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Zusammenfassung

ZUSAMMENFASSUNG

Das Ziel der Gewebeziichtung (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-Gerust
(Scaffold) benttigt. Die Geruste 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 erfillen. Zum einen spielen die
Oberflachenladung und Benetzbarkeit sowie die Topographie der Gerliste eine
entscheidende Rolle. Zum anderen mussen die PorengréRe, Porositat sowie mechanischen
Eigenschaften der GerlUste die Zelladhdsion erlauben und fordern. Aufgrund ihrer
Biokompatibilitat werden fir die Herstellung dieser Gerlste vor allem Biopolymere
verwendet. Je nach Anwendungsgebiet und Zelllinie missen die Materialien und
Gerusteigenschaften angepasst werden, so dass die natlrliche extrazellulare Matrix

maoglichst genau nachgeahmt wird.

Zu den traditionellen Fertigungsverfahren zéhlen u.a. die Gefriertrocknung und das
Auslaugen von Salzen (Salt leaching). Durch das Variieren der SalzpartikelgroRe und der
Parameter wahrend des Einfrierens konnen Gerlste mit definierten Poren hergestellt
werden. Ein entscheidender Nachteil dieser Methoden ist die fehlende Genauigkeit bei der
Herstellung der Geriiste 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 konnen komplexe
dreidimensionale Strukturen computergesteuert aufgebaut werden. Bei den meisten
additiven Fertigungsverfahren erfolgt die Verarbeitung unter extremen Bedingungen (hohe
Temperaturen, Dricke), 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 Gerlstes teilweise inhomogen erfolgen sowie das

Gewebewachstum ungleichmaRig 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 Molekilen oder Biomaterialien durch
Biodrucken oder Bioassemblierung und nachfolgender Reifung entstehen. Durch Prozesse,
wie z. B. Tintenstrahldruck, Dispensdruck und laserinduzierter Vorwartstransfer, kénnen

hierarchische, dem natirlichen Gewebe nachempfundene Strukturen erzeugt werden, die
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eine schnelle Vaskularisierung und Ausbildung funktionaler Komponenten erméglichen. Die
eingesetzten Materialien, vor allem Hydrogele, mussen bei diesen Methoden sowohl
druckbar als auch biokompatibel sein. Hydrogele aus natirlichen 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 Formstabilitat der gedruckten 3D-Konstrukte und deren Biokompatibilitat zu erhéhen. Die
Verwendung von natirlichen Polysacchariden und Proteinen ist vor allem durch deren
variierende Qualitdt und das mogliche Auslésen von immunogenen Reaktionen und
Krankheitsubertragungen begrenzt. Deshalb ist es von gro3em Interesse, dass neue
Biopolymere entwickelt werden, die in dieser Komplexitdt und Funktionalitat in der Natur

nicht vorkommen.

Spinnenseide ist aufgrund ihrer Biokompatibilitit und Bioabbaubarkeit eine
vielversprechende Alternative fir die Gewebeziichtung. 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 Uberfiihrt werden.

Im Rahmen dieser Dissertation wurden durch unterschiedliche Herstellungsverfahren
3D-Scaffolds aus dem rekombinanten Spinnenseidenprotein eADF4(C16) und der mit einer
Zelladhasionsdomane maodifizierten Variante eADF4(C16)-RGD hergestellt. Zunéchst
wurden, durch das Auslaugen von Salz, Schdume mit einer definierten und steuerbaren
PorengroRe (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 natirlichen extrazellularen Matrix ersetzt werden konnten. Die
Analyse der Biokompatibilitdt dieser pordsen Strukturen zeigte, dass Mausfibroblasten auf
den Schaumen aus eADF4(C16) nicht adh&rieren und proliferieren kénnen, dies aber durch
die Einfihrung des Zelladhasionsmotivs RGD ermoglicht wird. Die Zellen waren durch die
Offenporigkeit und Interkonnektivitat des Schaumes im gesamten Gerist gleichmalig
verteilt. Die Ergebnisse zeigten, dass die Schdume aus den rekombinanten
Spinnenseidenproteinen attraktiv fir den Einsatz als Tragermatrix in der Gewebezlichtung

sind.

Da durch einen computergesteuerten automatisierten Herstellungsprozess die &ufRere und

innere Struktur von Geriststrukturen 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)-Spinnenseidenldsung 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 %. Aul3erdem
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 flur die Gewebezlichtung, da nicht nur die Gerlsteigenschaften (z. B. durch
Variation der Proteinkonzentration), sondern auch deren Biokompatibilitat gesteuert werden

kdénnen.
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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  Vproperties and its
biocompatibility can be controlled i. e. by the protein concentration and the introduction of
functional groups.

Vi



Einleitung

1 EINLEITUNG

1.1 GEWEBEZUCHTUNG (TISSUE ENGINEERING)

Die Gewebeziichtung bzw. das Tissue Engineering wurde 1993 definiert als Ain
interdisziplinarer Bereich, der die Prinzipien der Ingenieurs- und Biowissenschaften vereint,
um biologische Substitute zu entwickeln, die biologische Gewebefunktionen und ganze
Organe wiederherstellen, erhalten oder verbessern sollen3! In den vergangenen zwei
Jahrzehnten kam es in der Gewebezlchtung 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 Gewebezlichtung und regenerativen Medizin angewandten Therapien kénnen
in drei Hauptansatze unterteilt werden: A) Klassische Gewebeziichtung bzw.
Stammzelltherapie, B) Einsatz von Gerlsten (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
(3D-) Konstrukten, die mit Hilfe der Biofabrikation hergestellt werden (Abb. 1).



Einleitung

A) Klassische Gewebeziichtung

(
j/aﬂ;% — & ,{:,’ —
‘Q R
I
Spender Gewonnene
Zellen

Zellisolierung 2D invitro Zellkultur Zellinjektion in vivo

B) Einsatz von 3D-Geruisten (Scaffolds)

Herstellung durch
traditionelle Fabrikationstechniken

Gefriertrocknung
Salt leaching
Pordses 3D-Gerust

mit ungerichteter
Struktur

Strategie 2

Strategle 3/ M

Herstellung durch
additive Fertigungsverfahren

Aussden

der Zellen In wtro Kultur
/ Strategie 1

7| & Poroses 3D-Gerist
V mit gerichteter Struktur

SLS 3DP
C) Biofabrikation fur die Herstellung Biomaterial 1

von zellbeladenen 3D-Konstrukten Zelltyp A

L ” \
‘ ; .
)Q

\ \ , !_g
Tintenstrahl- Laserinduzierter Dispensdruck Zellbeladene B|omater|a| 2

druck Vorwiértstransfer 3D-Konstrukte Zelltyp B

Abbildung 1. Ansatze der Gewebezichtung und regenerativen Medizin. A) Klassische

Gewebeziichtung bzw. Stammzelltherapie; B) Einsatz von Gerusten (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 anschlieRend implantiert werden. SLA: Stereolithographie; SLS:
selektives Lasersintern; FDM: Fused Deposition Modeling (Schmelzschichtung); 3DP: 3D-Druck.
Modifiziert nach Pereira & Bartolo, 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 geziichtet. Dieser Therapieansatz ist relativ einfach durchfuhrbar,
allerdings haben in vielen Bereichen solche Verfahren trotz langjahriger Forschungen nicht
zum Durchbruch gefuhrt, weder fur therapeutische Anwendungen noch fur die Herstellung
funktionaler humaner ex vivo Gewebeaquivalente. Die injizierten Zellen kdnnen oft nur
schwer in einem klinisch relevanten Zeitraum ohne Abnahme der Zellvitalitat in der
gewunschten 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.*°

Fur komplexe dreidimensionale Gewebe und schwerwiegendere Verletzungen werden
vorgefertigte  Tragermatrices mit Zellen besiedelt, die die Infiltration sowie
Zelladhasion, -migration, -proliferation und -differenzierung ermoglichen.? 1 Bereits in den
frihen 70er Jahren wurde vermutet, dass mit Hilfe von neuen biokompatiblen Materialien
Zellen in ein synthetisches Stitzgerust eingelagert werden kénnen, so dass anschliel3end
nach Implantation in einen Organismus die Synthese neuer EZM geftrdert wird und
schlieRlich ein neues, funktionelles Gewebe entsteht.’> Nach der Herstellung der pordsen
3D-Scaffolds werden diese Uber die gesamte Tragerstruktur mit Zellen besiedelt.
AnschlieRend erfolgt ein Reifungsprozess, vorzugsweise in einem Bioreaktor, bei dem ein
Zell-Material-Verbund geziichtet wird, der als Gewebeersatz in den Patienten implantiert
wird. Traditionelle Fabrikationstechniken, wie z. B. Gefriertrocknung, das Auslagen von Salz
(Salt leaching) oder das Aufschdumen (Gas foaming), werden immer noch zur Herstellung
dieser pordsen Strukturen verwendet (Abb. 1B).2*1% Der kontinuierliche Gebrauch ist vor
allem auf die einfache Herstellungsweise und die geringen Kosten zurlickzuftihren.
Allerdings ist ein entscheidender Nachteil, dass die innere Architektur (z. B. Porositat,
PorengroRe und Poreninterkonnektivitat) nur schwer kontrolliert werden kann.!® Im
Gegensatz dazu konnen mit Hilfe additiver Fertigungsverfahren, wie beispielsweise
Stereolithographie (SLA), selektives Lasersintern (SLS), Schmelzschichtung (Fused
Deposition Modeling; FDM) und 3D-Druck (3DP) Scaffolds mit erhohter Genauigkeit,
Auflésung und Reproduzierbarkeit hergestellt werden (Abb. 1B).% 14

Additives Manufacturing (AM), auch als Rapid Prototyping oder einfach dreidimensionales
(3D-) Drucken bezeichnet, zeichnet sich dadurch aus, dass die gewtnschte 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 fur
Privatanwender erschwinglich gemacht und fihrten 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 zunachst das Material geschmolzen. Anschlielend 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 KonstruktgréRe begrenzt ist, kbnnen 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 koénnen mit Hilfe der Stereolithographie Konstrukte im
Zentimeter-Bereich hergestellt werden. Der gréf3te 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 (Grof3e, Architektur, Auflésung) ab. Der Vorteil aller
additiven Technologien ist die verbesserte Kontrolle Uber die Eigenschaften der
3D-Scaffolds. Allerdings ist der entscheidende Nachteil, dass die Zellbesiedlung nicht
homogen Uber das Gerilst verteilt ist, und somit die Neubildung von BlutgefaRen, also die
Vaskularisierung, unzureichend ist, wodurch das Gewebewachstum ungleichmagig erfolgt.®
Lebende Zellen und Signalmolekile 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 Gewebeziichtung wird dieses Verfahren seit Beginn des Einsatzes
additiver Fertigungsverfahren als Biofabrikation bzw. Biodrucken bezeichnet. Bei der
Biofabrikation koénnen Zellen, Signalmolekille und Materialien direkt in gewebeartige
Strukturen dberfuhrt werden. Dadurch kann bereits vor der biologischen Reifung in Kultur
eine dem natirlichen Gewebe nachempfundene Struktur erzeugt werden und die notwendige

Reifungszeit minimalisiert werden.

Um Zellen sowohl auf zwei- als auch auf dreidimensionalen Matrices ziichten zu kdnnen, ist

es wichtig, die Zell-Matrix-Interaktionen zu verstehen. Im folgenden Kapitel werden die



Einleitung

unspezifischen und spezifischen Interaktionen zwischen Zellen und der jeweiligen Matrix

(EZM oder das eingesetzte Material) néher erlautert.

1.2 ZELL-MATRIX-INTERAKTIONEN

Tragermatrices, die in der Gewebezlchtung eingesetzt werden, missen eine Vielzahl an
Anforderungen erflllen. Priméare Zellen benétigen 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.?! 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 Zelladhasionsmotive, vermittelt werden (Abb. 2).21-24

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

Aul3er den Zellen des Blutes und des Immunsystems sind alle Zelllinien adhasionsabhangig
und besitzen Adhasionsproteine (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 Abstof3ung

oder Einkapselung von Implantaten kommen kann.?-2¢

1.2.1 UNSPEZIFISCHE INTERAKTIONEN

Im Allgemeinen spielen Ladung, Benetzbarkeit und Topographie von Materialoberflachen
eine entscheidende Rolle fur die Zelladh&sion, wenn spezifische Zelladhdsionsdomanen
(z.B. RGD) fehlen (Abb.2).?2t Die Doppellipidschicht der Zellmembran und viele
extrazellulare Matrixproteine sind unter physiologischen Bedingungen negativ geladen, so
dass die Zelladhasion auf positiv geladenen Materialien durch die elektrostatische Anziehung
beglnstigt ist.26%0 Zusatzlich 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.3® Auf stark hydrophoben
Oberflachen kommt es zu einer Konformationsanderung der Proteine und dadurch bedingt,
vermutlich zu veranderten Zugéanglichkeiten von z. B. Zelladhasionsdomanen.®+3 Dadurch
ist die Zelladhasion auf Oberflachen mit Hydrophobizitat mittlerer GrélRenordnung
(Wasserkontaktwinkel 55°) bevorzugt.?® 3>3” Neben der Hydrophobizitat der Oberflache spielt
deren Topographie bzw. Rauigkeit eine entscheidende Rolle bei der Zelladh&sion. Bereits
1911 zeigte Harrison, dass die Oberflachenstruktur einen Einfluss auf die
Zellmorphologie, -migration und -ausrichtung adhérenter Zellen hat.® Zellen reagieren dabei
auf Strukturen im Mikro- bis Nanometerbereich.**** Es koénnen somit je nach
Anwendungsgebiet gezielt Oberflacheneigenschaften gesteuert werden, die entweder die

Zelladhasion begtinstigen oder verhindern.

1.2.2 SPEZIFISCHE INTERAKTIONEN

Neben unspezifischen Interaktionen spielen spezifische Interaktionen zwischen Liganden
und Zelladh&asionsmolekilen (CAMs), wie Integrinen und Cadherinen, eine wichtige Rolle bei
der Zelladhasion. Wahrend Cadherine Zell-Zell-Interaktionen steuern, sind Integrine
transmembrane Zell-Adhasions-Glykoprotein-Rezeptoren, die die grofldte 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 intrazellularen Prozessen dar
und steuern die Struktur des Cytoskeletts, die
Zellpolaritat, -adhasion, -migration, -proliferation, sowie den Aufbau der extrazellularen
Matrix.*¢-48 Integrin ist ein nicht-kovalent verbundenes Heterodimer, das aus einer D und
EUntereinheit besteht und u. a. an das Tripeptid RGD, eine Erkennungssequenz, die zuerst
in Fibronektin identifiziert wurde, bindet.*> 4951 Mittlerweile sind weitere, die Zelladhasion
fordernde Erkennungssequenzen, wie z. B. IKVAV und YIGSR bekannt.>>%® |[KVAV und
YIGSR sind Erkennungssequenzen, die in der 1 bzw. B Kette von Laminin, einem weiteren
Bestandteil der extrazellularen Matrix, vorkommen.%5" Dennoch ist RGD die am besten
erforschte und am meisten eingesetzte Zelladhasionssequenz fir die Foérderung von

Zelladhasion.

Zelladhasion und somit die Biokompatibilitat 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).58
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Zelladhé&sion o
Zellmigration

=

Oberflache

Extrazellulare
Matrix

Abbildung 3. Integrin-vermittelte Zelladh&asion auf einer Oberflache mit Fibronektin-
beschichtung. Nach der Zellanhaftung und -ausbreitung wird das Cytoskelett Uber die Aktinfilamente
und den Multiproteinkomplex organisiert und fokale Adh&sionen 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.?: % Zudem
wurden Adhasionsdoménen (von Kollagen | oder Fibronektin IIl) in rekombinant
hergestelltem Bombyx mori-Fibroin eingebracht, so dass anschlielend die Adhé&sion 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 natirlicher
Umgebung Uberein. Deshalb sind dreidimensionale Gerlste von groRem Interesse, die als
Matrix in der Gewebeziuchtung bzw. nach dem 3D-Drucken den Zellen als Leitstruktur dienen
und somit die Adhasion, Proliferation und Differenzierung férdern. Die 3D-Scaffolds ahmen
dabei die natirliche zellulare Mikroumgebung mit ihren mechanischen und biochemischen
Eigenschaften nach.!! Als Gerust werden beispielsweise Vliesstoffe, porése Schaume und
Hydrogele eingesetzt, die somit als kiinstliche extrazellulare Matrix dienen.®45

2D-Zellkultur 3D-Zellkultur
mikropordses Scaffold Scaffold
Scaffold aus Mikrofaser aus Nanofibrillen

Q.-
& =

/

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

Wenn kinstliche Scaffolds in der Zellkultur eingesetzt werden sollen, miissen verschiedene
Parameter bericksichtigt und verschiedene Anforderungen erflillt werden. Ein ideales Geriist
fur die Gewebezichtung sollten Zelladhasion, -migration und -proliferation in
dreidimensionaler Umgebung ermdoglichen und férdern. Sowohl die Benetzbarkeit und

Oberflachenladung als auch die Topographie des Geriistes spielen eine entscheidende
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Rolle. Porengréf3e, Porositat, mechanische Eigenschaften sowie Biokompatibilitat und

Bioabbaubarkeit der Geriste 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
PorengroRRe, Porositat und deren Verteilung abhangt. Diese Parameter kbnnen 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- HCaprolacton (PCL)-Scaffold mit einer Porengrdof3e zwischen 380 und 405 pum
aufweisen, wahrend Fibroblasten PorengroRen zwischen 186 und 200 um bevorzugen.™
Weitere Parameter, wie die Festigkeit des Materials, also die mechanischen Eigenschaften
und die Stabilitat des Gerlstes, spielen eine entscheidende Rolle beim Zellwachstum. Ein
Gerust fur die Gewebezlichtung sollte temporar das Zellwachstum unterstitzen und darf
deshalb nicht in vitro oder nach der Implantation vorzeitig kollabieren.*® 22 AuBerdem sollte
das Gerilst moglichst genau die mechanischen Eigenschaften des Zielgewebes
nachahmen.®® Zellen koénnen die Festigkeit ihrer Umgebung in biologische Signale
Ubersetzen (Mechanotransduktion) und anschlieRend in gewissem MaRe 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 Koérpers zeigen, mit Ausnahme von
Knochen, Elastizitatsmoduln (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 PorengroRe, Porositdt und den mechanischen Eigenschaften der Gerliste ist die
Biokompatibilitat des Materials entscheidend.?! Eine gute Biokompatibilitat des Materials ist
zwingend erforderlich, da z. B. keine AbstoRungsreaktionen in umliegenden Geweben
ausgelost werden durfen, die die Funktion des neuen Gewebes beeintrachtigen.® 22 7® Das
Material sollte nicht toxisch sein und keine allergische Reaktion oder Immunantwort
auslosen, wahrend es kontrolliert abgebaut wird.** 21 24 76 Generell lassen sich die
Materialien fir die Gewebeziichtung in zwei Gruppen einteilen. Zum einen die nattrlichen
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 konnen ihre Eigenschaften, wie mechanische Festigkeit und Hydrophobizitat,
kontrolliert werden. Allerdings sind synthetische Polymere im Korper 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 eingeschréankt. Deshalb ist es wichtig, entweder ein
naturliches, mechanisches stabiles Polymer zu finden, das in groen 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 dirfen keine Zusatz- und
Hilfsstoffe verwendet werden, die als toxische Rickstdnde im Schaum zurlickbleiben
kénnen. Zudem dirfen hohe Temperaturen nicht die Eigenschaften des verwendeten
Materials verandern. Der Prozess selbst muss eine optimale Porengrof3e und Verteilung bei
optimaler Porositat liefern, um eine Strukturkompatibilitat 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
Porositéat und Oberflache zu produzieren.”®8! Bei allen Methoden ist das Ziel reproduzierbare

3D-Scaffolds zu produzieren, die als Stitze dienen, bis das neue Gewebe ersetzt ist.

Die Gefriertrocknung bzw. Lyophilisation ist eine h&ufig eingesetzte Methode um pordse
Zelltrager fur die Gewebeziichtung und andere biologische Anwendungen herzustellen.®? Ein
entscheidender Vorteil bei dieser Methode ist, dass als Losungsmittel Wasser eingesetzt
werden kann. Beim Entfernen des Lésungsmittels kommt es zu keinen Verunreinigungen, so
dass keine langen Waschschritte bendtigt werden. Bei Seidenfibroin-Gerlisten
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 fur Gerlste aus z.B. Kollagen oder
Polylactiden, genutzt.®® 8 Diese Technik wird oft eingesetzt, da sie eine effiziente und leichte

Verarbeitung darstellt. Die Porengréf3e und Porositat der Geriiste wird reguliert, indem
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granulare Salzpartikel (Porogene) mit unterschiedlichen GroRRen (60-1200 P ]X GHU
Polymerlésung 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 Schdumen mit Hilfe der Salt leaching -Methode. Fur die Herstellung
der 3D-Gerlste werden Salzkristalle als Porenbildner (Porogene) verwendet. Nach dem Verdampfen
des Losungsmittels wird das Porogen herausgewaschen, sodass ein poréser Schaum entsteht.

Freed et al. und Mikos et al. produzierten portse Poly-L-Lactid (PLLA) Geriiste durch Lésen
des Polymers in Chloroform und Zugabe von NaCl-Kristallen mit definierter Grof3e in einem
bestimmten Salz-Polymer-Verhéltnis. Die Dispersion wurde anschlieRend in eine Form
gegossen und das Lésungsmittel verdampft. Im nachsten Schritt wurde das Salz mit Wasser
ausgewaschen und die porose Polymermatrix getrocknet, so dass ein Schaum entstand.%’
Schaume, die durch Salt leaching hergestellt wurden, zeigen oft an der Grenzflache eine
dichte und wenig pordse 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 ungleichmaRigen Verteilung der Zellen
und einer verminderten Lebensfahigkeit fuhrt.®® In der Salt leaching-Methode wird das
Porogen als Platzhalter fur die spateren Poren verwendet. Beim Gas foaming hingegen
bilden sich die Poren durch ein Hochdruckgas, z. B. CO,, welches als Schaummittel dient.*3
Die Porositat und Porenstruktur hdngen von der Menge an Gas, der Art der Blaschenbildung
und der Diffusionsrate der Gasmolekiile durch das Polymer ab. Oftmals ist das durch Gas
foaming hergestellte Gerust jedoch zu kompakt fur 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 Gré3e bestimmen die Porositat und
PorengroRe.®* Nam et al. haben PLLA mit Ammoniumhydrogencarbonat gemischt. Das
Losungsmittel Dichlormethan wurde verdampft und durch Vakuum oder Immersion in heil3em
Wasser (~90 °C) anschlieBend die Schaumbildung induziert. Die entstandenen Geriiste
zeigten eine zusammenhangende Makroporenstruktur ohne eine kompakte Schicht und

ohne Poren an der Oberflache der Geriiste.?®

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 Zelladhasion unterstiitzt
und fordert. Allerdings kdnnen sie aufgrund ihrer starren Struktur schwer in einen Patienten
injiziert werden. Besser dafir 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 Gewebeziichtung
eingesetzt, da sie verschiedene Merkmale der natirlichen Umgebung von Zellen vereinen
und eine homogene Zellverteilung gewahrleisten.®> 929 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 fur
biomedizinische Anwendungen wurden bereits aus einer Vielzahl von synthetischen und
natlrlichen Polymeren, wie z. B. Polylactid (PLA), Polyglykolsaure (PGA), Polyethylenglykol
(PEG) und Poly- BCaprolacton (PCL), Kollagen, Alginat, Agarose, Fibrin, Chitosan und
Seide, hergestellt.%®1° Hydrogele kénnen in folgende zwei Gruppen eingeteilt werden:
molekulare und selbstassemblierende Hydrogele. Molekulare Hydrogele basieren auf
einzelnen Molekilen 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
gelost werden kann, ohne die kovalenten Bindungen zu brechen.® 1 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.'> Im Gegensatz zu den chemischen Hydrogelen sind die physikalisch
guervernetzten 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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bindungen Interaktionen Interaktionen
Abbildung 6. Grundlegende molekulare Interaktionen, die an der physikalischen Gelbildun g
beteiligt sind.

Wenn beispielsweise Polyelektrolyte mit multivalenten lonen der gegensétzlichen Ladung
inkubiert werden, kann ein physikalisches bzw. ionotropes Hydrogel entstehen. Ein Beispiel
fur diese Art der Hydrogele ist Alginat. Die Gelbildung hangt dabei von der Konzentration der
Komponenten, der lonenstarke und dem pH-Wert der Losung ab.1% Ein weiteres Beispiel
sind Agarose oder Gelatine, die durch die Abkihlung der Polymerlésung ein physikalisches
Hydrogel bilden.1®> Physikalisch quervernetzte Hydrogele zeigen Vvielversprechende
Eigenschaften fur den Einsatz in der Gewebezlichtung, da die Gelbildung angepasst werden
kann und oftmals keine chemischen Quervernetzer nétig sind, die das Zellverhalten

beeintrachtigen kénnten.®

Die zweite Gruppe umfasst Hydrogele, die aus selbstassemblierenden Strukturen, wie z. B.
Fibrillen oder Mizellen, bestehen. Dabei wandeln sich spontan die ungeordneten
Grundbausteine in groRe und komplexere supramolekulare Einheiten um.%41% Die
Umorganisation der Grundbausteine in geordnete Strukturen erfolgt aufgrund spezifischer
Erkennungssequenzen, unterstlitzt durch eine Kombination aus vielen verschiedenen
nicht-kovalenten Interaktionen (Abb. 6).1% 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 rechtsgdngigen Superhelix durch Wasserstoffbriickenbindungen
zusammen. Ein weiteres Beispiel sind Amyloid-Fibrillen. Die in Losung intrinsisch ungeordnet
vorliegenden Proteine bzw. Peptide konnen sich unter bestimmten Bedingungen in
EFaltblattstrukturen umwandeln, die in cross- E Konformation vorliegen. Amyloid- EPeptide
sind ein typisches Beispiel fir fibrillenformende Peptide. Das charakteristische
Roéntgenbeugungsmuster fur cross- E Strukturen zeigt, dass die Strange der dicht gepackten
EFaltblatter 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.%110 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).9% 112-114

Fibrillen

B-Faltblatt- Fibrillen- ’ A
bildung blldung \"’j’ ‘ﬂ
'\
— 3 | o
Scherkraft Hydrogel
instrinsisch induziert
ungeordnetes
Monomer
Abbildung 7. Hydrogelbildung durch Selbstassemblierung. In dem intrinsisch ungeordneten

Monomer kommt es durch eine strukturelle Umlagerung zu EFaltblattstrukturen. Bei einer kritischen
GrolRe von Monomeren bzw. Oligomeren bildet sich ein Nukleationskeim. AnschlieRend erfolgt durch
Anlagerung von weiteren Monomeren oder Oligomeren das Fibrillenwachstum.%: 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 rdumliche Umlagerung von hydrophoben und
hydrophilen Grenzflachen verursacht die Selbstassemblierung der Seidenproteine in
Nanofibrillen.*'” Die Fibrillenassemblierung der Seidenproteine beinhaltet zwei Phasen, die
typisch fur cross- EFibrillen sind:1'®?! Die Anfangsphase beinhaltet die Umwandlung von
ungeordneten Monomeren zu antiparallen EFaltblattern, 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.!'”118 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.1%? 122 Dennoch zahlen Hydrogele zu den vielversprechendsten Kandidaten in der
Biofabrikation und Wundheilung. Im folgenden Kapitel wird der Einsatz von Hydrogelen in
der Biofabrikation naher erlautert.®

1.4 BIOFABRIKATION IN DER GEWEBEZUCHTUNG

In der Gewebeziichtung und regenerativen Medizin ist die Biofabrikation eine innovative
Technologie, die nicht nur auf die Herstellung von Gerlisten durch additive
Fertigungsverfahren  beschrankt ist.??®> Anders als in klassischen, additiven
Fertigungsverfahren zur Herstellung biomedizinischer Implantate und Scaffolds mit
anschlieender 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 &auf3ere raumliche
Anordnung in funktionale Gewebe reifen kénnen. Der Begriff Biofabrikation wurde erstmals

YRQ OLURQRY HW DO DOV AGLH 3URGXNW hiBhQlebeRden
biologischen Produkten aus Rohmaterialien wie lebenden Zellen, Molekilen, extrazellularer
MatrL[ XQG % LR P W Hefinidnt.O Vot Qkurzem wurde von der Internationalen
Gesellschaft fiir Biofabrikation eine aktualisierte Definition veroffentlicht.’®3 In dieser heif3t es,
dass ARiofabrikation [ist] die automatisierte Herstellung biologisch funktionaler Produkte mit
struktureller Organisation aus lebenden Zellen, Zellaggregaten wie Mikrogeweben, hybriden
Gewebekonstrukten, bioaktiven Molekulen oder Biomaterialien durch Biodrucken oder
Bioassemblierung und nachfolgender Reifungsprozesse 32 sei. Biodruck (Bioprinting) und
Bioassemblierung sind zwei Hauptstrategien der Biofabrikation. Wenn lebende einzelne
Zellen, bioaktive Molekile, 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, fur 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, kdnnen 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 dafir verwendeten Materialien, die sogenannten Biotinten, sind wesentlich hoher als
beim Drucken von klassischen Werkstoffen ohne Zellen. Der Herstellungsprozess muss
unter zellfreundlichen Bedingungen, wie z.B. mit wassrigen Ldsungsmitteln, bei
physiologischen Temperaturen und mit niedrigen mechanischen Scherkréften ablaufen.
Zudem muissen die eingesetzten Materialien, bei denen Hydrogele derzeit die
vielversprechendsten Kandidaten sind, zellkompatibel sein. Dabei missen durch den
Druckprozess mechanisch belastbare sowie formstabile 3D-Strukturen, die das Uberleben
der Zellen gewdhrleisten, 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
etablierten  Technologien  (Tintenstrahldruck, Dispensdruck und laserinduzierter
Vorwartstransfer) fir das Drucken von Hydrogelen unter zellfreundlichen Bedingungen im

Detail und vergleichend dargestellt (Tab. 1).1°

17



Einleitung

Tabelle 1. Vergleich der wichtigsten und am besten etablierten additiven Fertigungstechniken in der

besonderen Merkmale .

Biofabrikation, deren Eigenschaften und

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
Vorwartstransfer (LIFT)

Ref.

Materialviskositats-bereich
Mechanische/strukturelle
Integritat

Auflésung

Arbeitsprinzip

Nadelgrolie
Beladungsvolumen
Gunstiges/einfaches
auswechselbares Reservoir
Fabrikationszeit
Kommerziell verfugbar
Kosten des Druckers
Vorteile

Nachteile

thermisch piezoelektrisch

N )\

Heizer | ' piezoelekt.

Dampf- ~ Aktuator \*

blase -
™ il
° -]
°

OO0 O
&
©

3.5 *12 mPa:s
niedrig

~75um

kontaktfrei

20 +£150 pym

ml - Bereich

nein (wenn kommerziell erhaltliche
Kartuschen verwendet werden)
mittel bis lang

ja

niedrig

hohe Aufldsung, hohe Zellvitalitét,
kommerziell erhaltlich, kosteneffizient

limitierter Viskositatsbereich

Pneumatik Kolben Schraube material-

Ly dl g 168

=T
%

) r‘: ) il,
ey o
W v
N A
30 - (6 x 107) mPa:-s
hoch

100 um bis mm-Bereich
Kontakt

20 pum bis mm-Bereich
ml - Bereich

ja

kurz

ja

mittel

breite Viskositatsspanne der
Materialien, Aufbau klinisch

relevanter Konstruktgréf3en mdoglich,

kommerziell erhaltlich
limitierte Auflésung

[ -
r‘{“d“-‘iﬂ woalw A

Opferschicht

/

Laserpuls

[Donor

v

0®
00 00
&

O

1 +300 mPa-s
niedrig

10 +£100 pm
kontaktfrei
ohne Nadel
> 500 nl

ja

lang
nein
hoch
hohe Auflésung, hohe Zellvitalitat

limitierte Konstruktgréf3en, nicht

kommerziell erhaltlich, hohe Kosten

127

128-132

133

134-137

137-138

134
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133-134

133-134
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1.4.1.1 TINTENSTRAHLDRUCK

Beim Tintenstrahldruck wurden zunéchst 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 Druckkopfe eingesetzt (Tab.1). Bei thermischen
Tintenstrahldruckern wird die Erzeugung von Tropfen durch elektrische Impulse ausgeldst,
die zu einem Temperaturanstieg im Heizer fihren und anschlieBend von der
Tintenverdampfung und dem MaterialausstoR 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.'4%42 Es wird angenommen, dass der Kkurze
Temperaturimpuls im Millisekundenbereich nur zu einem kleinen Temperaturanstieg (wenige
Grad Celsius) des Materials fihrt und somit keinen Einfluss auf die Zellvitalitat hat.'4?
Allerdings verwenden die meisten Forscher, die mit Tintenstrahldruckern arbeiten,
piezoelektrische  Drucksysteme  fir  biomedizinische  Anwendungen. Bei dem
piezoelektrischen Druckkopf wird das Material aus dem Reservoir mit Hilfe eines
piezoelektrischen Aktuators ausgestoBen. Die angelegte Spannung fuhrt zu einer
Deformation des piezoelektrischen Kristalls und somit zu einem MaterialausstoR.'® Durch die
Deformation kann die ausgestoRene Materialmenge und die Geschwindigkeit des
gedruckten Tropfens gesteuert werden, so dass dieses Verfahren flexibel ist und an die
Materialeigenschaften angepasst werden kann.43

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 Viskositdten unter 20 mPa-s gedruckt werden
kdnnen.1?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 fur das Drucken mit Zellen begrenzt ist.13°

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 Auflésung der Strukturen von etwa 75 pum.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.1?8: 140

1.4.1.2 DISPENSDRUCK

Der Dispensdruck ist moglicherweise die vielversprechendste Methode im Bereich der
Biofabrikation, da 3D-Konstrukte mit klinisch relevanten Abmessungen in einer fir die
praktische Anwendung geeigneten Zeitspanne gefertigt werden konnen (Tab. 1).26 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 fliel3t 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 geftllt. Mit Hilfe
eines  Kontrollsystems kann die Kartusche computergesteuert bewegt und
Schicht-flr-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
gedrickt wird.*?” Dementsprechend bestimmt der Nadeldurchmesser die Auflésung (100 pm

bis mm-Bereich) des Prozesses.'?® Aufgrund der verschiedenen Dosierungssysteme ist
20
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dieses Verfahren besonders variabel in Bezug auf die Viskositat des zu verdruckenden
Materials (30 £(6x107) mPa-s). Das auf einer Schraube basierende System kann Materialien
mit den hochsten Viskositaten verarbeiten, da wéahrend des Ausstol3ens 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 konnen hier aufgrund der variablen Driicke
hohere Viskositaten verdruckt werden.*?® Der groRte Nachteil dieses Verfahrens ist die
Verwendung von Druckluft, da das komprimierte Gas zu einer Verzogerung zwischen dem
Start bzw. Stopp des Materialflusses und dem Start/Stopp der letztendlichen Dosierung fuhrt.
Dieses Problem kann behoben werden, indem entweder eine Zeitverzégerung einkalkuliert
wird, so dass die eigentliche Druckposition erst anschlieend angefahren wird, oder indem
unmittelbar 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, kbnnen diese
einfach an die Viskositaten des zu verdruckenden Materials angepasst werden. Aul3erdem
kénnen Konstrukte im Millimeterbereich in kurzer Fabrikationszeit hergestellt werden,
worunter allerdings die Auflosung leidet.®” Mit dieser Methode konnen jedoch, sofern die
Auflésung nicht entscheidend ist, groRe Konstrukte, wie z. B. Klinisch relevante Implantate,

gedruckt werden.?’

1.4.1.3 LASERINDUZIERTER VORWARTSTRANSFER (LIFT)

Das additive Fertigungsverfahren mit der hochsten Auflosung (10 +100 pm), das sogar ein
kontrolliertes Verdrucken einzelner Zellen erlaubt, ist der laserinduzierte Vorwartstransfer
(LIFT) (Tab. 1).14¢ 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 fiihrt damit zu einem
Ausstol? des Materials. Werden der Donor und/oder das Substrat kontrolliert bewegt, kbénnen
durch die Materialtropfchen 2D- und 3D-Strukturen aufgebaut werden.13% 132 147150 Bg ein
Laser als treibende Kraft verwendet wird, ist die Auflosung bei der LIFT-Technik
hauptséchlich von der Laserenergie und Dauer des Laserpulses abhéngig. Zusatzlich sind
die Materialeigenschaften und die Dicke der Donorschicht entscheidend fir das
ausgestolRene Materialvolumen. Durch den Laserpuls wird Material im Donor verdampft, so
dass eine Blase entsteht. Diese Dampfblase muss sich bis zum Substrat ausbreiten, damit
Material ausgesto3en 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. Zusatzlich beeinflussen die viskoelastischen
Eigenschaften des Materials die Weitergabe des Gasdruckes und somit das Ausstol3en des
Materials. Der laserinduzierte Vorwartstransfer schliel3t 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 Oberflichen bedruckt werden
kénnen.'® Zum Drucken wird auf der einen Seite nur wenig Material (einige 100 nl) bendétigt,
auf der anderen Seite wird der schnelle Aufbau groRerer Strukturen dadurch erschwert.'34
Zudem sind derzeit keine kommerziell erhaltlichen Drucksysteme verfigbar und die hohe

Auflosung 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 Biotinte n. Die
physikochemischen Eigenschaften beinhalten die Druckbarkeit des Materials und die Form- und
mechanische Stabilitdt des gedruckten Konstruktes. Das 3D-Konstrukt soll zusatzlich in einem
adaquaten Zeitraum abgebaut werden kénnen und die Diffusion von Néahrstoffen und Abfallprodukten
ermdglichen. Dies wiederum steht in engem Zusammenhang mit der Zellfreundlichkeit. Die
eingeschlossenen Zellen mussen migrieren, sich teilen und differenzieren kdnnen, 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.?” I|dealerweise sollte das Konstrukt
selbsttragend sein, so dass keine Nachbehandlung fiir die mechanische Stabilisierung nétig
ist.’® Das Konstrukt soll anschlieRend 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 fir Biotinten sind.'?” 3% Die wichtigste
physikalische Eigenschaft, die ein Hydrogel fir den 3D-Druck auszeichnet, ist dessen
rheologisches Verhalten.® 127 155 Vor dem Druck darf es nicht zu einer Sedimentation der
eingekapselten Zellen kommen und wahrend des Druckens muss die Biotinte gleichmalig
flieRen und anschlieRend auf der Substratoberflache schnell ausharten 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.?s: %5 Aus diesem Grund mussen viele derart
vernetzte Hydrogele durch chemische Quervernetzer (z. B. Enzyme oder Photoinitiatoren)
nachbehandelt werden. Diese wiederum dirfen Kkeine 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 fordern.’>” 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
naturlichen EZM aufweisen, kommen darauf basierende Biotinten in Form von injizierbaren

und druckbaren Hydrogelen verstarkt zum Einsatz.*®*

1.4.2.1 BIOPOLYMERE FUR DEN 3D-DRuUCK

Nattrliche Polymere werden, trotz ihrer Nachteile gegeniiber 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 naturliche Polymere eine bessere Bioaktivitat als synthetische
Polymere auf.%81%% Weder die Biopolymere selbst noch deren Abbauprodukte sind toxisch
fur den Korper und oft wird keine Immunantwort ausgel6st. In einigen nattrlichen Proteinen
fordern spezifische Signalmolekile, wie z.B. die Zelladhdsionsdoméne RGD, die
Zelladh&sion und dproliferation 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, fur den 3D-Druck eingesetzt
(Tab. 2).16 161 Oftmals werden Biopolymere kombiniert, um optimale materialspezifische
Eigenschaften hinsichtlich der Zellantwort bzw. der mechanischen Stabilitat, Porositét,

Viskositat und chemischen Zusammensetzung in einem Hydrogel zu vereinen.3* 161
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Tabelle 2. Natirliche Polymere, die als druckbare Hydrogele in der Biofabrikation

2015, DOI: 10.1021/acs.chemrev.5b00303, mit freundlicher Genehmigung des Verlages American Chemical Society.

eingesetzt werden. Modifiziert nach Jungst et al., Chemical Reviews

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
Vorwartstransfer,
Tintenstrahldruck

Cellulose Dispensdruck Geweberegeneration (Knorpel), Wundheilung 164, 172-173

Gellan Tintenstrahldruck Geweberegeneration (Knorpel), Wirkstofftransportsystem tra-1m

Hyaluronsaure
Proteine
Fibrin/Fibrinogen

Gelatine

Kollagen

Seide
Gemisch
Matrigel

Dispensdruck
Tintenstrahldruck
Dispensdruck
Dispensdruck,
Tintenstrahldruck

Tintenstrahldruck

Dispensdruck

Geweberegeneration (Knorpel, Gehirn, Blutgefalie)

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

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

Geweberegeneration (Knochen, Knorpel), Wirkstofftransportsystem

Geweberegeneration (Leber)

168, 178-183

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 nattrlich 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, né&her beschrieben.

Alginat, als ein wichtiger und haufig verwendeter Vertreter der natirlichen Polymere im
3D-Druck, zeichnet sich durch eine gute Biokompatibilitit aus. Es wird aus Braunalgen
gewonnen und besitzt eine lineare Block-Copolymer Struktur, die aus 1,4-glycosidisch
verknilpften DL-Guluronsauren und ED-Mannuronsauren besteht.’®> Hydrogele aus Alginat
konnen durch die Gelierung mit bivalenten Kationen (Ca?*) hergestellt werden.1®® 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 scherverdinnendes Verhalten. Dadurch flie3t die Biotinte durch die
angelegten Scherkrafte im Druckkopf wahrend des Druckens und hartet sofort aus, wenn
anschlieRend die feinen Geruststrukturen auf der Oberflache abgelegt werden.'?” Da die
Viskositat Uber die Konzentration eingestellt werden kann, ist Alginat fur die meisten
Prozesstechniken in der Biofabrikation geeignet. Es konnte gezeigt werden, dass Alginat mit
menschlichen adipésen Stammzellen gedruckt werden konnte, ohne dass im Anschluss die
strukturelle Integritat beeinflusst wurde.®® Allerdings ist der Abbau von auf Alginat-basierten
Biotinten nur schwer zu steuern und es konnte nachgewiesen werden, dass die
mechanische Stabilitat von gedruckten Konstrukten nach kurzer Zeit (ca. 40 % in 9 Tagen)
verloren geht. Zudem besitzt Alginat keine Zelladhdsionsdoméanen. 169170 197 7y
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 bestent 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 Abkuhlung.?® Die viskoelastischen Eigenschaften der
Hydrogele aus Agarose hangen vom Molekulargewicht und der Konzentration ab. Die
einstellbaren Elastizitatsmoduln 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).” 2% Maher und Kollegen haben 2009 3D-Scaffolds aus
thermoreversiblen Agarose-Hydrogelen mit Hilfe eines pneumatischen Dispensdruckers
hergestellt.’5? Dabei wurde Agarose in ein Gelatineenthaltendes Bad gedruckt. Gelatine
diente nicht als Quervernetzer, sondern als Unterstiitzung, 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.163

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.?’® Die linearen Molekile von Gellan liegen bei Temperaturen um 30 °C
ungeordnet vor und transformieren bei niedrigeren Temperaturen zu Doppelhelices. Bei
hohen Konzentrationen (> 2 % wi/v) wandeln sich die Doppelhelices in langliche Aggregate
um und bilden ein makroskopisch stabiles Gel.?%* Es wurde gezeigt, dass das Gel aus Gellan
eine Sedimentation und Aggregation der Zellen verhindert sowie ein kontinuierliches FlieRen

wahrend des Druckprozesses erlaubt.1’

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

entscheidendem Nachteil. Proteine stellen eine vielversprechende Alternative dar.

Proteine

Proteine, wie Kollagen, Gelatine, Fibrin und Fibroin, wurden bereits als Biotinte fiir die

Herstellung von 3D-Konstrukten eingesetzt.'?’

Kollagen ist mit einem Anteil von 20-30 % der Gesamtproteine das am haufigsten
vorkommende Protein in Saugetieren und deshalb von besonderem Interesse in der
Gewebeziichtung.'8 205 Die Hauptfunktionen von Kollagen sind die mechanische
Stabilisierung der extrazellularen Matrix sowie die Kontrolle der Zelladh&sion, -migration und
Wundheilung.?%® Kollagene bestehen aus drei linksgangigen Helices, die wiederum Uber
Wasserstoffbriickenbindungen zu einer rechtsgangigen Superhelix angeordnet sind.

Kollagen ist bioabbaubar, biovertrdglich und kann einfach gewonnen und modifiziert

27



Einleitung

werden.?9” Allerdings zeigen kollagenbasierte Biotinten chargenabhéangige Variationen und
schwache mechanische Eigenschaften (Elastizitatsmoduln: ~ 1 kPa).»*"- 208 Gelatine ist die
denaturierte Form von fibrillarem Kollagen und wird oft als Biotinte eingesetzt, weil es eine
schwachere immunogene Reaktion als Kollagen zeigt.?®® Gelatine ist wasserloslich,
bioabbaubar, biokompatibel und enthalt das naturliche Zelladh&asionsmotif 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 anschlieRend mit Ca?* quervernetzt wurde.'’*
Alternativ wurde Gelatine mit Alginat gemischt und zweifach quervernetzt (thermisch und
ionisch).186-187 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 kénnen.?13

Fibrin, ein weiteres extrazellulares 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 mafRgeblich
an der Wundheilung beteiligt.214215> Fibrin geliert schnell, ist biokompatibel und bioabbaubar;
Hydrogele aus Fibrin werden ohne fibrinolytischen Inhibitor innerhalb von zwei Wochen
enzymatisch abgebaut.?621” 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 kénnen, weisen
Fibrinhydrogele als Biotinten einen Nachteil auf: die gedruckten Konstrukte aus Fibrin
zeigten inadaquate mechanische Eigenschaften und zerfielen schnell. Die Fibrinhydrogele

mit der vielversprechendsten mechanischen Integritat waren fur nur 3 Wochen stabil 218-220

Seiden sind natirliche Proteinfasern, die von Arthropoden (Spinnen & Insekten) produziert
werden. Seide ist von grofiem Interesse in biomedizinischen Anwendungen und der
Biofabrikation, da sie biokompatibel ist, langsam abgebaut wird und aulRergewohnliche
mechanische Eigenschaften zeigt.?: %8 157 221 Kirzlich wurde die Herstellung von
strukturierten Substraten aus Seidenfibroin (Bombyx mori) durch Tintenstrahldruck
etabliert.'® Schicht-fur-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 fur 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 Seidenfibroinlosung ohne Zugabe
anderer Polymere haufig zu einer Nadelverstopfung, aufgrund der scherinduzierten
EFaltblattkristallisation wahrend des Druckens, fuhrt.'®* Deshalb wurde Fibroin kirzlich in
Kombination mit Gelatine als Biotinte fir die Herstellung von 3D-Gewebekonstrukten
eingesetzt und es wurde gezeigt, dass die in situ Quervernetzung und der Druckprozess

zellfreundlich sind, da eingekapselte Vorlauferzellen tiberlebten.>’

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 fur Proteine, wie z. B. Kollagen,
Gelatine und Fibrin, sind, bestehen weitere Bedenken hinsichtlich Krankheitstibertragungen

und immunogenen Reaktionen.’® 22

1.4.2.2 REKOMBINANT HERGESTELLTE BIOPOLYMERE

Heutzutage kénnen durch molekularbiologische Methoden neue Biopolymere entworfen und
entwickeln werden, die in dieser Komplexitat und Funktionalitat nicht natirlich vorkommen.
Die rekombinante Herstellung von kinstlichen Proteinen ermoglicht es, die
Materialeigenschaften, wie Mechanik, Abbau, Porositét, Zell-Material-Interaktionen und

Zytokompatibilitat, anzupassen bzw. einzustellen (Abb. 10).16-223
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Abbildung 10. Schematisches Modell, das den Weg vom natirlichen Protein Uber 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 Molekulstruktur herzustellen als
synthetische und natlrliche Materialien.’* 224227 Durch das spezifische Design von
rekombinanten Proteinen, wie z.B. der Kopplung von funktionellen Gruppen an
Strukturproteine wie Kollagen, Elastin oder Seide, kbnnen biologische Aktivitdten &hnlich der
naturlichen extrazellularen Matrix geschaffen werden. Beispielsweise kénnen verschiedene
funktionelle Doméanen von naturlichen Proteinen, z. B. Zell-Material-Interaktions-Doméanen,
mit strukturellen Doméanen in einem neu designten Protein (z. B. Fusionsprotein) kombiniert
werden. Alternativ konnen rekombinante Proteine leicht mit kurzen Peptidsequenzen, wie
z. B. RGD oder IKVAV, die spezifische Liganden fir Zellrezeptoren sind und Zelladh&sion

steuern, modifiziert werden.8

Es ist wichtig zu erwdhnen, 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 kdénnen, ohne eine chemische Modifikation nach der Herstellung.
Wenn eine rekombinante Produktion moglich ist, besteht die Herausforderung meistens in
der Gewinnung von ausreichenden Ausbeuten fur den industriellen Maf3stab. 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 konnen. In Tabelle 3 sind die rekombinant hergestellten Proteine, die entweder
bereits beim 3D-Druck eingesetzt wurden oder zu injizierbaren Hydrogelen verarbeitet

werden konnen, aufgelistet.

Tabelle 3. Rekombinant produzierte Proteine, die als injizierbare bzw. druckbare Hydrogele
eingesetzt werden konnen.  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 Eigenschaft en

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

Wirkstofftransportsysteme

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

reversible Dehnbarkeit

Nahezu jedes Expressionssystem, wie Bakterien, Hefen, transgene Tabakpflanzen,
Insektenzellen, Saugetierzellen, Seidenraupen und transgene Mause, wurde genutzt, um
rekombinantes Kollagen oder ausgewahlte Domanen herzustellen.?0”: 228 230. 239 |m Vergleich
zum natirlichen Kollagen hat das rekombinant Hergestellte die Vorteile, dass es z. B.
unbedenklich hinsichtlich Krankheitsiibertragungen ist und mit Zelladh&sionsdomanen
funktionalisiert werden kann.”® 222 230 Dje rekombinante Produktion von Kollagen ist sehr
komplex, da h&ufig posttranslationale Modifikationen eingefuhrt werden mussen, um die
guervernetzten 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 fiir biomedizinische Anwendungen
ungeeignet sind.?*® Von den getesteten Wirtsorganismen produzieren nur Saugetierzellen
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Kollagen mit einem identischen L-4-Hydroxyprolingehalt wie das natirliche Kollagen.
Allerdings konnen damit nur geringe Mengen (0,6 +20 mg/l) Protein hergestellt werden.?*! In
Wirtsorganismen wie E. coli und Hefen ist eine Multigenexpression nétig, um der
Abwesenheit des Enzyms Prolyl-4-Hydroxylase entgegenzuwirken.?*t Mit Hilfe der
Multigenexpression konnte Kollagen Typ I, 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 verdoffentlicht.

Elastin ist eine Komponente der extrazellularen Matrix, die in elastischen Geweben
vorkommt und fir die Flexibilitat der Gewebe verantwortlich ist. Die elastomeren
Eigenschaften von Elastin haben die Herstellung von Elastin-ahnlichen Polypeptiden (ELPS)
unterstutzt.!’* 2%  ELPs zeigen ein thermosensitives Verhalten, so dass die
Ubergangstemperatur durch die Hydrophobizitat, das Molekulargewicht und die
Konzentration der Polypeptide kontrolliert werden kann.23® 243 Zudem kann der komplette
reversible Phaseniibergang durch verschiedene Umgebungsbedingungen, wie Temperatur,
lonenstarke, Redoxzustand und pH, gesteuert werden.?®? 234 ELPs sind unterhalb der
charakteristischen Ubergangstemperatur wasserloslich. Steigt die Temperatur allerdings
Uber die charakteristische Temperatur, kommt es zu einem Phasenibergang und die ELPs
aggregieren, was zu einem physikalisch-vernetzten Netzwerk fiihrt.22 244 Materialien, die aus
diesen ELPs hergestellt wurden, zeigen exzellente mechanische Eigenschaften (&hnlich zu
natlrlichen Elastin), sind biokompatibel und weisen eine minimale Immunantwort nach der
Implantation auf.23 245246 Gelenkknorpelzellen wurden bereits erfolgreich in Hydrogele aus
ELPs eingekapselt, die anschlieRend injiziert wurden, um einen unregelméaBig geformten
Knorpeldefekt zu fiillen bis eine Integration in das umliegende Gewebe erfolgte.?3! 234 247 Das
ELP Netzwerk unterstitzte sowohl die Zellvitalitait und Infiltration als auch die

Knorpelmatrixsynthese.

Nattrliches Resilin ist ein elastomeres Protein mit auergewdhnlichen 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 Floéhen und der Stimmgebung von Zikaden.?*® Kirzlich wurden
Hydrogele aus rekombinant hergestellten Resilin-&hnlichen Polypeptiden (RLPs) hergestellt,
die gute mechanische Eigenschaften (1 +25 kPa) fir die Gewebeziichtung aufzeigten.?*® Es
konnte gezeigt werden, dass das isotrope dreidimensionale Netzwerk sich wie ein ideales
Gummi mit einer nahezu perfekten reversiblen Elastizitat verhalt.?*® RLP Hydrogele kdnnen

mit Tris[(hydroxymethyl)-phosphin] schnell gebildet werden und es konnte gezeigt werden,
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dass die mechanische Integritat wahrend des Quervernetzens aufrechterhalten bleibt und

eingekapselte primare mesenchymale Stammzellen (MSCs) tiberleben.?%”

1.5 SPINNENSEIDE

1.5.1 NATURLICHE SPINNENSEIDE

Catherine Craig hat 1997 den Begriff Seide folgendermafen definiert: &eiden sind Proteine
mit einer hochrepetitiven Aminosauresequenz, die im flissigen Zustand gespeichert und
durch Scherung oder Verspinnen zu einer Faser werden. 3 Seiden werden ausschlieBlich
von den zu den GliederfiRern (Arthropoda) gehdrenden Klassen der Spinnentiere
(Arachnida), Insekten (Insecta) und TausendfiRer (Myriapoda) in speziellen Drisen fir
unterschiedliche Aufgaben produziert.?* Spinnenseide zahlt, zusammen mit der Seide des
Seidenspinners Bombyx mori, zur bekanntesten Seide. Spinnenseide fasziniert
Wissenschaftler vor allem aufgrund ihrer auflergewohnlichen  mechanischen
Eigenschaften.?®® Seidenfasern sind extrem stabil und dehnbar, so dass sie eine Zahigkeit
aufweisen, die keine andere natirliche oder synthetische Faser erreicht.?>? Zuséatzlich ist
Spinnenseide biokompatibel, biologisch abbaubar und |6st keine Entziindungs- bzw.
allergischen Reaktionen aus.??* Deshalb wurden Spinnennetze bereits seit Jahrhunderten als
Wundverband fur Hautverletzungen verwendet.?52

Vor kurzem wurde Spinnenseide als kinstliches Scaffold fur die Nervenregeneration
eingesetzt.?>>2%  Defekte der peripheren Nerven konnen 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 6 cm groRen Defekt des Nervus tibialis (Schienbeinnerv)
forderte.?® AuBerdem wurden natirliche Spinnenseidenfasern als mikrochirurgisches
Nahtmaterial getestet, um herkdmmlich verwendete Materialien in der Mikro- und
Neurochirurgie zu ersetzen.?®®*?*” 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 fUr unterschiedliche Aufgaben produzieren
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konnen (fir einen detaillierten Uberblick siehe Heidebrecht & Scheibel, 2013).2%¢ 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).25. 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 Drise, 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.?® 262 Die Seide besitzt, wie
die Flagelliform-Seide, eine aufRergewohnlich hohe Zahigkeit, so dass sie, bezogen auf den
Durchmesser der Faser, mehr Energie aufnehmen kann als viele andere Seidenarten, bevor
sie reilRt.2! 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 hach Aminosdurezusammensetzung 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.?65267 Der Kern hingegen besteht aus Nano- und Mikrofibrillen-
bundeln, die entlang der Faserachse angeordnet sind.?® 268 Diese Fibrillen bestehen aus
hochgeordneten nanokristallinen Bereichen, die in einer amorphen Matrix eingebettet
sind.?%%-27% Die alaninreichen, kristallinen Bereiche dienen als Quervernetzer und sind somit
fur die Reilfestigkeit der Dragline-Seide verantwortlich, wahrend die glycinreichen,
amorphen GGX und GPGXX Motive fir die Elastizitait des Spinnenseidenfadens

Sorgen 271-274

Der Kern des Dragline-Fadens besteht mindestens aus den zwei Hauptproteinkomponenten
MaSpl (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 groRen Ampullendriise (Major Ampullate) produziert werden.?®® Sie
unterscheiden sich nur in ihnrem Prolingehalt und der Hydrophobizitéat.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 Proteinlésung in der Spinndriise sowie bei der korrekten Ausrichtung der
Molekile wahrend der Fadenassemblierung im Spinnkanal. Beide Termini sind
dimerisierungsfahige, globulare Doméanen, die aus fiinf DHelices bestehen.?76-27°

Bei der Gartenkreuzspinne Araneus diadematus werden die Hauptkomponenten der
Dragline-Seide ADF3 und ADF4 (Araneus diadematus Fibroin) genannt.?s! Beide
Seidenproteine weisen im Gegensatz zu den bekannten MaSp-Proteinen einen hohen
Prolingehalt von ca. 16 % auf.?®> 29 Aus diesem Grund koénnen sie als MaSp2-Analoga
betrachtet werden.?®t Wie bei den MaSp-Proteinen existieren bei ADF3 und ADF4
Unterschiede bezlglich ihrer Hydrophobizitat. ADF3 ist hydrophiler und somit besser l6slich
in wassrigen Systemen, wahrend ADF4 hydrophober ist und dadurch leicht zu fibrillaren

Strukturen assembliert.?82283

1.5.2 HERSTELLUNG REKOMBINANTER SPINNENSEIDE

Aufgrund der herausragenden mechanischen und physiologischen Eigenschaften von
Spinnenseide ist diese in den Fokus der Forschung gertickt, wodurch die Gewinnung und
Produktion von Spinnenseide im groRBen Mafistab nétig wurde. Im Gegensatz zum
Seidenspinner B. mori kdbnnen Spinnen nicht geziichtet werden, da sie ein kannibalistisches
und territoriales Verhalten zeigen.?8* AuRerdem ist die Gewinnung der nattrlichen Seide sehr
zeitaufwandig. Da die Seidenqualitat durch Umwelteinflisse, wie z.B. die Nahrung,
beeinflusst wird, stellen Qualitatsschwankungen ein weiteres Problem dar.2% 285286 Deshalb
wurde eine biotechnologische Herstellung von rekombinanten Spinnenseidenproteinen
etabliert, so dass Proteine mit gleichbleibender Zusammensetzung und Qualitat in

ausreichenden Mengen produziert werden kénnen. 8. 287

Verschiedene prokaryotische und eukaryotische Wirtsorganismen wurden getestet, um
Spinnenseidenproteine rekombinant herzustellen. Eine detaillierte Zusammenfassung wurde
kirrzlich von Heidebrecht und Scheibel veroffentlicht.?*® Dabei kann die Anzahl, der sich
wiederholenden Module, verschiedenen Motive und Abstédnde zwischen ihnen, variiert
werden.2%8 282, 288-289 Eijr ejine effiziente Produktion in Prokaryoten wurde die abgeleitete
Konsensussequenz der natirlichen Spinnenseidenproteine durch reverse Translation unter

Berlicksichtigung der bakteriellen codon usage in eine Nukleotidsequenz Ubersetzt.?! Die
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Konsensussequenz wurde anschlieBend durch eine nahtlose Klonierungsstrategie
multimerisiert und in einen Expressionsvektor transformiert.?®? 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 Grofe den nattrlichen Seidenproteinen nicht identisch sind,
weisen sie dennoch deren wesentliche Merkmale auf, wie z. B. intrinsisch entfaltete l6sliche
Strukturen, EFaltblattreiche unldsliche 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 ADF4.282 |In dieser Arbeit wurde das rekombinante
Spinnenseidenprotein eADF4(C16) und dessen modifizierte Variante eADF4(C16)-RGD
verwendet (Abb. 13).

repetitive Kern-
ADF4 === " {omane

-

Konsensussequenz: C-Modul

Gartenkreuzspinne GSSAAAAAAAASGPGGQGPENQGPSGPGQGPGGP

A. diadematus

l lModifizierung
. C-Modul
H5N H-N
2Nl > coon "N NIHE coon

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

Dragline-
Seide

Abbildung 13. Die rekombinanten Spinnenseidenproteine eADF4(C16) und eADF4(C16)-RG D
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
Zelladhasionsdoméane 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 Doménen. Dabei wurde die Konsensussequenz (C-Modul) 16-mal

wiederholt.?®2  Bei der rekombinanten Herstellung konnen in artifiziellen
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Spinnenseidenproteinen durch genetische Modifikation entweder gezielt einzelne
Aminosauren mutiert oder funktionelle Gruppen eingefihrt werden.58 €3 290292 pije
Spinnenseidenproteine kénnen dadurch fir 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 koénnen anschlieRend z. B. Peptide, Enzyme oder Partikel
kovalent gekoppelt werden.®® 22 |n dieser Arbeit wurde neben dem rekombinanten
Spinnenseidenprotein eADF4(C16) mit eADF4(C16)-RGD gearbeitet, bei dem Uber eine
Linkersequenz (GGSG) eine lineare RGD Sequenz (GRGDSPG) am C-Terminus genetisch
eingefiihrt wurde, um die Zelladhasion zu verbessern (Abb. 13).63

Rekombinante Spinnenseidenproteine kdnnen nicht nur zu F&den, sondern auch zu anderen
Morphologien, wie Filme, Hydrogele, Partikel, Sch&ume oder Vliese fiur diverse

Anwendungen, verarbeitet werden,?3 114, 116, 291-293

1.5.3 SPINNENSEIDENPROTEINE FUR BIOMEDIZINISCHE ANWENDUNGEN

Aufgrund der Biokompatibilitat und vollstandigen 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 Gewebeziichtung vorstellbar (Abb. 14).24 221, 251, 287,
294-295
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Abbildung 14. Biomedizinische = Anwendungen von  Spinnenseide. Rekombinante

Spinnenseidenproteine konnen 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 Geriiste (z. B. Schaume und Hydrogele) aus
rekombinanten Spinnenseidenproteinen fir die Gewebezilichtung hergestellt und deren
Biokompatibilitdt getestet. Schaume wurden aus dem rekombinanten Spinnenseidenprotein
rS1/9 (basierend auf MaSpl von Nephila clavipes) durch Salt leaching hergestellt. In vitro
Studien haben gezeigt, dass Mausfibroblasten auf Schaumen aus rS1/9 adhérieren 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.?®” Schaume und fasernbasierte Matrizen
aus dem rekombinanten Spinnenseidenprotein 4RepCT (basierend auf Major Ampullate
Spidroin 1 von Euprosthenops australis) unterstitzten ebenfalls Wachstum, Adhé&sion 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.298-299

40



Zielsetzung

2 ZIELSETZUNG

In der Biomedizin wird angestrebt, Trégermatrices (Scaffolds) herzustellen, die die
Zelladhasion, -migration, -proliferation und -differenzierung ermdglichen. Die Entwicklung
von neuen biokompatiblen Materialien, welche nach der Implantation zun&chst den Zellen als
kunstliches Stutzgerist dienen, ist entscheidend. Die Materialien mussen anschliel3end nach
und nach abgebaut und durch neue extrazellulare Matrix ersetzt werden, bis ein neues,
funktionelles Gewebe entsteht. Spinnenseide ist aufgrund ihrer hervorragenden
Biokompatibilitit und Bioabbaubarkeit ein Material flr vielseitige biomedizinische
Anwendungen. Die biotechnologische Herstellung von Spinnenseidenproteinen erlaubt eine
Produktion im industriellen Maf3stab mit gleichbleibender Qualitat. Zudem ist es mdoglich, die
rekombinanten Spinnenseidenproteine gentechnisch, z. B. mit Zelladhdsionsdoméanen, 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 konnen in verschiedene Morphologien, wie z. B.
Schaume und Hydrogele, Uberfihrt werden. Eine Fabrikationstechnik fiir die Herstellung von
Schéumen stellt das Salt leaching dar. Diese Methode wurde in der Arbeit angewendet, um
porése Strukturen aus rekombinanten Spinnenseidenproteinen fir den Einsatz als
3D-Scaffolds herzustellen. Zunéchst sollten die Porengréf3en, 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 Adhasions- und Proliferationstests untersucht werden.
Darliber hinaus sollten Hydrogele aus rekombinanten Spinnenseidenproteinen, wie die
Schaume, als Tragermatrix fir diverse Zelllinien (Fibroblasten, Keratinozyten, Myoblasten,
Osteoblasten, Hela) untersucht werden. Mit Hilfe der Biofabrikation bzw. dem 3D-Drucken
kénnen  3D-Strukturen  Schicht-fir-Schicht aus  Material/Hydrogel-Zell-Mischungen
computergesteuert aufgebaut werden. Im Gegensatz zur klassischen Gewebeziichtung
kénnen gewebedhnliche 3D-Konstrukte mit isotrop verteilten Zellen hergestellt werden, die
eine direkte Versorgung mit N&hrstoffen 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 zunéchst untersucht werden, ob Hydrogele aus rekombinanten

Spinnenseidenproteinen mit eingekapselten Fibroblasten als Biotinte im 3D-Druck eingesetzt
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werden kdnnen. Dabei ist zundchst die Druckbarkeit der Hydrogele entscheidend, so dass
formstabile 3D-Konstrukte hergestellt werden konnen. Zusétzlich sollte analysiert werden, ob
die eingekapselten Zellen sowohl die Gelbildung als auch den Druckprozess tberleben und
im Anschluss innerhalb der 3D-Konstrukte migrieren und proliferieren kénnen. Um die
Zellvitalitat und Uberlebensrate sowie die Proliferationsrate der eingekapselten Zellen zu
erhohen, sollte der physikalische Gelbildungsprozess der Hydrogele aus eADF4(C16)
optimiert und funktionelle Gruppen, wie z. B. RGD, eingebracht werden.

42



Synopsis

3 SYNOPSIS

Obwohl die klassische Gewebeziichtung, bei der isolierte Zellen in vitro in der 2D-Zellkultur
gezlchtet werden, relativ unkompliziert ist, konnen komplexe 3D-Strukturen mit dieser
Methode nicht aufgebaut werden. Die injizierten Zellen konnen oft nur schwer in einem
klinisch relevanten Zeitraum in der gewinschten Position Uberleben, ohne dass die
Zellvitalitat abnimmt.® 4 Deshalb werden fir 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-fir-Schicht aufgebaut werden.? 1. 14 300 Dije
vorliegende Arbeit umfasst drei Publikationen, die in Kapitel 7 dargestellt sind und die
Herstellung von 3D-Scaffolds aus rekombinanten Spinnenseidenproteinen fur die

Gewebeziichtung 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:
rekombinante )
Spinnenseidenproteine Y

N l )
L 17
)
S
Schdume als 3D-Scaffolds Zellbeladene 3D-Konstrukte
:250pm
Abbildung 15. Verschiedene Herstellungswege von dreidimensionalen Scaffolds flur die

Gewebeziichtung. 3D-Scaffolds kdnnen z. B. durch traditionelle Fabrikationsverfahren, wie Salt
leaching, hergestellt werden. Dabei wird die Tragermatrix (z. B. Schdume) nach dessen Herstellung
mit Zellen besiedelt. Es kdnnen 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 Schdumen aus den
rekombinanten Spinnenseidenproteinen eADF4(C16) und der RGD-madifizierten Variante
eADF4(C16)-RGD stellt das Salt leaching dar (Teilarbeit 1, Kapitel 7). Die daraus
resultierenden pordsen 3D-Strukturen wiesen mechanische Eigenschaften im Bereich von
Weichgeweben auf. Die PorengrofRen und Porositdt der Schiume konnte durch die

SalzkristallgréRen individuell eingestellt werden. Neben den strukturellen und mechanischen
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Eigenschaften, die das Zielgewebe so gut wie mdglich 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 adhérieren und proliferieren, wahrend die Zellen auf den unmodifizierten
eADF4(C16) Schaumen schlecht adhéarierten. Dennoch stellt die schwierige Kontrolle tber
die innere Architektur (z. B. Porositat, Porengrof3e) beim Salt leaching einen entscheidenden
Nachteil dar. Durch einen automatisierten Prozess konnen 3D-Scaffolds mit erhohter
Genauigkeit und Reproduzierbarkeit hergestellt werden. Dadurch kénnen die Konstrukte
direkt in hierarchische gewebeartige Strukturen Uberfiihrt werden. Deshalb wurden im
zweiten Teil der Dissertation in Zusammenarbeit mit Prof. Dr. Jirgen Groll und Tomasz
Jungst (Universitat Wirzburg) Hydrogele aus den rekombinanten Spinnenseidenproteinen
eADF4(C16) und eADF4(C16)-RGD als neue Biotinte im 3D-Druck eingesetzt (Teilarbeit I,
Kapitel 7). Erstmals konnten zellbeladene Spinnenseidenhydrogele mittels Dispensdruck
ohne zusatzliche Quervernetzer in formstabile Konstrukte gedruckt werden. Zusatzlich
konnten die eingekapselten Fibroblasten mindestens sieben Tage in den gedruckten
Scaffolds Uberleben. Die genetische Einfilhrung der RGD-Sequenz hat den Vorteil, dass es
zudem moglich ist, die Zell-Material-Interaktionen zu steuern. Da bereits ein Drittel der Zellen
vor dem Druckprozess durch die Einkapselung der Zellen starben, war das anschlieRende
Ziel, die Uberlebens- und Proliferationsrate der eingeschlossenen Zellen zu erhéhen
(Teilarbeit 111, Kapitel 7). Da die Zellen Zellkulturmedium zum Uberleben brauchen, wurde
zundchst der Einfluss des Mediums auf die Hydrogelbildung und mechanischen
Eigenschaften untersucht (Teilarbeit 1ll, 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 Einfuhrung 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 groRen Oberflache aus biokompatiblen und bioabbaubaren Materialien fur die
Gewebeziichtung zu produzieren. Es ist jeweils das Ziel, reproduzierbare 3D-Scaffolds
herzustellen, die eine gewisse Zeit (bis das neue Gewebe ersetzt ist) im Korper den Zellen
als Stitze dienen. Eine traditionell angewendete Technik zur Herstellung dieser 3D-Scaffolds

ist das Salt leaching, bei der die Porengrol3e und Porositéat der Gertiste durch die GroéRRe von
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granularen Salzkristallen (Porogen) reguliert wird (Abb. 5).7981 858 Djese vielversprechende
Methode wurde bereits fiir 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 zuséatzlich mit Losungsmitteln, wie z.B. Methanol oder Ethanol,
nachbehandelt werden mussten. Dies ist ein grof3er Unterschied zu Salt leaching-Schaumen
aus Fibroin Seide vom Seidenspinner B. mori (Teilarbeit I, Tabelle 1). Schdume, 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.r® Hier konnte allerdings gezeigt werden, dass die Schaume hoch
porés (> 91 %) mit verbundenen Poren waren (Teilarbeit I, Abbildung 2A und Tabelle 2).
Durch die SalzkristallgréRe konnte die Porengro3e gesteuert werden, so dass Schaume mit
PorengroRen von 30-440 um hergestellt werden konnten, die damit in einem fir eine
effiziente Zelladhasion optimalen Bereich liegen (Teilarbeit |, Abbildung 1 und Tabelle 2).
Neben der Porengréf3e 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 Schéume 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-Schdumen aus Fibroin liegen damit die
mechanischen Eigenschaften im Bereich von sehr weichem Gewebe.”™ 8. 88 \Weijche
Matrices mit einem Elastizitdtsmodul im Bereich des Elastizitatsmoduls 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 Spinnenseidenschaume ein
geringes Quellverhalten (3-9 %) (Teilarbeit I, Tabelle S1). Im Gegensatz dazu zeigten Salt
leaching-Schéaume aus Fibroin eine Quellung von 20-55 %. Mdglicherweise ist dies durch die

unterschiedliche Hydrophobizitat der zwei Proteine zu erklaren.®

Die 3D-Scaffolds mussen allerdings nicht nur mechanisch stabil sein, sondern auch nach
und nach durch die naturliche 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 Sch&ume Uuber einen untersuchten Zeitraum von 15 Tage in Anwesenheit von

Kollagenase nur zu 20 % abgebaut wurden (Teilarbeit I, Abbildung 3).
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Um die Biokompatibilitdt der Schaume zu analysieren, wurde zunachst die Zellvitalitat und
Morphologie von Mausfibroblasten nach sieben Tagen Inkubation detektiert (Teilarbeit I,
Abbildung 4). Die Zelladh&sion auf Schaumen aus eADF4(C16) war schwach; die Zellen
zeigten eine runde Morphologie. Zudem konnten Zellaggregate beobachtet werden. Da
eADF4(C16) kein Zelladh&sionsmotiv besitzt, wird die Zelladh&sion vor allem durch die
Hydrophobizitat, Oberflachenladung und Topographie beeinflusst.?24 6. 301 Wie bereits flr
Filme aus rekombinanten Spinnenseidenproteinen gezeigt®®, konnte die Zelladhasion auf
eADF4(C16)-RGD Schéumen aufgrund der Zelladh&sionsdoméane 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 PorengréRen (wie angegeben). 45S5 Bioglass®
und Al203 Schaume wurden als Kontrollen verwendet. A) Adhé&sionstest nach 24 h, quantifiziert durch
den Alamar-Blau-Assay und normiert zur Adhasion auf Al20s3 Schaumen (Positivkontrolle). Im
Vergleich zu eADF4(C16) Schaumen war die Adhasion 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 Al203 (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 Al2Os 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 gleichmafig verteilt und das gesamte Gerlst war innerhalb von sieben Tagen
bewachsen (Teilarbeit I, Abbildung S5). Interessanterweise hatte die PorengrolRe bei allen
Schaumen keinen entscheidenden Einfluss auf die Zellmorphologie. Im Gegensatz dazu
konnte dieser Einfluss im Proliferationstest Uber zehn Tage festgestellt werden. Auf beiden
Schaumarten (eADF4(C16) & eADF4(C16)-RGD) proliferierten die Zellen auf den Scaffolds
mit mittleren Porengrof3en (125-315 pm) schneller als auf den Scaffolds mit den gréf3eren
Poren (315-500 um). Dies ist bedingt durch die Kombination aus gutem Na&hrstoff- und
Abfallprodukttransport und grof3er Oberflache. Die Proliferation war prinzipiell langsamer auf

Schaumen ohne RGD-Domaéane.

Die Ergebnisse zeigten, dass Spinnenseidenschaume mit kontrollierbaren Eigenschaften
(z. B. PorengrofRe, mechanische Eigenschaften, Zelladhdsion sowie dproliferation)
hergestellt werden konnen, die neue Perspektiven der 3D-Scaffolds im Bereich des
Weichgewebeersatzes ertffnen.

3.2 SPINNENSEIDENHYDROGELE ALS NEUE BIOTINTE FUR DEN 3D-DRucCkK

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).% 14 Die
Morphologie und PorengrofRe dieser Hydrogele h&ngt von der Proteinkonzentration ab und
wird zudem durch die Funktionalisierung des Proteins und die chemische Quervernetzung
beeinflusst.!** Mit zunehmender Proteinkonzentration nimmt die PorengréRe von 200 um auf
10 um ab und die Festigkeit der Hydrogele zu. Durch eine chemische Quervernetzung wird
die dreidimensionale Struktur der Hydrogele zuséatzlich stabilisiert. Die Elastizitatsmoduln
lagen je nach Proteinkonzentration und Vernetzungsgrad zwischen 0,1 und 110 kPa und
somit im Bereich von natirlichen Weichgeweben und Organen und in einem optimalen
Bereich fur eine effiziente Zelladhasion.”™ % Durch die regulierbaren Eigenschaften der
Hydrogele aus rekombinanten Spinnenseidenproteinen zeigen diese ein grofRes Potential fur
verschiedene biomedizinische Anwendungen. Deshalb wurde in dieser Arbeit zunéchst die
Zytokompatibilitdit 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),%* war die Zelladhasion sowie -proliferation von BALB/3T3
Fibroblasten gering (Teilarbeit 1, 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
adhérieren und proliferieren. Aufgrund dieser Ergebnisse wurde anschlielend das Potential
dieser Hydrogele als neue Biotinte evaluiert, weil Hydrogele zu den vielversprechendsten
Biotinten-Kandidaten fiir die Biofabrikation zé&hlen. Da Biotinten nicht nur druckbar, sondern
auch zellfreundlich sein missen, stellen geeignete Materialien fur den 3D-Druck oftmals die
groRte Herausforderung dar.t?7: 155

Fir die Herstellung der Hydrogele wurde eine 3 % (w/v) eADF4(C16) und eADF4(C16)-RGD
Losung Uber Nacht bei 37°C inkubiert. Die Analyse mittels Fourier
Transform-Infrarot-Spektroskopie zeigte, dass sich der EFaltblattgehalt der Proteine
wahrend der Gelbildung verdoppelte und somit intermolekulare EFaltblatt-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 1l, 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 1, Abbildung S2 A & B).157: 1%

Die wahrend des Druckens im Druckkopf entstehenden Scherkrafte lieRen das Hydrogel
flieBen. Sobald die Geriststrukturen auf der Oberflache abgelegt wurden, hartete das
Hydrogel sofort aus. Dadurch konnten formstabile 3D-Konstrukte aus mehr als zehn Lagen
mit einer Hohe von ca. 3 mm hergestellt werden (Teilarbeit 1l, 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. 1%

Um zellbeladene Konstrukte zu drucken, wurden humane Fibroblasten vor der Gelbildung
mit den hochkonzentrierten Spinnenseidenldsungen gemischt (Abbildung 17A und Teilarbeit
I, 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. Zusatzlich 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
Zellvitalitdt 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 1l 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.
AulRerdem 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 1ll, Tabelle 1 & Abbildung 1).
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Abbildung 18. Einfluss von Zellkulturmedium auf di e 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 Lo6sungen in An- und
Abwesenheit von Zellkulturmedium (15 % w/v) bei 37 °C. Mittels Tribungsmessungen (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 % wi/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
funfstiindige Verzégerungsphase und der gesamte Gelbildungsprozess dauerte ca. 15
Stunden. Generell hatte das Zellkulturmedium einen groBeren Einfluss auf die
Hydrogelbildung bei eADF4(C16)-RGD Hydrogelen. Mittels rheologischer Messungen
wurden die mechanischen Eigenschaften der Spinnenseidenhydrogele in An- und
Abwesenheit von CaCl, 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 abstol3enden, elektrostatischen
Wechselwirkungen reduziert und die Krafte fir die intermolekularen Reaktionen kdnnen
tberwiegen.*® Zudem fiihrten 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 Zelladhasionsdomane RGD diese Hydrogele lediglich eine weitere Carboxylgruppe
besitzen. Da das Zellkulturmedium eine hochkomplexe elektrolytische Ldsung ist, wurden

durch die Zugabe von Zellkulturmedium die ionischen Wechselwirkungen verstérkt. 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 1ll, 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 Einfihrung
der funktionellen Gruppe RGD die Uberlebens- und Proliferationsraten signifikant erhoht
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 tiber 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 Myoblasten (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. MaRstab: 250 um.

Im Gegensatz zu den in Teilarbeit 1l 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 fir 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, wahrend die
Myoblasten bevorzugt in 2 % (w/v) eADF4(C16)-RGD Hydrogelen proliferierten. Wie bereits
erwahnt, reagieren unterschiedliche Zelllinien auch unterschiedlich auf verschiedene
Matrixelastizitéaten, die in diesen Hydrogelen durch die Proteinkonzentration reguliert werden

konnen.”™

In dieser Arbeit konnte gezeigt werden, dass mit dem gleichen Material und damit der
gleichen chemischen Zusammensetzung die mechanischen Eigenschaften,
Gelierungskinetik und Biokompatibilitdten ohne den Einsatz von weiteren Materialien oder
Quervernetzern gesteuert werden konnen. Dies eroffnet ein breites Anwendungsspektrum
fur die Gewebeziichtung und regenerative Medizin, wie z. B. in der Knorpelregeneration,

Wundheilung oder als Wirkstofftransportsystem.
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ABSTRACT:Materials for tissue engineering have tocjigompatibility spider silk foam pore size
biocompatible and have to support cell adhesion, prolifer A% hepvdat”
and dierentiation. Additionally, in case of soft tissyuss
engineering the mechanical properties have to accomm
that of the tissue with mechanical integrity until theialrti
scaold is replaced by natural extracellular matrix. In ca{g&s
arti cial 3D scanlds, it is of critical importance to be able &
tune the mechanical properties, the inner free volume
pore size) and degradation behavior of the emploiss
biomaterial. Here, the potential of recombinant spider silk
proteins was evaluated concerning their processing into and applicatioroéds3Dr swt tissue engineering. Highly porous

foams made of the recombinant spider silk protein eADF4(C16) and a variant containing an RGD maotif were fabricated by salt
leaching yielding mechanically robusblgsa In contrast to other salt-leached silbldsathe swelling behavior of these

scaolds was low, and the mechanical properties in the range of soft tissues. The pore size and porosity of the foams could b
adjusted by the salt crystal size. Fibroblasts adhered and proliferated well in foams made of the spider silk RGD variant but not
the foams of the nonmoeidl one.

KEYWORDS:recombinant spider silk proteins, salt leaching, foamsplas;oisrsedlical applications, tissue engineering

protein
modification

salt crystal
size

T

e protein
concentration

compressive modulus / kPa

mechanical
o o iy, o Strength

I

INTRODUCTION migration and proliferation. Silkroin scaolds were also
ﬁhown to sustain for over 1 year in rats withoutcsighi

An ideal scald for tissue engineering should enable Cedegradatioh:‘A number of methods have been used to prepare
hesi S liferati tiation in th . > y /e be :
adhesion, migration, proliferation, anéreintiation in three silk-based 3D saids-*®'° Salt leaching is a widely used

dimensions based on a high porosity with suitable pdr& sizes; hnique due to its eiency and ease of processitg?

Moreover, the used material should be biocompatible, nontoxic; It-leachdxtoi Id I Staused
nonimmunogenic as well as biodegradable at a rate that allp\§¥/€Ve!, Sal-leachemoin Scalds generally are Stause
y the adopted silk conformatiorsfieet-rich), which restricts

the formation of new natural tiss@n the other hand the X ) ft i licatrs Salt leached
scaold has to be mechanically stable, with properties in tielr Use In some soft tissue applicationsSalt leache
roin scaolds show compressive moduli between 100 and

range of the natural soft tissue (Elastic modilkBa) to be X .
replaced. Matrix stiness is increasingly appreciated as ak90 kPa depending on the porogen content, being comparable

important mediator of cell behavior to regulate cell signalir\}\'ﬁs','th other polymeric biomaterial stds commonly used in
e ecting growth, survival, and motility, and it has been sholasu€ engineering such as in regeneration of cortic&f bone.
that tissue-specicells like broblasts sense matrixratss to /SO foams of recombinant silks based on the major ampullate
regulate the formation and maintenance of fi85Ues. spidroin 1 from the spidBuprosthenops austvegie tested

A broad range of synthetic polymers, like polylactic adigr the grovvth_beh_awor_of_neural stem ce_lls,whlch were shown
(PLA) and polyglycolic acid (PGA), as well as natural polymet% retain their dlerentlatl_on potential into acstrocytes.
such as collagen, alginate and silk, have been utilized Fféroblasts showed a slightly less growth on such foams
biomedical applications in the form of 3Dotts In spite of ~cOmpared to other saids made of this silk protein, such as
the processability of synthetic ones, naturally occurringns and bers’* _ _ _ _
polymers are generally considered more promising in thidi€re, recombinant spider silk proteins based on the
eld due to their biodegradability and biocompatibility. IR€Petitive core sequence of ADF4, one out of at least two
recent years, silkworm shkoin has been explored asada ~ Major ampullate spidroins of the European garden spider
material for derent biomedical applications, due to its
biocompatibility, biodegradability and mechanical propertiesceived: November 12, 2015
upon processing:** It could be detected thdiroin scaolds ~ Accepted: March 3, 2016
can act as matrices for cells supporting their adhesionblished: March 4, 2016
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Araneus diadematusre employed, because materials made @f. The gelation occurred overnight at°G7 Until usage, the

the engineered variant eADF4(C16) can be easily proces8gdrogels were stored at room temperature. _

into various morphologies with adjustable profftids. e e e died SADFA(C16) foarms, s wel as
;hrllz Sttrlljt?sy ’;Qég O;)gaglif])nOSQmDiI;ichlzg%tvrv;r%fp{ﬁgar::! gt(;?aiogug%reated and post-treated (NaCl) HFIP-derived eADF4(Iis5)

) o . . s performed using a Bruker Tensor 27 spectrometer (Bruker,
scaold properties. Additionally, we used a geneticallechodi Germany). Spectra were measured by attenuated tttibrre
variant of eADF4(C16) with the cell binding motif Rsalt (ATR) with a resolution of 4 ¢k and 60 scans were averaged.
leaching was used to fabricate such three-dimensional poytgysis of the amide | band (FBBIRO crit) was performed by
foams, and the structure, pore size, porosity, and swellifwrier self-deconvolution (FSD) to determine individual secondary
behavior of the salt leached foams were controlled by the s#itcture elementigure S28D). Band assignments were made

crystals. according to Hu et alMinimum 3 spots per sample were tested of
each composition.
MATERIALS AND METHODS Pore Size and Porosity.To analyze the morphology of the salt

. . ) . ) leached scalds, they were fractured in liquid nitrogen using a razor
Materials. The recombinant spider silk protein eADF4(C16) pade. Freeze-dried samples were sputter coated (2 nm) with platinum,
consists of 16 repeats of a consensus sequence, named C-mogiHescanning electron microscopy (SEM) images were taken using a
(GSSAAAAAAAASGPGGYGPENQGPSGPGGY GPGGP), mimicki50EsB Cross Beam (Zeiss, Germany) at an accelerated voltage of 3
ing the core domain of one dragline silk protein of the Europeaq 1o determine the pore size, light microscopy images of wet and

garden spiderAfaneus diadematuecombinant production of  freeze-dried foams were evaluated graphically. The area and lateral
eADF4(C16) and of the genetically memtiivariant eADF4(C16)-  |engih of the pores were analyzed using Image] 1.48v (Wayne
RGD inEscherichia cadi well as their pucation were performed as  pashand, National Institute of Health).

. . 8 . . .

described previousf® Brie y, for the purication of eADF4(C16) The density and porosity of freeze-dried eADF4(C16) foams were
and eADF4(C16)-RGIE. colcells were incubated in 50 ml\ﬁl Tris/  getermined by gravimetfyFor the analysis of the irence of the
HCI + 100 mM NaCl bier, pH 7.5 and 0.2 mg/mL lysozyme'®& 4 sajt-to-protein ratio, foams were prepared ezenli salt-to-protein
for 30 min and lysed by _uItrasqnlcatlon. After _centrlfugatlon of celliios (low ratio: 75:1 (4% (wW/v)), 50:1 (6% (w/v)), and 37.5:1 (8%
fragments, solublE. coliproteins were precipitated by heat (W/v)); high ratio: 125:1 (4% (w/v)), 85:1 (6% (w/v)), and 60:1 (8%
denaturation at 82C for 20 min and removed by centrifugation. wiv)) (wiw) salt/protein ratio). The density of eADF4(C16)
The remaining silk proteins were salted out with 20% ammonlu%gotein (proter) @nd Of the foams ) was measured with a density
sulfate at room temperature (R, . _ scale AG245 (Mettler Toledo). Freeze-dried foams and untreated

Preparation of Recombinant Spider Silk Foams, Films and  F|p_derived eADF4(C16)ms were weighed in air Jnat room
Hydroge_ls.(;l'q%e Eltanldard conditions for the foam preparation al"?emperature and afterward submerged in a liquid of known density
summarized mable ( ») and weighed again in liquid,(nThe density of the sampless
expressed as

Table 1. Standard Conditions for Foam Preparation

. =m/(msS n} (1)
salt crystal sizer) _ _ )
protein range range range salt-to- salt-to- Toodetermlnep,meir, ethanol was used as medium. To detergipe
concentration I I: Ill:_  protein ratio protein ratio 86% (v/v) glycerol (Carl Roth) was used. The porosity of a fpam,
(eADF4(C16)) 635 125 315 ww low ww high was expressed as
wiv % 125 315 500 ratio ratio .
0, ) 0,
4 40 4N 4 75:1 125:1 (0F (B foanf  proweht00% @)
6 & Gl 6l 50:1 85:1 Mechanical Properties.The compressive moduli were analyzed
8 8-1 8-11 8- 37.5:1 60:1

with an open-sided/camed method using an ElectroForce 3220
(Bose), equipped with a 0.49 N load cell. Fowea®amples were
evaluated for each composition. Round foams (@ 12 mm) with a
For foam preparation, the lyophilized recombinant spider silieight of 85 mm were prepared in polystyrene well plates with 12
proteins were dissolved in 1,1,1,3,3,3dtere2-propanol (HFIP)  mm in diameter (Thermo Fisher Scieptand stored in milli-Q
(Alfa Aesar) atnal concentrations of 4, 6 and 8% (w/v). Crystals ofwater until testing. To compress the wet foams, a cylindrical Te
sodium chloride (NaCl, Carl Roth) were used as porogen. NaCl wetamp of 8 mm in diameter was moved onto the foams until a
grinded using a Mortar Grinder RM 200 (Retsch) and sieved usingpeepressure of 2 mN was reached. With a velocity of 0.01 mm/min the
Sieve Shaker KS 1000 (Retsch) yielding NaCl crystals in the rangestainp was moved 0.3 mm into the foam. After the reduction of the
635125 m, 12%315 m or 31%500 m. In a 75:1 (4% (w/v)), pressure to 0 N, the foam was compressed for a second time. The
50:1 (6% (w/v)), and 37.5:1 (8% (w/v)) (w/w) salt/protein ratio, the stresSstrain curves were recorded, and the elastic compressive moduli
protein solution was cast on the salt crystals in cylindrical moldere determined by the slope of the initial linear section of the
(Figure S)L The solvent was evaporated for at least 48 h, and thmurve’*** For statistical analysis, an unpaired two-ta#et was
NaCl was leached out in milli-Q water for 24 h upénvéater performed for groups with similar variances. Meedce could be
changes. Until usage, thealda were either stored in milli-Q water detected between drent salt crystal sizes, and therefore the samples
at room temperature or freeze-dried using a Lyophilizer G2pha 1were averaged for statistical anatysisL{).
LD plus, Christ). Enzymatic Degradation. The in vitro degradation experiment
For Im preparation, the silk protein solutions (4, 6 and 8% (w/v)was performed as described previously Wgr-Marmann and
eADF4(C16) in HFIP) were cast in cylindrical molds without salScheibel® For the degradation experiment, 8% (w/v) eADF4(C16)
crystals. After evaporation of the solventtiewere either stored foams (125315 m salt crystal size) and 3% (w/v) eADF4(C16)
untreated or incubated in 6 M NaCl solution for 4 h to indsioeet hydrogels were analyzed. Theottswere incubated in the presence
formation rendering silkms water insolubi. of 87.5 g protease per 1 mg sud for 15 days under controlled
The recombinant spider silk hydrogels were prepared by dialysisthosphere (30% humidity) at 5. Collagenase type IA from
4 mg/mL soluble eADF4(C16) against aqueows K10 mM Tris/ Clostridium histolytic(@HC, Sigma-Aldrich) and protease mix type
HCI, pH 7.5) and concentrated by dialysis against polyethylene gly¥®V from Streptomyces grig0dV, Sigma-Aldrich) were used.
(PEG 20,000, Carl Roth), which induces water removal as descri@mhtrol experiments without enzymes were performed in TCNB
previously® The nal protein concentration was adjusted to 3% (w/bu er (50 mM Tris, 10 mM CaClL50 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 ran&é)?crmntreated Im  Im treated with 6 M NaCl Im treated with 100% methanol salt (NaCl) leached foam

-helices 16508.662 14.2 1.4 9.3 1.3 9.1+ 1.3 9.3 1.8

-sheets 16534637 225 1.8 44.6: 1.8 46.6£ 1.0 42.4 2.0
16951703

random coils 1638655 452 3.1 23.% 0.5 22.5 0.3 252 1.1

-turns 16631696 18.2 2.9 22.22 0.5 21.% 0.6 23.% 1.6

3peak assignment taken from3@fsnd39 PStructural contents were calculated using Fourier self-deconvolution (FSD) of the amide | bands.

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

7.5). Buers or enzyme solutions were changed every 24 h. Tia-well plates. In the adhesion assay the cells were cultivated for 24 h
experiments were performed in triplicates. at 37°C. After washing with PBS twice, theokdsiwere incubated in
Cell Line Cultivation. BALB/3T3 mouse broblasts (European 10% CellTiter-Blue (Promega) in DMEM for 4 h 8€3Every hour
Collection of Cell Cultures) were cultivated in Dullse®lmali ed the solution was mixed by pipetting. Cell adhesion waseguiayti
Eagle Medium (DMEM, Biochrom) supplemented with 10% fetaletermining theuorescence intensity of resor(i ¢, 530 nm; ¢y,
bovine serum (Biochrom), 1% (v/v) GlutaMAX (Gibco), and 0.19690 nm) by using a plate reader (Mithras LB940, Berthold). All cell
(viv) gentamicin sulfate (Sigma-Aldrich) in a controlled atmosphe&dhesion experiments were repeated three times with three replicates
of 5% CQ, 95% humidity and at 3. Viability and number of cells €ach time. For statistical analysis an unpaired two-tadedvas
were analyzed using trypan blue (Sigma-Aldrich) in a Neubau@rformed for groups with similar variances. The sample number was
chamber (Laboroptik, UK). 8 (for all samples). _
Calcein A/M Staining.8% (w/v) recombinant spider silk foams ~ For cell proliferation analysis, 71 400 cefisiene seeded on the
were prepared in 8-wellides with a glass bottom (Ibidi, Germany) Scaolds and as controls 5,000 cellétqnmntreated and treated 24-
and incubated for 30 min in the presence oélaconcentration of ~ Well plates, each. The cells were cultivated for 10 deiG. &8sy .
150 M Rhodamin-B (Carl Roth). PorousOland 45S5 Bioglass day, the samples were washed twice with PBS and then incubated in
scaolds were used as controls. Alldda were washed twice with 10% CellTiter-Blue in DMEM for 4 h at 37. Every hour the
phosphate bered saline (PBS) (Sigma-Aldrich) and once withsolution was mixed by pipetting. After measurement of the
DMEM before adding cells; 143 000 or 714 000 cellssranid uorescence intensity the samples were washed twice with PBS, and
were srgeded and cultivated up to 7 days. The foams had a volumt&s PMEM was added.
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 RESULTS AND DISCUSSION
acetoxymethyl ester (Calcein A/M, Invitrogen) for 20 min°&t. 37 Foam Preparation and Protein Secondary Structure
After washing with PBS twice, the cells within theldscavere determination. Porous foams were fabricated using a salt
visualized using a LeicaDFC300@descence microscope (Leica). |eaching technique, as previously used for other biopolymers
FIu_orescence microscopy images were deconvolu_ted with the 8gch as broin, collagen and polylactic ackg(re
Neighbor method using the LASX Som""g‘re from Leica. S1).1293%38 After mixing of the porogen salt (sodium chloride
Adhesion and Proliferation Assay.8% (w/v) recombinant (NaCl)) with the recombinant spider silk protein in 1,1,1,3,3,3-

spider silk scalds were prepared in hanging cell culture inserts f .
24-well plates (Merck Millipore). Porou®Ablnd 45S5 Bioglass qnexauoro-Z-propanoI (HF.IP) and evaporation of _the solvent,
the salt was removed in water yielding a highly porous

scaolds were used as controls. Alldda had a volume of 0.14cm g k
and were washed twice with PBS and once with DMEM. For tf8echanically stable protein sich _
adhesion test 714,000 cellé/omere seeded on the sids. The secondary structure of the freeze-dried foams was

Additionally, for controllinghé cell behavior under standard analyzed using Fourier transform infrared (FTIR) spectroscopy
conditions, 50,000 cellsfcmere seeded on untreated or treated and Fourier self-deconvolution (FSD) analysis of the amide |
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band Figure SZrable 2. As control, untreated HFIP-derived volume of salt and protein solution had an appareehae
eADF4(C16) Ims were analyzed showing makhiglical and  on the porosity of the salt leached spider silk foatmie
random coil structures”® Previously it has been shown that Figure 2). In contrast, the porosities of salt leached silkworm
treatment of spider silkms with alcohols (e.g., methanol, broin foams varied between 84 and 98% depending on the
ethanol) or potassium phosphate leads to a conversion of thevorogen ratio of 10:1 w/w and 20:1 w/w porogen to silk.
helical and random coil tesheet-rich structures, accompanied Mechanical Properties.Besides pore size and porosity of
by a gain of water insolubility and a higher chemical stabilihe scaolds, their mechanical properties are highly important
against denaturing agéfts Spider silklms treated with 6 M for cell survival, adhesion, and prolifefdtiépplication of
NaCl solution showed also an increasslhieet content (44.6 salt-leached silk sols in soft tissue regeneration can be
+ 1.8%), which is in the same range as seeimfopost-  encumbered with excessivassis, since salt-leached silkworm
treated with methanol (4&6L.0%):° Similar to treatedms, broin silk scalds generally have a relatively high silk II (
salt-leached, HFIP-derived foams displayed 422086 - sheet-rich) content, resulting in the observed high sti
sheet, 9.3 1.8% -helix, 25.2 1.1% random coil, and 28.1  ness’*%*****3> Nazarov et al. prepared HFIP-derived salt
1.6% -turn structures. In both cases, the NaCl crystals acted@ached broin foams with compressive moduli between 100
structure-conversion nucleBecause of the highsheet and 790 kPa, and water-derived foams showed even higher
content induced by NaCl, an additional post-treatment of ttmpressive moduli §8330 kPa}?° Additionally, the
salt leached foams with, e.g., methanol or ethanol was sttness increased upon raising the concentration bfaitk
necessary, simplifying the fabrication process, weibbdra  from 4 to 10 wt %’
clear dierence to the process of making salt-leached silkworniThe compressive moduli of the salt leached spider silk foams
broin foams. in a hydrated state raised from 8.9426 kPa to 3.24 1.03
Pore Size and Porosity Pore size, interconnectivity, and kPa with increasing protein concentration from 4% (w/v) to
porosity of the scalds are critical for tissue engineering,8% (w/v) (Figure B). The elastic moduli of the salt leached
because cell migration, as well as the transport of nutrients &rains were in the range of soft tissues, and the determined
waste products has to be guaranteed. Additionally, the cetisnpressive moduli were in the range afldsalerived from
should be able to attach to the sicawalls, and csliell low-concentratedbroin solution$* This feature is important
interactions have to be enabled. The pore sizes of the fredmxause Engler et al. had examined thenge of matrix
dried spider silk foams were analyzed using scanning electiasticity on the dérentiation of human mesenchymal stem
(SEM) and light microscopligure 1Figure SB The SEM cells, where soft matrices with an elastic modulus in the range
images showed interconnected and porous morphologies. Bhethat of brain (0.151 kPa) favored direntiation of
porogen particles used for salt leaching were sieved to obtaEsenchymal stem cells into neuronal-liké cells.
pore sizes in a deed regime and, therefore, st with The swelling behavior of the salt leached foams was
specic properties. Not surprisingly, the salt crystal size haddatermined using a Discovery V20 stereomicroscope (Zeiss)
signi cant inuence on the pore size of the salt leached foanfs = 6) (Figure S3, Table)SSizes of the foams were analyzed
with increased pore sizes upon increased salt crystal size dry state using the stereomicroscope software (ZEN2012
Generally, scalds with interconnected pores with diameterdlue edition). Afterward, the foams were incubated In 50
>100 m are considered as a minimum requirement for tissumilli-Q water for 2 min. The water was removed and size of the
engineerint>%° Here, the analyzed foams showed pore sizésams was measured again. All fo88%«(4w/v)) revealed a
between 31 and 43 depending on the used salt crystal sizebow swelling characteristic, sicls swelled$9% depending
(Figure landTable 3. on the porogen size. In contrast to the spider silk foams,
aqueous-derivebroin scaolds showed a swelling 626%,
Table 3. Theoretical and Analyzed Salt Crystal Size, As Welikely due to the derences in hydrophilicity of the two
As Pore Size and Porosity of 8% (w/v) eADF4(C16) Foams proteins.” Spider silk foams prepared in the presence of
smaller salt particles showed a higher swelling behavior (e.g.,

Siz€ range 8% (w/v) 8.9 2.5%) than foams prepared wittS5DH m
I I Il salt crystals (8% (w/v) 321.1). It was assumed that foams
theoretical salt crystal sizm) 635125 125315 315500 with a higher surface-to-volume area can absorb a higher
analyzed salt crystal sizm) 455158 128320 318514 amount of water.
pore size (m) 315172 58248 126437 Proteolytic Degradation. Materials for tissue engineering
porosity (%) 91.8 05 93.: 09 93.% 0.1 applications have not only to be mechanically stable to support

cell adhesion and proliferation without collapsing, but they also
Quantitative analysis of the salt crystal and pore sizes shoneed to be replaced gradually by native extracellular matrix and,

that the pore sizes deviated between 10 and 60% from the $iwgefore, have to be (slowly) biodegratiable.

of the original salt crystals used to form the pores. In most casesll foams and hydrogels were stable in TCN&r,band

the pore sizes were smaller than the size of the NaCl safton incubation no signant hydrolysis or dissolution thereof

crystals Table 2 re ecting the partial dissolution of the salt was detected for 15 dalyg(re 3 To test the biodegradation

crystal surface during the foam-building procems®r@es in  of the scaolds, we employed collagenase IA (CHC) and

pore sizes between wet and freeze-dried foams could notpbetease mix XIV (PXIV), because they have been previously

detected Kigure SB3 established as good model proteases for degradation studies of
The porosity of freeze-dried eADF4(C16) foams wasilk protein scalds’*** The collagenase type IA is a

determined by gravimetry, showing only a slight increasenoikture of several enzymes, including type | and type II

porosity with increasing salt crystal size (front 3L to collagenase, acting as a model enzyme cocktail representative

93.0+ 0.9% and 93X 0.1%), respectively, whereas neitheifor wound proteasesThe protease mix XIV is a mixture of at

the protein concentration nor the ratio between the usdédast ten proteases with broad substratecigedlthough
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Figure 2.(A) Porosity of 4% (w/v), 6% (w/v), and 8% (w/v) eADF4(C16) foams withedit 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 asSindicated (I, 63
125; Il, 125315; 1ll, 315500). (B) Compressive moduli of 8% foams werecaighy higher in comparison to 4% and 6% foams at low salt-to-
protein ratios (75:1 (4%), 50:1 (6%), and 37.5:1 (8%4)) (0.001** p< 0.0001). The samples were averaged over all salt crystal sizes, because

no di erence could be detected.

Figure 3Percentage of degraded eADF4(C16) after incubation of (A) 8% (w/v) eADF4(C16) salt leacheSRiEns(pBEogen size) and
(B) 3% (w/v) eADF4(C16) hydrogels in TCNB buin the presence or absence of PXIV (digestive enzyme modgintépbr Collagenase
(CHC) (wound protease model) (46§/mL) over 15 days under controlled atmosphere (30% humidity)Catr@Spectively.

Figure 4 Fluorescence microscopy images of BALBI8®Blasts cultivated on 8% (w/v) eADF4(C16) and 8% (w/v) eADF4(C16)-RGD foams
with di erent pore sizes and >91% porosity after 7 days of incubation. The cells were stained with Calcein A/M (gotds )wéiteestamed

with Rhodamin-B.

PXIV is more likely a suitable model for digestive enzymescdmparison with previously published'&&tin correspond-
was here used as an additional model enzyme to allewce to previous degradation experiments of other eADF4-
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(C16) morphologies (particleins and nonwoven meshes) Porous scalds made of 45S5 BioglaBgyre £) and
with PXIV and CHC the total amount of 8¢ protease per1 aluminum oxide (&D;) (Figure B) were used as 3D
mg scaold was kept constant, resulting in a concentration of
465 g/mL, which is a factor of 1300 higher than the naturally
occurring 351 ng/mL of wound protedseBegradation
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 broin, in the presence of PXIV the 3Dedda
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 15 days
(remaining hydrogel: 46.55 wt %; remaining foam: 74.75 wt
%), conrming the high proteolytic activity of PXIV for silk
material§>*%°%>1
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 15 days), winile 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 (46%9/mL) in comparison to experiments with
particles,Ims and nonwoven meshes (1g&nL).>
Cell Viability and Morphology. To analyze the
biocompatibility of the scdds, BALB/3T3 mouséroblasts
were cultivated on foams made of 8% (w/v) eADF4(C16) and
eADF4(C16)-RGD with dérent pore sizes over 7 days
(Figure 4Figure Sp
The cell adhesion was weak on eADF4(C16) foams . 0
independent of the pore size. The cells showed a rouhiure 5. Cultivation of BALB/3T3 broblasts on 8% (w/v)

F4(C16) and 8% (w/v) eADF4(C16)-RGD foams witrelit
morphology, and cell aggregates were detected. Roun 5tt sizes (as indicated) and >91% porosity. 45S5 Bioglag3;and Al

morphology and cell aggregates of mémeblasts could be  f,3ms were used as controls. (A) Adhesion wasegliaftér 24 h of
also observed on hydrogels dnts made of eADF4(C16) incubation by using the cell-titer blue assay and normalized to

under various cell culture conditiérBecause of the lack of adhesion on 40, scaolds (positive control). The adhesion of all
cell binding motifs in eADF4(C16), adhesion is mostlyested samples was sigamitly improved*f* p < 0.0001) on
in uenced by he/drophobicity, surface charge and topogra@f\DF4(C16)-RGD foams compared to that on eADF4(C16) foams.
of the scaold?#°%>* However, the cells were viable over at(BSD) Scanning electron microscopy images of 8% (w/v) eADF4-
least 1 week in such spider silk foams. Adhesion of cells &kd) (B), 45S5 Bioglass (C) and|(D) scaolds. E) Analysis of
improved on foams made of eADF4(C16)-RGD compared fpé‘,i'geprﬂgfec)’fféBB/ﬂg’éo%ﬁféfagg 8 ;;fg"g")::ags':“i%cf)'
those made of eADF4(C16). The cells attached to the Stranco%trolled atmosphere’of 50 ,COB% hhmidity and at 3T,
of the porous structures and showed sprea_d _morpho_log, oliferation was quamtil by using the cell-titer blue assay and
Furthermore, the cells were homogeneously distributed insiggmalized to proliferation op@y scaolds (positive control) at day
the eADF4(C16)-RGD s@dds and covered almost the entire 1.
scaold within 7 days, without an apparentgnce of the
pore size Kigure Sp The improved cell adhesion on
eADF4(C16)-RGD foams correlates well with results obtainedntrols. 45S5 Bioglass is a highly porous and brittle bioactive
from experiments performed on hydrogels &me?®* ceramic material with a porosity 0%, pore sizes between
However, whereasroblasts encapsulated in hydrogels showe2D0 and 500m, and compressive and bending strengths in the
a round shape due to the ders@lary network, the open-cell range of 080.5 MP&>° The freeze-cast aluminum slis
interconnetive and porous structure of the foams obviougdlowed an aligned honeycomb structure with pore sizes of
rendered these soldls more attractive for the célls. 1008500 m, porosity of 485% and a compressive strength
Adhesion and Proliferation. To evaluate cytocompati- in the range of 95 MPa Figure B).>®>°
bility of the spider silk foams, we quedtiadhesion and Figure B shows the adhesion bfoblasts on the scdds
proliferation of broblasts using the cell-titer blue assay. Cedifter 24 h of incubation. All values were normalized to adhesion
seeding densities andcencies were calculated after 24 h ofon ALO; scaolds (positive control). Even after 24 h of
incubation Table SR intensive washing of the stds with water, PBS or DMEM
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before seeding of the cells, the 45S5 Biogladdsosleased evaluated the optimal pore size fmoblasts growing on
alkaline substances hampering the viability of the cells resultiyigndrical PCL scalds, in which broblasts preferred a
in a low adhesion of only #8% relative to theuorescence  smaller pore size range @860 m) compared to
intensity of ADD; scaolds. The release was observed using thehondrocytes (38d05 m), because of the higher surface
pH indicator phenol red in the cell culture medium. Inarea for cell attachment and sign#ling.

correlation with the results of the Calcein A/M staining, the

broblasts showed a sigantly improved adhesion on CONCLUSION

eADF4(C16)-RGD foams compared to that on eADF4(C16%ajt-leached foams of the recombinant spider silk proteins
ones. The relative adhesion was determined to#h&%0  eADF4(C16) and eADF4(C16)-RGD were fabricated with
(635125 m), 75+ 2% (125315 m) and 58 8% (315 tunable properties. NaCl crystals allowed the production of
500 m) for foams made of eADF4(C16) in comparison tosheet-rich scalds with a porosity of at least 91% without the
that on the positive control. On stds made of eADF4- need of additives or cross-linkers for mechanical stabilization.
(C16)-RGD the broblasts adhered with 182% (63125  The mechanical properties of the foams were simply adjusted
m), 118+ 10% (125315 m), and 126 22% (315500 by the protein concentration. The compressive moduli were in
m) of the adhesion on the positive control, showing thehe range of soft tissue, rendering the spider silk foams suitable
strong inuence of the type of protein, as well as in this case tRgaolds for soft tissue engineering, as well as wound dressings.
low impact of the pore size at the given size ranges on cglle proteolytic degradation of the spider silk foams in the
adhesion. presence of a model protease mix for wound healing proteases
Next, the proliferation ofbroblasts was tested on the conrmed the biodegradability of recombinant spider silk
scaolds over 10 day5ifure ). Fibroblasts could not grow proteins. In cell adhesion assdysblasts showed a round
on 45S5 Bioglass sulds, but proliferated well on,Gy morphology and weak adhesion on salt leached foams made of
scaolds. All values were normalized to proliferation@n Al eADF4(C16), but cell adhesion and proliferation was
scaolds (positive control) at day 10. On eADF4(C16)-RGDsigni cantly improved on foams made of eADF4(C16)-RGD.
foams, the cells showed a very similar growth rate comparegitsroblasts proliferated best in foams with a middle pore size,
that on AJO; scaolds, whereas the cell proliferation washecause of the combination of good nutrient and waste product
signi cantly decreased on foams made of eADF4(C16). Aftgtansport and a high surface area. Compared to other porous
10 days of incubation, almost twice the amount of cells wesgaolds such as A&, and Bioglass, cell adhesion and
detected on eADF4(C16)-RGD foams @1&%, 125315  proliferation was slightly better on eADF4(C16)-RGD foams.
m and 99+ 6%, 31S500 m, relative to theuorescence The results indicate that spider silk foams with controllable
intensity of the positive control) when compared toldsa properties can be used asada for tissue repair and soft
made of eADF4(C16) (678%, 125315 m and 56 12%, tissue engineering.
315500 m). While broblasts reached the plateau phase of
growth on the eADF4(C16)-RGD foams after 10 days, the cells ASSOCIATED CONTENT
on the eADF4(C16) foams were still growing in thex g,pporting Information

exponential growth phase at that time point. Interestingly, ke Supporting Information is available free of charge on the

in uence of the pore size was detectable on cell proliferatig=5 pplications websia DOI: 10.1021/acsbiomater-
On both foams, made of eADF4(C16) and eADF4(C16)-RGDys 5000483

the cells proliferated faster on theadda with pores sizes
between 125 and 31&, compared to sadds with bigger
pores (315500 m). Foams with smaller pore sizes between
63 and 125m could not be used, because it was particularly
di cult 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/3T3broblasts on foams made of =~ AUTHOR INFORMATION
eADF4(C16)-RGD compared to ones made of eADF4(C16%orresponding Author
which is due to the presence of the cell recognition motiE-mail:thomas.scheibel@bm.uni-bayreutfiele +49 (0)
RGD?**In accordance with thisding, matrices (e.goers, 921 55 7361. Fax: +49 (0) 921 55 7346.
foams andlms) made of the RGD-moeld 4RepCT showed present Address
signicantly improved cell adhesion in comparison @; v js currently at RESORBA Medical GmbH, Am Flachmoor
unmodied 4RepCT matric&SThe spider silk matrices with 16, D-90475 Nuberg, Germany
the cell binding motif RGD promoted early adherence of all
tested cells typesbfoblasts, keratinocytes, endothelial an
Schwann cells) which formed strégss and distinct focal
adhesion points.The adhesion and proliferation of the cells
on RGD-modied spider silk saalds was even better than on
Bioglass and Al; scaolds. Both Bioglass and®lscaolds Notes ) o
are generally fabricated asabds for bone tissue engineer- The authors declare no competimgncial interest.
ing>° Fibroblasts prefer softer materials instead of osteoblast-
like cells, however, explaining the observed results. AdditionaIIy,ACK'\lOW'-EDG'V'ENTS
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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 pm, 125-315 um or 315-500 um. A protein solution was cast on the salt crystals in
cylindrical moldsat a 75:1 (4% (w/v)), 50:1 (6% (w/v)), and 37.5:1 (8% (w/v)) (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 cnit) (A) and Fourier self-deconvolution (FSD) spectra (1720
+1590 cn) (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 induceEsheet 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 azeakied 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.

salt crystal size / ym
63 +125

125 +315

315 +£500

spider silk concentratiort (w/v) %

4 6 8
swelling / %
6.1+1.8 74+05 8.9+25
49+2.2 45+0.3 4.0+2.2
43+1.1 2.7+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.

. ADF4(C16 ADF4(C16)-RGD
Al,O; Bioglas§ © (C16) ° (C16)

range | range Il rangelll range | range Il range Il
cell seeding cell

density /% culture 0+01 0+£01 18+165 20+33 49+133 27+45 11+133 31+3.0
plate
scaffold 69+10 8121 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 Rhodan&in-
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Thomas Scheibel*

Abstract: Biofabrication is an emerging and rapidly expand-
ing field of research in which additive manufacturing tech-
nigues in combination with cell printing are exploited to

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-

generate hierarchical tissue-like structures. Materials that tion.” Recently, a rapidly growing number of studies have
combine printability with cytocompatibility, so called bioinks,  focused on biomimicry beyond the ECM and the generation
are currently the biggest bottleneck. Since recombinant spider of cell-loaded tissue-like hierarchical structures!® To achieve
silk proteins are non-immunogenic, cytocompatible, and this goal, it is important to choose materials with properties
exhibit physical crosslinking, their potential as a new bioink and functions which mimic the tissue that needs to be
system was evaluated. Cell-loaded spider silk constructs can bereplaced on the macroscopic scal&' Moreover, such mor-

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.

Research 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 tissuest 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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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 <bioinksZ) 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® 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’® 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.®®*% Concerning silk, in previous works, an inkjet printing
process was developed for the fabrication of microscopic
arrays of silkworm silk snestsZ capable of hosting live cells for
prospective biosensord!” 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 b-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
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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 eADF4(C16)-RGD
hydrogel (3% wi/v) was approximately 0.2 kPa, which is in the
range of soft human tissues and organ8" Shear thinning of
the gels was analyzed through oscillating measurements with
an oscillating stress of 10 Pa (Figure S2). The storage modul
(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 eADF4(C16) hydrogels, as
shown by a round shape and cell aggregation (Fig-
ure 1A,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 eADF4(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 eADF4-
(C16)-RGD (Figure 1C). 1% Fgr all of the tested cell lines
(fibroblasts, myoblasts, HelLa cells, osteoblasts, and keratino-
cytes), cell adhesion on eADF4(C16)-RGD hydrogels was
significantly improved in comparison to unmodified eADF4-
(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

imermatiSlEdloRY CNEME

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 (& 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 VVybrant CFDA SE Cell Tracer Kit. Scale bars:
50 mm. 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 eADF4(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 378C. 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 7 days 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

www.angewandte.org
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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. AB’) 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 moduleC (sequence:
GSSAAAAAAAASGPGGYG PENQGPSGPGGYGPGGP),
which mimics the repetitive core sequence of dragline silk fibroin 4
(ADF4) of the European garden spider Araneus diadematugdt*"
eADF4(C16) (MW: 47698 gmol ') and eADF4(C16)-RGD (MW:
48583 gmol ') were produced and purified as described previous-
ly.2%< 30 mgmL * (3% wi/v) eADF4(C16) and eADF4(C16)-RGD
solutions were prepared as described previousH?® (see the Support-
ing Information). Gels were formed overnight at 37 8C and 95%
relative humidity. "> Recombinant spider silk protein eADF4(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 g-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? 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 mm pore diameter, and the
hydrogels were formed overnight at 378C. 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
(I x530 nm;l ., 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 st-test (two-tailed) was performed on the absolute values of
the adhesion tests. Prior to thet-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 eADF4-
(C16) and eADF4(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 cellscm? Cells and scaffolds were stained with Calcein
acetoxymethyl ester (Calcein A/M) and Ethidium Homodimer |
(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 eADF4(C16)
hydrogel were made at a cell density of 1200000 cells mL* 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 they,z plane and the collector along the
x axis. Before printing, the spider silk solutions were pre-gelled
overnight at 378C and 95 % relative humidity (Figure 2 A). *?*I 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 nm. The
valve opening time was 700...906 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)y weUH FXOWLYDWHG LQ 'XO
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 'XOEHFFRYV ORGLILHG (I
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 uL at room

temperature (Figure S1). A solvent trap with a wet sponge was used to minimize

evaporation. Shear (G) and elastic (E) mod XOL ZHUH FDOFXODWHG DFFRUGLQ
XVLQJ WKH 3RLVVRQTV UDWLR et a5 X ¥90Q andKdhasok et I D\D P D

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
guantified determining fluorescence intensity (@ 485 nm; @, 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 wavenumbe_rl range / before gelation after gelation after 3D printing
structure* cm
Dhelices 1656-1662 12.6 7.5 7.5
Esheets 1616-1637, 1697-1703 204 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.!*




Figure S1. Stress-strain curves (A), shear moduli G and elastic moduli E (B) of 3%

eADF4(C16) and 3% eADF4(C16)-RGD hydrogels.



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) IXOO V\PEROV *{1
HPSW\ V\PERR \he*Hplex viscosity In*l is plotted as a function of angular
DQJ I[UHTXHQF\ *1 VKHDU VWRUDJH PRGCX Oitfusidf ff VKHD L
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 Modi ed 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 signi
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 signi cant impact of ionic cross-linking on recombinant spidroin-based

cant effect on the

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Traditional tissue engineering techniques have a signi cant 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 speci ¢ 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 modi  ed variant eADF4(C16)-
RGD have been recently introduced [15].

The polyanionic spidroin eADF4(C16) consists of 16 repeats of
module C (sequence:
GYGPGGP), which mimics the consensus sequence of the repetitive
core of the European garden spider Araneus diadematusdragline silk

broin 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).
1 First authors.

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

GSSAAAAAAAASGPGGYG PENQGPSGPG-

C-terminus, which was previously shown to enhance mammalian
cell attachment on spider silk  Ims [18]. These proteins can self-as-
semble from a disordered structure in solution into -sheet rich -
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), bril
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 niL 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 niL of
double distilled water (ddH ,0), and brils were negatively stained
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using 5 nL 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 4000 charge-coupled device
camera (UltraScan 4000; Gatan, Pleasanton, CA).

2.2. Analysis of gelation kinetics

For gelation analysis, 100 ni. of concentrated eADF4(C16) and
eADF4(C16)-RGD solutions in the presence or absence of 15% v/v
Dulbecco's Modi  ed 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. Tu rbidity 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/iv 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 re ection
(ATR) with a resolution of 4cm !, and 120 scans were averaged.
Analysis of the amide | band (1595 -1705 cm 1) 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 ¥43) 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  ow 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 niL at room temperature. The shear
rate was kept constant at 3.0 ° 1/s. To analyze the in uence of 15%
v/v DMEM on the viscosity behavior of these hydrogels, the hy-
drogels were measured using additionally the steady state ow
measurement mode. Here, the shear rate was increased from 0.1 to
100s *. 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 Modi ed Eagle Medium (DMEM) contains numer-
ous salts, sugars and proteins, which could in uence the charge-
charge interactions between the proteins. In this context, salts like
CaC}, NaCl and KCI have already been identi ed 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 classi ed as either kosmotropic or chaotropic [28]: lons
such as C&P, are highly chaotropic, Cl " is neither kosmotropic of

chaotropic, and KP and NaP are kosmotropic, with K p being
slightly more kosmotropic.

In the nal 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 KCI, 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 nal con-
centration of DMEM is 15% v/v.
6.49/L/58.44g/mol 1,000 mM/1 M 0.15 £6.43 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  -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 nano brils accompanied by this change in secondary structure.
Here, it was investigated if the presence of 15% v/v cell culture
media in uences the secondary structure of eADF4(C16) and
eADF4(C16)-RGD hydrogels using FTIR spectroscopy. Fourier self-
deconvolution (FSD) of the amide | 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 brillary network

The morphology of the brils and brillary 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 nano brils
with a diameter of around 10 nm as shown previously, while 3% w/

v eADF4(C16)-RGD hydrogels showed slightly thinner nano  brils
with a diameter of around 7 nm [32]. In addition, the brillary
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 in uence on the gross mor-
phology of the hydrogels; although there appeared to be a change
in opacity, as con rmed 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 | bands.

Secondary structure conten{%

Secondary  Wavenumber 3% C16 3% C16, 3% C16-RGD 3% C16-
structure 2 range/ cm 15% RGD, 15%
DMEM DMEM
-helices 1656 1662 897 0.3 857 01 8.77 0.6 757 11
-sheets 1616-1637, 4477 1.3 4717 1.8 4517 0.8 4617 2.5
1697-1703
Random 1638-1655 2257 09 2177 0.3 23.07 0.2 21.97 0.2
coils
Turns 1663-1696 21.37 0.4 2147 0.5 20.77 0.6 21.97 0.7
Side chains 1595-1615 267 11 13722 25704 2.67 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

brils. (A) 3% eADF4(C16), (B) 3% eADF4(C16)-RGD. (C-E) Time-dependent turbidity

changes (indicative of nano bril 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 quanti

ed 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% wi/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 signi cantly greater in uence 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?P was tested) and DMEM on the mechanical proper-
ties of spider silk hydrogels, their stiffness was determined using
rheology ( Fig. 2).

The addition of 5mM CacCl, to 3% w/v eADF4(C16)-RGD hy-
drogels resulted in a 1000 increase of shear stress, while the
shear stress of 3% w/v eADF4(C16) hydrogels increased just 400
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 signi cant increase in the mechanical stiff-
ness. Interestingly, the effect of DMEM was more signi  cant than
CaC} 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  broin [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 ow 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).

Fig. 3. Viscosity measurements with increasing shear rate of 3% w/v eADF4(C16) and
3% wiv 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 presen ce or absence of Dulbecco's Mod-
i ed Eagle Medium (DMEM). The formulation of DMEM contains
many ions which are identi ed as important for the self-assembly
process of spider silk proteins [27]. Data showed similar secondary
structures and  bril 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 m onovalent 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 1) and
eADF4(C16)-RGD (MW: 48583 g mol ') were produced and pur-
i ed 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/HCI, pH 7.5 overnight
at room temperature using dialysis membranes with a molecular
weight cutoff of 6000 —-8000 Da. Subsequent dialysis against 25%
wiv poly(ethylenglycol) (PEG, 20,000 g mol 1) 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 bbres. Biotechnology enables genetic
modibcation, 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 bbres fascinate scientists especially due to
their extraordinary mechanicalproperties[1]. The com-
bination of strengthandelasticity providesatoughnessno
other natural or synthetic Pbre canachieve[2]. Addition-
ally, spider silk is biocompatible, biodegradable and
showshypoallergenic properties suitable for biomedical
applications[3,4].

Importantly, spidersilk reRectsanentire classof materials
with different properties, since spiders can produce

severaltypes of silk (for an overview see Heidebrecht
and Scheibel[5 ]). The best characterisedspider silk is
the Major Ampullate(MA)/Dragline silk, constituting the
outer frame of orb webs, serving alsoasal lifeline for the
spiderandwhich will be exclusively discussecherein[6].
Two classesof Major Ampullate spidroins have been
identibed in dragline bbres, called MaSp1 and MaSp2,
which differ in proline contentand hydrophobicity [7]. All
Major Ampullatespidroins consist of a highly repetitive
coredomain, Rankedby non-repetitive termini [8]. In the
core domain distinct amino acid motifs (glycine-rich
repeatsand polyalanine blocks) enable secondarystruc-
tures (randomcoil/helical and b-sheet)accountingfor the
mechanical properties of the bbre [8-11]. The terminal
domainsplay animportant role during storageof spidroins
asaspinningdopein the glandandduring the initiation of
Pbre assemblyin the spinning duct [12-15].

For centuries,spiderOwebshavebeensuccessfullyused
to stop bleeding and to promote wound healing [16].

Recently, spidersilk hasbeenusedasanartibcialsupport
for nerve regeneration [17,19. Defects of peripheral
nervescanbe repairedby acompositenerve graft made
of acellularizedveins,spidersilk Pbresand Schwanncells
(SC) mixed with matrigel (asolubilized tissuebasement
membranematrix rich in extracellular matrix proteins).
In adult sheep, spider silk enhanced Schwann cell

migration, axonal-regrowthand remyelination including

electrophysiological recovery in a 6.0cm tibial nerve
defect [19 ]. Further, native spider silk bbres were
tested as a braided microsurgical suture to substitute
conventionalmaterialsin microsurgeryandneurosurgery
[20,2]. It wasshownthat the mechanicalproperties of
braided spider silk sutures were superior to those of
nylon, the current clinical gold-standard[21]. However,
one major drawbackof natural spider silk suturesis the
inhomogeneity of the Pbres,asseenwith other natural
materials, since differencesin silk properties occur be-
tween individual spidersandevenwithin singleindivid-

uals upon environmental changes. Another drawback
is the low availability of natural material due to
problemsin farming basedonthe cannibalisticbehaviour
of spiders[22,23.

Biotechnological production of spider silk proteins, as
well asthe development of silk processingtechniques
enabledthe supply of engineeredsilk materialsfor bio-
medical applications, such as implant coatings, drug
delivery systemsor scaffoldsfor tissueengineering,which
are reviewed herein.

Current Opinion in Biotechnology 2014, 29:62-69
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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, asrecently summarized
in Heidebrecht and Scheibel [5 ].

The benebtsof recombinantspider silk proteins (RSSP)
arethe homogeneityof the starting material aswell asthe
controllable processability into different morphologies,
like PIlms, hydrogels, particles or non-woven meshesfor
various applications [24-29]. Further, biotechnology
enablesgenetic engineeringto directly incorporatefunc-
tional groupsinto the RSSPs(Figure 1) [24,25,30].

The simplestgenetic modibcationis the incorporation of
individual amino acid residueswith chemically specibc
side chains, like cysteine residues comprising thiol

groups. A cysteine variant of the RSSP eADF4(C16)
(basedonthe draglinesilk protein ADF4 of A.diadematus
allowed the covalent coupling of peptides, enzymesor
particles before and after silk processinginto materials,
demonstrating its potential for a broad range of appli-

cations[25,30].

Engineered spider silk proteins comprising functional
peptide sequences

For biomaterials applications, specibc interactions be-
tween cells and the surface of a material are essential.
Spidersilk proteinscanbe exemplarily modibedwith cell
adhesive peptides to improve cell binding, such as the
integrin-binding motif RGD (Arg-Gly-Asp) (Figure 1)
[28,30,31,33. Films madeof eADF4(C16)-RGD showed
a signibpcantlyimproved attachment and proliferation of
Pbroblasts (BALB/3T3) in comparison to unmodibed
eADF4(C16) blms [30]. Another RSSP, 4RepCT,
genetically functionalized with RGD or the cell binding
peptidesIKVAV, naturally found in the laminin al chain,
or YIGSR, presentin the b1 chain, were processedinto
pbres,foamsand bPIms[33,34. The adhesionof all tested
cell types (bbroblasts, keratinocytes, endothelial and
Schwann cells) was signibcantly improved on RGD-
modiPed in comparisonto unmodibPed 4RepCT PIms.
While only Schwann cells adhered better on matrices
comprising the IKVAV-motif, no clear effect of YIGSR
could be detected on any of the selectedcell 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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achievemultifunctional biomaterialsin orderto suppress
infections in combination with for example, supporting
cell growth. Recently, the human antimicrobial peptides
humanneutrophil defensin2 (HNP-2), humanneutrophil

defensin4 (HNP-4) and hepcidin were fusedto anRSSP
6mer, based on the sequenceof MaSpl from Nephila
clavipes(N. clavipe} (Figure 1). The silk hybrids were
processed into PIms showing antimicrobial activity

againstGramnegative E. coliand Gram positive S.aureus
In addition, in vitro cell culture studies (cytotoxicity/

proliferation) with a human osteosarcomacell line

(SaOs-2)demonstratedthe compatibility of these bIms
with mammaliancells[36]. In vivo studiesin mice showed
that the silk-hepcidin protein washighly biocompatible,

causinga mild to low inBammatory reaction [37]. In a
similar approachahybrid betweenspidersilk andasilver

binding peptide wasproduced,which could be processed
into PIms. These bIms nucleated silver ions from a
solution of silver nitrate and inhibited afterwards
microbial growth of Gram positive as well as Gram

negative bacteriain vitro [38].

Silica binding peptides were fused to a consensus
sequence of N. clavipesMaSpl introducing silicifying

properties [39]. Films thereof promoted osteoblastde-

velopment with the upregulation of key markersassoci-
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 fusionswith

appTGL1 peptide, alysine-rich cell membranedestabiliz-
ing peptide to bind plasmid DNA (pDNA), were
designed as a highly efbcient gene carrier. The newly
generated fusion proteins showed useful transfection
efbciency,comparableto the transfection reagentLipo-

fectamine 2000, and at the sametime the possibility to
control genereleaseby controlling enzymaticdegradation
ratesof the complexes[42].

Engineering of chimeric spider silk proteins

Chimeric proteins consisting of the RSSP 6mer and the
bone sialoprotein (BSP) were processedinto PIms as a
support for bone regeneration.Comparedto the control
(6mersilk PIms),the YoungOmodulusof Pimsmadeof the
chimeric silk protein wassignibcantlyincreased.Further-
more, the chimeric protein retained the ability to form
supramolecularaggregatesand in the presenceof Ca?*
ionstheseaggregategeneratednetworks [43-45]. In vitro
studieshavedemonstratedthat humanmesenchymaktem
cells proliferated and differentiated into the osteogenic
lineageon 6mer + BSPPIms.The presenceof cell binding
domainsin BSP(suchasRGD) maybe responsiblefor the
cell responsewhen comparedto silk alone. For the plain
6mer blms,osteoblast-likemorphologywasnot asevident,

and a reduction on viability/proliferation was observed
after 3, 7 and 14 daysin osteogenicmedium [46,47.

Chimeric proteins basedon N. clavipesMaSp1, and the
dentin matrix protein 1 (CDMP1), which provides con-
trolled nucleation and crystallization of hydroxyapatite,
targeted self-assembledsilk structures with controlled
hydroxyapatite (HA) mineralization. Upon processing
into PIms, mineralization was initiated using simulated
body Ruids (SBF) [48]. Mineralized silk PIms mediated
and promoted bone regeneration around wounds and
promoted osteoblasticdifferentiation in a three dimen-
sional scaffold [49-52).

Processing of engineered spider silk proteins
for biomedical applications

Spidersilk proteins canbe processednto coatingswhich
can be used to improve the biocompatibility and the
surfaceproperties of biomaterials, such asmedical grade
silicone implants. Silicones are highly resistant against
hydrolytic and enzymaticdegradation,otherwisethey are
considerablyhydrophobic. Thus, adhesionof unspecibc
proteins and cells aswell asproliferation of inBammatory
and pro-bbrotic cells is promoted, all of which trigger
foreign body-associatedbbrosis[53,54. The most fre-
quently identibed complicationis capsularPbrosiswhich
occursin up to 27% of the patientsin the prstyear after
surgery,and no modibcationof the silicone surfacetested
showed benebpcial effects so far [55-57]. Coatings of
eADF4(C16) yielded reduced bbrosis and contraction
upon implantation in rats,sincethe silk coatinginhibited
Pbroblastadhesion proliferation andcollagenl synthesis.
Additionally, signibcantreduction in capsulethickness,
post-operative inBammation and re-modeling of extra-
cellular matrix were observedfor silk coatedimplants in
comparisonto uncoatedones[58 ].

Non-woven meshes made of natural (e.g. collagen,
Pbroin) or synthetic (e.g. PLGA, PCL) polymers have
a great potential as an artibcial extracellular matrix
(ECM) useful for wound healing and tissue engineering
[59]. Electrospinning of eADF4(C16) yielded a mesh
enabling the adhesionof Pbroblasts(BALB/3T3) aswell
astheir proliferation [28]. In contrast,Pbroblastsdid not
adhere and proliferate on Rat bPIms indicating that the
topographyof a silk scaffoldinfBuencescell-matrix inter-
actions[32]. Therefore, structured PImswere analysedto
learn more about the infBuence of topographieson cell
attachment[32,6(. Patternedsilk PImswere madeof two
different silk proteins (RSSPand recombinant lacewing
silk protein) using a Polydimethylsiloxan (PDMS) stamp.
Both, bbroblasts(BALB/3T3) and myoblasts (C2C12),
preferably adhered and aligned on the ground layer
(RSSP)and not on the ridges (recombinantlacewingsilk
protein) [60]. In general, it can be stated that in the
absence of specibc cell adhesion domains (such as
RGD), charge,wettability and topography of a surface

Current Opinion in Biotechnology 2014, 29:62-69
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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
cell and protein encapsulation for diagnostics.
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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)
[28,37. Interestingly, in caseof the patterned silk bIms
the presence of the RGD-cell binding motif did not
signibcantly improve cell binding, indicating the
importance of topography[60].

In vitro studies demonstrated that three-dimensional
porousscaffoldsmade of the RSSPrS1/9allowed mouse
Pbroblastadhesionand proliferation. Within one week,
cells migrated into the deeperlayersof the porousscaf-
folds [61]. Next, porous scaffolds made of rS1/9 and
natural silkworm Pbroin were compared concerning
microstructure and physiological behaviour. There was
a detectable difference in the microstructure with the
walls of the rS1/9scaffoldsbeing thicker and containing
specibc micropores in contrast to Pbroin-based ones
[62 ]. The vascularizationand intergrowth of the con-
nective tissue, penetrated with nerve bbres,was more
prominent in Balb/c mice 8 weeks after subcutaneous
implantation using the rS1/9 scaffolds. Further, after

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

Foams and bbre-basedmatrices made of 4RepCT sup-
ported growth, attachmentand collagentype | production

of human primary Pbroblast. Further, macroscopic
4RepCT Pbreswere well tolerated when implanted sub-
cutaneouslyin rats. In contrastto the control using silk-

worm silk (Mersilk ™) pbres,4RepCT-bbressupported
ingrowth of Pbroblastsand formation of capillariesin the

centre of 4RepCT Pbrebundles,indicating that 4RepCT

is superior in supporting the physiological migration of

Pbroblastsand angioblast§63,64. Yanget al., 2010used
supersaturatedsimulated body Ruids to deposit calcium

phosphatecoatingson 4RepCT spidersilk Pbrebundles,

yielding a homogeneousand thick crystalline calcium

phosphate (CaP) layer, which was a perfect template

for bone marrow-derived hMSCs [65].

Current Opinion in Biotechnology 2014, 29:62-69
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RSSPcan further be usedto encapsulateactive ingredi-
entsincluding drugs,proteins,genesandcellsfor delivery
or diagnostics(Figure 3) [66-68]. Low molecular weight
drugsaswell asproteins canbe loadedinto eADF4(C16)
particles, which makes these slowly biodegradable
particles a promising drug carrier system, with uptake
and releaseof water-soluble substanceseing controlled
by processingconditions and crosslinking [66-68].

Spider silk particles canalsobe usedasgene carriersfor
tumour cell-specibcdelivery. Importantly, pDNA com-
plexes of RSSP containing poly(L-lysine) and the
tumour-homing peptides (THPs) F3 and CGKRK
showed signibcantly higher target specibcity to tumour
cells and transfection efbciencyin comparisonto pDNA
complexes of recombinant spider silk proteins without
THP [69 ,70.

Microcapsules made of eADF4(C16) resemble an
enclosedreaction chamberwith a semipermeablemem-
brane, in which reactionscan be initiated from outside.
Further, the capsulescan protect the enzyme (b-galacto-
sidasewasusedasa model) againstproteolysis.Recently
establishedeADF4(C16) capsulesare therefore promis-
ing tunable aswell asprotective enzymereactioncontain-
ersfor technical and medical applications[71 ].

Conclusion

In the past bve years,the establishmentof engineered
recombinant spider silk proteins has led to a steadily
increasingnumber of putative applicationsof spider silk
materials (Figure 4).

The benebts of recombinantly produced spider silk
proteins include the high quality and homogeneity of the
raw material. Biotechnological production is further easily
scalableandprocessingaswell asfunctionalizationthrough
genetic engineering are controllable. By incorporation of
individual amino acids, functional peptide sequencesor
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.
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Biofabrication

In 1907, a protocol was first described for maintaining the viability of isolated tissue outside of an organ-
ism [1]. This technique, calledin 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-
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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
molding

Centrifuge casting

Dielectrophoresis

Magnetic-force
driven cell-motion

Micro-fluidics

Cell sheet

Biospraying

D bioprinting

. Suspension of cells in polymer solution [, 1]
. Addition of crosslinker or induction of crosslinking conditions
. Encapsulation of cells in crosslinked polymer solution, typically within a vessel
which results in a defined D shape
. Removal of construct from mold if necessary
. Suspension of cells in polymer solution [1]
. Addition of crosslinker or induction of crosslinking conditions
. Cell-polymer solution transferred to vessel with defined D shape
. Centrifugation during polymerization of construct
. Removal of construct from mold if necessary
. Suspension of cells in a viscous polymer solution [1]
. 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 [1]
. 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’ [, 1]
. 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 [1]
cultures are done in parallel
. Release of an undisrupted monolayer from the polymer’s surface upon external
stimulus (e.g. UV)
. Layering of monolayers to create D constructs
. Suspension of cells in polymer solution [, 1]
. Placement of polymer solution into a chamber with a nozzle
. Application of pressure resulting in a controlled spray of the material
. Generation of D image [-1]
. Dissection of image into D layers
. Translation of data to D printer
. Layer-by-layer printing until construct completion
. Post-processing if necessary
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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 nhamed 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 mer
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 prnt
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 10m [39]. Using cell-loaded bioinks limits
the nozzle diameter and leads to a decrease in resolution to dimensions in the range of 20fh. 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 m [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
1@ 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

Existing bioinks include natural (e.g. alginate, fibrin, collagen and 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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Bioink
Physicochemical Physiological
properties properties
Cytocompatibility
Printability Unlimited diffusion

!
!
Tailored biodegradability !
!
!

Cell-loaded 3D construct

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{-isopropylacrylamide)
grafted hyaluronan (HA-pNIPAAM) blended with methacrylated hyaluronan (HAMA) (to improve printability)
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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 [, ., .1
and differentiation

Fibrin Enzymatic Biodegradable; rapid gelation; easy Poor mechanical properties; fast disintegration [, =1
purification process

Collagen Thermal Biodegradable; biocompatible; availability; Limited sterilization techniques; batch-to-batch [, .1
versatile variations; poor mechanical properties

Gelatin Thermal Biodegradable; biocompatible; water soluble Unstable at body temperature [ -1

Gelatin methacrylamide Thermal/photo Mechanically stable; biodegradable; - [, 1]

Fibroin

Recombinant spider silk

Bioinks optimized for specific applications by blending

Alginate/gelatin/
hydroxyapatite

Gelatin methacrylamide/
hyaluronic acid

Gelatin methacrylamide/
gellan gum

Fibroin/gelatin

Fully synthetic bioinks
Poly(ethylene glycol)
dimethacrylate
p(HPMAm-lactate)-PEG
Glycosaminoglycan-
based
HA-pNIPAAM-HAMA

Self-assembly

Self-assembly

Thermal/ionic/
chemical/
Thermal/photo

lonic/thermal/
photo
Enzymatic/
thermal

Photo

Thermal/photo
Thermal

Thermal/photo

biocompatible; water soluble
Biocompatible; biodegradable; robust
mechanical properties
Biocompatible; biodegradable; robust
mechanical properties

Biocompatible; biodegradable; robust
mechanical properties

Mechanically stable; biodegradable;
biocompatible; water soluble
Mechanically stable; biodegradable;
biocompatible; water soluble
Biocompatible; biodegradable; robust
mechanical properties

Mechanically stable; cartilage applications

Biodegradable; mechanically stable
Chondrogenic

Cytocompatible; fast, reversible gelation;
structural fidelity

Lack of cell binding motifs or enzyme degradation
sites; does not degrade under physiological conditions
Lack of enzyme degradation sites; does not degrade
under physiological conditions

Low cytocompatibility

Low cytocompatibility
Low viscosity; slow gelation; poor printing properties

[1]

[1]
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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 -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 -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 diadematusfibroin 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 ofAraneus diadematusfibroin 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-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 @0 %)
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 -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 -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.

Acknowledgments: This work was supported by the Deutsche Forschungsgemeinschaft (SCHE 603/9-1)
and the European Union’s Seventh Framework Program (FP7/2007-2013) under grant agreement no. 309962
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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 (CAMVith 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 commurfitior 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 AMhydrogels for biomedical applicafibri$, TE?° and regener-
together with the precise control over whererefit ative medicirre.
components can be placed in a 3D model, renders AMThere has been intensive research with regard to injectable
particularly interesting for tissue engineering (TE), which airhgdrogel formulations based on the fact that the gelation
for the full restoration of damaged or degenerated tissues &ethavior of hydrogels can be adjusted so that a hydrogel
organs. Traditionally, the three main components of TE (celfgecursor solution can be prepared and injected into a mold or
prefabricated saids, and growth factors) are combined tocavity and subsequently gelate and form a hydrogel after
form a construct that can be either directly implanted dnjectior® *This can, for example, be achieved through shear
incubated in vitro for maturation prior to implantatiid. thinning properties leading to a viscosity decrease with increasing
techniques have predominantly been applied for the fabricatifigar stress accompanied by the injection through a’Cannula.
of scaolds for such TE approachésSeeding of cells onto However, for 3D printing of cell-containing hydrogels, the
such prefabricated sads usually results in a nonordered andPrerequisites are even more stringent than for injectable
random distribution of cells which does nettehe complex ~ hydrogels. For printing, the cell-loaded bioink formulation has
hierarchical organization of functional tissue. to b_e stable inthe reservowfo_rthe time of the_prmtmg proc_edure

However, recapitulating the hierarchical complexity of natitfgpically at least several minutes, depending on the size and
tissues in cell-loaded constructs is a highly attractive strategg@pplexity of the structure to be printed) with rheological
the creation of functional tissue equivalents. Therefore, cdlf@perties imposed by the fabrication process and with a
biomaterials, and bioactive compounds have to be procedd@giogeneous three-dimensional distribution of the cells. To
simultaneously, and AM technologies are regarded as a mefideve reasonable resolutions, the nozzle diameters are also
to achieve thisThis relatively young approach is termedSigni cantly lower in printing than for simple injection, and after
biofabrication and can bemied as the creation of biological Printing, the (re)gelation needs to be rapid enough to ensure
structures for TE, pharmacokinetic, or basic cell biology studif@pPe stability of the printed construct. Ideally, the resulting

(including disease models) by a computer-aided transfer procd&cture is self-supporting, and no postprocessing treatment is

for patterning and assembling living and nonliving materials wigeded for mechanical stabilization. The lack of geometrical

a prescribed 3D organizalfdiihis researcheld holds the ~ constraints and the need for rapid gelation to ensure shape
promise to overcome some of the most urgent challenges of TESITY iS the most sigoant and at the same time the most

such as the direct generation of large constructs including ves I_Iengmg Qergnce of |njectable; versus PF'”ta.‘b'e hydroge]s.
like structures for initial nutrient and oxygen supply of the S b'Ofab”.Ca“on. eventually aims at delivering human tissue
embedded cells models for biomedical research and eventually as a therapeutic

Biofabrication research has rapidly developed over the giegiment option, it is important to keep in mind that a general
Z,Hmty for clinical translation should be taken into account for
e

S
decade and has very recently been addressed by several exciﬁtﬂ velopment of a new bioink. Generally, the materials have to

. . e
review papers.* It places high demands on the AM proces . : o :
and the materials used for it, including so-tiaitiks, cell Ye sterile when entering the fabrication process, either through

) ; i - terile production or through conformity with a sterilization
loadable and printable formulations that solidify after printing f??{ethod. Moreover, the materials should ideally be endotoxin free

shape delity of the desired structure. The entire manufacturi%t de nitely cannot exceed the limits set by regulation, which

must produce daed structures using gell—compatlble Con'may be a more critical point for biopolymers than for synthetic
ditions such as bered aqueous solution and a narrow

¢ 1 d with limited hanical sh f systems. These few but important general considerations should
emperature range and with imited mechanical Shear 10rGRayefore always be taken into account for bioink development.
Also, the materials and chemistry used for printing have to

; T o . ; %ioprinting and biofabrication originated from the technol-
cytocompatible. This sigrantly limits the variety of applicable .. and application-oriented (bio)engineering community and
AM technologies and suitable materials, with hydrogels

) . L not evolve from chemistry or materials science. Hence, the
predetermined candidates for bioinks. Hydrogels are thregiy nas for long worked with established hydrogel systems

dimensionally cross-linked hydrophilic polymer networks thafajaple in quantities that are necessary for the processes. The
swell W'tShOUt dissolution up to 99% (w/w) water of their dryyast majority of bioprinting and biofabrication studies thus use
weights® These materials are particularly attractive fogginate- and gelatin-based bioink formulations. Although this
biomedical applications as they recapitulate several featurgg;8fallowed achieving some remarkable successes, it has recently
the natural environment of cells, the so-called extracellular ma§¥ome evident that the lack of a bigger variety of printable
(ECM),'*and allow for ecient and homogeneous cell seedinghydrogel systems is one major drawback that hampers progress
in a highly hydrated mechanically supportive 3D enwronmea{the completeeld?® %8

Depending on the type of cross-linking, hydrogels can be dividegience, the scope of this review paper is neither to simply
into two classes: (i) chemically cross-linked hydrogels (algapitulate and summarize established printing methods and
termed chemical hydrogels) and (ii) physically cross-linkegintable hydrogels nor to summarize the achievements obtained
hydrogels (also termed physical hydrogels). Chemical hydroggih the present biofabrication approaches toward the
are formed by covalent networks and cannot dissolve in wagenstruction of complex cellular arrangements or tissue-like
without breakage of covalent bonds. Physical hydrogels gteictures and their evaluation in vitro and in vivo. For this
however, formed by dynamic and reversible cross-linkingirfbrmation, we refer the reader to several excellent and most
synthetic or natural building blocks based on noncovalemicent review papets*?° ?*The main objective of this paper
interactions such as hydrophobic and electrostatic interactiornisoto complement this information with a material-focused but
hydrogen bridges. Hence, physical hydrogels exhibit promisittggral summary of the most important rheological aspects
properties for bioink development since they can rapidly retaglevant for printing together with an overview on the most
their shape after printing. Some recent reviews giveimportant printing techniques. Core part of the paper is an
comprehensive overview on the design and application iferdisciplinary overview of possibilities to create tailored
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(macro)molecular building blocks for printable hydrogels. Thisnstructs with dimensions in the centimeter range. Although
overview comprises existing strategies in related reddarch compared to that of 2PP the resolution is decreased, it still is as
such as supramolecular chemistry for self-assembly strategibigbas 80125 m>'In SLA the objects are produced in a layer-
biotechnological approaches for bioinspired building blocks. @yrlayer fashion. The most frequently applied setup is the
aim is to deliver a comprehensive set of information to be usedatom-up system where a laser scans anesdliditop layer
a toolbox for polymer chemists and material scientists wittofia reservoir. After one layer is created, a movable platform
basic set of fundamental design criteria for the rationlalwers the construct further into the resin, covering it with the
development of novel strategies toward bioinks. next material layer. Print speeds can be increased using digital
In this review, werst introduce the most common 3D light projectors, instead of scanning lasers, illuminating and
printing techniques for hydrogel printing, followed by theolidifying the whole layer at the same time. Another setup of
rheological demands on printable hydrogel systems with resi®icA is top-down systems where the construct is stepwise pulled
to the dierent techniques and the additional limitation ofout of the resin after irradiation of one pfaA@ew version of
cytocompatibility during printing. We then psammarize the  top-down SLA using digital light projectors that has recently
role of chemical cross-linking, so far mainly used for pre-craggracted attention is continuous liquid interface production
linking of the hydrogel building blocks before printing o(CLIP).3>* In contrast to other SLA systems, CLIP utilizes an
postxing of printed structures, but also introduce dynamigxygen-permeable window delivering oxygen to theegiass
chemical bonds as a new and promising option for printing. Wgerface. The oxygen inhibits the polymerization reaction,
then summarize the physical cross-linking possibilities potgfeating a persistent liquid interface, alloviingombination
tially exploitable for hydrogel printing, divided into suprayith precise process timingrint speeds to be further
molecular systems, functionalized polymers, and other strategi@@ased. CLIP enables the production of structures at hundreds
such as particulates. Finally, we outline the potential &f millimeters per hour and thus is much faster than traditional
biotechnological processes for the production of tailoreg| A techniques. Further research needs to be carried out to
biomolecules for bioink development and review the mogn rm if the high print speeds can be realized for biomedical

promising biotechnologically produced systems. applications. The main disatage of the light-induced
processes introduced in this section is the limited number of
2. FABRICATION SYSTEMS suitable resins. Especially when printing structures from cell-

Open source projects such as RepRap and Fab@home madeataining hydrogels, a special focus needs to be put on the
a ordable for private users and led to increased popularity of 8ftotoxicity of the photoinitiatr.
printing. The developed desktop printers are based on FDM andhs this short introduction shows, there is a large selection of
enable fabrication of 3D constructs from thermoplastic materit@brication systems available. The choice of the method mainly
in a layer-by-layer fashion with resolutions of abowt000 depends on the material that shall be processed and on the
m. A constantly growing number of users can experience #tiricture (size, architecture, resolution) that needs to be created.
benets of AM and appreciate the new freedom of designings we will discuss, each method has limitations, and none of the
printable objects. Other processes such as selective laser sintgpimgaches can be considered better than another one. For some
(SLS) allow production of very complex structures with higlpplications, also the combination efeint processes might be
resolution of 50300 m but are still mainly limited to industry benecial. Fabrication systems are also still developed further,
use-’ Both methods FDM and SLS can be used to process and new technologies do arise. However, as this review focuses
polymers. They generate heat to melt the material and createexploring material strategies that have been and/or can be
structures by controlled solkigition of the thermoplasts. Due to exploited for bioprinting and biofabrication, we focus here on the
the thermal conditions during printing, they do not allow fothree most important and best established technologies for
hydrogel processing, but there are a variety of technologies firaiting of hydrogels under cell-friendly conditions: laser-
enable structuring hydrogels into 3D constructs. induced forward transfer, inkjet printing, and robotic dispensing.
Two very interesting processes capable of fabricating complexse techniques will be described in detail and compared to
3D objects from hydrogels are two-photon polymerizatiogach other in the following sections.
(ZPE) anq stereollthography (SLA). They use light to mducEiL Laser-Induced Eorward Transfer
spatially limited polymerization and can be used to create well-
de ned structures. For both processes the construct is maiflje reviews of Chrisey ef‘aRingeisen et df.and Schiele et
generated by light-induced radical polymerization within 6 give excellent summaries of laser-induced forward transfer
monomer reservoir or light-induced cross-linking of a photf-IFT) techniques used for cell printing and also show examples
polymer. In 2PP a femtosecond laser is focused onto a spbstructures being produced with these methods. For biomedical
within this reservoir, releasing radicals from a photoinitiator @pplications, mostly moati LIFT techniques are applied.
its path. These radicals start a polymerization/cross-linkiGgnerally, all these systems have the same setup in common and
reaction leading to solictition of material along the laser track.are comprised of three main components.r§his a pulsed
Usually a drop of material, enclosed between two microscdpser, the second is a donor slide (ribbon) from which the
glass coverslips with spacers in the millimeter ramgg tee material is propelled, and the third is a receiving substrate. The
construct thickness, is used as the reservoir. Relating the resdpasir is focused onto a laser-absorbing layer, evaporating the
size to coverslips and taking into account that prints usually avaterial and thus generating a high gas pressure propelling
much smaller than the overall size of the slips gives an indicatitaterial toward the substrate. By controlled movement of the
of the producible sample size. Although the object size is limitddnor and/or substrate, it is possible to build up 2D and 3D
2PP oers the possibility to produce constructs with spatistructures from material drop?gté?For processing biological
resolutions as small as 100 nm and is thus especially interestiaterials, two dérent versions of modd LIFT are utilized:
for analyzing celtonstruct interactiofSSLA enables the size matrix-assisted pulsed laser evaporation direct writing (MAPLE-
limitations of 2PP prints to be easily overcome, generatibyV) and absorbindm-assisted laser-induced forward transfer
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Figure 1Laser-induced forward transfer (LIFT). (A) Schematic drawing of the process. Reprinted in part with permissiGoyorghe2013
John Wiley and Sons. (B) Close-up view of the jet generated by the incident laser pulse. Adapted with perdisSiopyfrigmtr2011 Springer.
(C) Cell pattern printed with LIFT. Reprinted in part with permission fregn@elfpyright 2010 Elsevier.

(AFA-LIFT). The main derence between those two techniquegsubthreshold regime), and if the laser pulse energy is too high,
can be found in the donor slide setup. In the most frequently usbe bubble will generate undirected submicrometer droplets
MAPLE-DW setups, the donor slide comprises tesweli (plume regime). For a given lasence, the material properties
layers a laser transparent support layer and a laser absorptioifi in uence the bubble expansion. The thickness of the
layer. If the printing material itself is not absorbing lightiological layer on the donor slide willémce the energy of the
e ciently, it needs to be mixed with a matrix that will adsorb ligjgtted material. The thicker the layer, the lower the amount of
and transfer the energy. In the case of cell printing, this makiretic energy that will be transferred to the jet. In addition, the
usually is a hydrogel, cell culture medium with addition efscoelastic properties of the material willeitte the
glycerol, or an extracellular matiix.contrast to that in AFA-  propagation of the gas pressure. Finally, also the surface tension
LIFT and its related versions such as biological laser printw{l determine material ejection.
(BioLP), the donor contains threeedént I'ayersa laser 55 Inkjet Printing
transparent support layer, a laser absorption layer, and a Igryer o o
with the deposition materiaigure A). The laser adsorption The process of inkjet printing is well-known from desktop
layer in general is a thin (about 100 nm) metal coating thapplications. Many private users have printed 2D graphical
absorbs the laser light, leading to evaporation of the coating. THigtouts and maybe everllegl cartilages unwittingly, gaining
evaporation leads to a high-pressure bubble expanding tov@ageeriences potentially useful for biofabrication. r¥he
the surface anchally to material deposition. Although not Printers used modid setups and especially have cleaned and
obligatory? the receiving substrate in mediLIFT processes reused cartilages originally produced for desktop appfitations.
for biomedical applications is mainly coated with a th#0(20 This straightforward approach in combination with the
m) hydrogel layer that prevents the deposited material froagcessibility of printers led to a profound understanding of the
drying and in the case of printing cells cushions the“mmpact. inkjet printing process for biomedical applications. In the
the following section, we compare AFA-LIFT and MAPLE-DVi@llowing section, we give a basic overview of #rendi
in regard to printing hydrogels for biomedical applicitions. Setups. For a more detailed discussion of inkjet printing, we refer
As discussed, the mairedénce between MAPLE-DW and the reader to a variety of excellent reviews dealing with the inkjet
AFA-LIFT is the ribbon. In MAPLE-DW the light-absorbingechnology and material properties for inkjet prifitfiig.
matrix is mixed with the biomedical material. The heating withinlnkjet printing can generally be operated in two modes. In
this layer and the irradiation with light might cause problengéntinuous inkjet (C1J) processes, the ongoing generation of
when printing sensitive materials, but as many researchers caifigs creates a jet. Usually these drops are individually charged
con rm, it did not seem to have a negatieeteon the cell  anddeected by a second pair of electrodes for printing. Droplets
viability"> *” AFA-LIFT and BioLP use an additional light- that are not needed for printing are collected in a gutter and can
absorption layer mainly from Au, Ti, or,{&*° This layer ~ be reused. ClJ is primarily used as a fast process for marking and
protects the underlying biological layer from radiation-inducedding of products. The second inkjet printing mode is drop-on-
damage, but upon its evaporation the printed material will dBemand (DOD) printing. Here drops are only generated when
contaminated. It could be shown that by using an energgeded for printing. DOD is the setup well-known from
conversion layer the reproducibility and resolution are enhaneedsumer inkjet printers used for 2D graphical printouts. The
(Figure € shows a 2D pattern printed with LIFT). working principle is based on an actuator generating triggered
Furthermore, this additional layer increases the selectionpofses, leading to the ejection of a@ematerial volume from a
possible printing materidls. reservoir. Ideally, on its way to the substrate, the ejected material
After having commented on theedences between the will transform into a single drop being collected on ampedde
setups, we now brigpoint out special demands on the materiaposition on the substrate. As showRigure A, there are
accompanied by the LIFT process. Using a laser as the drivimgjnly two possible driving forces for pulse generation applied
force, the resolution of the LIFT techniques is maingniced ~ for DOD printing. In thermal inkjet printers, a heater is used to
by the laser energy and laser pulse duration, but also the matexiaporate its surrounding ink, generating a vapor bubble that
properties and the thickness of the deposition material layer Veifids to ejection of material. Simply put, the droplet generation is
in uence the propelled material volume. The laser pulse wilggered by an electrical pulse leading to a temperature increase
evaporate material at the donor slide, leading to a vapor bublriethe heater accompanied by ink evaporation and material
This bubble needs to expand toward the surfaltgleadingto  ejection. Material is also expelled from the reservoir using
material ejection. As discussed by several’grotibgre isa  piezoelectric actuators. Here the applied voltage will generate a
distinct laseruence leading to material jetting (jetting regimegistortion of a piezoelectric crystal, leading to triggered ejection
sed-igure B). If the uence is too small, the bubble will collapseof material. In the next two sections, we discuss thts bede
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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 morexible to ﬁparameter adjustment
depending on the material charactefistics.

We now analyze inkjet printing from a material stdentist
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 & thn?? can be

) . - . . divided into three crucial steps: (1) ink ejection, (2) drop
B g e o, 1o Sformarion duringigh, (3) mpact and nteraction ofdrops afer
Wiley and Sons. (B) Example for propelled material after ejectionG@ll€ction on the substrate. The ink ejection and possible
di erent time points using a drop-on-demand printer. Adapted wiXpelling mechanisms have already been discussed. It has to be
permission from réfl. Copyright 2008 IOP Publishing. (C) Surface taken into account that typical nozzle sizes are in the range of
pro le of a linear pattern printed with inkjet-printed poly(lacticeacid- 20 30 m?>’ This limits the viscosity of ink used for biomedical
glycolic acid) (PLGA). (D, E) Girent patterns of PLGA printed witha applications to values that are typically below 20 InRPa s
piezoelectric inkjet. PanelsfCadapted with permission fronbref  addition to the viscosity, the ejection may bericed by the
Copyright 2010 Elsevier. wetting behavior and thus for a given nozzle by the surface
tension of the ink, as wetting of the nozzle may lead to spray
disadvantages of theedent inkjet printing methods described formation rather than jet formatiérSurface tension is also
above with a focus on hydrogel printing for biomedicalritical for the second step and is typically in the rang&0f 20
applications. mJ m?2 for graphical prints.In inkjet printing, each pressure

The main disadvantage of CIJ for laboratory-scale apdise should ideally generate an individual droplet, but the
biomedical applications is the high material throughpdispensed material is initially composed of a leading drop
accompanied by the continuous stream of drops. Comparecattcompanied by a tail that can break up into satellite drops (see
other printing methods used for these applications, moFégure B) during ight’" decreasing the resolution. Drop
material is needed, and concerns regarding sterility and poteitigthation in inkjet processes is complex and cannot be discussed
material property changes due to processing might arise whedetail in context of this work. Interested readers are referred to
the material is reused. In contrast, the DOD process uses matéh@ivork of Fromi,Reis et afand Jang et @Brie y, these
very e ciently and can also handle small batch sizes, makingvirks used a dimensionless numbaedes the ratio between
highly interesting for small-scale and nonindustrial applicatiohe Reynolds number and the square root of the Webber
In addition, the spatial resolution of DOD inkjet printers isiumber. They used this to determine printable materials for
higher than for C1J systeths. DOD inkjet printing. Further research investigating drop

In thermal inkjet printers, the temperature of the heatefbrmation with a focus on bioprinting was done by Xt et al.
resistor can reach about 306" Nevertheless, Xu efaand The third crucial step during inkjet printing is the impact and
other groups as reviewed by Boldhdwere able to print interaction of drops after collection on the substrate. Depending
viable cells using thermal DOD printers. It is believed that tiea the droplet velocity (typically in the range d05%n s*°%)
short duration of heating pulses in the range of sevelaid material properties, the drop will splash or keep its shape
microseconds only leads to a slight temperature increase (adfer impact (examples foredent patterns fabricated with
degreesg of the bulk material, not negativelgrining the cell  inkjet printing are shown fiigure 2C E)°° Typically, inks
viability?” Setti et al® could also print enzymes with negligiblespread on surfaces and increase their size, limiting the resolution
loss of activity using a thermal inkjet. As pointed out by Saundefsthe method to approximately 7@ for bioprinting
etal $?further research on thetrence of thermal damage while application§:As shown by Sirringhaus ét fr inkjet-printed
printing biomolecules needs to be undertaken to establishlymer transistors, substrate surface energy patterning can
thermal inkjet printing in theld of biomedicine. Due to this further increase the resolution. Also changing the surface charge
concern, most researchers working with inkjet printers foan increase the printing resolution as shown by Cobas et al.
biomedical application use piezoelectric DOD inkjet systemsltoese surface modations can be applied on 2D constructs
avoid ink property changes by heat exposure. Another importashien printing dots or lines. When printing lines or structures,
benet of piezoelectric actuators in contrast to thermal actuatallsop overlap is needed and interaction between the droplets

Figure 3.Robotic dispensing. (A) Schematic drawing of robotic dispensing showiagtihengichanisms of ejection. Reprinted in part with
permission from r&%. Copyright 2013 John Wiley and Sons. (B) Mayniew 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 moded LIFT inkjet robotic dispensing refs
material viscosity range 300 mP& 3.512 mPa&s D 6x 10 mPas 1%38, 64,76,
mechanical/structural integrity low low high 77
resolution 10100 m 75 m 100 m to mm range 31,71,83 84
working principle noncontact noncontact contact
nozzle size nozzle free P50 m 20 mto mm range 84 86
load volume >500 nL mL range mL range 31
cheapl/easily interchangeablges no (if using commercial printer yes

reservoirs cartridges)
fabrication time long long to medium short
preparation time medium to high low to medium low to medium 14
commercially available no yes yes 77
costs for printer high low medium 14
advantages accuracy ordable, versatile printing of large constructs3ih 77
cm range

disadvantages ribbon fabrication, not suitable for consinrzke clogging accuracy 3L77

in mm range

must be considered. The surface energy is crucial for thdésgposable and interchangeable needles, itis important to choose
interactions, and they need to be stable enough to keep théie right needle with respect to the given ink properties. In their
geometry previous to soliditior’” To generate uniform lines, latest review, Dababneh et gointed out that further
improving the nozzle design might be necessary @tdtloé
bioprinting. Combining the fundamentals of the work of Yan et
methods cannot be applied because droplets need to be colleat¢d who mathematically modeled the forces cells experience
on top of each other. Here interactions between the droplets @i@ing printing, with nozzle-design-dependent shear stress
even more important than for generating 2D structures wiihalysis during dispensing might help to improve cell survival.

the spacing between the drops has to be atfdptedcases
where inkjet printing is used for 3D printing, surfaceaatbain

4

droplet overlap, making creation of 3D structures highly In the next section, we compare thereint robotic dispensing
modes explained above and again focus on processing of

dependent on droplet solichition.
2.3. Robotic Dispensing

hydrogels for biomedical applications.

. ; Utilizing a concept known from thermopolymer extrusion
Especially during the past few years, a large number of gre ; . . '
reviews dealing with technologies applied in biofabrication hg\% W dr|venh§yr1stgms are the me'thlod Sf choice vr\:hen It combc?s to
been publishél?.lzl“’zazz76 78 Al of these reviews also discussP 0ceSSINg high-viscosity materials because they are able to

the process of robotic dispensing, displaying how promisin gperate high pressures for material dispensing. Tailoring the
compparatively new technpique isgfor ﬂp1é>(/)f gbiofabrFi)cation. ? screw_deS|gn_ helps to adjust_the processin regard to thefeed rate
This is mainly due to the fact that robotic dispensing allov@!d dispensing homogeneity. Having the most complicated

production of 3D objects with sizes and dimensions relevant {roP N addition to bemg able to generate the hlghest shear
biomedical applications in short processing times. In tsresses makes screw-driven systems the least applied approach

following section, we will give an introduction to tleeedit in biofaprication. From an engineering.point of view, pneumati-
setups Ffigure 2) used for biomedical applications termed@y _drlve_n systems hav_e the easiest setup. Nev_ertheless,
robotic dispensing. applymg_ high pressure typlgally make; them more smtabl_e for
Robotic dispensing is mainly used for printing 3D construdg§0c€ssing higher viscosity materials than piston-driven
from continuousaments. Material is loaded into a reservoir angystems: Being able to deal with a broad range of pressures
dispensed through a nozzle. By automated movement of thus with a broad range of material viscosities makes
nozzle relative to the build plate, constructs can be generatedfR@umatic dispensing the most versatile robotic dispensing
layer-by-layer fashion. The driving mechanism of dispensing®&§le. Using pressurized gas to apply a dispensing force at the
generally be either pneumatic or mechanical. In the md@me time implies its biggest disadvantage. The gas used for
frequent pneumatically driven setup, the valve triggering matedigpensing is compressible, which will result in a delay between
ejection sits between the inlet of the pressurized air and @ materialow start/stop signal and actual dispensing start/
material. Mechanically driven dispensing is mainly screw-S&W. This problem can be addressed either by applying a time
piston-based. Piston-based systems eject material triggeredelgy before reaching the printing position and a vacuum to stop
controlling the linear displacement of a plunger. The displagspensing or by using a valve sitting just in front of tte ori
ment of the piston can directly be related to the dispensé&iston-driven systems have the most direct control over
volume. In screw-driven systems, rotation of the screw transpéigpensing. As described above, the linear piston displacement
the material to the nozzle and is thus responsible for dispensilitgctly leads to material ejection. Because most printers use
The material feed can be controlled not only by the screglisposable syringes made from plastics, the maximum dispensing
rotation speed but also by the screw desiggh.robotic pressure is limited by the stability of the piston and the quality of
dispensing systems have in common that material is dispertbedsealing between the piston and barrel. Taking into account
through ane nozzle determining the resolution of the prGcess.that at the laboratory scale dealing with small batch sizes might be
As known from industrial dispensing applications, the desigmetessary, piston and pneumatic systems using disposable barrels
the nozzle has a bigeet on the dispensing homogeneity. that can be emptied nearly entirely will be preferential to screw-
Because most printer setups for biomedical application uk&en systems where material will remain in the system.
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Just as the other fabrication techniques, robotic dispensing sdéefiniques have been developed for tissue engineering
puts spect demands on material properties. In contrast tapplication® they still have the lowest material throughput of
inkjet printing where single droplets are required in robotall discussed techniques. Robotic dispensing allows fabrication of
dispensing, collection of a continuous strand is ¢rigeisgt (B constructs on the millimeter scale in a reasonable time, but
The material properties need to be designed in a way that avaldpending on the nozzle déder can easily generate
strut breakuf® Schuurman et @l.could inuence drop  throughputs in the range of milliliters per minute. From an
formation of low-viscous gelatin methacrylamide solutions &gonomical point of view, wet compare the processes with
introducing high molecular weight hyaluronic acid. Using 20®gard to fabrication and preparation time. Of course, fabrication
(w/v) gelatin methacrylamide solutions resulted in dropime goes along with resolution. If high resolution is not needed
formation at the needle tip. Adding 2.4% (w/v) hyaluroni@nd big constructs such as clinically relevant implants are to be
acid changed the viscoelastic properties of the ink, and straiaisicated, robotic dispensing is the method of choice. In robotic
could be generated, highly improving the prirdiglgy. As  dispensing and inkjet printing, the preparation times are low, and
mentioned by LewiSprinting functional 3D structures using preparation mainly consistsllaig a reservoir that can be as big
robotic dispensing places high demands on the inks. Ideally,ageeveral milliliters. In medi LIFT techniques, a thim of
inks should even self-support when spanning features need togéerial needs to be applied to the ribbon, and when the material
printed. When it comes to building a 3D construct layer-by-layrused (one ribbon usually contains several hundred nanoliter
the interaction of the substrate andrtdayer is crucial and the volumes of material), a new ribbon needs to be prepared,
wetting behavior needs to be adjusted. This can be doneibgreasing the preparation time. Fromeaetit point of view,
choosing the right material combination or the right inkising ribbons can also be bera. On one hand, the

compositiof? or by surface modiation as mentioned in Preparation is time-consuming, but on the other hand, the
sectior?.2 material cost for the ribboit 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
Now that the dierent fabrication systems for biomedicalindustrial or medical supply companies. Although the trend is
applications have been described, we compare those technighasging more and more specialized systems are available
with regard to hydrogel processiagle Ishows a comparison most researchers use medli desktop inkjet printers for
of the main dierences and features of the printing methods. Fdsiomedical applications. Usingth®-shelf printers is accom-
more detailed information, the reader is referred to a varietypainied by high costs for new printheads compared to those of the
reviews?"*+""These reviews will als@pa good overview of other techniques. Even if cartridges are reused, the preparation is
the applications and give an excellent insight into the state-oftihee-consuming. Of course, the kewé using moded
artresearch and latest developments ielthef biofabrication.  printers also needs to be taken into account. They are cheap
Some further excellent reviews focus on material systemsafiod available and can easilyXe&. In robotic dispensing,
biofabrication and connect bioink to the fabrication techniqussientists also started to use nmeddlow-cost open source
and applicatioi$?®** printers. Nevertheless, there are commercially available systems
In the following paragraph, the fabrication processes will thet are adapted to the special needs of material dispensing for
investigated and compared from threeradit aspects: (i) biomedical applications, and most researchers prefer this more
material and structural, (ii) processing, and (iii) economica&xpensive alternative. Contrary to the other methods for
From a material and structural point of view, robotic dispensinwpdi ed LIFT techniques, there are no commercially available
is the most versatile process. It enables generation of constrpuititing systems availabte date. The high resolution of the
from a wide range of material viscosities displalyaioénl process further necessitates using expensive high-precision
Robotic dispensing mainly uses interchangeable needles andabustors.
allows the nozzle diameter to be easily adjusted to the dispensed
materias viscosity. In contrast to the other processes, it deposits RHEOLOGICAL CONSIDERATIONS
a materiallament instead of a single droplet and thus increasgser having discussed theetént fabrication systems and the
the structural integrity. For many applications, the moglemands put on the inks by these techniques in the last section,
important processing aspect is the resolution.edddFT  we now take a closer look at rheological aspects important for
processes er the highest resolution followed by inkjet printing designing printable hydrogels for nozzle-based dispensing. This
The process with the lowest resolution is robotic dispensingction can only introduce the topic generally, since the variety of
Inkjet printing and LIFT as noncontact techniques allowi erent hydrogelinks and their molecular properties (molecular
deposition of material with jetting distances of abBuhth.  architecture, molecular interaction, ink formulation, ion strength,
The benet of noncontact deposition is that it allows printingcolloidal components, reactive processes, etc.) have a strong
onto surfaces that do not need to be smooth. Ovsianikov et &l.uence on the respective individual behaviors. However, the
for example, used BioLP to print cells into a 3ldca information given in this section is intended as a basis and
fabricated with two-photon polymeriz&fi¢tfrom a material starting point for bioink design and development.
research point of view, the amount of material needed for thé=rom a rheological point of view, printing using nozzle-based
process and material throughput are imporéspeecially when  systems can be considered as matsvitiirough a contraction
materials are synthesized on the laboratory scale. The metfotlswed by tubeow. After the material is ejected and deposited
where the least material is needed are LIFT-based processet® the collector, it needs to undergo a fast phase transition
Here, usually very small material amounts in the range of sevebéijatory to preserve the shape and thus enabling fabrication of
hundred nanoliters are processed. The disadvantage tB@tstructures. As highlighted inlttienductionthe rate of this
accompanies this small material demand is of course that thiscess is crucial for printing and is one of the biggesindes
process only allows the building up of small-scale cotistructs demands between injectable and printable hydrogel systems.
Even though high-throughput versions of madiLIFT After discussing some fundamentals of liquid dynamics in the

2.4. Comparison of the Fabrication Methods
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next sections, we will subsequently increase the complexity ofthie there is a very distinct aetience: thixotropy is time-
regarded models, approaching toward printable inks highlightiegpendent, whereas shear thinning is not. This becomes obvious
with examples of applied ink systems. For further review amen the viscosity is plotted against time for a constant shear
liquid dynamics and polymer rheology, we refer the reader taate. For shear thinningjids, the viscosity will be constant, but

by far not complete, list of excellent literature dealing with tHfisr thixotropic materials, it will decrease with time. A detailed
topic®® 23 discussion of thixotropy and also the hysteresis that can be
3.1. Rheology of Non-Newtonian Liquids examined by measuring material properties during increasing and

Liquids can generally be divided into two categories: Nemon%‘ﬁcreasmg shear rates is not within the scope of this paper and is
and non-Newtonian. For Newtoniarids, the viscosity is described elsewh&?eX” In terms of printing, the time-
independent of the shear rate, whereas, for non-Newtonf2gpendent viscosity th|xotrop|c matenals dep!ct is important
liquids, the viscosity tensor exhibits a shear-rate-depen must be considered as it might lead to inhomogeneous

behavior Figure J. This dependence can be used to separaté'SPensing. _ _ _ _
Shear thickening (s€&gure ¥ 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-Newtonianids, it is important to take

into account ow phenomena known from other technical
applications such as injection molding as summarizetbrie
Larson et af* and Irgen$? and detailed in the papers of
Barne$' and Shenoy. In accordance with the rheological
discussion above, especially the phenomenon of extrudate
swell also known as the Barusa is of interest. The
practical observation accompanied by this phenomenon is the
increase of the jet diameter after material exits teeafrihe

tube it wasowing through. This observation is mainly limited to
elastic materials such as polymer softdtiortscan in simple
non-Newtonian liquids mainly into the following types: shederms be explained as follows: Flowing through the tube, the
thinning, shear thickening, thixotropic, and rheopectic. material is compressed by the givenneament, and the
complete list with example systems developing ¢énenti ~ polymer chains are stretched. After the material is ejected, it will
properties can be found elsewteke shown iftigure 4shear  expand due to the elasticity of the chains and their partial
thinning materials show a decrease of viscosity with increaseigxation, so that the diameter of the jet will increase. Extrudate
shear rates. Despite very low molecular weight materials, nswgtll especially needs to be taken into account for high-
polymer solutions show this behavior. Polymeric liquids furthesolution printing using robotic dispensing. Usually, by
usually depict a linear plateau at low shear rates called zero shdjasting the process parametarainly the deposition
viscosity (also low shear viscositysirNewtonian plateau). speed it is possible to compensate theceat least to some

This linear plateau is, in the literature, often set on a level wightent.

yield stress, but there is aedeénce between those two  As mentioned above, a very important property for printable
phenomena that can, for example, be observed at low sheahyBifogels and thus a crucial parameter to take into account
de nition, yield stress materials will mot  also taking into  during ink development is the recovery rate of transition to the
account the very long time scalestil a critical stress, the so- solid state after printing. To achieve shigity, the material
called yield stress, is exceeded. In contrast to that, the majoritygt undergo a rapid structural change and keep its shape after
the systems discussed in this revievowileven at observable  dispensing. The faster the materialegetifter ejection the
shorter time scalesnder shears beneath the shear stresgigher the resolution of the resulting structure. In the case of
plateau. This led to an ongdfrdebate about the yield stress recovering materials, the interactions between the molecules will
concept” ° For practical applications this discussion seems &rongly inuence the transition and the time it takes after

be somewhat excessive and most researchers stick to si%s. Although the aspect of saiidion is important for
concept” Nevertheless, it is important to be aware of thenjectable materials todor that reason we will take this class of

di erence as this may, under certain circumstances, havgy@fierials into account in the following sectithesconditions
impact on printing. Although not displayesligure 4non- are much more stringent for printable systems, as the nozzle

Newtonian polymeric liquids usually evolve a second platefimeters used for printing are smaller and the time acceptable
called high-shear viscosity or second Newtonian$I&teee:. for gelation is shorter.

in most cases, this plateau is only slightly higher than the solver{,;mmarizing this discussion, from a rheological point of view,

viscosity, the second Newtonian plateau is not relevant fo{ ijeal ink for hydrogel printing combines the following

printing processes. characteristics:
Another interesting phenomenon observed for non-New-

tonian uids is thixotropy. Especially when analyzing only limited * Physical gel formation before printing with a shear
shear rate ranges, viscosity against shear rate plots of thixotropic thinning but not thixotropic behavior down to a viscosity
materials are often similar to those of shear thinning materials, that allows printing with the selected technology.

Figure 4Viscosity against shear rate for Newtonian amerdinon-
Newtonian uids.
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« Rapid regelation after printing for shaledity at high character of the interactions. Depending on the interaction
resolution. properties, this can lead to a macroscopic shear response
- No or little pronounced extrudate swell. comparable to ast Newtonian pIateap or even m_duce yield
) ) ) _.stress. A further increase in shearing results in permanent
If cells are par_toftheformulatlon,thewscoglty.bef.ore printi integration of the aggregates and nonrestored arbitrary
must allow mixing and homogeneous 3D distribution of Cel%rticle distribution after shearing. The shear-induced velocity
throughout the printing process withoettng the viability.  gradient leads to an orientation of the particles that enables them
Cell sedimentation that might lead to nozzle clogging and/gs move over each other more freely. This in turn leads to shear
uncontrolled inhomogeneous cell distribution through thﬁwinning or in the case of attractive interactions also to
printed construct must be avoided. .AIS(l)(,)Sshear forces Canﬂﬁ&otrop)}.(’s Generally, such systems will depict a second
exceed limits tolerabfor cell survival®* Hence, cell  Newtonian plateau if all particles show the orientation and, by
aggregation during the time frame of printing is usually ngisyption of those layer orientations, show shear thickening with
benecial as it &cts the shear-rate sensitivity. further increasing shear rates. If shearing stops, the particles will

In practice, a combination of these parameters is hard ig, i 1 a rest structuteOf course, these descriptions are very
achieve. Especially the regelation rate after printing remaing&,ria| and there are theoretical models that represent the
challenge. Hence, printed hydrogel structures usually have t Rﬁ)erties of the suspension more adeqdit®i

stabilized if real 3D structures are to be obtained. One strate UShermore scientidescriptions of colloidal suspensions are

to double print with a Thermoplast, resulting in a 3Dj g4 giscussed in specialized litet4i7In the next section,

interdigi;ating structure of hydrogel %nd Thermoplast, thyg, give an example of how colloidal systems can be exploited for
mechanically reinforcing the constfitt> Most commonly,

; o o ink development.
the printed hydrogels are stabilized by postfabrication treatmeénhg yescrined, particle interactions are crucial for the properties
increasing the cross-linking density of the network, for example, '

by incubation i luti h . hvsical hemi suspensions and thus need to be considered when designing
y Incubation in a solution that contains physical or chemicay)qiqa) inks as shown by the Lewis laboratory. Jennifer Lewis
cross-linker molecules, or by UV illumination if hydrog

; 4 . nd co-workers transferred knowledge from ceramics science to
components are equ_ped \.N'th photopolymenzable grou velop concentrated colloidal gel-based inks for direct-writing
These strategies are in principle undesired necessities Bf)licationglz Over the past few years, they have generated
suboptimal inks and will byebe summarized and discussedinspiring Wo'rp(ls 115 continuously impré)ving their inks by
In sectior. analyzing and controlling interparticle forces. Here, we use one of
3.3. Underlying Molecular Concepts: Colloidal Solutions their earlier system&s it comprises a model system containing

In the following sections, we introduce some basic particular @h@nodisperse silica microspheres that displays their meticulous
molecular concepts that comply with the terminology and ttsgientic work on developing printable colloidal inks. Coating
ideas gained from discussing non-Newtariis One of the  the colloids with pol H(%emwene imine), they exploited the
simplest models able to depict non-Newtonidbehaviorisa  concept of electrostefit interparticle forces to tailor the
so-called hard-sphere system. This can be considered aésepelastic properties of the system. Electrostatic interactions
monodisperse suspension of spherical particles in a Newtolig@fween negatively charged silica particles and positively charged
uid not experiencing interparticle and padiigled inter- poly(ethylene imine) induced strong ionic interactions between
actions. Although there are only a few real model systethe two species. In addition, changing the pH of the solution,
showing all necessary propelr‘iFégf there is some general they were able to vary theotential of the coated particles and
knowledge one can gain from that model, such as the fact tfgatnd the point of zero charge to be at a pH of about 10. At this
non-Newtonian characteristics will only be developed whphl, the absence of electrostatic repulsion between the colloids
concentrations are high enough. led to a system strongbcculated by van der Waals forces and
When interparticle interactions are additionally taken intdus to a uid-to-gel transition. Finally, they added cellulose as a
account, these interactions are manifold and will strongljickening agent to increase the ink viscosity and reduce the
in uence the rheological properties of the particulate systenggculation kinetics, even enabling fabrication of unsupported
inducing suspensions to be able to depict all known nospanning structures that are considered to be the noodt di
Newtonian behavitt’ The general character of interparticle structures to print using robotic dispensing systems.
interactions can be distinguished using the concept of interactioln describing ceramic colloid systems to a nonexpert, it might
potential enerdy®which helps to describe the resulting forcesseem strange that there are only a few real systems displaying the
and relevant length scales. Roughly, these interactions caproperties of the hard-sphere model. However, due to surface
separated into electrostatic, steric, electrosteric, and structgterges, even uncoated rigid ceramic particles will depict an
Mentioning the relevant length scales of these interactioingeraction potential energy longing for a dassi as soft-
underlines why the properties of suspensions will ksphere systerff§Taking into account that spheres can also be
concentration-dependent. At low solid loadings, the particidgformable will be the next step approaching toward the
will not alter the linearity of the Newtoniaid because the description of polymeric systems. As outlined before, low
distances between particles are much bigger than the lengghcentrations of hard spheres in a solution will not change the
scales of the interactions. Increasing the loading, interactionsN@llvtonian character of the liquid they are suspended in.
more likely appear. If interparticle interactions dominate ovdevertheless, they will increase the viscosity by deviating the
Brownian motions, so-called rest structures caft forthe uid ow lines’By shear-induced shape adaptation, deformable
case of repulsive interactions, this will result in pseudolattigrticles will lead to less deviation and thus to a less pronounced
structures, whereas, in the case of attractive interactions, vilseosity increase considering SWe&or higher concen-
particles will aggregate. When shear is applied to those systeations, this will further result in more pronounced shear
and is slowly increased, these structuresstwllithstand the  thinning. This eect contributes to the extraordinary properties
generated forces and then will be rearranged due to the reversiblBood:*’Under shear, red blood cells will defdfemabling
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blood to ow even through the tiniest capillaries in the humareader to excellent reviews dealing with this®topiand

body. For synthetic systems, the particle elasticity also haatinue our argumentation describing general faaterccin

major impact on the rheological properties as reviewed img the properties of semidilute and concentrated polymer
Vlassopoulos et'afThey pointed out that colloid elasticity has solutions.

an impact not only omw-induced material response butalsoon Aside from entanglements and the movement of polymer
the zero shear viscosity of colloidal suspensions and that ¢heins within semidilute/concentrated solutions, intermolecular
decrease of zero shear viscosity with increasing partiokeractions have to be taken into account. In general, an increase
deformability is generally more pronounced at higher volura&concentration will increase the amount of interactions, and
fractions. The models they considered for their review contairibus, polymer concentrations in solutions will haveuance
polymer coils and star polymers evolving the lowest elasticitypofthe rheological properties. As showgime 5a general

the discussed systems. Singh 8¢ pérformed computer
simulations of ultrasoft colloids under linear shweashowing
that star golymers 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 theow direction. Huber et ‘af could
visualize the tumbling dynamics of saihie polymers under
shear conditions by imagingorescently labeled actin
molecules.

3.4. Underlying Molecular Concepts: Polymer Solutions

Polymer solutions are commonly used as model systems for soft

colloids which lead to theld 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 Ca”ed d||ute As already discussqﬂd@@ 5_Viscosity agains’[ shear rate for h|gh and low p0|ymer
hard and deformable spheres, at very low concentrations, ¢bgcentrations)(of a homopolymer solution in a good solvent.
solvent properties will not be altered signtly. Increasing the
concentration results in coil overlap and leads to semidilute ) . ] ) . .
solutions. Although the solvent will occupy most of the volun@servation dealing with polymer solutions is that with

the coils will overlap and have a considerable impact on #Rgreasing concentration the zero shear viscosity is raised and
rheological properties. Being able to overlap clearly distinguigh@sonset of shear thinning is shifted toward lower values.
polymeric systems from the suspensions discussed beféf@h increasing load volume, the viscoelastic properties will be
Raising the solid loading further will lead to concentratéfore pronounced and lead to a biggeretice betweenmst

solutions dominated by coil interacfidfsintable hydrogels and second Newtonian plateau vatesother aspect is the

will usually depict concentrations in either the semidilute 8 uence of the molecular weight distribution on the rheological
concentrated regime, and thus, for the following discussions, figperties of polymeric liquids. Generally, it can be obServed
these systems will be considered. Even early models descrithififfy increased polydispersityuémces the transition from
semidilute systems, not taking into account interactions otfé@Wtonian to non-Newtonian behavior. Solutions with a
than topological, had to deal with coil overlap and with thgroader molecular weight distribution will evolve non-New-
concept of entanglemetftsalthough used in one context, itis tonian properties at lower shear rates, but shear thinning will not
important to mention that overlap and entanglement should nBg &S pronounced, and the decrease of viscosity against shear rate

be put on one level. Semidilute and concentrated solutions ¥k P& broadened. _ . .
de ned by coil overlap but do not need to be entafigreat. Recently, researchers have exploited this concept for designing

the chains to entangle, they will need to be longeaiide printable materials. Although using materials with a broader
enough. Experimental results could show that there is a critf@@l€cular weight distribution was not the only aspesmamng
molecular weight for the formation of entanglements th&#€ rheological behavior of the inks, they could tunewhe
depends on theexibility of the polymer backb8hg?  Properties of their systems either by mixing batchesrendi
Entanglement can, however, only occur in semidilute Bolecular weight distributions of 'de”t_'ca'_m?}@?a"r;’gg
concentrated solutions. If chains are separated from each offf2 1bining tWOI typeﬁ of mre]iterlals dW'tbr.é';t dlstr|b|L|1t|o '

they will not be able to interact. To some extent, theisgs ese examples show that modern inks usualiffoanea

are connected to each other. The longer the chains, the big2!°gical point of vievcomplex systems. The complexity is
their interaction potential and the higher the number o ainly introduced by interactions between the molecules and by

entanglements at the same concentration. Connecting (,ﬁ&leculellqwd interactions. Due to the huge number of

entanglement density to rheological properties, the concepf ra_lctions_, a closer rheological discussion is outside th_e scope
entanglements drastically changed the soigmtérstanding of o th|_s review. We rather mte_nded to present and discuss
polymers. Accompanied by the model of reptation, researchufdP!i €d basic views of rheological concepts aiming for a more
were able to relate macroscopic polymer properties to tggnerahzed understanding Of. the p053|ble system variations
microscopic behavior of single molecules. Due to that, tAeOWINg contr_ol O_f the rheologlt_:al propertlgs.

concept of entanglements is an excellent example of hdw- Characterization of Rheological Properties

theoretical models can enrich and evolve general understandhitpough it is not the main focus of this paper, wey brie

As we will not focus on models here, we refer the interestedroduce some general aspects of rheological hydrogel analysis
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before moving on to the next sections. Rheological characteaction should not continue in the stop phase. Throughout the
ization is often underestimated in terms of hydrogel design fointing procedure, no or only very limited cross-linking should
biomedical applicatioris?’ The spectrum of rheological occur for the formulation remaining printable and also not
characterization methods for hydrogels is nearly as manifoldigai cantly changing its behavior over time during printing,
the gels themselves, which sometimes makes comparahilttich would lead to structural inhomogeneity in the printed
di cult, which contributes to delaying general systematbject. During or immediately after printing, the cross-linking
progress, especially for ink development. An excellent baiould occur rapidly to ensure shdelity. These two demands
describing rheological concepts and explainin% d¢nendi  are best met by two-component systems that rapidly react upon
characterization methods was provided by Malkif*&oala mixing. Such approaches have already been followed more than
short overview focusing on hydrogel rheology, the interested years ago in work by INaupt et al., who used isophorone
reader is also referred to less detailed r&vigis. diisocyanate for the cross-linking of poly(ethylene glycol) (PEG)
As described, non-Newtoniaids have shear-rate-depend-and glycerin durin? 3D plotting, an approach which they termed
ent properties. Furthermore, their characteristics will beeactive plottirid>*However, they did not plot a hydrogel but
dependent on the kinetics and the magnitude of deformatiafid create a water-swellable 3D hydrogel construct, and the
This needs to be considered when choosing the test parameigiiémistry used is not cytocompatible and wouldedg not
They should be adapted to the processing and applicatigiow printing in the presence of cells.
conditions as closely as possible. In terms of biofabrication, Wwgonetheless, various in situ gelations via chemical cross-
can roughly divide the measurement conditions into those thiglking methods such as polymerization, classical organic
are adjusted for the fabrication step or, postfabrication, for fe@ctions (e.g., Michael addition, click reactions), redox
demands of the application. Due to the cellular componefactions, and enzyme-driven reactions were used for the
usually present in TE applications, postfabrication characigsneration of injectable hydrog&s?* and numerous
ization is mainly limited to analysis of the linear viscoelasgigtocompatible cross-linking reactions for hydrogels are known
properties of the printed hydrogels in the zero shear viscositd have been used for encapsulation of cells within hydro-
region under static or dynamic conditions. In contrasgels-*>Moreover, a number of hydrogels have been developed
fabrication conditions in the case of nozzle-based systems maialy chemically cross-link via peptide sequences which are
long for characterizations of the shear thinning region and tgostrates for matrix-remodeling enzymes (so-called matrix
recovery of the hydrogel after printing. Rheological measuggatalloproteases, or MMP¥)so that chemical cross-linking
ments with alternating shear rates are a helpful tool to analyzedhg pe combined with tailored smediodegradability.
important recovery rate of printable materials. Eventually, thgwever, a most critical challenge for printing cells containing
correct set of characterization method and conditions has todfalently cross-linked two-component hydrogels remains the
selected for each ink system taking into account the envisioRgding step, as cells are sensitive toward shear rates, but on the

application. Independent of the fabrication method angiher side, homogeneous mixing of the formulation has to be
application, we nonetheless highlight the importance of rheolgs red in a short time.

and underline that taking into account rheological considerations
from the beginning is crucial for a rational and successfut-
development of a printable hydrogel formulation. In accordance to the discussion above, the main application of
This section has underlined how crucial the rheologicahemical cross-linking for hydrogel printing is postfabrication
properties of an ink are for successful printability. Befoseabilization of the printed constructs. Therefore, the hydrogel
presenting the dirent strategies to induce intermolecularprecursors are endowed with chemically reactive groups, mostly
interaction and to design molecular components for printalotopolymerizable groups such as acrylates, and the printed
hydrogels which will be discussed in seciamsl 6, the construct is illuminated by UV light immediately after plotting.
following section will focus on the limitation of using chemicg@xamples for this approach are numerous, and the most common
cross-linking for 3D printing and its potential and common uggecursors used are poly(ethylene glycol) methacrylate,

Post- and Prefabrication Cross-Linking

for postfabrication stabilization of constructs. poly(ethylene glycol) diacrylatg,polydiacetylene/poly-
(ethylene glycol) acrylafé, poly(2-hydroxyethyl methacry-
4. CHEMICAL CROSS-LINKING late)/2-hydroxyethyl methacryfdfe succinimidyl valerate

As already introduced in secfiphydrogels can be clasdi  (SVA) poly(ethylene glycol)/gelatin/gelatin methacrykate/
according to the mechanism of their formation in chemical ahginogen/poly(ethylene glycol) amine/atelocolid§agalur-
physical hydrogels. Physical hydrogels rely on noncovalenic acid/hydroxyethyl methacrylate-derivatized déxtran,
interactions between their building blocks for networgelatin methacrylaf&** poly(ethylene glycol) diacrylate/
formation. This makes the gels dynamic and endows th@iginate;“and GRGDS (Gly-Arg-Gly-Asp-Ser) acrylate/matrix
with self-healing properttéShowever, this is often accom- metalloproteinase-sensitive peptide acrylate/poly(ethylene gly-
panied by low mechanical strength and stability, which del) methacrylate/gelatin methacryfate.

undesired in 3D printing for theal printed construct. Chemical ~ Hyaluronic acid methacrylate/gelatin methattylatas
hydrogels in contrast are formed through chemical reactions ahémically cross-linked before and after printing to tune the
the formation of covalent bonds that constitute the networformulation properties for the printing process and stabilize the
Hence, these networks are less dynamic but stable until forcepenged structure afterward. Combination of photoinitiated and
big enough to irreversibly break the covalent bonds. Sufiermal cross-linking after printing was also used to adjust the
properties are ideal for generation of mechanically stapkperties of gelatin methacrylamide/hyaluroni€® daid,
constructs. However, for the application of covalent crosssl,**” and polyl-(2-hydroxypropyl)methacrylamide lac-
linking during 3D printing of hydrogels, an ongoing chemictdte) poly(ethylene glycdlj®Finally, in some studies chemical
reaction imposes a number of demands. A general challengeass-linking was solely performed prior to printing, for example,
noncontinuous printing with stamw phases, since the chemicalapplying photopolymerization for poly(ethylene glycol) dia-
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Figure 6 Basic physical molecular interactions exploitable for physical gel formation.

crylate?® gelatin methacryldf&, or Michael-type addition formation for supramolecular hydrogels based on boronic acid-
between thiolated hyaluronic acid/thiolated gelatin/four-armedodi ed alginate and poly(vinyl alcohol) under basic conditions.
poly(ethylene glycol) acrylate. Step strain measurements show shear thinning behavior, e.g., at
Also combinations of drent intermolecular interactions low strairG  1*Pa/G 500 Pa, and at high str@in 400
(ionic interaction and thermoswitchable hydrophobic inteRPa/G 600 Pa with recovery properties. This combination of
action plus photochemical cross-linking) have been exploitedriarersible chemical cross-linking with shear thinning and self-
optimizing the formulation properties for pbigbpropylacry-  healing properties is very promising for printing applications.
lamide)N,N -methylenebis§acrylamide)/poly(ethylene glycol)Furthermore, disule cross-linked hydrogels have been
dimethacrylate before printifgThe same strategy to combine prepared from thiolated star-shaped PEG molecules and linear
di erent interaction types was also exploited with chemigzdlygylcidols. Disule formation and thus gelation could be
reaction as thexation step of the structure after printing.achieved and controlled under mild and cytocompatible
Examples comprise gelatiha gelatin/hyaluronic acid conditions either by using alloxan as the tystby
mixture®* a formulation containing gelatin, alginate, an@xploiting horseradish peroxidase without the need to add
brinoger}?5156 a mixture of gelatin and chitosdna hydrogen peroxi&é‘?The dynamic equilibrium between thiols
brinogen/collagen formulatiofia collagen/agarose/chitosan and disuldes presents another attractive example of dynamic
systerg,59 and a gelatin methacrylamide/gellan/alginate forcovalent bonds with potential application for printable hydrogel
mulation'®° Finally, systems containing alginate acrylamid&ystems.
N,N -methylenebis(acrylam)jtethylene glycol and €a
ions®* as well as alginate/poly(ethylene glycol) diacrylate?- MOLECULAR PHYSICAL GELS
laponite and Chions ®*were ionically tuned for printability We now focus on physically cross-linked hydrogels. As
before and structurally stabilized through irradiation after thigghlighted in sectidh such gels inherently possess biahe
printing process. properties for the printing procedure due to the dynamic and
4.2. Application of Dynamic Covalent Bonds for Printing reversible nature of their cross-links. Some of the established

. . , printable systems, most prominently alginate, belong to this
Some chemical bonds exhibit dynamic character after they haygn and these will be included in this review for completion.

been formed, meaning that they are stable under sOP@wever, our main focus here is to summarize fundamental
conditions but labile under others, or that they are in a constgfinciples for molecular assembly that have been developed in
equilibrium between two states. Examples of dynamic chemig#mer chemistry and especially supramolecular chemistry, a
bonds from nature are the switching of dissilor thioester  yery diverseeld introduced by Jean-Marie L'éhand outline
exchanges in biosynthetic processes. For a detailed gy possible exploitation for the development of 3D printable
comprehensive presentation and discussion of such reverg{Pifogels. These strategies all rely on a small number of basic and
and dynamic chemical bonds, we refer to excellent reviews@¥)-known interaction mechanisms such as hydrogen bonds,
that topic.®¥*“Chemical cross-linking toward networks that argomplex formation or coordination bonds, stacking, and
covalently built up by such dynamic bonds is possible prior to fh¢drophobic and ionic interactioRgy(re § These mecha-
printing procedure and would allow, under the conditiongisms found widespread applicationénetit elds of research
necessary for the respective bond, reversibility of the cross-linkedl before entering a detailed discussion about promising
network during and after the printing, similar to the healingxamples for 3D printing, we give an overview on recent review
phenomenon in physically cross-linked systems. One exanmalgers and brig summarize their contents.

that has recently been exploited for hydrogel printing is theSupramolecular polymer networks are a new class of materials
dynamic chemistry of imifi&dmine chemistry has been used which basically can be categorized into two kinds of macro-
for preparation of injectable hydrogels for several years, d@lecular systems and are compared with respect to their
example, through mixing of oxidized hyaluronic acid witbrmation, structure, and dynamics in a review by Sprakel and
chitosan. Gelation in this system was attributed to the reacti@si ert’"“The rst one is thénoncovalently bound monomer-
between aldehydes in the oxidized hyaluronic acid and amindssgfed polynieconsisting of small units which interact physically
the chitosat® A dynamic chemically cross-linked hydrogehnd form a polymer network. The second iécthalently
system for bioplotting was prepared along this cross-linkibgund monomer-based polymeith “noncovalent chain
rationale by cross-linking partially oxidized alginate withterconnectionwhose polymer backbone is covalexdly,
gelatir.° Imine formation resulted in gelation before plottingand the polymer possesses side chain functionalities for inter-
but the gel could be printed using a robotic dispensing setup. Tl intramolecular interactions. A variety of functionalities for
viscosity of the system facilitated good printability azidrfiu ~ supramolecular systems with broad properties and numerous
stability of the printed structure so that the chemical cross-linkimgplications have been reviewed extensively by several research
could further stabilize the construct. As adiahbyproduct,  groups. Schalley and'Qireported on macrocycles for
gelatin improved the cytocompatibility of the system, and cdllsictional supramolecular gels, including, e.g., crown ethers,
could be plotted with this system. In another example ofcgclodextrins, and spiroborate cyclophanes, and highlighted
dynamic chemical bond, Meng éf®alised boronic ester di erent stabilization and gedl transition methods via
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environmental stimuli. Rim-bound/appended macrocycles ams$pect to the imence of basic molecular interactions within the
host guest complexes form stable gels and can be transfemeaterial on its properties. For example, Hayes and co-orkers
into solutions via temperature/pH change or addition ofnd Binder and co-workéfsreported on healable supra-
competitive hosts or guests, e.g., applicable for ttgubsst molecular polymers based on a variety of hydrogen bonds,
formation of crown ethers and secondary positively chargdehor acceptor interactions, ionic interactions, and metal
amines. Furthermore, they can be used for pressure-resporgeedination, which allow the materials to recover after being
materials which can recover back to their initial form. Qiao addmaged. Self-healing is also possible via constitutional dynamic
co-workers* gave a deeper insight into cyclodextrin-basechemistry and was reported by Chen and co-wofKersy
supramolecular assemblies and hydrogels. The variety of h@gtve an overview of physical and also chemical self-healing with a
guest interactions with cyclodextrins is an interestibge ~ Vvariety of healing conditions andiencies.

cross-linking method for building blocks, e.g., polyrotaxaned) variety of injectable hydrogels were reviewed byifetal.,
molecular tubes, and capsules. Tlkeedit cavity sizes of the Who gave an overview of natural and synthetic polymers with a
cyclodextrins (CDs);:CD, -CD, and -CD, allow binding of ~ focus on gelation, biodegradation, and biomedical applications.
appropriate guest moieties such as poly(ethylene g|yc&%|vend_iren et 2oﬁsurfnmarized shear thinning hydrogel; also for
poly(caprolactone), and phenyl and adamantyl groups. TR®Medical applications, such as peptides and synthetic polymers,
host guest formation was used for reversiblgeddtansiton ~ and explained the criteria for these properties which are
triggered by light and redox reaction. The morphology of hosfiecessary for injection. Also, the necessity of rever3|bl_e linkages
guest-based supramolecular structures can be tuned via fRefdaptable hydrogel networks for cell encapsulation was
overall amphiphilic character and was reviewed by Huang and@iewed by Wang and Heilstéfn. _
workers/°Nanosheets, nanotubes, vesicles, and micelles can behis brief overview underlines the richdom of literature and
formed in this way for dirent applications. Hereby, the the multiple applicationsathrely on (supra)molecular
molecular geometry and amount of hydrophilic and hydrophofiéeraction mechanisms. All these basic physical molecular
functionalities play an important role in the shape formatioffteractions vylll be reylewed mthe_followmg section with respect
Furthermore, organic compounds possessiyglems form [0 their chemical design and possible use for printable hydrogels.
supramolecular gels via interactions in solutions, so-called Therefore, we categorized them into four systems which will be
low molecular weight gelators. Ajayaghosh and coWorker§xplained in the following order; supramolecular polymer,
reported on -gelators with functional groups which can alsguPramolecular (low molecular weight gelators), macromolecu-
form di erent shapes via stacking, such ashessocolumns,  1&f and colloidal (solid particles, also in combination with the
and helices. Percec and co-wdfkpresented several complex aforementioned systems) as depictedime 8

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 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 #ld with

respect to historical development, preparation, characterizat'ipn,
and function. These are metal coordination bonds, muItqu]%ur
hydrogen bonds, and hagtiest and donoacceptor inter-
actions. The dynamic nature of functional supramolecular
polymers opens a wideld of applications in medicine and
electronics for this new class of mat&fidlse design and use i i L
of these functionalities for supramolecular polymer gels was-1-1. lonic Interactions and Coordination Bonds.
reported by Matushita and co-workéngho explain some Dupin and co-workers developed a hydrogel containing chain-
physical properties depending on the functionalities within tgd-dithiolated PEG (PEG(GH)ossessing 0.8 eq of As a

gel. Huang and co-workBtsgave further insight into the 219239 cross-linkéf.A double-chamber syringe system with

stimulus responsiveness of these materials induced, e.g., via%h‘f'ons of the components was used for the hydrogel formation

re 8.Supramolecular, macromolecular, and colloidal strategies for
ogel formation.

5.1. Supramolecular Approaches

temperature, and concentration. Self-healing supramolecular F!gg dg:je oir?j?r?éiop:]ﬁ C\glu?etﬁf?lgggmgigfﬂe%h?/;ar?égr
Figur i ithepena ’ \
(Figure J were recently focused on and were reviewed wi 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
ow up to a frequency of 0.9 Hz, after which the storage modulus
G became higher than the loss modailuk contrast, at pH
3.1, the nucleophilic character of the thiols was weaker, causing
less thiolate/AuS exchange, and therefore, the hydrogel was
more stable. Grande and co-workers used %Iutathione as a
binding component to Awith its thiol functionality"Hereby,
Figure 7Concept of self-healing materials relying on the reversibility §fe pH value was varied to switch between the gel and sol states,
physical interactions. Reprinted with permission froi83ef  which could be an interesting application for the pH-controlled
Copyright 2013 John Wiley and Sons. gelation process. Mecerreyes and co-workers synthesized a
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variety of polymer gels based on ionic interactions. They usedinteractions via hydrogen bonds were obtained by the same
(diftri)carboxylic acids (e.g., citric acid) and (di/tri)alkylaminegroup:°? The dodecane-based monomer possessed UPy and
(e.g.,N,N,N N -tetramethyl-1,3-granediamine) which urea functionalities on both chain ends and formed a
formed supramolecular polymers after a proton tt&hsfer.supramolecular polymer in chloroform via stirring. Mechanically
Their storage modulus and loss modulu& were induced gelation is thermoreversible and could be transferred
temperature-dependent, &hdbecame higher th& after back into the monomer solution via an increase of the
the gel sol transition temperature, which varied from 20 to 6€emperature. It showed shear thinning properties, whereas the
°C on the basis of the used monomers. Rowan and co*Workerfoss modulué became higher than the storage mo@Gulns

used 2,6-bisethylbenzimidazolyl)-4-oxypyridine for com-repeatable cycles. A pH-switchable and self-healing supra-
plexation of Zfi and L&', which formed shear thinning gels in molecular hydrogel for injection was also investigated by
acetonitrile. They could also be transformed to solutions \nkers and co-work&rSEnd-functionalized PEG possessed
addition of acid or by heating. Generally, coordination bonds both chain ends urea and UPy functionalities for hydrogel
possess high binding constants and could be used with varfausation via multiple hydrogen bonds which could be

metals and ligands for gel stabilizatfiahlé 2. controlled by the pH value. UPy groups could be deprotonated
at pH 8.5 lowering the strength of the hydrogen bonds, and this

Table 2. Examples of Metal-Coordination-Based led to a solution. The material also showed shear thinning

Supramolecular Polymérs properties in a neutral state and a basic state, where in both cases

the loss modula became higher than the storage moGulus
Repeatable dynamic strampbtude tests of hydrogels
containing 10 wt % UPpgolymer also showed self-healing
behavior over four cycles. Binder and co-wotkgrghesized
end-functionalized poly(isobutylene) with barbituric acid groups
and the Hamilton wedge with six hydrogen bonds which formed
a gel with self-healing propertieshle 3shows hydrogen
donor acceptor systems possessimgetit 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 hydroger“Bdiyds
forming hostguest 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 gt3ip! The formation
of a supramolecular polymer via lpstst interaction was
investigated at d@irent concentrations in acetonitrile and
chloroform. [PAGIPhCN),] 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 posseGsed & Pa and
10 Pa at low strain rates and reached itsaetansition 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
aadapted with permission from t&8 Copyright 2015 American S&Me functional groups for hgi;lest interaction as described
Chemical Society. before and additionally varied the crown ether group,
alkylammonium group, or spacerhe gelation process was
5.1.2. Hydrogen BondSMeijer and co-workers deve|oped investigated in water, acetonitrile, and DMSO, and the minimum
ureidopyrimidinone (UPy)/urea-end-functionalized polygelation concentration varied from 0.6 to 4.3 wt % veitardi
(caprolactone) for binding with UPy/urea-end-functionalizetiinctional groups. It might be interesting to transfer a viscous
peptides. Due to the strong association constant via quadrugsiition into a gel via changing the concentration during
hydrogen bondingl{=10'M *in CHCL), the supramolecular printing. Similar supramolecular polymeric gels were investigated
polymer was very stable but also wxiple at the same time. by Yin and co-workers, who incorporated additional terpyridine
The polymer was processed in a melt just belt@w8bere the  groups for complex formation witR"2A°The material showed
polymer possessed a low viscosity, and was used to pesduce self-healing properties and reversiblesajetransition via
via electrospinningims via solvent casting, and ada via heating/cooling and addition of base/acid, ligarfsérdi
fused deposition modelifigFurther supramolecular gels basedZr?*.
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Table 3. Examples of Donor and Acceptor Hydrogen Bbnds ethanol the suspensigel 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 sajel temperature might be tuned by addition
of other compounds.able 4shows host molecules with
associated guest molecules.

Table 4. Examples of HosBuest Interactioris

ZAdapted with permission from t&8 Copyright 2015 American
Chemical Society.

Pillararene-based supramolecular polymer gels are novel
materials stabilized via hgstest interactions. Wei and co-
workers used copillar[5]arenes which possessed four 1,4-
dimethoxybenzene units and either one 1-methoxy-4-dodecyl-
benzene (COPS5L2) or one 1-methoxy-4-cetylbenzene
(COPS 16) unit, forming supramolecular polymers via selbagapted with permission from @8 Copyright 2015 American
assembly in acetonitfi{€Thereby, the hydrophobic alkyl chain chemical Society.
interacted with the aromatic benzenes via Qieractions,
and the formed gels showed reversibleajetansition via a
temperature change (&8for COP5 16 and 52C for COP5 Rowan and co-workét&lesigned copolymers possessing
12). Additionally, the gels possessed self-healing properties; @agrtron-decient naphthalenediimide units amdectron-rich
a gel (20 wt % COPA36 in acetonitrile) returned back to its pyrenyl-end-capped polyamides which form self-healing supra-
initial form after being torn apart for 1 mm within 45 min. To getolecular materials via stacking. After damage, the aromatic
a hydrophilic supramolecular pillarene-based gel, Yao andgroups were stretched and could interact again by heating to 87
workers introduced four 1,4-bis((2-ethyloxy)-°C witharecovery of 100% of the material. This concept of
trimethylammonium)benzerunits and one 1-methoxy-4- stacking was mostly used for self-healing materialsangtht di
cetylbenzene uAft: The self-assembly in water was also drivepolymers and is summarizeBiiiure 9Hayes and co-workers
by CH-- interaction of the alkyl chain with the benzene units.led a pateAt* which described similar end-functionalized
The rodlike ber network also showed a gel transition via  polymers with  stacking for inkjets.
temperature. Zheng and co-workers developed amphiphiliG.1.4. Low Molecular Weight Gelator.Ravoo and co-
calix[4]arenes by acylization of the amino groups of theorkers developed tripeptides FrrOgs(Acm)-Hist-Cys-
calix[4]arene with dicarboxylic anhydrides which forme@H (1) and Fmoe-Cyst-Hist-Cys-OH ) which formed
supramolecular hydrogéfsAs the gel was not completely supramolecular gels in water with shear thinning préferties.
stable in water, at least 5% (v/v) ethanol was needed to be add&ée Fmoc groups allow the stacking for stabilization of the
to the solution. They investigated the gel stability from 5% tgel with a minimum gelation concentration of 1.5 wt % which
25% (v/v) ethanol and showed that with a higher amount gfossessed a storage modlusl ¢* Pa at low strain decreasing
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Further low molecular weight gelators containing aromatic
groups for stabilization of gels via stacking and possessing
thermoreversible properties were synthesized by the research
group of Schmidf® ?** 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 dient amounts of formed gels and
therefore to derent gelsol transition temperatures. Zhang and
co-workers? developed a naphthalene-based gelator which
formed organogels withelient gel sol transition temperatures
dependent on its amount. For example, a gel containing 0.5 wt %
gelator possessed a gel transition temperature af2 °C,

and a gel containing 2.0 wt % gelator possessedd gel
transition temperature 058 °C. The group of Stupp also

'used stacking for hydrogel formation with quinquethio-
phene oligopeptide sequences at low concentrations. The
) i thiophene groups were medi with amphiphilic peptide

to 1 Paat 100% strain-amplitude sweep for p&pfide residues which improved the water solubility and in addition
viscosity decreased as well for peifitiylé orders of magnitude |eq to self-assembling visheet formation. The gelation time
with increasing shear rate. Ulijn and co-workers explored thgs dependent on the concentration, e.g., 5 days for 1 wt % and
biocatalytic induction of supramolecular %el formation usingd s p for 3 wt %. While this appears to be too long for cell
Fmoc- and methyl ester-terminated dipeptitééth these  printing, the gelation time may sigantly be optimized for

end groups, a solution was present, and just after addition of gigink development, for example, by using a multivalent
hydrolytic enzyme froBecillus licheniformibich hydrolyzes  anproach with functional polymers. Moreover, gelation times
the methyl ester, a gel was formed via self-assembly of §hgeveral hours up to days are not peitite detrimental to
peptide. The subsequent hydrolysis was investigated Wi{Bfabrication if the resulting network is dynamic as most
di erent concentrations of enzyme, and the gelation Wascently demonstrated for 3D printing of cell-loaded recombi-

con rmed via determination of the melting temperature. Thgant spider silk protein hydrogels stabilizedkizet formation
greater the number of enzyme units added, the greater {3ge sectiof.1.}.

amount of gel formed, and therefore, the melting temperat
increased. The same group developed further interest
hydrogels based on Fmoc-functionalized short pépfides. 5.2.1. Naturally Occurring Biopolymers Used for

gel sol/sol gel transitions might be an interesting tool forHydrogel Formation. Biopolymers have frequently been
printing and stabilizing hydrogels which can be tunestentli  used in biofabrication, especially since they exhibit excellent
ways. Gelation of cyclic dipeptide derivates was induced by Feingctivity***4**> A broad range of biopolymers has been
and co-workef82 They used cycloPhe-Lys) and cyclof investigated to assemble injectable/printable hydrogels for
Tyr4i-Lys) possessimracetylated-(+)-gluconic acid for gel biomedical applications. This section summarizes the recent
formation, which showed @lient solgel transition temper- progress on biodegradable and injectable hydrogels fabricated
atures depending on the gelator concentration and perturbatifstom naturally occurring biopolymers such as polysaccharides

Figure 9Examples of the two majorly used aromatic groups for dono
acceptor interactions.

5 2. Macromolecular Gels

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 (8848,56 83 161, 162 167,
inkjet, robotic dispensing, proteins, cells, genes), wound healing 185219221 223225 241
extrusion
chitosan extrusion tissue repair (cartilage, nerve), drug delivery, cancer therapy 185 242 243
agar/agarose robotic dispensing tissue repair (cartilage), nerve regeneration 138159214 222 236
244 248
cellulose robotic dispensing tissue repair (cartilage), wound healing 222233249250
hyaluronic acid robotic dispensing, extrusion tissue repair (cartilage, brain, vascular constructs) 80,141,146151,154166 185
242251 252
chondroitin sulfate tissue repair (cartilage), drug delivery, wound healing 185217242
gellan gum inkjet tissue repair (cartilage), drug delivery 253 256
Proteins

collagen inkjet, robotic dispensing tissue repair (skin, liver, blood vessels, small intestine), deli26rg4PI8ins7 261

(drugs, proteins, cells)
gelatin robotic dispensing tissue repair (cartilage), delivery systems (growth factors, cell§Q W8nad9 241 243 259

healing 262263

brin/ brinogen  inkjet tissue repair (nerves, blood vessels, skin, tendons, ligaments, ka5 238254 269

drug delivery systems (drugs, proteins, genes), wound healing

silk robotic dispensing tissue repair (bone, cartilage), drug delivery 270 274
Mixture
matrigel robotic dispensing tissue repair (liver) 275
1511 DOI: 10.1021/acs.chemrev.5b00303
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(alginate, agarose) and proteins (collagen, gélatirsilk). A Dispensing of agarose without the incorporation into the gelatin
further overview of hydrogels based on biopolymers applicailedium bath resulted in the distortion of individual layers and in
for 3D printing is given by Kirchmajer étl. most cases caused the alda to collapsé® Furthermore,
5.2.1.1. Polysaccharidé®lysaccharides consist of sugardhiuman mesenchymal stem cells were encapsulated within
linked viaD-glycosidic bonds. Most of the polysaccharides aagarose hydrogels and subsequently printed into 3D structures
able to form hydrogels, on the basis of bonding (e.g., agarosedugported in high-densityorocarbon. This high-density
intermolecular electrostatic interactions (e.g., alginate). A brdgdirophobic liquid mechanically supported théngetbgel
range of injectable and biodegradable hydrogels madecofistructs during the printing process. Three-dimensional
naturally occurring (or slightly medi) polysaccharides, such structures with various shapes and sizes were manufactured,
as chitosan, hyaluronic acid, alginate, and agarose, have &egihe resulting cell-laden hydrogel constructs remained stable
developed and tested for biomedical applications. For mdog more than 6 months. Live/dead an@-diamidino-2-
detailed information, refer to Li et&lThiele et af’ and phenylindole (DAPI) staining showed viable cells 24 h after the
Table 5 Here, we focus on polysaccharides (alginate amdinting process, as well as after 21 days in tUlfthermal
agarose) already used in biofabrication. gelation was used for a variety of hydrogels after printing, such as
Alginate is one of the most frequently used (bio)polymers fagar*4**®agaros&*******and methylcellulo$€.
biofabrication due to its favorable biocompatibility and the A large number of bacterial extracellular polysaccharides
capability to support cell survival anerentiation in culture. (EPSs) have been recently reported to be useful for biomedical
Alginate is a linear anionic polysaccharide containing honagplications. Compared to polysaccharides extracted from plants
polymeric blocks of 1,4-linkeeb-mannuronate and-i- or algae, bacterial EPSs have improved physical prdperties.
guluronate. Alginate hydrogels can form throughermti Examples of reported bacterial EPSs for biomedical applications
mechanisms. At pH values below 3, alginate self-assembledrictade xanthan gum, gellan gum, dextran, bacterial alginate, and
acidic %els by the formation of intermolecular hydrogepacterial cellulose. Although most bacterial EPSs are composed
bonds’*®*Furthermore, hydrogels can be formed by cooperativé repeating sugar units with varying sizes and degrees of
binding of divalent cations such 5i@as. Jia et al. have shown rami cation, some have an irregular structure, such as bacterial
that alginate can be used as a bioink for bioprinting. The alginatiginate. The properties of the EPSs are determined by their
based bioinks were shown to be capable of modulating hunciiemical composition, molecular structure, average molecular
adipose-derived stem cell functions withaedtimg their  weight, and distributiéi: Good examples for the correlation
printability and structural integrity after cell calture between chemical properties and functionality are gellan and
terms of alginate-based bioinks, unfortunately, the Pg/drogglnthan gum. While xanthan gum forms double helices without
mechanical properties are quickly lost during in vitro cultuceeating a gel structure, gellan gum forms a macrosédpic gel.
(approximately 40% within 9 days). Further limitations ar&t hightemperatures30°C), the linear molecules of gellan are
cellular responses eling dependent on the source of humanin a disordered coiled state which turns into double helices upon
and animal cells and the lack of bioactive bindirfg®sités.  cooling. At high concentrations (>2%, w/v), the double helices
Furthermore, alginate was prepared erfetiit concentrations changed to thicker rodlike aggregates and formed figtge!.
and was cross-linked via addition of?*Ca nal gel properties were dependent on the content of the acyl
ions?940°683105222 232 polymer concentrations and printing groups. In a highly acylated form, two acyl substituentssuch as
conditions were varied, leading terdnces in the printing acetate and-glycerate were present. The acylated form
quality. For example, Guillotin et’alsed up to 1% (w/v)  produced thermoreversible, elastic, exile gels, whereas
alginate solutions for printing and obtained welede the deacetylated type formed hard, nonelastic, and britfe gels.
constructs and high cell viability. Yan %t aked alginate Recently, endotoxin-free low-acyl gellan gum has been used as a
concentrations from 2% to 8% (w/v), but the higher it was, thigioink for the reproducible printing of several cel*fges.
more dened structures were obtained. Nhandated commercial microvalve deposition system and many-nozzle
cellulose/alginate was also fabricated with subsequent crospiezoelectric inkjet printheads have been used for printing. The
linking via C4 ions in solution. gellan gum kept cells stable in suspension, preventing the settling
Agarose, one of the main components of agar, consists of (And aggregation of cells and showing stringdmiroperties
3)- -p-galactopyranose-(#)-3,6-anhydro-L-galactopyra-  during printing>® Additionally, deacetylated gellan gum was
nose as the basic unit and ionized sulfate gfdAgsrose  thiolated to prepare injectable gellan hydrogels which can be
gelates through the formation of intermolecular hydrogen bonglsysically and chemically cross-linked in situ. The thiolation
upon cooling, resulting in the aggregation of double helicesdies not alter the hydrogel formation properties of gellan gum,
the entanglement of anhydro brig§7e§'.he viscoelastic but leads to a lower phase transition temperature under
properties of agarose hydrogels depend on the molecular wefdtysiological conditions and to stable chemical crossfnking.
and solution concentration. The tunable elastic moduli of 5.2.1.2. Polypeptides/ProteirSollagen is the most
physical gels are between <1 kPa and a few thousand kilopastalsidant protein in mammalian bodies, accounting for 20
well in the stiness range of natural tissues except Bone. 30% of the total protein, and therefore, it is of interest to be used
Furthermore, agar was recently used with poly(acrylamide) amdiofabricatioft.****®* The main functions of collagen in
poly(stearyl methacrylate) to form double-network hydrogeissues are to provide mechanical support and to control cell
with self-healing properties which exhibit potential for printing adhesion, cell migration, and tissue répaMl brous
well?’?In 2009, Maher and co-workers produced 3Dldsa collagens have a triple-helical structure with three parallel
made of thermoreversible agarose hydrogels by pneumpbitypeptides,-chains, coiling around each other and forming a
robotic dispensing with a stainless steel cartridge which couldigbt-handed triple-helical chain. Collagen is easy to process and
heated to 100C.***The agarose material was printed into a 3%modify, and its abundance, nonantigenicity, biodegradability, and
(w/v) gelatin medium bath. The medium bath did not act as biocompatibility render collagen a promising candidate for
cross-linking agent but merely as a construction support shi@fabricatiof?°Moon et al. developed a mediinkjet printer
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Figure 10Stepwise formation from amino acids to hydrogel networks. Reprinted with permissidhifrGopsefght 2013 Royal Society of
Chemistry.

using mechanical valves for processing high-viscosity hydrggkitin/ brinogeA® was fabricated with subsequent cross-
precursors, such as collagen solutions, and prepared cell-léidkimg via C& ions in solution. Thermal gelation was also
collagen hydrogels using bladder smooth muscfeé’cellsused for gelatit? acetocollagefi® collagen type %!
However, collagen bioinksesurom batch-to-batch variations, collagen/gelatity matrigef,> and gelatin/chitosaft’ Gela-
loss of shape and consistency due to shrinkage, and poofalginate was also reported with a double-cross-linking
mechanical properties (elastic moduli around **kPa). method via temperature and Gfs* A novel work by
Additionally, it remains especiallycdit to sterilize it without ~ Kirchmajer and Panhtisdescribes a very strong hydrogel
alterations of its structdréCollagen type 1 was printed as well based on gelatin/gellan gum cross-linked via genipirfand Ca
with subsequent cross-linking with sodium bicarbofate, ions whose properties can be tuned via the composition.
and a mixture of alginate/collagen type 1 was also reported foFibrin is another example of a specialized extracellular matrix
printing>>® protein with potential applications in biofabrication. Fibrin is
Gelatin is partially denatured colldgeompared to  formed by thrombin-initiated aggregatiorbofiogen into a
collagen, gelatin is less immunogenic, and can be used astaork of brils?*4*°>The mechanical properties are governed
bioink due to its biodegradability, biocompatibility, natural celly the initial concentration dfrinogen and/or thrombfri®
adhesive Arg-Gly-Asp (RGD) motifs, and water solubikibrin is biocompatible, cell adhesive, and biodegradable, and
ity 2080150262290291 Lg\wever, the gel formation is solely based brin hydrogels undergo enzymatic degradation (through
on physical intermolecular interactions of the gelatin moleculastivated plasmin) within 2 weeks in cases whdnénudytic
and the resulting gels are not stable under physiologidahibitors, such as aprotinin, are attféfRecently,brin was
temperature, but can be cross-lifikeddmixture of alginate/  used as a printable hydrogel for inkjet printing to build 3D neural
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constructs. 3D neural sheets were generated by alternate prirtagerial properties and rheological measurementsrehtdi
of brin gels and NT2 neuronal precursor “éliSince peptide- and protein-based hydrogels were summarized by

brinogen and thrombin can both be easilygolfriom blood,  Sathaye et &f:>and these hydrogels might be interesting inks for
they oer the opportunity of using an autologous source fqurinting as they show shear thinning and rehealing properties
making the scald?°®However, there are also disadvantages fdrased on their dynamic physical interactions. For example, Chen
using brin hydrogels as bioink: sorbein hydrogels possess et al’*** investigated a-hairpin peptide hydrogel which was
poor mechanical properties amtlergo fast disintegra- stabilized via hydrogen bonds within the amino acid units and
tion°?%8 The best brin hydrogels with mechanical integrity showed shear thinning properties at the same time. They used
were transparent and stable for 3 vi&eks. di erent peptides with the sequences VKVKVRRKMK VK-

Silks are natural protebers produced by Arthropoda such asVKVKV-NH, IKIKVKVKWPPTKVKVKIKI-NH, VKVKI-
spiders of the class Arachnida as well as insects of the okl&V°PPTKIKIKVKV-NH, and IKIKIKIK\Y?PPTKIKIKIKI-
Lepidoptera. Native silk proteins are highly repetitive and a¥él,, where they varied the amountwdline and-isoleucines
composed of crystalline domains periodically interrupted bythe peptide sequencaelsoleucine is more hydrophobic than
helical or amorphous regidt%! Due to the absence of L-valine and possesses a highgityato form -sheets via
toxicity, slow degradation, absence of immunogenicity, amdirogen bonds. The hydrogel formation was triggered in a 4-(2-
extraordinary mechanical properties, silk is particularly of intetesiroxyethyl)-1-piperazineethanesulfonic acid (HEPES) solu-
for biomedical applications and biofabri@gﬁ%?ﬁ.305 The tion containing 4 wt % peptide by adding Duliserwoai ed
fabrication of patterned substrates fromsitiin via inkjet  Eagls medium (DMEM). Via dynamic frequency sweeps, it
printing was establish&tby successfully patterning silk arrayscould be shown that with a higher amounisafleucine the
by layer-by-layer deposition of dots composed of ionomeric $ilfdrogel formation was faster and the storage n®daihas
proteins chemically moeldl with poly(-lysine) and pohy loss moduluS increased. Dynamic time sweep measurements
glutamic acid) side chains. THesked-ihsilk nests remained of the peptide showed recovery to the iGtialalue after
anchored to the substrate during incubation in cell growtlemoval of the strain. Schneider and co-workét$
medium to provide a biotemplated platform for printing-innvestigated the rheological properties and the kinetics of
immobilization, encapsulation, and growtbsciierichia coli VKVKVKVKWVPPTKVKVKVKV-NHVKVKVKVK\PP-
cells. Overall, this fabrication process shows potential for (iEKVEVKVKV-NH hydrogels in more detail. These are
universal and large-scale fabrication of biocompatible dot abvepcompatible and injectable and can be used for the
templates within a practical processing time scale. Thacapsulation of cells. For further stabilization, the peptide
microscopic arrays could be used as prospective biosSensosequence KVKVKVKVRRFPTKVKVKVKVK was modid
However, it could also be detected that a plainbsilia by the same grotiito KVKVXVKVKYP-PTKVKVXVKVK
solution leads to frequent clogging of the needle due to sheaith X = lysyl sorbamide, which possessed double bonds for
induced -sheet crystallizatiof{Recently, Das et al. provided a photochemical cross-linking. Bakota €f aynthesized a
strategy for fabrication of 3D tissue constructs using a novel siflieptide sequence calledSE);E,GRGDS which formed a
gelatin-based bioink encompassing living progenitor cells antydrogel upon addition of Mglts storage modul® was
situ cross-linking through a cytocompatible gelation mecha480 Pa at low strain, which afterward decreased with higher
nism?’* strain like the loss modul@s at 80% strain. Step strain

The use of naturally derived proteins as bioinks is limitedeasurements were also performed and showed thésmaterial
mainly due to their varying composition and purity, and they cahear thinning and recovery properties. It recovered over 75%
elicit inconsistent or unwanted biological responses. Simegighin 15 s after strain was removed and up to 100% of its initial
mammalian tissues are the main source of proteins suchs@sage modulus within 10 min. A further temperature- and
collagen, gelatin, andrin, further concerns exist regardingadditionally ion-dependent shear thinning hydrogel was
disease transmission and immunogenic resoites. developed by Huang et*atwho used the peptide sequence

5.2.2. Synthetic Peptides and ProteinsA novel method  FLIVIGSIIGPGGDGPGGD cross-linked iR* Galution or
of cross-linking using hydrogen bonds was reported recenthder acidic conditions. For example, a hydrogel containing H
where polypeptoids were functionalized with grafted single DlgAssess& 4x 10°Paat3C,G 3x 10°Paat50C,anda
strands, forming a shear thinning hydrogel after addition of thgdrogel with Gapossessédl 150 Pa at 5C andG 400
complementary DNA strand which was used for 3D pfffhting Pa at 50°C. This might be an interesting hydrogel whose
and injection’Hauser et .°developed bioinks consisting of properties could be tuned via ionic interactions and temperature.
trimer, tetramer, and hexamer peptides which self-assembledTi®same research grotmvestigated the hydrogel formation
nanobers. The gelation time could be tuned via the solveof this peptide sequence witf*@a di erent DMSO/water
(deionized water versus phosphaterbd saline, PBS), ratios and showed that thésgsfability increases with higher
concentration, and amino acid sequences. Various pepti@ef* concentration and water content.
protein-based hydrogels are also available via solid-pha$®erner and co-workers developed a series of noncovalently
synthesis. Dasgupta et-adummarized the variety of peptide cross-linked hydrogels based on biomimetic pégtidein or
hydrogels and gave an overview of the relationship betweeceptorligand interactions exhibiting properties potentially
molecular functionalization, conformation, and properties of teeploitable for 3D printing. For example, they used four-arm star
hydrogel. Condensation of amino agistsforms a primary PEG which was functionalized with positively charged
peptide sequence which then forms secondary structures suailigspeptides derived frarrlysinel-arginine. When these

-helix, -sheet, -hairpin, and coiled-coils. These peptides selpolymers were mixed with heparin, the peptides interacted with
assemble into narers and form a hydrogel network by the negatively chariqed sulfate groups from heparin and thus
elongationfigure 1 formed a hydrogé&l**“*Very low concentrations wereaent

Apostolovic et at”gave further insight into coiled coils in a for hydrogel formation (5 mM heparin, 2.5 or 5 mM star PEG
review concerning their history and possible applicatioqeptide conjugate), and the hydiegthbility could be tuned
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through variation of the peptide sequences. Another physicéligctionalized hyaluronic acid. Finally, Burdick and co-workers
cross-linked hydrogel based on a morecpsatein receptor used these materials for 3D prirting. hydrogel based on a
interaction was prepared by the same group throughixture of hyaluronic acid with 25% adamantane and 25%
functionalization of PEG with biotin and interaction withcyclodextrin functionalities was printed into a more stable
tetrameric aviditi Biotin avidin recognition resulted in support gel consisting of hyaluronic acid with 40% of the same
hydrogel formation, and the recegdigand-stabilized hydrogel functionalities. Further stabilization of the constructs was
was investigated with respect toesis, swelling, and erosion in achieved by additional functionalization with methacrylate
water and derent PBS ber concentrations. groups which were used for UV-induced cross-linking.

Besides peptides/proteins, also synthetic biocompatibleRavoo and co-workers usednaahtane-functionalized
polymers such as pcli{y(sopro%lacrglamidbbeckpoly— hydroxyethyl cellulose for hydrogel formation viaguesi
(ethylene glycofj®and Lutrol F127°*°**were printed and  interactions with amphiphiliccyclodextrin possessing
thermally stabilized. Physical cross-linking led to reversia&uecw chains on the primary side and oligo(ethylene glycol)
interactions which ensured a constant viscosity during printig@ups on the secondary side of the macrotyEleese
with a good biological compatibflity’” There are still  amphiphilic intermolecular cross-linkegiclodextrin vesicles
capacities in thigld, especially in the macromolecular desigiyre injectable and were investigated with respect to the storage
The materials were hardly varied, showing a limitation whigihdulus, loss modulus, viscosity, recovery, aentli
might be extended by using novel building blocks anghncentrations and host/guest ratios. The storage modulus and
functionalizations described in more detail in the followinge|q stress increased with higher amounts ofghest

sections. _ functionalities in the hydrogel and could also be retransformed
5.2.3. Host Guest Interaction. Many research groups intg solution by addition of free adamantanegelodextrin.
developed functional polymers cross-linked viaghest There are also other possible guest molecules for cyclodextrin,

interaction showing shear thinning properties which could

BEich as the linear PEG, which has been widely explored in this
interesting for printing. Chen and co-wotKesynthesized ’ y exp

- . . _eld. Ito and co-workers showed that the cyclodextrins threaded
poly(ethyl acrylate)-containing protonated dibenzylammoniugye, peG (rotaxanes) formed viscoelastic gels whereby two

moieties cross-linked withbehzo-24-crown-8 bis(Crown oy c|oqextrin units were connected wigrelit groups, forming
ether). The resulting gel was pH- and temperature-responsife, e _aight cross-linkéts >>*These are interesting function-
and the gelsol transition could be controlled via heatlnglggtj

cooling or by addition of base/acid. Additionally, it possess |gsoa:/setrhtehyealrjeEFge(S:ﬁ:irﬁ '\rfﬁsr? n;rl\efg’sﬁred |tsh Z;)pl)?ilgccij e#tleer:] lgjjgllts
self-healing properties, and strain amplitude sweep measjiJg .

ments showed that Uupon a strain3fi% the loss modulgs refore avoids the external stimulus to a greater extent
. P 2 ; compared to chemicallyed cross-linking units, which makes
became higher then Furthermore, step strain measurement

con rmed the materislfull recovery after removal of the Strain?his concept attractive for functionalization of polymers for
Y ‘designing tunable shear thinning properties. For example, the

Huang and co-workerSused the same functionalities to (zjlowing research groups have developed injectable hydrogels

produce gels but in the opposite way: They synthesizé : ; . .
- : “Rased on the hogjuest interaction of PEG with particular
poly(methyl methacrylate) with pendant dibenzo[24]crown-g oo ivine- chen and co-workédeveloped a reduction-

ether groups and cross-linked them by addition of a secondafy °¢

protonated bisammonium compound. This gel showed as \Aﬁﬁ(;'t've supramolecular hydrogell based. on [poly(ethylene

self-healing properties, pH responsiveness, and recovery ol) mpnomethyl etheg}gft[ghsul de-lmlkeq poly-

strain. Continuous step strain measurements displayed fAE1doamine)] with-cyclodextrin with shear thinning proper-

repeatable change§aindG : e.g., atastrain of4QG 0.1 ties. They investigated .theunmce of the added amount of

Paands 5 Pa, whereas, after the strain was decreased to fdf1iothreitol (DTT), which reduced disié bonds, on the

G 100Paan® 10 Pa. storage modulus, loss modylus,_and viscosity. For example, a gel
The research group of Burdick developed a series of injectd$ff§out DTT possessed a viscosity ata low shear 686 &

hyaluronic acid-based hydrogels. Theyedddjaluronic acid S and_a gel with DTT/qllsdIe bonds at a 5/1 ratio possessed a

separately with adamantane amyclodextrin at the side VISCOlSIty of 90 Pas, which bot_h decreased upon a shear rate of

group®8in di erent ratios and investigated thednce ofthe ~ 10 ™ to the secS:ond Newtonian plateau, which is nezs.0 Pa

degree of functionalization and ratio in water on the hydrogépang and Mé prepared a polymeric prodrug (PEGylated

formation, stability, and rheological properties. The storafélomethacin) which formed a supramolecular hydrogel by

modulusG , loss modulu , viscosity, and stability increasedaddition of -cyclodextrin. They varied the amount of the host

with higher amounts of functionalized hyaluronic acid in tH#lest compounds and investigated thenoe on the storage

hydrogel and with higher ratios of adamantarsytdodextrin modulus, loss modul_us, and viscosity, which all decreased with

functionalities. For example, a hydrogel containing hyaluroliéer host/guest ratios. A further series of flosst-based

acid functionalized with 20% adamantane and-8g8le-  Supramolecular hydrogels was synthesized by i°ettad.,

dextrin each at 7.5 wt % in total possessed a yield s66%6 at compared the properties of the triblock copolymerfpdhgt

where the viscosity started increasing drastic@lylmwme  hydroxybutyratepoly(ethylene glycolpoly[(R,$-3-hydrox-

higher tharG . Continuous step strain measurements of thgbutyrate] (5x 16* g mol ) with those of the high molecular

same hydrogel showed full recovery after several cycles. Weight PEG (2% 10° g mol') and oligo(ethylene glycol)

further work, the same research group additionally introduceethy! ether (MPEG) (4% 10° mol %) by threading with-

thiol and Michael acceptor groups for a secondary cross-linkiiyglodextrin. The poly§($-3-hydroxybutyrate] units of the

via Michael addition to the same hgsest-functionalized triblock copolymer led to an additional stabilization of the

hyaluronic acitf? In this work they investigated thea of hydrogel due to hydrophobic interactions, and the hydrogel

post-cross-linking on the stability of the hydrogel veétie i possessed shear thinning properties with a higher yield stress

Michael acceptors, €ient pH values, and elient amounts of  than the other hydrogels containing PEG and MPEG.
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Figure 11Supramolecular hydrogel with viologen/hydroxyethyl-functionalized cellulose and naphthalene-functionalized poly(vinyl alcohol) formir
host guest complexes with cucurbit[8]uril. Reprinted with permission é&Cepyright 2012 American Chemical Society.

Tian et af®’ developed an injectable and biodegradablmation. They investigated thea of the degree of substitution
poly(organophosphazene) with pendant MPEG and glyciaed pH value on the gel melting temperature, which decreased
ethyl ester side groups for supramolecular hydrogel formatisith higher pH value/lower degree of substitution. Tomatsu et
with -cyclodextrin. They varied the chain lengths/amount afl>*°developed a redox-responsive hydrogel based on dodecyl-
MPEG, amount of-cyclodextrin, and polymer concentrationmodi ed poly(acrylic acid);cyclodextrin, and ferrocenecar-
and investigated the irence on the gel formation and the boxylic acid. A hydrogel was formed only with the polymer itself
rheological properties. Dynamic step strain measuremedt® to the hydrophobic interactions of the long alkyl chains.
showed the hydrodedbear thinning and recovery properties Addition of -cyclodextrin led to preferential formation of
For example, a gel containingl® g mol * MPEG at the side  stronger intramolecular cdexges with the alkyl chains,
functionalities possessed a storage m@lulus® Pa and a  resulting in solutions that exhibited a lower viscosity with rising
loss modulus  1.4x 10° Pa at 1% strain a@d 6 Pa and -cyclodextrin content. Upon addition of ferrocenecarboxylic
G 40 Pa at 100% strain. Wu ét‘gbrepared an injectable acid, its higher association constant weigislodextrin released
electroactive supramolecular hydrogel. They used a copolyther alkyl chains from the complexes and thus induced re-
based on ethylene glycol, sebacic acid, and xylitol with a carb@stablishment of intermolecular interaction and hydrogel
capped aniline tetramer as a pendant side functionality wherfdynation. The subsequent oxidation of ferrocenecarboxylic
this and the ethylene glycol units formed gasst complexes acid retransformed the hydrogel into a solution as the oxidized
with -cyclodextrin dimers and led to hydrogel formation. It ispecies were too big for the host molecules, which could form
interesting that the hogfuest formation was conducted at thecomplexes with the alkyl chains again.
polymer backbone and at the side chain as well, which extendoh®** described in his review the variety of supramolecular
the possibility of functionalization and could be used for furtheost guest-based polymeric materials containing cyclodextrins,
tuning of the hydrodelproperties. As the aniline tetramer cucurbitfijurils, and calir[arenes. Calixlarenes (see section
moiety is redox-active, this or other conducting groups might®€) and cucurbitjjurils have received more attention in this
used for further in situ modation of the hydrogel. Additionally, eld and might be interesting for designing polymers for physical
the reversible sael transition can also be controlled viacross-linking which could be used for printing. Cujuiridg[
addition of 1-adamantanamine hydrochlorideymlodextrin ~ can interact with many dient hosts such as diaminohexane/
dimer into the solution. spermine-containit{g and viologen/naphthalene-contain-

There are more compounds for hgsest interactions which  ing*** polymers and form hydrogels. The latter work by Appel
were used for hydrogel formation showing controllegekol et al. described poly(vinyl alcohol)-containing viologen moieties
transition. For example, Nakama €f atodi ed hyaluronic  and hydroxyethyl cellulose with naphthalene groups which
acid with dierent amounts of PEG chains along the side groufisrmed hostguest complexes with cucurbit[8]didj(re 1)
and added -cyclodextrin for supramolecular hydrogel forThe hydrogels possessed very high water contents up to 99.7 wt
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Figure 12Hyaluronic acid- and PEG-based hydrogels. Adapted with permissicBdfa@opsfright 2015 John Wiley and Sons.

% and showed shear thinning properties and recovery aftlr (PMETAC) brushes with a covalently attaakméscent
removal of the strain. dye, 5(6)carboxyorescein. They investigated the pressure-
5.2.4. lonic Interactions and Coordination Chemistry. dependentuorescence quenching via atomic force microscopy,
Cross et af* prepared injectable hybrid hydrogels based oand upon application of force, the brushes were subsequently
negatively charged hyaluronic acid mixed with positively chargechpressed due to the noncovalent electrostatic interaction.
four-arm star poly(ethylene glytdbekpoly(2-aminoethyl — This might be an interesting approach for hydrogels function-
methacrylateHgure 1P, Investigations were made concerningalized with such groups to make them mechanoresponsive. The
the in uence of the star arm lengths, charge ratio, and osmolaritycoelasticity and toughness of hydrogels could be controlled via
(pure water and phosphatedr)ion the gel formation; e.g., the the concentration of copolymers possessing cationic and anionic
most stable hydrogel was formed with (RB®AEM,) , and groups and the concentration of sodium chloride in the solution
hyaluronic acid with a charge ratio of 1/1 in water. The staas shown by Gong and co-workéfé® They investigated
shaped polymer acts as a cross-linker and has a paositice in - di erent ionic pairs with the monomers sogistyrenesulfo-
on the hydrogel formation compared with the linear analogugte, 2-acrylamido-2-methylpropanesulfonic acid, [3-[(meth)-
which led only to precipitations. Another PEG-based hydrogadryloylamino]propyl]trimethylammonium chloride,
stabilized via ionic interaction of charged side groups of tifacryloyloxy)ethylJtrimethylammonium chloride, &b {
polymer was developed by Hunt &4h this work, PEG was  dimethylamino)ethyl acrylate and determined the swelling
used as a macroinitiator for ring-opening polymerization of algllume ratio, Youlsgmodulus, the tensile/fracture stress, and
glycidyl ether, which was subsequently functionalized witte tearing energy of the materials. For example, a copolymer
sulfonate, carboxylate, or guanidinium groups viarhbiolick based on sodiunp-styrenesulfonate and [3-
chemistry. The hydrogedtability could be tuned via the acidity (methacryloylamino)propyl]trimethylammonium chloride
and basicity of the groups, e.g., a 1/1 ratio of carboxylatiowed weak interactions at low concentrations of <1.6 M
ammonium gave a solution, whereas 1/1 carboxylate/guanidith swelling ratios up tdlO-fold which afterward decreased

nium yields a stable hydrogel at 10 wt %. with higher concentrations, and the Ysungdulus increased
A further shear thinning gel based on positive and negatatethe same time, leading to a tougher hydrogel.
charge interaction was developed by Wang“étTaky Gels can also be cross-linked via coordination chemistry, e.g.,

synthesized poty(-lactic acideglycolic acid) nanoparticles with palladium- and amine-based ligands, which was investigated
coated either with poly(vinylamine) or with poly(ethgene- by Xu et af*°to determine the ect on the gilshear thinning/
maleic acid) which formed a shear thinning network due thickening properti€Sand on the zero shear viscdsitfhey
electrostatic interactions. If the polymer ratio and amount warsed poly(4-vinylpyridine) cross-linked with bis-Pd(ll) com-
decreased, the viscosity decreased as well, which could algmbads called [2,3,5,6-tetrakis{(dimethylamino)methyl}-
observed at high shear rates. For example, a gel containing goéfiylene-1,4-bis(palladium umromethanesulfonate) or
nanoparticles possessed a viscosiB06fP& and a gel with  [2,3,5,6-tetrakis{(diethylam)methy}phenylene-1,4-bis-
20% nanoparticles possessed a viscosityoPea at a low  (palladium triuoromethanesulfonate)] in dimethyl sulfoxide or
shear rate, and both viscosities decreasedasityniwhen a  N,N -dimethylformamide (DMF). The shear viscosity could be
high shear rate was appliednsBw et al?’ developed tuned via the temperature, polymer/cross-linker concentration,
mechanoresponsive polyelectrolyte brushes consisting of eatt kind of cross-linker that might be attractive for functional
onic poly[2-(methacryloyloxy)ethyl]trimethylammonium chlorhydrogels with tunable properties. Jacksoti €t §hrepared
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metallopolymerims based on poly(butyl acrylate) containingcontaining solid particlessdebed in this section show
2,6-bis(Emethylbenzimidazolyl)pyridine ligands for complexproperties such as shear thinning, temperature/pH-induced
ation of Cd&', Zrf*, and Cé' ions and tuning the matésial reversible sobel transitions, or self-healing properties poten-
mechanical stability. This approach might be used for stabiliziagly exploitable for the design of printable hydrogels.
hydrogels via metal complexes. 5.3.1. Silica Nanopatrticles and Laponite-Based Hydro-

5.2.5. Hydrogen Bonds.Polymers containing hydrogen gels. The hydroxide-rich surface of silica nanoparticles allows
bond side groups could be interesting for printing as thesevalent immobilization, e.g., of trimethoxysilyl compounds, via
materials possess shear thinning properties. Lewis* et akondensation reaction. Guo &tahodi ed the silica surface
prepared polybutyl acrylate) containing acrylamidopyridinewith -cyclodextrin, which formed hegtest complexes with
acrylic acid, carboxyethyl ateyl or ureidopyrimidinone mono-end-functionalized PEG in aqueous solution. The
acrylate in derent ratios which lead to higher glass transitioaddition of -cyclodextrin led to inclusion complexes with the
temperatures, higher storage mo@ujand higher zero shear free PEG chain ends forming a viscoelastic hybrid hydrogel. Its
viscosities upon increased amount in the polymer. For exampiipsgage modul@ was around 4 times higher than that of the
polymer with acrylic acid with a mole fraction of 6% possessddrmned hydrogel without-cyclodextrin-functionalized silica
zero shear viscosity &x 10° Pas, and a polymer with acrylic nanoparticles (native hydrogel). The hydsagstosity, at low
acid with a mole fraction of 10% possessed a zero shear visceBigr rates, was.3x 10° Pas and was about 8 times higher
10 times higher,2 x 10" Pas. Vatankhah-Varnoosfaderani etthan that of the native hydrogel, 153. F&e hybrid hydrogel
al®*®synthesized copolymers contaidifmppropylacrylamide showed pronounced shear thinning properties and reached the
and dopamine methacrylate, which formed a gel in dimetisgime viscosity (10-8)as the native hydrogel at a shear rate of 1
sulfoxide (DMSO) solution when sodium hydroxide was addexi”.

This led to deprotonation of the dopamine units, which could The silicium-rich compound laponite (g5 31 io 65

interact with each other and subsequently formed a gel witl%gO.(OH) 4]) (clay nanosheet, CNS) was also investigated as
seconds, whereas the same process in alkaline water took severadditive in hydrogels. Haraguchi €t abpolymerized
hours. The gel showed shear thinning properties wherebylanonite wittN,N -dimethylacrylamide aNgN -methylenebis-

room temperature at low shear@te250 Paan@ 19 Pa (acrylamide) in derent ratios and thus obtained hydrogels with
and at 900% strai became higher thén tensile moduli ranging from 1.16 to 15.55 kPa, tensile strengths

Further poly-isopropylacrylamide) was used with hydrogefrom 7 to 255.6 kPa, and water contents from 55.2% to 90.9%.
bond moieties for cross-linking by HackelbusciPeTaey Further insights into the shear thinning properties of those
used diaminotriazine or cyanuric acid groups at the side chayarogels were given by Aida and co-workers, who investigated
and added the complementary bismaleimide or Hamilton wede interaction between the clay nanosheets and polymers and
for gel formation in a methanol/chloroform (1/1) mixture. Fordendrimers. Laponite contains oxyanions at the surface which
example, a gel with the Hamilton wedge receptor with a polyng@n interact with cationic compounds, leading to a hydrogel
concentration of 200 mg Mpossessed a viscosity®# Pas formation via self-assembly. Additionally, sodium polyacrylate is
at low shear rate and a yield stres8.8fs’. Hydrogen bond ~ necessary for disentanglement of the CNS in solution. For
segments can also be used in the polymer backbone and gxgmple, dendrimers aft, second, and third fgeneration
form gels via -helix and -sheet formation such as the abbreviatedasG1, G2, and G3binders were synt éﬁ'&‘@d
polypeptide-based organolator methoxypoly(ethylene glycdipssessed a linear PEG core with est@rl(ethylenedioxy)-
blockpoly( -benzyl-glutamateeglycine) in DMF described bis(ethylamine) branches terminated with positively charged
by Fan et &f:'The critical gelation concentration could be tuned@uanidinium  functionalities. It could be shown that the
via the monomer composition and the gedperties via the hydroges storage modul@® and loss modul@ increased
helix/ -sheet ratio, which increases with higher amounts with higher amounts of CNS and higher generation of the
glycineN-carboxyanhydride. Additionally, the gel was injectaiflendrimers and thus with increasing guanidinium content.
and showed self-healing properties. Ji¥raipared a polymer ~ Additionally, the formed hydrogels showed shear thinning
possessing hydrogen bond and bassst functionalities for gel Properties; e.g., a hydrogel containing 5% CNS, 0.38% G3
formation. The polystyrene-based polymer contained zpmc_ier, and 0.15% sodium polyacrylate posse_ssed a critical strain
diamido-1,8-naphthyridine/dialkylammonium groups, and tf@gion at 9% where the loss modslusecame higher than the
poly(butyl methacrylate)-based polymer contained deazaguaigrage modul@ and thus the solid hydrogel transformed into
sine/benzo-21-crown-7 groups, and both were separatgbquasrllqwd state. The shear thinning behavior was also

dissolved in chloroform and formed a double-cross-linked §&n rmed via continuous step strain measurements where the
by combination of the solutions. quasi-liquid and quasi-solid states could be obtained in change.

The storage modulus decreased from 0.5 MPato 5 kPa and tan
increased from 0.8.5 to 3.04.0 when 100% oscillatory force

The scope of this section is systems containing solid particlesias applied with a frequency of 1 Hz. By decreasing the
additives whose surface interactseénetit ways with polymers amplitude to 0.1% at the same frequency, the hydrogel recovered
or small organic molecules, thus yielding supramolecutardG and tan reached their initial values. In a follow-up study,
hydrogels via self-assembly. Such strategies have so far Alenand co-workers also compared theerice of linear
pursued using silica nanoparticles, laponite, carbon nanotutresiecular binders with drent chain lengths and amounts of
graphene sheets, titania sheets, and gold and silver nanopartai@sidinium functionalities with a dendritic molecular binder in
as will be presented and discussed in detail. A most rec€MS hydrogel$®? The linear molecular binders consisted of
approach also demonstrated that interactions between la83A triblock polymers with guanidinium-functionalized poly-
particles or block copolymer micelles and polymers can leadytgcidol via thiolene click chemistry as A and polyethylene
the formation of self-assembled hydrogels exhibiting shgircol as B. Dendritic molecular binder was a G3 binder as
thinning and self-healing propertiésall the systems mentioned in the section before. Frequency sweep tests showed

5.3. Colloidal Systems
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Figure 13Schematic representation of Cpiymer composite hydrogels reinforced by the incorporation of guanidinium pendant methacrylamide
(GMA) in the polymer chains. Reprinted with permission fr@68r€opyright 2013 John Wiley and Sons.

that with a higher amount of CNS and higher amount of 5.3.2. Carbon-Nanotube- and Graphene-Sheet-Rich
guanidinium functionalities the storage mo@ulinereased, = Compounds. Tan et al. synthesized an injectable supra-
which could also be observed for the loss m&dblutsonly up molecular hydrogel based on single-walled carbon nanotubes
to a frequency of 10 rad st. Shear thinning behavior of (SWCNTs) with the bile salt sodium deoxycholate (NEDC).
hydrogels was also shown via strain sweep tests at 0.05%T&sdamphiphilic bile salt interacted through its hydrophobic
100%, where the loss moduBusbecame higher than the steroid group with the carbon nandtuheface, leading to self-
storage modul@ at a strain of 4%. Additionally, continuous@ssembly in agueous solution due to the additional interaction of
step strain tests at 0.1% and 100% showed the reversibtfi§ carboxyl group with water. Shear thinning experiments
between the quasi-solid and quasi-liquid states. The necessif§\gtaled that, with a higher content of SWCNTSs, the hydrogel
such cationic binders for the stabilization of By¢Bogels was Had a greater shearing modulus and a higher shear stress. The
further shown by the same research group in a follow-Ggntent of NaDC was kept constant at 30%, and the amount of
study?*® NN -Dimethylacrylamide (DMAYtisopropylacryla- WCNTs was varied from 1% to 3%. For example, with 1%

mide (NIPAAm) was copolymerized with guanidinium-pendaﬁtWCNTs’ a shear modulus of 100 Pa (at a shear stress of 1 Pa)

methacrylamide (GMA) monomer and clay nanosheets in waf@r“ld be achieved, and with 2% SWCNTSs, a shear modulus of

: -~ “even 10 Pa (shear stress of 80 Pa) could be achieved. An
E)':(I)gpuerr?[iels}% eTge V(I?t‘:’]ug&ntcnédrg%%f' cfmwz(i dsgiao/ro gmg\m jectable supramolecular hydrogel based on multiwalled carbon

notubes (MWCNTS) was investigated by Du et al. which is
loss modulus was larger than the storage modilas10% responsive to pH, temperature, and near-infrared (NIR) light

strain at 6.0 rad’sand the hydrogel changed from a quasi—solighowing self-healing propefiBBWCNTSs were oxidized by

state to a quasi-liquid one. Strsain experiments With oatmentwith a mixture of concentrated sulfuric and nitric acids,
di erent cationic amine side chain functionalities showed th@éding to a carboxylic acid-functionalized surfac®- The

the guanidinium side groups lead to the most stable hydrogels,§iyjamine-functionalized poly(ethylene imine) formed a hydro-
the case of no cationic compound in the hydrogel, it will lose §§| with the oxidized MWCNTSs via hydrogen bonds (COO
form, and therefore, the stabilization of CNS via charggy and NH-N), where the concentration of the polymer was
interaction is necessary. varied from 25 to 75 wt % and that of the oxidized MWCNTS
Gels were also prepared with a solid content between 3 andud varied from 0.015% to 0.5%. This system was sensitive to a
wt % and CNS/gelatin ratio from 1/0 to 67iGenerally, the  variety of stimuli exploitable for printing. For example, the
higher the CNS content, the larger the storage modulus, witlddition of HCI led to a protonation of the amine functionalities,
maximum of 1.4x 1C* Pa. Alternating high and low strains which decreased the amount of hydrogen bonds, and therefore, a
show the hydrodelshear thinning properties and its ability toliquid was formed. After treatment with NaOH, the hydrogel
recover after strain. retransformed by deprotonation of those amine grouplGel
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transition could also be controlled via exposure to NIR light bght (365 nm) as the azobenzene group isomerized into the
via a temperature change. The temperature sensitivity couldraasconformation. A sol state could also be reached by adding a
tuned linearly with the oxidized MWCNT content. For exampleompetitive host (CD) or a competitive guest (1,12-
a hydrogel containing 0.1 wt % oxidized MWCNTSs heated to 8decanedicarboxylate sodium salt). Ebdamino acid
°C for 30 s transformed into a liquid and retransformed into sequences possessing a long alkyl chain gelated in aqueous
hydrogel after being cooled t¢@dor 3 min. The self-healing solution above the minimum gelation concentration (MGC). If
behavior was camed after treatment of the hydrogel they additionally possessed an aromatic group, they could
containing 0.5 wt % oxidized MWCNTs with a deformatiomteract with CNTs and were stabilized due to the
stress of 200 or 800 Pa, and the storage modulus returned to 9@%#ractions. Such supramolecular hydrogels were investigated
or 80% after recovery. Furthermore, interesting studies on theMandal et &/>They varied the aromatic groups (imidazole,
stability of hybrid hydrogels of amine-functionalized polymdrenzyl) and reached MGCs from 0.7% to 5.0% (w/v), enabling
and oxidized carbon nanotubes (CNTs) were performed lbynable gel-to-sol transition temperatures, e.g., witd a
Hashmi et &’ They investigated paissopropylacrylamide) concentration of SWCNTSs at 1.0% (w/v). In all cases, the hybrid
(PNIPAAmM) and polymers with zwitterionic sulfobetaindydrogel possessed a higheisgétransition temperature than
functionalities with dérent ratios, CNT, and cross-linker in the native hydrogel, and rheological measurements showed that
the hydrogel. SWCNTs were also used for supramolecularmost cases the storage modBluisicreased with higher
hydrogel formation via hogtiest interactions. Wang and amounts of CNTs, which comed the stabilization via
Cheri®® and Hui et al°® used Pluronic, whose hydrophobic interactions.
poly(propylene oxide) (PPO) units interact with the SWCNTs First, supramolecular hydrogels based on a mixture of
surface and whose hydrophilic poly(ethylene oxide) (PEO) ungsaphene and Pluronics did not show any improvement in
face into the hydrophilic solution after dispersion in watemechanical features through addition of the graphene sheets
Addition of -CD led to a hosguest interaction with the PEO compared to native Pluronic hydragésbenecial e ect was
units and subsequently to hydrogel formation. For rheologicddserved by adding reduced graphene oxide (RGO) sheets into
measurements and comparison, a native hydrogel contairfigdrogels based on short peptides as low molecular weight
only Pluronic and-CD was synthesized. In Weaagd Chéen gelators’®> They possessed {(orenylmethyl)oxy]carbonyl
work, surprisingly, the SWCNTs did not have a huge positilgmoc) and Tyr 1)/Phe (2) as functional aromatic groups
contribution to the storage modulus because all values wergvhich interacted with the graphene sheets vigtacking and
least 1 order of magnitude smaller than those of the natiskowed minimum gelation concentrations of 0.50% and 0.55%
hydrogel, and only the gel formation was accelerated by {isv) for gelator peptides and2. Furthermore, the storage
addition of SWCNTs. The thermal reversibility and sheanodulusG of the hydrogels increased with higher amounts of
thinning properties of the hybrid hydrogel were retained. Fgraphene sheets. As the hybrid hydrogels also showed
example, at a shear rate of 010the native hydrogel possessedthermoresponsiveness, theggeltransition could be used for
a viscosity of 4.4x 10* Pas, whereas the hybrid hydregel the 3D printing process by transferring the gel to a solution via
viscosity was onlyt x 10* Pas. In Huls work, the amount of temperature change. Oxidized graphene sheets (graphene oxide,
CD was increased, yielding more stable hydrogels. GO) with carboxyl and hydroxyl groups on the surface enabled
The following hydrogels could be interesting for printing @be electrostatic interaction with compounds possessing
their sol gel transition can be controlled. The interaction oprotonated amine or other positively charged functionalities.
pyrene-based compounds with the SWQCNTfsce via On the basis of these interactions, a variety of stable
interaction was exploited for supramolecular hydrogel formatgupramolecular hydrogels with a very low minimum gelation
by Ogoshi et &[°They synthesizedCD with a pyrene group  concentration were prepared and could be useful tools for the 3D
which could be attached to the surface of the SWCNTs. Affetinting process by changing the g&atmmncentration,
addition of poly(acrylic acid) containing 2 mol % dodecyl groupsansferring solutions into the gel state. For example, Adhikari
host guest complexes were formed-6 with the aliphatic et al’’®used amino acids4rginine,-tryptophan,-histidine)
side chains, andhally, a hydrogel was formed. The hydrogeivith a minimum gelation concentration of 1.45% (w/v) and
could be transformed back to a solution either via addition ohacleosides (adenosine, guanosine, cytidine) with MGC = 2.0%
competitive guest (sodium adamantine carboxylate) or by/v) as gelators with GO. A nabwmus robust 3D network
addition of a competitive host@D). Yang et dl*used a  structure was formed via self-assembly by heating the reaction
one-pot hexacomponent system wittstacking, Ugi reaction, solution above 10@ and cooling it to room temperature
and reversible addition fragmentation chain transfer (RAF&jterward. Only a small amount of amino acids and nucleosides
polymerization for a polymer conjugation on carbon nanotub&sth respect to GO was needed.21%, w/w), which
The polymer PNIPAAm interacted with its pyrene end group azon rmed their very good cross-linking ability between GO
the CNT$surface and was functionalized with an MPEG at isheets. A hydrogel containikagginine possessed a very high
other chain end. This formed hagtest complexes wittCD storage moduluS, 6 x 1¢* Pa, during the tested frequency
and subsequently led to a transformation from a CNT dispersic@nge from 0.1 to 628 rad, slisplaying a positiveeet on the
to a supramolecular hydrogel. A further hydrogel formation Vigdrogés stability. Similar experiments with polyamines
host guest complexes of CNTs was investigated by Tamesuéspermine, spermidine, tris(aminoethyl)amine) as incorporated
al>”?The polysaccharide curdlan was functionalized®ith  cross-linkers in GO hydrogels were conducted by the same
at the side chains and could helically wrap around SWCNTsgioup:’’ Tao et al. used (dimethylguanyl)guanidine hydro-
water, exposingCD functionalities to the liquid surroundings. chloride (metformin hydrochloride, MFH) as an amine-
By adding poly(acrylic acid) containing pendant azobenzefuactional cross-linker for GO sheets which formed a hydrogel
groups, a photochemically reversible hydrogel was formedwaa electrostatic interactions and hydrogen Héritlsey
host guest interaction withCD under visible light (430 nm). investigated the hydrogel formation with respecteiemti
This could be turned back into a solution by irradiation with U¥ross-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 concentratiuring the 3D printing process could be used to control the
of the cross-linker was very low with respect to GO at <10% (Wydrogelgproperties.
w). The pH value of the solution and thus the degree of 5.3.3. Metal-Based Gel%.3.3.1. Titania Nanosheetéda
protonation of MFH and the carboxylic acid groups on the G@nd co-workers controlled the orientation of titania nanosheets
surface played an important role as well in the hydrogel stabiliia. an external magnetield®®3°®* They usedN,N -
For example, the strongest interaction was displayed at pHiBnethylacrylamide as a monomer di-methylenebis-
where six kinds of hydrogen bonds were formed between G(acrylamide) as a cross-linker the UV-light induced

OH/ COOH groups and MFsl NH/ NH/ NH, polymerization. Thereby, titanium was used as the initiator
groups along with electrostatic interactiof€e€fOH and which transfers an electron from the valence band to the
NH,". In contrast, at pH 1, only four hydrogen bonds wereonduction band upon exposure to UV light, which set free
available and caused the weakest interaction between GO laydtoxyl radicals in aquous solution and afterward initiated the
MFH. These results make materials interesting for 3D printing@ymerization. This experiment could be an interesting
the hydrogé&l properties can be tuned via the concentration arepproach for in situ hydrogelation during 3D printing and for
the pH value, having anience on the strength of cross-linking. controlling the hydrogebtrength.
Another pH-responsive graphene oxide-based hydrogel wd&s3.3.2. Gold and Silver Nanoparticl&€hen and co-
investigated by Cong et al., who used poly(acryloyl-6-aminesrkers® modi ed the gold surface with monothiolated
caproic acid) and &dor cross-linking’Ca* interacted with  CD and used Pluronic as a cross-linker formingghest
the carboxylic acid group of the polymer and with the grapheg@mplexes between PEO moieties a@®, leading to a
sheetscarboxylic acid groups on the surface, forming a higtypramolecular hydrogel. The reversible transition to a solution
porous hydrogel. Both components were varied from 1.0%aould be conducted by adding 1-adamantanamine hydro-
9.5%, showingwith higher amountsan increasing tensile chloride, which is a competitive guest-€@b and destroyed
stress of the hydrogel. In addition, it was stretchable, and in the supramolecular network. Further insights into the mechan-
case of ruptures, it showed self-healing properties at pH < 3. Tie@d properties of such hagtiest formed hydrogels were given
pH range led to protonation of the carboxylic acid groups aiy Shi and co-workéf§They modied the gold nanoparticles
therefore to a moreexible system which sokdi at pH 7 (AuNPs) and nanordd®\uNRs) surfaces with monothiolated
reversibly. Yan and Han used chitosan as a cross-linker for ®BEG. Addition of CD yielded a supramolecular hydrogel that
forming a hydrogel via electrostatic interactiihsshowed  showed thermo- and mechanoresponsivity. AUNP hydrogels
self-healing properties, and the gelation could be tuned via p@ssessed a gebl transition at 6TC, and AuNR hydrogels
temperature and concentration of GO as it possessed a verypoasessed a gsbl transition at 70C. Both could be
sol gel concentration. For example, a solution containing 8.0#ansformed into a gel upon cooling of the solutions reversibly.
% chitosan remained a solution at room temperature with 0.2Tite storage modul@ was higher than the loss mod@us
% GO and became a gel at room temperature with 0.3 wt % Gmer the whole frequency range, displaying a stable hydrogel
With a higher amount of chitosan and GO, the storage moduligped with gold moieties. This gel also showed shear thinning
G increased; e.g., aZ)G 70 Pafor 0 wt % GO al properties. Das and co-workers used low molecular weight
670 Pafor 0.3 wt % GG.andG additionally showed a strong gelators (LMWGs) for the incorporation of gold salts and
temperature dependency and decreased with higher temséisequently in situ reduction to gold nanopaiticEse
ature, weakening the electrostatic interactions within thdMWGs consisted of dipeptides with a long aliphatic chain,
hydrogel. The incorporation of thermoresponsive polymers @serent aromatic groups, and either a carboxylic acid or a
cross-linkers for GO is an ideal approach to tune the gelations@glium carboxylic group. The minimum gelation concentration
temperature and was performed by Jiang and co- brkersof LMWGSs was varied in water from 0.58% to 3% (w/v) and in
They modied the GO surface withCD moieties and added aromatic solvents from 0.45% to 1.6% (w/v), which are very low
the block copolymer azo-PDMRNIPAAm (PDMA =  contents. The in situ reduction and formation of AuNPs in the
poly(N,N -dimethylacrylamide)), which led to cross-linkingydrogels increased their storage mo@uéusl loss modulus
due to the hosiguest interaction ofCD with the azophenyl G by around 12 orders of magnitude at low shear rates.
group. Hydrogelation started when the temperature was abéitionally, the supramolecular hydrogels showed shear
PNIPAANS lower critical solution temperature (LCST) (29.3 thinning properties displayed by a change from the quasi-solid
39.9°C), which varied with the degree of polymerization angtate to the quasi-liquid state with increasing oscillatory stress.
composition within the block copolymer. Thegebtransition ~ Zhang and co-workers also synthesized supramolecular hydro-
was corrmed via measurement of the viscosity and storage/lc3gls based on low molecular weight gelatdrsey used
modulus over time with a temperature decreas€ ofiib *. di erent derivates of bile acids with low concentrations between
The hydrogel with hosguest-bound polymers on GO had 25 and 100 mM and incorporated silver and gold salts With
signi cantly higher storage/loss moduli than the one with loosef@ncentrations between 5 and 50 mM, which were reduced in
bound GO without-CD moieties and polymers which showedSitu viairradiation of light. Here,&handG of supramolecular
the strong esct of supramolecular interactions in the hydrogeflydrogels containing nanoparticles were 1 order of magnitude
Another interesting method to increase the stability of hydrogBigher than those of the native hydrogels. They possessed shear
containing graphene sheets is to control their orientation intinning properties, and their yield stress was even lower than
magneticeld. Wu et al. polymerizZegN -dimethylacrylamide that of the native one.
containing\,N -methylenebis(acrylamide) as a cross-linker with
GO and corrmed the anisotropic behavior via rheologicaﬁ- BIOTECHNOLOGICAL APPROACHES TOWARD
measurements: The storage modulus increased when the BIOINKS
sheer force was orthogonal to the graphene sheets in tection5 focused on chemical approaches to implement
hydrogel due to higher resistance to an exteroehde molecular interaction mechanisms ircattimaterials. Nature
compared to the parallel case. Such an external matghetic 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 dgy holds the promise of overcoming this drawback and
molecular building blocks with the highest precision. Nowadagspanding theeld of bioinks for biofabrication, and the so far
genetic engineering makes it possible to develop and designoely and very recently published report on the use of a
biopolymers with a complexity and functionality not found irecombinant protein (based on spider silk sequences) without
nature. Recombinant production of natural ociatfproteins  any additive for 3D printing and biofabrication underlines the
allows tailoring of a matesigiroperties such as mechanics,great potentiaf”

degradation, porosity, cell interaction, and cytocompatibilityln this section, we will brie introduce the déerent
(Figure 1%**°Genetically engineered recombinant proteins angossibilities for production of recombinant proteins and then
much more accessible in andd molecular structure than give an overview over the so far reported recombinantly
synthetically produced materidls’®® Specic design of  produced proteins (elastin-like polypeptide, resilin-like polypep-
functional groups along the constituent proteins (typicalljde, recombinant collagen, recombinant silk) with properties
structural proteins such as collagen, elastin, or silk) allopetentially exploitable for 3D printing. Furthermore, examples
biological activity similar to that of components of the naturfidr peptide polymer and proteipolymer hybrid materials and
ECM. One possibility is to combinedént functional domains  polynucleotides will be reviewed which show promising
of natural proteins in one designed protein (e.g., a fusigmoperties and may in the future be tailored for the demands
protein), for example, merging cell interaction domains witif printing processes.

structural ones. Alternatively, recombinant proteins can, : ; . ;

design, be easily mat with short peptide motifs such as RGDé)'%tEiﬁ:Ignable Biopolymers: Recombinantly Produced
or IKVAV, which are unique ligands for cell receptors an

mediate cell adhesion. In the context of this review, we will6.1.1. Methods for Recombinant Protein Production. _
however primarily focus on (potential) printability. Di erent host organisms can be used for recombinant protein

Apart from the following exception, we will focus orProduction such as bacteria, yeast, plants, insect and mammalian

recombinantly produced biopolymers as the main structufélls, or transgenic animal<E. colis often used as a host
component of hydrogels, and not as a mediator or cross-linkerdgganism for recombinant protein production, since this Gram-
hydrogelation. Lu etdPmodi ed hyaluronic acid with peptide negative enterobacterium is suitable for a fast and inexpensive
sequences as an anchoring domain which forms an injectdBl@e-scale production due to its simplicity, its well-known
shear thinning, and self-healing physical gel via the dock-and-ggletics, and the capability of fast high-density cultivation, in
principle after addition of recombinantly produced dimerizeafidition to the availability of elient plasmids, fusion protein
docking polypeptide sequences. The hydrogel possessed ap@iiners, and mutated stréii®eside&. coliother bacterial
strainG 250Pac 6 Paandathighstr@n 20 PaG hosts have been employed for the recombinant production of
50 Pa, both of which were obtained in a repeatable wa#yoteins. In contrast . colithe Gram-negative bacterium
Additionally, the hyaluronic acid was reddith methacrylate ~ Salmonella typhimuriémnexample, has the capability to secrete
groups so that the hydrogel could be stabilized in a second@iigteins, which simis the isolation of the target protein from
step via photopolymerization. This approach is thus veilye bacterial host proteins. Likewise, the Gram-positive
promising as the initial step toward a printable hydrogel. FaacteriunBacillus subtils able to secrete large quantities of
further details on the use of recombinant proteins as cross-linkegombinant proteins into the medium. The bacterial secretion
for hydrogelation, we refer to the review paper by Wat1§ et alsystems are much simpler than those of yeasts and fungi,
It is important to mention that not all polypeptides andsimplifying the ecient productior’°Nevertheless, yeasts, such
proteins can be recombinantly produced, nor can proteins &&Saccharomyces cereaigi&échia pastarisan be attractive
combined with nonpeptidic moieties, unless by chemicallernatives to bacterial hosts because they are able to correctly
postproduction modiation. In the case in which recombinantprocess high molecular weight proteins including more complex
production is possible, receiving the proteinsdiesiiyieldsis ~ post-translational modations such as glycosylafi dp.
often challenging. This depends on the host organism seleqtastoris even able to grow to high cell densities (>10@yL
for production, the fermentation process, and the protein itseléll mass}°’°To obtain large amounts of recombinant proteins,
Especially the latter often creates certain unpredictability for thensgenic plants suchAaabidopsis thalianad Nicotiana
yield when a new process is initiated. Hence, so far there aretabaicungtobacco) have also been used. Plants are capable of
many recombinant protein materials available wiest producing foreign proteins on a I‘ziqr%g scale and at lower costs in
amounts with properties such as shear thinning behavior amnparison to most other organi isadvantages of plant
form stability, as well as cytocompatibility. However, biotechnlobsts 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), nervé8g
regeneration, drug delivery 407 410
silk-like robotic remarkable mechanical properties, biocompatibilityssue repair, nerve regeneration, wound healid§4 411
dispensing  biodegradability
elastin-like elastomeric properties, thermoresponsivebehavisue repair (cartilage), vascular grafts, soft-tigsiie 419
biocompatibility, high solubility replacement, drug delivery
resilin-like low stiess, high resilience, reversible extensibility tissue repair (cartilage, vascular grafts)420 422

microbes and longer generation intéR7atelditionally, the  to silk fromBombyx motthe -sheet-rich spider silk hydrogels
production of large proteins can cause problems, becausesth@ved moderate shear thinning behavior, with high viscosity at
underlying genes are prone to genetic rearrang€ments. low angular frequencies and a decrease in viscosity at higher
Introducing foreign sequences and genes into animals carfrequencies. The elastic behavior dominated over the viscous
achieved through drent procedures, such as the integration dbehavior over the whole angular frequency range with a low-
synthetic genes into the chromosomal DNA or by transportingecosity ow behavior and good form staﬁﬁﬁ‘gg No
target DNA into cells, resulting in a transient exprésdiba. structural changes occurred during the printing process, and
transformation eciency is low using both approaches; viruses #ise hydrogels soligd immediately after printing by robotic
transporters are in some cases much more promising becalisgensing. Due to the form stability, it was possible to directly
they are extraordinarily@ent in transferring their own genome print up to 16 layers on top of each other with a construct depth
into foreign cells. For example, baculovirus has been widely wfegpproximately 3 mm without structural collapse. Strikingly,
as a vector of target genes for their expression in in$éét cellsell-loaded spider silk constructs were printed without the need
Using insect cells as expression hosts has advantages such afhigtditional cross-linker or thickener for mechanical stabiliza-
expression eiencies, low feeding costs, the capability to secraten. The encapsulated cells showed good viability over at least 1
proteins, simpked purication, and possible post-translationalweek in such spider silk hydrogéls.
modi cation$”%*°* Disadvantages are more complex cloning 6.1.3. Recombinant Collagen/Collagen-like Proteins.
procedures and longer generation times of the insect cell likésiost every possible type of expression system, such as bacteria,
compared to bacteff& Mammalian cells and even transgenicyeast, transgenic tobacco, insect cells, mammalian cells, silk-
animals have also been used for recombinant proteinorms, and transgenic mice, has been used for the recombinant
productiorf’°Using transgenic animals to produce recombinamixpression of collagen, collagen-like proteins, and selected
proteins allows, e.g., the secretion into bats/such as milkor  domains there6i®*°*943% Compared to native collagen,
urine, enabling protein production for long time intervals, thuscombinantly produced collagens have thet lndnigeing
gaining a higher protein yiéltf.°’Disadvantages of this system biologically safe (no infectious contaminations) with useful self-
are that the creation of transgenic mammals is very tinessembly features, and they can be functionalized with
consuming and complex. Additionally, as in the case of spidertsitinstructive domains such as cell adhesion®*fidtifs?
proteins that were secreted into the milk of goats and mice, fRecombinant expression of collagens is quite complex, since it
challenge is to separate the recombinant proteins from miln be necessary to introduce post-translationatatiods
caseins, since several structural proteins and caseins show simpartant for cross-linking and helical stability. Therefore,
properties such as self-assembly, and especially mice bidgynthesis of collagen might require spenozymes, in
produce a small amount of MiflK°“Table yives an overview particular prolyl 4-hydroxylase. In the absence of this enzyme,
of recombinantly produced proteins that have been used for 8fden non-triple-helical and nonfunctional collagen molecules are
printing or as injectable hydrogels, or exhibit propertiggoduced, which are unstable at physiological conditions and
potentially exploitable for printing purposes. Tleredi thus unsuitable for biomedical applicatibfsom the tested
approaches will be presented and discussed in more detail inbgts, only mammalian cells produced collagen wi#h an
following sections. hydroxyproline content identical to that of natural collagen.
6.1.2. Silk-like Proteins.Due to spidefsaggressive However, this system yields only low levels of proteiBq0.6
territorial behavior and their cannibalism, their large-scafg L ). In E. coland yeast, multigene expression is necessary to
farming is not feasible. Therefore, several prokaryotic ameercome the absence of the enzyme prolyl 4-hydfSx@lase.
eukaryotic hosts have been tested concerning recombinta basis of the multigene expression technology, collagen types
production of spider silk proteins, as recently summarized Ibyi, and Il were produced withiad-hydroxyproline content
Heidebrecht et &' Di erent silk-like polymers (SLPs) have identical to that of the native human proteins and titers of 0.2
been produced with varying numbers (i.e., repeats) of singlé g L.**? Alternatively, peptide-based supramolecules
sequence motifs, drent types of motifs, andatent spacings  mimicking the collagen structure and function have been tested.
between therf 493423424 gpider silk cers a very high However, two critical issues arise for the development of peptide-
potential for biomedical applications due to the excellebfised collagen-like supramolecules. One is thdtydito
mechanical properties of ltgrs and the biocompatibility and generate a higher order structure to mimic the assembly (or
biodegradation of materials processed from the underlyigglation) property of natural collagen. The second is the not so
proteins?#92425 42’Racombinant spider silk proteins can selfeasy incorporation of biologically relevant motifs into the
assemble into narillar networks triggered by high protein material. Kaplan and co-workers designed collagen triblock
concentrations, salts, and temperature, and they form hydoeptides with the sequences (&{G)y-X-Hyp-Gly-Pro-
gels’?®2° Recently, it has been published that spider silkyp)s-(Glu)s which self-assembled into highly organized
hydrogels can serve as a bioink for biofabri¢ationontrast ~ supramolecular structures forming a triplé Héfi-owever,
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Table 7. New Hybrid Materials for Hydrogel Formation

fusion protein expression system hybrid system refs
resilin elastin collagen-like (REC) Escherichia coli protein protein 444
silk elastin-like (SELP) Escherichia coli protein protein 446 447
silk collagen-like (S,4C,) Pichia pastoris protein protein 448
elastin-like polypeptide + polyethylene glycol (BHEB) protein synthetic polymer 449
resilin-like polypeptide + polyethylene glycol (REB) protein synthetic polymer 422

the physical properties of the collagen-like peptide suplhether the kinetics of enzymatic cross-linking can be adapted
molecules were far from those of native collagen hydrogétsbe suitable for 3D printing remains an open question.
Fusion proteins made of recombinant collagen and silk have als® 1.5. Resilin-like Polypeptides.Natural resilin is an
been developed, showing sagmitly enhanced cell viability and elastomeric protein with remarkable mechanical properties. It
cell proliferation; see sectioh.6*> is present in specialized regions of the insect cuticle and plays a
6.1.4. Elastin-like Polypeptides.Elastin is an abundant key role in insectight, the jumping mechanism eés, and
component of the extracellular matrix found in elastic tissueyrealization of cicadé$Resilin possesses excellent mechanical
the human body and is responsible for keeping thedigblee properties such as low 88iss, high resilience, andcéve
The elastomeric properties of elastin materials provided magtergy storage. Recently, hydrogels made of recombinantly
motivation for the design of mimetic elastin-like polypeptid@igineered resilin-like polypeptides (RLPs) have been produced
(ELPs):****°The study of ELPs was pioneered by Dan UrryWith good mechanical (a5 kPa) and cell-adhesive proper-
who synthesized a large number of polypeptides and studi€§-~ The polypeptide contained 12 repeats of the resilin
their biophysical properties in solution and as cross-linké@nsensus sequence and a single, distinct biologically active
elastomeric materi&l&The elastin-inspired sequence, derivediomairt*“The approach allowed independent control over the
from the hydrophobic domain of tropoelastin, is a pentapeptig@ncentration of cell-binding, MMP-sensitive, and polysacchar-
repeat of VPGXG (where X is any residue except P), whicHg&-sequestration domalns_m hydroge_ls by mixing various RLPs.
common in all ELP&¥** Elastin shows thermoresponsive 1heé RLP-based polypeptides exhibit a largely random coil
behavior, allowing control over its thermal transition tempefonformation in solution and in the cross-linked hydrogels, on
ature by changing the hydrophobicity, molecular weight, alit¢ basis of the repetitive motifs in the polypeptides. The
concentration of the polypeptid&:’ The completely randomly coiled, isotropic three-dimensional network has been

reversible phase transition can also be triggered by varip@Wn O behlave_ ?fs};agl_igeﬁl (rjubbelr Wfith negr-pergtalct reversible
environmental conditions such as temperature, ionic stren g-range elasticly. yarogels formed rapidly upon

redox state, and pi***°> ELPs are water-soluble below their iXing with tris[(hydroxymethyl)phosphine], and they were

characteristic thermal transition temperature. However, Wlﬁwe to maintain their mechanical integrity due to cross-linking as

the temperature is increased above the transition temperatm%" as to allow the viability of encapsulated primary human

. enchymal stem cells (MSESs).
the' ELPs undergo a phase tran5|t[on into an aggregated Sﬂ?l 6 I-)|/ybrid Proteins H(ybrid n")naterials are made by fusing
which reveals a physically cross-linked network favorable for )

printing*1¥3®Materials made of elastin-like polypeptides shod erent bioactive domains or protein motifs that are not

excellent mechanical properties (similar to those made of natOth rwise found in naturesple J. Injectable hydrogels made
: . prop L - efrom can bentdrom the advantages of both components.
elastin), are biocompatible, and cause minimal cytotoxicity

) . . h me r n, hybrid materials m f natural polymer
immune response when implaftétf**“° Nagapudi and co- the same reason, hybrid materials made of natural polymers

workers found that upon-ffiggered physical cross-linking ﬁnd synthetic polymers have been developed as injectable

A2
block copolymers with the most hydrophilic inner blocks formegdrogelé.

X _ . One example of hybrid proteins is the combination of silk
hydrogels with complex shear moduli ranging from 4.5 to 1Q 50t sequences and ELP sequences (SEIFY) By

kPa. Decreasing the hydrophilicity of the inner block resulteddgmpining the silk-like and elastin-like blocks in various ratios
the formation of hydrogels with sigantly greater shear moduli anq ysing derent sequences, it is possible to produce a broad
of up to 280 kP4 The critical temperature of the phase range of biomaterials withetent material properties. The ELP
transition can be varied by changingXhemino acid: blocks in the sillelastin-like proteins irence the molecular
Therefore, depending on the guest residue, an ELP can difin properties of the prot&ifiThe chimeric proteins were
designedto be liquid at room temperature and to form a hydrogisigned to retain the mechanical properties of silk, while
in situ when the temperature is raised upon injection. incorporating the high solubility and environmental sensitivity of
Using recombinant approaghallows incorporation of g p&£°3 455 gELPs irreversibly ungle a two-step self-
multiple physicgl or covalen.t cross-linking and reactive sitesfesembly process under physiological conditions to form
specic mechanical properties and cofitfofor example,  hydrogels depending on the number of silk-like blocks in the
elastin-like polypeptides have been genetically designegeat unit> For example, increasing the number of silk-like
synthesized, and evaluated concerning enzyme-initiated covale@ks within a domain in a sikastin-like block copolymer
cross-links via tissue transglutaminase to form a network tinafeased the rate of gelation and decreased the rate of resorption
sustains cartilage matrix synthesis and accurfitifatiol.  of the polymet*?*°%5"The rst step in the gelation process is
Articular chondrocytes were successfully encapsulated in theoifisistent with the crystallization of the silk-like domains via
situ cross-linked hydrogels, which were then injectedrto  hydrogen-bond-mediated physical cross-IfAking.The
irregularly shaped cartilage defect and to integrate into thecond assembly step is driven by the hydrophobic interaction
surrounding tissue. The ELP network supported cell viability anetween elastin blocks above a speansition temperature,
in Itration, as well as cartilage matrix synthesis and accumulatidrich leads to the ordered association of SELP molecules,
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indicating that the temperature-sensitive behavior of ELPstie generation of injectable hydrd§el&:° DNA has sped
even retained in ELP hybfitSWhen hydrophobic residues secondary structures, and stimulus-sensitive features can be
were added to an otherwise hydrophilic SELP, the transitioicorporated to modulate such a s?esiiructure on the
temperature was decre4sé8ome SELPs were injected via hanoscale. First reported by Um éf‘alhe connection of
syringes and then formed insoluble hydrogels at the injection sitenomer (X-DNA) units resulted in the formation of DNA
without any additional cross-lifik&rlt has been further hydrogels. These hydrogels were biocompatible, biodegradable,
demonstrated that genetically engineered SELPs (SELP-47rxpensive to fabricate, and easily molded into the desired
can be used to form injectable hydrogels for delivery of cell-baskapes and sizes. In contrast to other bioinspired hydrogels
therapeutic¥.’ (including alginate-based hydrogels), the gelation process of
Hybrid materials made of silk and collagen blocks have aB§A hydrogels occurred under physiological conditions, and
been designed, synthesized, and charaétéitedpolymer cell encapsulation was accomplished in situ. Drug molecules and
(C,S,4C,) consists of a middle block'($ composed of 48  even mammalian cells can be encapsulated in the liquid state,
identical silk-like octapeptides in tandem and two end blockéminating the cell loading step and also avoiding denaturing
(C,), each of which is composed of two identical 99 amino agi@nditions”’In another study, the DNA sequence was replaced
long collagen-like sequences in tafitféfhe hybrid protein ~ with one containing immunostimulatory cytopimesphate
formed nandbrillar hydrogels exhibiting long-term stability guanine (CpG) motif§?CpG-DNA induces the production of
self-healing behavior, andatle mechanical properties. helper T-cell type 1 cytokiié&s:*"*Nishikawa et al. developed
Chimeric resilin-, elastin-, and collagen-like engineered p@lyaovel method to produce ligase-free, injectable, self-gelling,
petides (RECs) have been designed and préttidee biodegradable DNA hydrogels using oligodeoxynucféotides.
rubber-like proteins elastin and resilin exhibit a reversibigerefore, the single-strandeettsis of polypod-like structured
deformation and very high resilience and elasticity. ANAwere extended to hybridize under physiological conditions.
combination with a collagen-like sequence, it has been shoa¢ gelation of the DNA hydrogels occurred instantaneously
that the material exhibits promising self-assembly proper@ér injection using a syringe witme needle because of a
potentially exploitable for printifig.Parisi-Amon et ‘éEI)? dissociation/associationogess. When the hydrogel was
reported on a mixing-induced two-component hydrogel fgfressed, a fraction of the bonds dissociated, and the resulting
injection of stem cells which consists of two polymers called {fge ends changed their partner and quickly reassociated through
and P9 possessing seven and nine repeating units of the Ctvgrogen bonds. Guo et‘@developed a pH-switchable DNA
WW domain (C) and theproline-rich peptide (P), respectively. hydrogel which was stable at pH 5 and turned into a quasi-liquid
Additionally, the C7 unit contains the cell-binding domain RGB! PH 8. This process is reversible and exhibited shape memory
This system showed shear thinning and rehealing propertR£cts that would be interesting to assess regarding exploitability
cytocompatibility, and the ability to encapsulate cells at constit 3D printing. In addition, it was shown that the DNA
physiological conditions. Olsen €et’“alnvestigated the hydrogels can d_e_llver tumor antigens (ovalbumin) for induction
rheological behavior of coiled-coil telechelic association dom&hantigen-speci immune r_espons‘gé.Nevertheless, hydro-
(APQMLRE, LQETNAA, LQDVREL, LRQQVKE, ITFLKNT, gels fqrmed by polynupleotldes usgd for blomgd|cal appllcanpns
VMESDAS) possessing linker domains ([AGAGAQPEG] &€ still a c.haIIenge, since .the carried genetic |nf9rmat|on might
withn = 10 and 30, which show shear thinning properties. interfere with ceIIu'Iar function. Thgrefore, it remains to be seen
In general, several peptidelymer hybrid hydrogels exist, Whether they qualify as future bioinks.
but they are usually built upon a synthetic polymer and peptide
sequences produced by solid-phase synthesis (and 20tCONCLUSIONS AND OUTLOOK
biotechnologically), which is not the focus here. For moM, often described as 3D printing in the popular media, has
detailed information thereon, we refer the reader, e.g., to tlapidly evolved into a very actidd of research and is already
paper by Altbundas ef @iRecombinantly produced coiled-coil used to produce medical implants. One strength of AM is the
peptides have been combined with thermoresponsive polynalpiity to fabricate hierarchical structures through the simulta-
to yield thermoswitchable hydrogels. Therefore, a triblogleous printing of cells and supporting material in an approach
copolymé¥*was prepared on the basis of the before mentionédrmed biofabrication. In a holistic approach, materials for cell
peptides, such as APQMLRE, LQETNAA, LQDVRELprinting are predominantly limited to hydrogels, since the cells
LRQQVKE, ITFLKNT, and VMESDAS, witk 10, in the must be processed under cytocompatible conditions. We have
middle and two thiomaleimide-conjugated PNIPAAmM end presented and discussed the most prominent methods suitable
blocks. Strain amplitude sweep measurements were performéefaD hydrogel printing: (1) LIFT, (2) inkjet printing, and (3)
di erenttemperatures and showed theieirce on the storage robotic dispensing. While each method has its advantages and
modulusG and loss modulu@ . Thereby, PNIPAAmfree disadvantages, robotic dispensing is currently the only method
polymer chains collapsed upon their lower critical solutidhat allows for the generation of clinically relevant constructs,
temperature behavior, leading to higher values of the moduli Bleit with lower resolutions than LIFT or inkjet printing. With
still maintaining their shear thinning property. One furtheq_aur.mtroductlon into the rheological behavior of non-Newtonian
example is the elastin-like polypeptidiyethylene glycol liquids and other relevanbw phenomena, we developed
(ELP PEG) hydrogel system combining the tenability of ELBeneral criteria that should be kept in mind for the development
hydrogels with the distinct advantages of PEG hydrogels. THe2 new bioink. The bioink formulation should have shear
hybrid hydrogel enableéxible and tailored tuning of the thinning properties (not being thixotropic) and should not show

material stness and the cell-adhesive RGD ligand déhsity. 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
Recent progress in DNA nanotechnology has also facilitateddhecting the viability, and shear forces cannot exceed limits
design of a variety of DNA-based nanosized structures usefuldtarable for cell survival. Most importantly, the bioink must

6.2. Designable Biopolymers: Polynucleotides
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process. ) . . . 8T.J. and W.S. contributed equally to this work.
These considerations underline the high demands thl%tes
biofabrication imposes oretimaterials to be used for ) o
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gels are dynamic due to the reversibility of the network-forming
interaction, which is advantageous for the printing process,
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contrast, chemically cross-linked gels are mechanically stronger
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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
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Teilarbeiten

TEILARBEIT VII

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

"Zellgewebe aus dem Drucker." Schacht, K., Jungst, T., Zehnder, T., Boccaccini,
A.R., Groll, J. und Scheibel, T..

Reproduziert aus Nachrichten aus der Chemie 2016, 64: 13-16 mit freundlicher

Genehmigung des Verlages John Wiley and Sons.
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B3-D-DruckV/

Zellgewebe aus dem Drucker

Kristin Schacht, Tomasz Jiingst, Tobias Zehnder, Aldo R. Boccaccini, Jirgen 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.

S Biomaterialforscher, die gleich- webe nachempfunden ist. Die Bio-befillten sie mit Zellsuspensionen.
zeitig Zellen und Polymere verar- fabrikation gilt als vorteilhaft, um Inzwischen entwickelten sie neue
beiten, betreiben Biofabrikation. in vitro funktionale Gewebeanaloga Systeme; neben thermischen wur-
Die Biofabrikation ist noch jung herzustellen, einerseits, weil sie den piezoelektrische Druckkopfe
und entwickelt sich schnell — des- funktionale Komponenten besser und elektromagnetische Ventile
halb aktualisierte die Internationa- ausbildet als die klassische Gewebeeingesetzt. Die Hauptvorteile des
le Gesellschaft fir Biofabrikation zucht, und andererseits, weil sie die Tintenstrahldrucks sind der gerin-

kirzlich die erste Definition, die Reifungszeit minimiert. ge Materialverbrauch, die hohe
Mironov et al. im Jahr 2009 auf- Uberlebensrate von Zellen sowie
stellten? Jetzt bedeutet Biofabrika- Strukturen mit einer Aufldsung

Additive Fertigungsverfahren

tion ,die automatisierte Herstel- / i A von etwa 75 pune® Allerdings ver-
in der Biofabrikation

lung biologisch funktionaler Pro- arbeitet der Tintenstrahldrucker
dukte mit struktureller Organisati- S Der 3-D-Druck von klassischen nur Materialien mit einer Viskosi-
on aus lebenden Zellen, Zell-Ag- Werkstoffen lauft teilweise unter tét zwischen 3,5 und 12 mPa®.
gregaten wie Mikrogeweben, hybri- extremen Bedingungen ab: Die Beim Dispensdrucken kommt
den Gewebekonstrukten, bioakti- Schmelzschichtung (fused deposi-die Biotinte in eine Kartusche oder
ven Molekilen oder Biomaterialien tion modeling) etwa verarbeitet Spritze. Ein computergesteuertes
durch Biodrucken oder Bioassem-Acrylnitril-Butadien-Styrol bei Tem- Kontrollsystem bewegt die Kartu-
blierung und nachfolgender Rei- peraturen bis zu 230°C. Im Gegen-sche und synchronisiert das Dosie-
fungsprozesss? satz dazu steht die Biofabrikation.ren, was zu 3-D-Strukturen fuhrt.

Im klassischen Ansatz der Gewe-Sie muss gewahrleisten, dass ZellerDieses Verfahren fertigt Konstrukte
bezucht besiedeln Zellen eine vor-uberleben, wofir verschiedene mit klinisch relevanten Grof3en in
gefertigte Tragerstruktur, und zwar Faktoren eine Rolle spielen, darun-einer Zeit, die sich fur die prakti-
isotrop verteilt Uber die gesamte ter Temperatur, wassriges Milieu, sche Anwendung eignet — bei-
Tragerstruktur. Durch Reifen, vor- eventuell noétige Vernetzungsche-spielsweise ein Ohr mit den Malf3en
zugsweise in einem Bioreaktor, ent-mie und Druck sowie verwendete

steht ein Zell-Materialverbund, der Materialien. Zudem muss die Ar- QUERGELESEN

als Gewebeersatz dienen soll. beitsumgebung steril sein. Trotz

3-D-Drucke laufen Uber einen der erschwerten Bedingungen| V\Biotinten bestehen aus Zellen und nattrlichen
computergesteuerten, automatisier-muss die Biofabrikation mecha- Polymeren wie Alginat oder synthetischen wie
ten Schicht-fir-Schicht-Prozess.nisch  belastbare,  formstabile Polyethylenglykol.
Der baut die gewiinschte Struktur 3-D-Strukturen produzieren. Nur | VVZellfreundlichkeit und FlieReigenschaften der
direkt ohne Gussform auf. Der au- wenige 3-D-Druckverfahren eignen Biotinte entscheiden dariiber, ob sie sich fiir die
tomatisierte Prozess gewahrleistetsich hierfur, Giberwiegend sind das Biofabrikation eignet.
reproduzierbare Produkte — das Tintenstrahl- und Dispensdruck | VVSpinnenseidenhydrogele sind wegen ihrer FlieR3-
nutzt die Biofabrikation, um Zellen sowie laserinduzierter Vorwarts- eigenschaften und wegen der Netzwerke, die sie
und Materialien direkt in gewebear- transfer (Tabelle, S. 143. bilden, eine ideale Biotinte.
tigen Strukturen anzuordnen. So Beim Tintenstrahldruck bauten | VVKonstrukte aus Spinnenseiden sind nach dem
entsteht schon vor der biologischen Forscher zunachst handelsubliche Drucken ohne zusatzliche Quervernetzer und
Reifung in Kultur eine Struktur und Tintenstrahldrucker um, entleerten Verdickungsmittel stabil.
Morphologie, die natlrlichem Ge- und reinigten die Kartuschen und
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Verfahren Tintenstrahldruck Dispensdruck laserinduzierter
Vorwartstransfer
Vorteile hohe Auflésung hoher Viskositatsbereich hohe Auflésung
hohe Zellvitalitat verarbeitbar hohe Zellvitalitat
kommerziell erhéltlich Aufbau klinisch relevanter
kosteneffizient Strukturabmessungen méglich
kommerziell erhéltlich
Nachteile eingeschrankter beschréankte Auflésung nicht kommerziell erhaltlich
Viskositétsbereich hohe Kosten

limitierte Konstruktgré3en

Fir die Biofabrikation gebrauchlichste additive Fertigungsverfahren mit Vor- und Nachteifeh.

23 mal 14 mal 5 mm aus rekombi- ten. Biotinten sind oft der limitie- mdoglich nachahmen. Hydrogele
nanter Spinnenseide in etwa finf rende Faktor der Biofabrikation, da sind die derzeit erfolgverspre-
Minuten. Beim Verdrucken von die Anforderungen an die Materia- chendsten  Ausgangsmaterialien
Zellen verringert sich dadurch je- lien hoch sind (Abbildung 1). fir Biotinten.>®

doch die Auflosung auf etwa Die Biotinte muss druckbar Die wichtigste physikalische Ei-
400 pm® Allerdings ist dieses Ver- und zellfreundlich sein, das ent- genschaft der Biotinte ist ihr FlieR-
fahren besonders variabel, was diestehende Konstrukt formstabif! verhalten*® Vor dem Druck diir-
Viskositat des zu verdruckenden Es soll auRerdem die Eigenschaffen die Zellen nicht sedimentieren;
Materials angeht: Sie darf zwischenten des Zielgewebes so gut wiewdhrend des Druckens muss die
30 und 6-10 mPa-s betragef.

Der laserinduzierte Vorwarts-
transfer ist das Verfahren mit der
besten Auflésung, néamlich zwi-
schen 10 und 100 pm, und druckt
sogar einzelne ZelleA. Hierbei
richtet sich ein gepulster Laser auf
den Donor, der aus einem licht-
durchléssigen Tragermaterial, einer
Opferschicht und dem zu drucken-
den Material besteht. Der Laser ver-
dampft lokal die Opferschicht und
sorgt damit daftr, dass das Material
tropfchenweise ausgestof3en wird.
Dieses Verfahren schlief3t die Lucke
zwischen den beiden anderen Ver-
fahren im Viskositéatsbereich von 1
bis 300 mPa-s, verarbeitet aber nur
eine geringe Materialmenge pro
Donor. Das erschwert es, schnell
gréRere Strukturen aufzubauef.

Biotinten

S In der Biofabrikation beschreibt
der Begriff ,Biotinte® druckbare Abb. 1. Beim 3-D-Drucken werden Hydrogele gemischt mit Zellen als Biotinte eingesetzt,
Biomaterialien, die Zellen enthal- um 3-D-Konstrukte mit gesteuerter Mechanik und Abbaubarkeit herzustellen.
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Polymere (z.B.: Alginat, Collagen)

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

Abb. 2. Vernetzungsmechanismen der Biotinte.

Biotinte gleichmaRig flieBen und Biopolymere fur den 3-D-Druck chargenabhéngig und haben mit ei-
anschlieBend schnell aushéarten nem Elastizititsmodul von etwa
oder gelieren. Ist die Biotinte be- S Etablierte Biotinten enthalten 1 kPa nur schwache mechanische
reits vor dem Drucken geliert, darf nattrliche Polymere wie Alginat Eigenschaften. Noch zellfreundli-
der Druckprozess das Gelnetzwerkoder Kollagen und synthetische Po-cher als Kollagen ist seine modifi-
nicht irreversibel schadiged? lymere wie Polyethylenglykol oder zierte Variante, die Gelatiné?
Wenn die Polymere nicht selbstas-Polylactid sowie modifizierte Vari-  In neuen Biotinten werden hau-
semblieren, generiert entweder anten und Kombinationen dieser fig chemisch modifizierte Biopoly-
physikalische oder chemische Polymere®® mere oder Polymermischungen
Quervernetzung formstabile Kon-  Alginat ist ein wichtiger und eingesetzt. Die Modifikation soll
strukte (Abbildung 2). haufig verwendeter Vertreter der materialspezifische Eigenschaften
Vorteil der physikalischen Quer- Hydrogele. Es bildet eine zell- wie Zellfreundlichkeit, Verarbeit-
vernetzung wie auch der Metall- freundliche Umgebung, indem es barkeit sowie mechanische Eigen-
Chelierung ist deren Zellfreund- die Zellen mit N&hrstoffen und schaften und Porositat der Hydro-
lichkeit. Allerdings ist das Netz- Sauerstoff versorgt. Es lasst sich gugele optimierer Beispiele fiir che-
werk oft schwach und der Abbau verarbeiten und ermdglicht eine mische Funktionalisierungen von
unkontrolliert. Deshalb muissen hohe Zellvitalitat. Allerdings ist Gelatine sind die Methacrylierung
viele derart quervernetzte Hydro- sein Abbau schwer zu steuern, undund Acetylierung sowie die Vernet-
gele nachtraglich chemisch quer-es hat keine Zelladhdsionsdoma-zung mit oxidiertem Alginat, was
vernetzt werden, etwa durch Enzy- nen. die mechanische und thermische
me oder UV-Licht? Um die Zellantwort zu verbes- Stabilitat erhéht? Um dagegen Al-
Die fertigungsbedingten Anfor- sern, modifizieren Wissenschaftler ginat biologisch aktiver zu machen,
derungen an Biotinten kollidieren Alginat mit Proteinen. Eine M0g- eignen sich  Fibrin-Alginat-Mi-
oft mit den biologischen. Im ge- lichkeit ist, Alginat zu oxidieren schungen. Allerdings ist es trotz
druckten Konstrukt missen einge- und es dadurch kovalent an Gelati- dieser Modifizierungen nétig, neue
kapselte Zellen wandern, sich tei- ne zu binden. Dadurch entsteht ein Biotinten mit verbesserten Eigen-
len und differenzieren kénnen. Das fir die Biofabrikation geeignetes schaften zu entwickeln, welche die
muss das Material nicht nur zulas- Hydrogel? oft gegenlaufigen Anforderungen
sen, sondern auch férderh? Zu- Fibrin ist bioabbaubar und ge- von Druckprozess und Zellen noch
dem muss sich das Biomaterialgediert schnell, zeigt aber limitierte besser vereinen.
rist ohne schadliche Abbaupro- mechanische Eigenschaften: Das
dukte in einem Zeitraum zersetzen, beste Fibrinhydrogel zerfiel inner-
in dem sich neues Gewebe bildethalb von drei Wocher? Kollagen
und das Gerlist erset. ist bioabbaubar, biovertraglich und S Seiden sind natirliche Proteinfa-
einfach zu gewinnen. Allerdings sern, die Gliederfil3er wie Spinnen
variieren kollagenbasierte Biotinten oder Insekten etwa beim Spinnen-

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

seidenprotein®!®

bilden. Wissenschaftler nutzten
diese Hydrogele bereits als zell-
freundliche Biotinte in der Biofa-
brikation (Abbildung 3).5°1%)

Im Gegensatz zu Hydrogelen
aus Fibroin zeigen solche aus re-
kombinanter Spinnenseide ahnlich
wie Zahnpasta ein scherverdin-
nendes Verhalten. Durch die
Scherkrafte im Druckkopf flief3t
die Biotinte wahrend des Dru-
ckens. Der Druckkopf legt feine
Geruststrukturen auf der Oberfla-
che ab, die sofort ausharten — da-
durch lassen sich mehrlagige form-
stabile Geriiste herstellett) Be-
merkenswerterweise sind die Spin-
nenseidenkonstrukte nach dem
Drucken stabil, und zwar ohne zu-
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