation of materials processed from the underlying
proteins.*>*9%*>5~**7 Recombinant spider silk proteins can self-
assemble into nanofibrillar networks triggered by high protein
concentrations, salts, and temperature, and they form hydro-
gels.”?***? Recently, it has been published that spider silk
hydrogels can serve as a bioink for biofabrication.’** In contrast
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to silk from Bombyx mori, the f-sheet-rich spider silk hydrogels
showed moderate shear thinning behavior, with high viscosity at
low angular frequencies and a decrease in viscosity at higher
frequencies.””" The elastic behavior dominated over the viscous
behavior over the whole angular frequency range with a low-
viscosity flow behavior and good form stability.”"**** No
structural changes occurred during the printing process, and
the hydrogels solidified immediately after printing by robotic
dispensing. Due to the form stability, it was possible to directly
print up to 16 layers on top of each other with a construct depth
of approximately 3 mm without structural collapse. Strikingly,
cell-loaded spider silk constructs were printed without the need
for additional cross-linker or thickener for mechanical stabiliza-
tion. The encapsulated cells showed good viability over at least 1
week in such spider silk hydrogels.’"*

6.1.3. Recombinant Collagen/Collagen-like Proteins.
Almost every possible type of expression system, such as bacteria,
yeast, transgenic tobacco, insect cells, mammalian cells, silk-
worms, and transgenic mice, has been used for the recombinant
expression of collagen, collagen-like proteins, and selected
domains thereof.*>**”*1%*3% "Compared to native collagen,
recombinantly produced collagens have the benefit of being
biologically safe (no infectious contaminations) with useful self-
assembly features, and they can be functionalized with
bioinstructive domains such as cell adhesion motifs.****”*!?
Recombinant expression of collagens is quite complex, since it
can be necessary to introduce post-translational modifications
important for cross-linking and helical stability. Therefore,
biosynthesis of collagen might require specific enzymes, in
particular prolyl 4-hydroxylase. In the absence of this enzyme,
often non-triple-helical and nonfunctional collagen molecules are
produced, which are unstable at physiological conditions and
thus unsuitable for biomedical applications.”' From the tested
hosts, only mammalian cells produced collagen with an r-4-
hydroxyproline content identical to that of natural collagen.
However, this system yields only low levels of protein (0.6—20
mg L™"). In E. coli and yeast, multigene expression is necessary to
overcome the absence of the enzyme prolyl 4-hydroxylase.*”” On
the basis of the multigene expression technology, collagen types
L, 11, and III were produced with an L-4-hydroxyproline content
identical to that of the native human proteins and titers of 0.2—
0.6 g L™.*? Alternatively, peptide-based supramolecules
mimicking the collagen structure and function have been tested.
However, two critical issues arise for the development of peptide-
based collagen-like supramolecules. One is the difficulty to
generate a higher order structure to mimic the assembly (or
gelation) property of natural collagen. The second is the not so
easy incorporation of biologically relevant motifs into the
material. Kaplan and co-workers designed collagen triblock
peptides with the sequences (Glu)s-(Gly-X-Hyp-Gly-Pro-
Hyp)e-(Glu)s which self-assembled into hi§hly organized

. . . 433,434
supramolecular structures forming a triple helix.” """ However,
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Table 7. New Hybrid Materials for Hydrogel Formation

fusion protein
resilin—elastin—collagen-like (REC)
silk—elastin-like (SELP)
silk—collagen-like (C,S",sC;)
elastin-like polypeptide + polyethylene glycol (ELP—PEG)
resilin-like polypeptide + polyethylene glycol (RLP—PEG)

expression system
Escherichia coli
Escherichia coli

Pichia pastoris

hybrid system refs
protein—protein 444
protein—protein 446, 447
protein—protein 448
protein—synthetic polymer 449
protein—synthetic polymer 422

the physical properties of the collagen-like peptide supra-
molecules were far from those of native collagen hydrogels.
Fusion proteins made of recombinant collagen and silk have also
been developed, showing significantly enhanced cell viability and
cell proliferation; see section 6.1.6.**

6.1.4. Elastin-like Polypeptides. Elastin is an abundant
component of the extracellular matrix found in elastic tissues in
the human body and is responsible for keeping the tissue flexible.
The elastomeric properties of elastin materials provided major
motivation for the design of mimetic elastin-like polypeptides
(ELPs).*'**3° The study of ELPs was pioneered by Dan Urry,
who synthesized a large number of polypeptides and studied
their biophysical properties in solution and as cross-linked
elastomeric materials.*'* The elastin-inspired sequence, derived
from the hydrophobic domain of tropoelastin, is a pentapeptide
repeat of VPGXG (where X is any residue except P), which is
common in all ELPs.*"**'* Elastin shows thermoresponsive
behavior, allowing control over its thermal transition temper-
ature by changing the hydrophobicity, molecular weight, and
concentration of the polypeptide.”'***” The completely
reversible phase transition can also be triggered by various
environmental conditions such as temperature, ionic strength,
redox state, and pH.413’415 ELPs are water-soluble below their
characteristic thermal transition temperature. However, when
the temperature is increased above the transition temperature,
the ELPs undergo a phase transition into an aggregated state
which reveals a physically cross-linked network favorable for
printing.*'**** Materials made of elastin-like polypeptides show
excellent mechanical properties (similar to those made of natural
elastin), are biocompatible, and cause minimal cytotoxicity and
immune response when implanted.*'”****** Nagapudi and co-
workers found that upon T-triggered physical cross-linking
block copolymers with the most hydrophilic inner blocks formed
hydrogels with complex shear moduli ranging from 4.5 to 10.5
kPa. Decreasing the hydrophilicity of the inner block resulted in
the formation of hydrogels with significantly greater shear moduli
of up to 280 kPa.**' The critical temperature of the phase
transition can be varied by changing the “X” amino acid.*'***
Therefore, depending on the guest residue, an ELP can be
designed to be liquid at room temperature and to form a hydrogel
in situ when the temperature is raised upon injection.

Using recombinant approaches allows incorporation of
multiple physical or covalent cross-linking and reactive sites for
specific mechanical properties and control.*** For example,
elastin-like polypeptides have been genetically designed,
synthesized, and evaluated concerning enzyme-initiated covalent
cross-links via tissue transglutaminase to form a network that
sustains cartilage matrix synthesis and accumulation.*'>*'>**
Articular chondrocytes were successfully encapsulated in the in
situ cross-linked hydrogels, which were then injected to fill an
irregularly shaped cartilage defect and to integrate into the
surrounding tissue. The ELP network supported cell viability and
infiltration, as well as cartilage matrix synthesis and accumulation.
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Whether the kinetics of enzymatic cross-linking can be adapted
to be suitable for 3D printing remains an open question.

6.1.5. Resilin-like Polypeptides. Natural resilin is an
elastomeric protein with remarkable mechanical properties. It
is present in specialized regions of the insect cuticle and plays a
key role in insect flight, the jumping mechanism of fleas, and
vocalization of cicades.*** Resilin possesses excellent mechanical
properties such as low stiffness, high resilience, and effective
energy storage. Recently, hydrogels made of recombinantly
engineered resilin-like polypeptides (RLPs) have been produced
with %ood mechanical (1-25 kPa) and cell-adhesive proper-
ties.””” The polypeptide contained 12 repeats of the resilin
consensus sequence and a single, distinct biologically active
domain.*** The approach allowed independent control over the
concentration of cell-binding, MMP-sensitive, and polysacchar-
ide-sequestration domains in hydrogels by mixing various RLPs.
The RLP-based polypeptides exhibit a largely random coil
conformation in solution and in the cross-linked hydrogels, on
the basis of the repetitive motifs in the polypeptides. The
randomly coiled, isotropic three-dimensional network has been
shown to behave as an ideal rubber with near-perfect reversible
long-range elasticity.*”> RLP hydrogels formed rapidly upon
mixing with tris[ (hydroxymethyl)phosphine], and they were
able to maintain their mechanical integrity due to cross-linking as
well as to allow the viability of encapsulated primary human
mesenchymal stem cells (MSCs).**!

6.1.6. Hybrid Proteins. Hybrid materials are made by fusing
different bioactive domains or protein motifs that are not
otherwise found in nature (Table 7). Injectable hydrogels made
therefrom can benefit from the advantages of both components.
For the same reason, hybrid materials made of natural polymers
and synthetic polymers have been developed as injectable
hydrogels.”*

One example of hybrid proteins is the combination of silk
repeat sequences and ELP sequences (SELPs).**/*%%! By
combining the silk-like and elastin-like blocks in various ratios
and using different sequences, it is possible to produce a broad
range of biomaterials with different material properties. The ELP
blocks in the silk—elastin-like proteins influence the molecular
chain properties of the protein.*** The chimeric proteins were
designed to retain the mechanical properties of silk, while
incorpo_rating the high solubility and environmental sensitivity of
ELPs.*>?™* SELPs irreversibly undergo a two-step self-
assembly process under physiological conditions to form
hydrogels depending on the number of silk-like blocks in the
repeat unit.*>® For example, increasing the number of silk-like
blocks within a domain in a silk—elastin-like block copolymer
increased the rate of §elation and decreased the rate of resorption
of the polymer.**>****” The first step in the gelation process is
consistent with the crystallization of the silk-like domains via
hydrogen-bond-mediated physical cross-linking."***” The
second assembly step is driven by the hydrophobic interaction
between elastin blocks above a specific transition temperature,
which leads to the ordered association of SELP molecules,
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indicating that the temperature-sensitive behavior of ELPs is
even retained in ELP hybrids."*® When hydrophobic residues
were added to an otherwise hydrophilic SELP, the transition
temperature was decreased.** Some SELPs were injected via
syringes and then formed insoluble hydrogels at the injection site
without any additional cross-linker.**® It has been further
demonstrated that genetically engineered SELPs (SELP-47 K)
can be used to form injectable hydrogels for delivery of cell-based
therapeutics.**’

Hybrid materials made of silk and collagen blocks have also
been designed, synthesized, and characterized.”** The polymer
(C,8",4C,) consists of a middle block (S",5) composed of 48
identical silk-like octapeptides in tandem and two end blocks
(C,), each of which is composed of two identical 99 amino acid
long collagen-like sequences in tandem.”® The hybrid protein
formed nanofibrillar hydrogels exhibiting long-term stability,
self-healing behavior, and tunable mechanical properties.
Chimeric resilin-, elastin-, and collagen-like engineered poly-
petides (RECs) have been designed and produced.*** The
rubber-like proteins elastin and resilin exhibit a reversible
deformation and very high resilience and elasticity. In
combination with a collagen-like sequence, it has been shown
that the material exhibits promising self-assembly properties
potentially exploitable for printing."** Parisi-Amon et al.*>’
reported on a mixing-induced two-component hydrogel for
injection of stem cells which consists of two polymers called C7
and P9 possessing seven and nine repeating units of the CC43
WW domain (C) and the L-proline-rich peptide (P), respectively.
Additionally, the C7 unit contains the cell-binding domain RGD.
This system showed shear thinning and rehealing properties,
cytocompatibility, and the ability to encapsulate cells at constant
physiological conditions. Olsen et al.**” investigated the
rheological behavior of coiled-coil telechelic association domains
(APQMLRE, LQETNAA, LQDVREL, LRQQVKE, ITFLKNT,
VMESDAS) possessing linker domains ([AGAGAGPEG],),
with n = 10 and 30, which show shear thinning properties.

In general, several peptide—polymer hybrid hydrogels exist,
but they are usually built upon a synthetic polymer and peptide
sequences produced by solid-phase synthesis (and not
biotechnologically), which is not the focus here. For more
detailed information thereon, we refer the reader, e.g., to the
paper by Altbundas et al.*** Recombinantly produced coiled-coil
peptides have been combined with thermoresponsive polymers
to yield thermoswitchable hydrogels. Therefore, a triblock
copolymer*®" was prepared on the basis of the before mentioned
peptides, such as APQMLRE, LQETNAA, LQDVREL,
LRQQVKE, ITFLKNT, and VMESDAS, with n = 10, in the
middle and two thiol-maleimide-conjugated PNIPAAm end
blocks. Strain amplitude sweep measurements were performed at
different temperatures and showed their influence on the storage
modulus G’ and loss modulus G”. Thereby, PNIPAAm’s free
polymer chains collapsed upon their lower critical solution
temperature behavior, leading to higher values of the moduli but
still maintaining their shear thinning property. One further
example is the elastin-like polypeptide—polyethylene glycol
(ELP—PEG) hydrogel system combining the tenability of ELP
hydrogels with the distinct advantages of PEG hydrogels. The
hybrid hydrogel enabled flexible and tailored tuning of the
material stiffness and the cell-adhesive RGD ligand density.**’

6.2. Designable Biopolymers: Polynucleotides

Recent progress in DNA nanotechnology has also facilitated the
design of a variety of DNA-based nanosized structures useful for
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the generation of injectable hydrogels.***~**® DNA has specific
secondary structures, and stimulus-sensitive features can be
incorporated to modulate such a specific structure on the
nanoscale. First reported by Um et al,**’ the connection of
monomer (X-DNA) units resulted in the formation of DNA
hydrogels. These hydrogels were biocompatible, biodegradable,
inexpensive to fabricate, and easily molded into the desired
shapes and sizes. In contrast to other bioinspired hydrogels
(including alginate-based hydrogels), the gelation process of
DNA hydrogels occurred under physiological conditions, and
cell encapsulation was accomplished in situ. Drug molecules and
even mammalian cells can be encapsulated in the liquid state,
eliminating the cell loading step and also avoiding denaturing
conditions.**” In another study, the DNA sequence was replaced
with one containing immunostimulatory cytosine—phosphate—
guanine (CpG) motifs.**® CpG-DNA induces the production of
helper T-cell type 1 cytokines.***~*"" Nishikawa et al. developed
a novel method to produce ligase-free, injectable, self—gelling,
biodegradable DNA hydrogels using oligodeoxynucleotides.”’*
Therefore, the single-stranded 5'-ends of polypod-like structured
DNA were extended to hybridize under physiological conditions.
The gelation of the DNA hydrogels occurred instantaneously
after injection using a syringe with a fine needle because of a
dissociation/association process. When the hydrogel was
stressed, a fraction of the bonds dissociated, and the resulting
free ends changed their partner and quickly reassociated through
hydrogen bonds. Guo et al.*”* developed a pH-switchable DNA
hydrogel which was stable at pH S and turned into a quasi-liquid
at pH 8. This process is reversible and exhibited shape memory
effects that would be interesting to assess regarding exploitability
for 3D printing. In addition, it was shown that the DNA
hydrogels can deliver tumor antigens (ovalbumin) for induction
of antigen-specific immune responses.”’> Nevertheless, hydro-
gels formed by polynucleotides used for biomedical applications
are still a challenge, since the carried genetic information might
interfere with cellular function. Therefore, it remains to be seen
whether they qualify as future bioinks.

7. CONCLUSIONS AND OUTLOOK

AM, often described as 3D printing in the popular media, has
rapidly evolved into a very active field of research and is already
used to produce medical implants. One strength of AM is the
ability to fabricate hierarchical structures through the simulta-
neous printing of cells and supporting material in an approach
termed biofabrication. In a holistic approach, materials for cell
printing are predominantly limited to hydrogels, since the cells
must be processed under cytocompatible conditions. We have
presented and discussed the most prominent methods suitable
for 3D hydrogel printing: (1) LIFT, (2) inkjet printing, and (3)
robotic dispensing. While each method has its advantages and
disadvantages, robotic dispensing is currently the only method
that allows for the generation of clinically relevant constructs,
albeit with lower resolutions than LIFT or inkjet printing. With
our introduction into the rheological behavior of non-Newtonian
liquids and other relevant flow phenomena, we developed
general criteria that should be kept in mind for the development
of a new bioink. The bioink formulation should have shear
thinning properties (not being thixotropic) and should not show
extrudate swell. If cells are part of the formulation, the viscosity
before printing must allow mixing and homogeneous 3D
distribution of the cells throughout the printing process without
affecting the viability, and shear forces cannot exceed limits
tolerable for cell survival. Most importantly, the bioink must
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rapidly gel after printing for good shape fidelity of the printing
process.

These considerations underline the high demands that
biofabrication imposes on the materials to be used for
bioprinting. Hydrogels may generally be cross-linked either
physically, through noncovalent molecular interactions, or
chemically, through the formation of chemical bonds. Physical
gels are dynamic due to the reversibility of the network-forming
interaction, which is advantageous for the printing process,
whereas their mechanical stability after printing is usually low. In
contrast, chemically cross-linked gels are mechanically stronger
but usually exhibit no reversibility once the network is formed.
Dynamic chemical bonds are the exception to this rule and have
in some most recent papers been successfully used for bioink
development. However, the vast majority of studies which result
in stable 3D printed cell loaded structures relies on a
combination of both types of gel formation: a physical
component for adjusting the rheological properties for printing
and a postfabrication chemical cross-linking, often UV-mediated,
for stabilizing the printed structure. This is also due to the fact
that, since biofabrication originated from engineering and not
from chemistry or materials science, most studies rely on
established hydrogel systems for biomedical applications and
rather optimize formulations than really develop new bioinks.
Hence, we then summarized a number of strategies that have
evolved in related fields of research, such as supramolecular
chemistry and biotechnology, and selected studies that concern
approaches potentially exploitable for 3D printing. This was
intended to complete the toolbox for polymer chemists,
materials researchers, and biotechnologists to be able to enter
the field with a rational strategy for bioink development.

We believe that, for future bioink developments, a number of
concepts from supramolecular chemistry can directly be
transferred, for example, through multiple conjugation with
polymers for multivalently interacting building blocks. Also, the
concept of supramolecular polymers is a fascinating basis to
assess the printability of such systems. Regarding chemical cross-
linking of hydrogels in 3D printing, the concept of dynamic
covalent bonds bears great potential for the development of
novel bioinks. Also, stimulus-switchable chemical reactions,
similar to the already used thermosensitive physically cross-
linked hydrogels, may in the future be an option for printing
hydrogels. Ideally, shear-stress-sensitive chemical bonds would
be activated through the printing procedure and rapidly cross-
link after the printing. Finally, biotechnology has evolved and is
more and more able to produce bioinspired designer structures
in yields that allow their use for materials science, and thus also
for biofabrication. Further, this connection has just been
initiated, and we are sure that this approach bears great potential
for future bioink development, as the control over the primary
sequence of recombinantly produced biomolecules exceeds the
possibilities available in modern macromolecular chemistry, thus
allowing for a far better control over structure—function
relationships such as rheological properties. This outline for
future developments shows the plethora of possibilities that arise
for bioink development, especially through the convergence of
strategies from related but different research fields.
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Teilarbeiten

TEILARBEIT VI

Die Ergebnisse dieses Kapitels wurden bereits in Nachrichten aus der Chemie verbffentlicht
als:

"Zellgewebe aus dem Drucker." Schacht, K., Jungst, T., Zehnder, T., Boccaccini,
A.R., Groll, J. und Scheibel, T..
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{3-D-Druck>

Zellgewebe aus dem Drucker

Kristin Schacht, Tomasz Jiingst, Tobias Zehnder, Aldo R. Boccaccini, Jiirgen Groll, Thomas Scheibel

Die Biofabrikation, also die Verarbeitung von Biotinte, baut mit zellfreundlichen 3-D-Druckverfahren

gewebeartige Strukturen auf. Die Zusammensetzung von Biotinten steht daher im Fokus der Material-

entwickler, die Gewebe ziichten.

@ Biomaterialforscher, die gleich-
zeitig Zellen und Polymere verar-
beiten, betreiben Biofabrikation.
Die Biofabrikation ist noch jung
und entwickelt sich schnell — des-
halb aktualisierte die Internationa-
le Gesellschaft fiir Biofabrikation
kurzlich die erste Definition, die
Mironov et al. im Jahr 2009 auf-
stellten.” Jetzt bedeutet Biofabrika-
tion ,die automatisierte Herstel-
lung biologisch funktionaler Pro-
dukte mit struktureller Organisati-
on aus lebenden Zellen, Zell-Ag-
gregaten wie Mikrogeweben, hybri-
den Gewebekonstrukten, bioakti-
ven Molekiilen oder Biomaterialien
durch Biodrucken oder Bioassem-
blierung und nachfolgender Rei-
fungsprozesse.“?

Im klassischen Ansatz der Gewe-
bezucht besiedeln Zellen eine vor-
gefertigte Tragerstruktur, und zwar
isotrop verteilt uber die gesamte
Tragerstruktur. Durch Reifen, vor-
zugsweise in einem Bioreaktor, ent-
steht ein Zell-Materialverbund, der
als Gewebeersatz dienen soll.

3-D-Drucke laufen tiber einen
computergesteuerten, automatisier-
Schicht-fur-Schicht-Prozess.
Der baut die gewunschte Struktur

ten

direkt ohne Gussform auf. Der au-
tomatisierte Prozess gewdéhrleistet
reproduzierbare Produkte - das
nutzt die Biofabrikation, um Zellen
und Materialien direkt in gewebear-
tigen Strukturen anzuordnen. So
entsteht schon vor der biologischen
Reifung in Kultur eine Struktur und
Morphologie, die naturlichem Ge-

webe nachempfunden ist. Die Bio-
fabrikation gilt als vorteilhaft, um
in vitro funktionale Gewebeanaloga
herzustellen, einerseits,
funktionale Komponenten besser
ausbildet als die klassische Gewebe-
zucht, und andererseits, weil sie die
Reifungszeit minimiert.

weil sie

Additive Fertigungsverfahren
in der Biofabrikation

@ Der 3-D-Druck von klassischen
Werkstoffen lauft teilweise unter
extremen Bedingungen ab: Die
Schmelzschichtung (fused deposi-
tion modeling) etwa verarbeitet
Acrylnitril-Butadien-Styrol bei Tem-
peraturen bis zu 230°C. Im Gegen-
satz dazu steht die Biofabrikation.
Sie muss gewahrleisten, dass Zellen
uberleben, wofiir verschiedene
Faktoren eine Rolle spielen, darun-
ter Temperatur, wiéssriges Milieu,
eventuell notige Vernetzungsche-
mie und Druck sowie verwendete
Materialien. Zudem muss die Ar-
beitsumgebung steril sein. Trotz

der

muss die Biofabrikation mecha-

erschwerten  Bedingungen

nisch  belastbare, formstabile
3-D-Strukturen produzieren. Nur
wenige 3-D-Druckverfahren eignen
sich hierfur, iiberwiegend sind das
Tintenstrahl- und Dispensdruck
sowie laserinduzierter Vorwidrts-
transfer (Tabelle, S. 14).>

Beim Tintenstrahldruck bauten
Forscher zunachst handelsiibliche
Tintenstrahldrucker um, entleerten

und reinigten die Kartuschen und
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befillten sie mit Zellsuspensionen.
Inzwischen entwickelten sie neue
Systeme; neben thermischen wur-
den piezoelektrische Druckkopfe
und elektromagnetische Ventile
eingesetzt. Die Hauptvorteile des
Tintenstrahldrucks sind der gerin-
ge Materialverbrauch, die hohe
Uberlebensrate von Zellen sowie
Strukturen mit einer Auflosung
von etwa 75 pm.>” Allerdings ver-
arbeitet der Tintenstrahldrucker
nur Materialien mit einer Viskosi-
tit zwischen 3,5 und 12 mPa-s.”
Beim Dispensdrucken kommt
die Biotinte in eine Kartusche oder
Spritze. Ein computergesteuertes
Kontrollsystem bewegt die Kartu-
sche und synchronisiert das Dosie-
ren, was zu 3-D-Strukturen fithrt.
Dieses Verfahren fertigt Konstrukte
mit klinisch relevanten GrofSen in
einer Zeit, die sich fur die prakti-
sche Anwendung eignet — bei-
spielsweise ein Ohr mit den MafSen

) Biotinten bestehen aus Zellen und natirlichen
Polymeren wie Alginat oder synthetischen wie

Polyethylenglykol.

Biofabrikation eignet.

bilden, eine ideale Biotinte.

Verdickungsmittel stabil.

> Zellfreundlichkeit und FlieReigenschaften der
Biotinte entscheiden darlber, ob sie sich fur die

>> Spinnenseidenhydrogele sind wegen ihrer FlieR-
eigenschaften und wegen der Netzwerke, die sie

>) Konstrukte aus Spinnenseiden sind nach dem
Drucken ohne zusatzliche Quervernetzer und
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Verfahren Tintenstrahldruck Dispensdruck laserinduzierter
Vorwartstransfer
thermisch piezoelektrisch Pneumatik Kolben Schraube waterial- Opferschicht
_ afubr Laserpuls
N N l l' ild 2 [ Donor
e - ! [
Helear piezoelekt. : g
Dampf- Aktuator
blase
. . | .
gc " so000°
< P S < < %
Vorteile hohe Auflésung hoher Viskositatsbereich hohe Auflésung
hohe Zellvitalitat verarbeitbar hohe Zellvitalitat
kommerziell erhaltlich Aufbau klinisch relevanter
kosteneffizient Strukturabmessungen maglich
kommerziell erhaltlich
Nachteile eingeschrankter beschrankte Auflésung nicht kommerziell erhaltlich

Viskositatsbereich

hohe Kosten
limitierte KonstruktgroRen

Fiir die Biofabrikation gebrduchlichste additive Fertigungsverfahren mit Vor- und Nachteilen.

23 mal 14 mal 5 mm aus rekombi-
nanter Spinnenseide in etwa funf
Minuten. Beim Verdrucken von
Zellen verringert sich dadurch je-
doch die Auflssung auf etwa
400 pm.” Allerdings ist dieses Ver-
fahren besonders variabel, was die
Viskositat des zu verdruckenden
Materials angeht: Sie darf zwischen
30 und 6-10” mPa-s betragen.”

Der laserinduzierte Vorwarts-
transfer ist das Verfahren mit der
besten Auflosung, némlich zwi-
schen 10 und 100 pm, und druckt
sogar einzelne Zellen.” Hierbei
richtet sich ein gepulster Laser auf
den Donor, der aus einem licht-
durchléassigen Tragermaterial, einer
Opferschicht und dem zu drucken-
den Material besteht. Der Laser ver-
dampft lokal die Opferschicht und
sorgt damit dafiir, dass das Material
tropfchenweise ausgestofSen wird.
Dieses Verfahren schliefSt die Liicke
zwischen den beiden anderen Ver-
fahren im Viskositatsbereich von 1
bis 300 mPa-s, verarbeitet aber nur
eine geringe Materialmenge pro
Donor. Das erschwert es, schnell

grofRere Strukturen aufzubauen.”

Biotinten

@ In der Biofabrikation beschreibt
der Begriff ,Biotinte® druckbare
Biomaterialien, die Zellen enthal-

ten. Biotinten sind oft der limitie-
rende Faktor der Biofabrikation, da
die Anforderungen an die Materia-
lien hoch sind (Abbildung 1).

Die Biotinte muss druckbar
und zellfreundlich sein, das ent-
stehende Konstrukt formstabil.”
Es soll auflerdem die Eigenschaf-
ten des Zielgewebes so gut wie

3,4)

moglich nachahmen. Hydrogele
sind die derzeit erfolgverspre-
chendsten  Ausgangsmaterialien
fur Biotinten.>®

Die wichtigste physikalische Ei-
genschaft der Biotinte ist ihr Flief3-
verhalten.*” Vor dem Druck dir-
fen die Zellen nicht sedimentieren;
wahrend des Druckens muss die

Hydrogel

mit Zellen

3D gedrucktes Konstrukt r:> - mechanisch stabil?

Zellen

- abbaubar?

Abb. 1. Beim 3-D-Drucken werden Hydrogele gemischt mit Zellen als Biotinte eingesetzt,

um 3-D-Konstrukte mit gesteuerter Mechanik und Abbaubarkeit herzustellen.
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Polymere (z.B.: Alginat, Collagen)

Zellen

D)
+®@@

Interaktionen)

Selbstassemblierung Metall- chemische <X
(z.B. Wasserstoffbriicken- Chelierung Quervernetzung
bindungen, hydrophobe (z.B. Ca?)

Abb. 2. Vernetzungsmechanismen der Biotinte.

Biotinte gleichmafllig fliefen und
anschliefend schnell ausharten
oder gelieren. Ist die Biotinte be-
reits vor dem Drucken geliert, darf
der Druckprozess das Gelnetzwerk
nicht irreversibel ~schadigen.'”
Wenn die Polymere nicht selbstas-
semblieren, generiert entweder
physikalische  oder chemische
Quervernetzung formstabile Kon-
strukte (Abbildung 2).

Vorteil der physikalischen Quer-
vernetzung wie auch der Metall-
Chelierung ist deren Zellfreund-
lichkeit. Allerdings ist das Netz-
werk oft schwach und der Abbau
unkontrolliert. Deshalb miissen
viele derart quervernetzte Hydro-
gele nachtraglich chemisch quer-
vernetzt werden, etwa durch Enzy-
me oder UV-Licht.?

Die fertigungsbedingten Anfor-
derungen an Biotinten kollidieren
oft mit den biologischen. Im ge-
druckten Konstrukt miissen einge-
kapselte Zellen wandern, sich tei-
len und differenzieren konnen. Das
muss das Material nicht nur zulas-
sen, sondern auch fordern.'” Zu-
dem muss sich das Biomaterialge-
rust ohne schadliche Abbaupro-
dukte in einem Zeitraum zersetzen,
in dem sich neues Gewebe bildet
und das Gertst ersetzt.”

Biopolymere fiir den 3-D-Druck

¢ Etablierte Biotinten enthalten
natirliche Polymere wie Alginat
oder Kollagen und synthetische Po-
lymere wie Polyethylenglykol oder
Polylactid sowie modifizierte Vari-
anten und Kombinationen dieser
Polymere.>”

Alginat ist ein wichtiger und
hiufig verwendeter Vertreter der
Hydrogele. Es bildet eine =zell-
freundliche Umgebung, indem es
die Zellen mit Nahrstoffen und
Sauerstoff versorgt. Es lasst sich gut
verarbeiten und ermoglicht eine
hohe Zellvitalitat. Allerdings ist
sein Abbau schwer zu steuern, und
es hat keine Zelladhasionsdoma-
nen.

Um die Zellantwort zu verbes-
sern, modifizieren Wissenschaftler
Alginat mit Proteinen. Eine Mog-
lichkeit ist, Alginat zu oxidieren
und es dadurch kovalent an Gelati-
ne zu binden. Dadurch entsteht ein
far die Biofabrikation geeignetes
Hydrogel.'”

Fibrin ist bioabbaubar und ge-
liert schnell, zeigt aber limitierte
mechanische Eigenschaften: Das
beste Fibrinhydrogel zerfiel inner-
halb von drei Wochen.” Kollagen
ist bioabbaubar, biovertraglich und
einfach zu gewinnen. Allerdings
variieren kollagenbasierte Biotinten
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chargenabhangig und haben mit ei-
nem Elastizitatsmodul von etwa
1 kPa nur schwache mechanische
Eigenschaften. Noch zellfreundli-
cher als Kollagen ist seine modifi-
zierte Variante, die Gelatine.>”

In neuen Biotinten werden hau-
fig chemisch modifizierte Biopoly-
mere oder Polymermischungen
eingesetzt. Die Modifikation soll
materialspezifische Eigenschaften
wie Zellfreundlichkeit, Verarbeit-
barkeit sowie mechanische Eigen-
schaften und Porositit der Hydro-
gele optimieren.® Beispiele fiir che-
mische Funktionalisierungen von
Gelatine sind die Methacrylierung
und Acetylierung sowie die Vernet-
zung mit oxidiertem Alginat, was
die mechanische und thermische
Stabilitat erhoht.'” Um dagegen Al-
ginat biologisch aktiver zu machen,
eignen sich  Fibrin-Alginat-Mi-
schungen. Allerdings ist es trotz
dieser Modifizierungen notig, neue
Biotinten mit verbesserten Eigen-
schaften zu entwickeln, welche die
oft gegenldufigen Anforderungen
von Druckprozess und Zellen noch
besser vereinen.

Biotinten aus Seide

@ Seiden sind natiirliche Proteinfa-
sern, die GliederfufSer wie Spinnen
oder Insekten etwa beim Spinnen-
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3 mm
—

Abb. 3. 3-D-gedruckte Konstrukte aus rekombinantem Spinnen-

seidenprotein.

9,15)

netz- oder Kokonbau einsetzen.
Seide ist biovertriglich, baut sich
langsam ab, hat aufSergewohnliche
mechanische Eigenschaften und ist
weder toxisch noch ruft sie Im-
munreaktionen hervor. Deshalb ist
Seide interessant fur biomedizini-
sche Anwendungen. Die am besten
verfugbare Seide ist die des Seiden-
spinners Bombyx mori, der seit
Jahrtausenden kulti-
viert wird. Biotinten, die auf Sei-

industriell

denspinnerfibroin basieren, sind
prinzipiell tauglich fir 3-D-Kon-
strukte — allerdings mitissen sie da-
zu mit Gelatine gemischt wer-
den.'V Dieser Mix ist notwendig,
da Fibroin alleine die Nadel wah-
rend des Druckprozesses ver-
stopft.

Spinnen produzieren die besten
Seiden, sind aber Kannibalen.
Folglich sind sie nicht im grofSen
Maf3stab ztichtbar und eignen sich
nicht als naturliche Seidenressour-
ce. Deshalb entwickelten Forscher
ein biotechnisches Verfahren, das
die potenziell bessere Spinnensei-
de — besser, weil mechanisch stabi-
ler und biovertraglicher — aus re-
kombinantem Spinnenseidenpro-

tein macht. Dabei helfen Wirtsor-

ganismen, die meist Bakterien
sind.'>¥
Vorteil von  rekombinanten

Spinnenseidenproteinen ist, dass
sie sich in nanofibrillire Netzwer-
ke selbstassemblieren und aufSer-
dem mechanisch stabile Hydrogele

bilden. Wissenschaftler
diese Hydrogele bereits als zell-
freundliche Biotinte in der Biofa-
brikation (Abbildung 3) 3%

Im Gegensatz zu Hydrogelen

nutzten

aus Fibroin zeigen solche aus re-
kombinanter Spinnenseide ahnlich
wie Zahnpasta ein scherverdun-
nendes Verhalten. Durch die
Scherkrifte im Druckkopf fliefst
die Biotinte wihrend des Dru-
ckens. Der Druckkopf legt feine
Geruststrukturen auf der Oberfla-
che ab, die sofort ausharten — da-
durch lassen sich mehrlagige form-
stabile Gertiste herstellen.!” Be-
merkenswerterweise sind die Spin-
nenseidenkonstrukte mnach dem
Drucken stabil, und zwar ohne zu-
sitzliche Quervernetzer oder Ver-
dickungsmittel.

Ausblick

¢ Die Biofabrikation ermoglicht,
die Herstellung von Weichgewe-
beimplantaten zu standardisieren
und zu kontrollieren. Das langfris-
tige Ziel ist es, gewebeahnliche
Strukturen bis hin zu voll funktio-
nierenden Organen zu produzie-
ren.
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