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It doesn’t matter how beautiful your theory is,
it doesn’t matter how smart you are.

If it doesn’t agree with experiment,

it’s wrong.

Richard Phillips Feynman



INHALTSVERZEICHNIS

Inhaltsverzeichnis
ZUSAMMENTASSUNG 1.ttt ettt e e e sae e teeneesbeesteenbeaneesreenneanes 1
SUMIMAIY ...ttt h et ekt at e e s bt e e st e e b e e e nb e e sbe e e mbe e beeenbeenneeennas 4
L EINIEITUNG ..o b bbbt 7
1.0 SBIAR ettt bttt r et et ne e be e b e nre s 7
1.1.1 Natlrliche SPINNENSEITE ........ccoiiiiiieiee e 7
1.1.2 Rekombinante SPINNENSEITE ........cccuevverieiieieee e 10
1.1.3 Funktionalisierung von rekombinanter Spinnenseide .........c.cccvevvevvevecieesieennnnn, 12
1.1.3.1 Modifikation der ProteinSEqUENZ..........ccceeuvevieiieieeie e 12
1.1.3.2 Variationen der ProteinprozesSierung ........c.ccceeveveerieseesiessieseeseeeseesseesneans 14
1.2 BIOMINEIAHSALION .....oovieeieiiieieeie ettt r e sneenreeneeenes 16
1.2.1 Biomineralisationsprozesse in der NAtU ..........ccccovveerieienenese e 16
1.2.2 Biomineralisationsprozesse in Vertebraten ............ccoocoovveiiiiiiniceee, 18
1.2.3 MINEraliSierte GEWEDE. ..........coveiiiieiieie ettt ne e 21
1.3 Ubertragung natiirlicher Prinzipien auf bioinspirierte Fabrikationsansatze............... 24
1.3.1 GradienteNMaterialiN ..........ccooiiiiieieiee e 24
1.3.1.1 Funktionsprinzip natirlicher Gradientenmaterialien...............c.cccocoveivvennen, 24
1.3.1.2 Erzeugung und Anwendung von Gradientenmaterialien............................. 27
1.3.2 BIOFabIIKAtION ... 28
1.3.2.1 TiSSUE ENQINEEIING ....ouvitiiiiiiiiieiieieie ettt 30
1.3.2.2 Geweberekonstruktion mit rekombinanter Spinnenseide.............cccccoevennee. 33
1.3.2.3 Biomimetische und bioinspirierte Mineralisation ...............cccccoovvvviniennenn. 35
2 ZIBISBLZUNG ..ottt bbbttt bbbt 40
K 10] 015 1SR OPUSORPS 42
3.1 Biomineralisation von rekombinanten Spinnenseidenproteinen fir technische
F N VLT To (U oo T=1 o RSO SSRROSUROI 44
3.2 Biomineralisation von und mit rekombinanten Spinnenseidenproteinen fur
Anwendungen am Sehnen-Knochen-UDergang .........ccccvevveiiieiiciie s eeesinn 48
3.2.1 Induzierte Biomineralisation von rekombinanten Spinnenseidenvarianten........ 48

3.2.2 Gradientendruck von rekombinanten Spinnenseidenproteinen mit anorganischen
FUMAEEIIAIEN ...t et ne e 51

3.3 Fabrikationsansatz zur Gelherstellung aus Spinnenseidenproteinen in waéssrig-
0rganischen ZWISChENPNASEN ..........iiiiiiie it 54

R ETOIONZEN ..o ————— 57



INHALTSVERZEICHNIS

5 Publikationen und ManUSKIIPEE. .......ceoiieieiie e 73
6 Darstellung des Eigenanteils ..o 75
7 TRIHAIDEITEN ...ttt bbbttt 78
T LTEIHAIDEIE | oottt 78
T2 TEIHAIDEIT T ... bbbt 92
T.3TEIHAIDEIT T 124
T A TEIHAIDEIT IV .ottt eeenes 140
T.5 TEIHAIDEIT Vot nre e enes 158
DANKSAGUING -tttk bbb bbb bbb 182

Eidesstattliche Versicherungen und ErkI&rungen...........cooovviieiiiiiin e 184



ZUSAMMENFASSUNG

Zusammenfassung

Die Ubertragung von Prinzipien aus der Natur half dem Menschen in der
Vergangenheit bei bahnbrechenden technischen und medizinischen Neuerungen, die nun
unseren Alltag erleichtern. Eine genaue Studie der VVorgange der Biomineralisation, wie sie
in unser aller Knochen ablaufen, kann verschiedene Anwendungen enorm bereichern. Das
Verstandnis der zu Grunde liegenden Prozesse, wie die Interaktion von Zellen mit dem
umliegenden mineralisierten Gewebe, die Steuerung der Kristallkeim- und Strukturbildung
durch Proteintemplate oder der osmotischen Balance wahrend der Mineralabscheidung aus
Uberséttigter Losung spielen dabei auch in ihrer Interaktion untereinander eine wichtige
Rolle. Der Briickenschlag zwischen dem natirlichen Vorbild und der spateren Applikation
findet dabei insbesondere bei biomedizinischen Anwendungen statt: Im biomedizinischen
Anwendungsbereich gelten derzeit nach wie vor Implantation oder Transplantation als
Goldstandardlésungen flr den Ersatz von mineralisierten Geweben. Dabei stellen sich
vermehrt Probleme wie die Knappheit an Spenderorganen, eine nachteilige Interaktion von
Implantaten mit dem umliegenden Ersatzgewebe oder die Ubertragung von Krankheiten aus
tierischen Produkten dar. Um diese Hindernisse zu tberwinden, kdnnen artifizielle Gewebe,
die einer Biomineralisation des Materials unterliegen, geeignete Ldsungen im Sinne des
Tissue Engineering darstellen. In diesem Fabrikationsansatz werden personalisierte
Ersatzgeruste erstellt und in den Patienten eingebracht. In technischen Anwendungen ist in
Zeiten der Energiewende die moglichst effiziente Nutzung und klimafreundliche Erzeugung
von Energie ein wichtiges Argument. Um die erneuerbare Energieerzeugung zu unterstiitzen
und effizienter zu gestalten, kommen h&ufig keramische Katalysatoren zum Einsatz. So kann
im Zuge der Wasserstoffwirtschaft die katalytische Spaltung von Wasser als Grundlage fur
die Gewinnung des Energietragers  Wasserstoff  dienen. In  ausgefeilten
Mineralisationsprozessen konnen gerichtet Materialien entstehen, die diese Reaktion

katalysieren und grof3technisch umsetzbar machen.

Um diese unterschiedlichen Ziele miteinander zu verbinden und basierend auf einer
gemeinsamen Grundlage individuell zu 16sen, wurden in der vorliegenden Dissertation nach
dem Vorbild der natirlich ablaufenden Biomineralisation Losungsansatze erstellt. Als
gemeinsame Ausgangsmaterialien wurden dafir rekombinante Spinnenseidenproteine
gewdhlt. Basierend auf funktionellen Peptidmotiven der repetitiven Kerndomane des

Abseilfadens der Gartenkreuzspinne Araneus diadematus lag bereits das rekombinante
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Spinnenseidenprotein eADF4(C16) vor, das biotechnologisch groBtechnisch hergestellt
werden kann. Es ermdglicht neben einer molekularbiologischen Modifikation des
Ausgangsmaterials ein  Malischneidern von Morphologien fiir unterschiedliche
Anwendungen. Anhand diesen flexiblen Materials als Grundlage wurden verschiedene
Fragestellungen zum Themenkomplex Biomineralisation beleuchtet, im Speziellen darunter

Ersatzmaterialien fir den Sehnen-Knochen-Ubergang, der Enthese.

Der erste Teil dieser Arbeit fokussierte sich auf das Verstdndnis mechanistischer
Vorgange wéhrend der bioinspirierten Mineralisation von Mangancarbonat unter
kontrollierten Bedingungen in Gegenwart von verschiedenen Additiven. Dartber hinaus
wurde der Ladungseinfluss von zwei Spinnenseidenvarianten untersucht, die mit
unterschiedlichen Peptid-Funktionalisierungen ausgestattet waren und als klassisches
Proteintemplat fungierten. Weiterhin wurde die ebenfalls geladene, synthetische
Polyacrylsdure in die Reaktion als Struktur-dirigierendes Polymer eingebracht. Dabei wurde
herausgefunden, dass neben einem Ladungseinfluss der Komponenten auch die kolloidale
Stabilitat der eingebrachten Spinnenseidenpartikel das Mineralisationsergebnis beeinflusst.
Eine Abweichung der gebildeten Spezies duferte sich in unterschiedlich starker Interaktion
der Spinnenseidenpartikel mit den unter diesen Bedingungen typischerweise gebildeten
Mangancarbonat-Wurfeln. AuRerdem konnte eine Polymer-induzierte Flissigphase dhnlich
bereits beschriebener Strukturen in Gegenwart von Polyacrylsaure generiert werden. Somit
konnten aus diesen Erkenntnissen Aussagen uber das Mineralisationsgeschehen mit
Spinnenseidenproteinen getroffen werden und eine Einschatzung der gebildeten Materialien

flr eine Anwendung als Katalysatormaterial abgeleitet werden.

Im zweiten Teil wurden Antworten zu Fragestellungen zu mineralisiertem
Gewebeersatz erarbeitet. Da Spinnenseide ein biokompatibles Biomaterial darstellt, das
nicht-toxisch und bioabbaubar ist und keine Immunreaktion auslost, eignet es sich fiir
derartige biomedizinische Anwendungen. Im Falle des teilmineralisierten Gewebes des
Sehnen-Knochen-Ubergangs sind neben einer graduellen Mineralisation hin zur
Knochenseite weitere Designkriterien wichtig, die die Mechanik des Gewebes zur
Kraftiibertragung und Zellbesiedlung betreffen.

Es wurde eine biomimetische Biomineralisation von rekombinanten
Spinnenseidenvarianten untersucht, die Mineralisierungs- und Kollagenbindemotive aus der

Mineralisation im Knochen zu Grunde liegenden SIBLING Proteinen trugen. Eine
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Materialstudie zeigte das Mineralisationsverhalten der Varianten und ihre
Zellvertraglichkeit. Durch eine Prozessierung in ein Gradientenmaterial wurde das
unterschiedliche Zellverhalten von Osteoblasten mit einer Praferenz zu Gunsten des
Kollagenbindemotivs sichtbar. Dies bestétigte eine Eignung fir Materialanwendungen im

graduellen Sehnenersatz an der Knochenseite.

Ein weiterer Ansatz realisierte Spinnenseiden-Kompositmaterialien mit anorganischen
Fullstoffen. Vorteil dieser Herangehensweise war das gerichtete Einbringen von Keramiken
in ein Matrixmaterial, das dann zusétzlich mit Zellen angereichert wurde. Die Entwicklung
eines neuartigen Verfahrens im 3D Druck erlaubte das einfache Verarbeiten dieser Biotinten
in Gradientenmaterialien. Somit wurde erfolgreich nach Vorbild der Enthese ein
rekombinantes Spinnenseidenhydrogel mit einem Gradienten, beladen an Zellen und

Fluorapatit-Partikeln, gedruckt und eine Zellviabilitat nach dem Prozess bestétigt.

In einem dritten Teil wurde ein neuer Fabrikationsansatz fiir Spinnenseidengele
entwickelt. Faltung und Selbstassemblierung von rekombinanten Spinnenseidenproteinen
basierten in mischbaren, wassrig-organischen Zwischenphasen auf der Ausbildung von
Wasserstoffbriicken und hydrophoben Effekten. Neben zu Grunde liegenden
mechanistischen  Betrachtungen wurde eine hohere  Materialsteifigkeit  der
Spinnenseidengele in wassrig-organischen Mischphasen mit Dimethylsulfoxid erzielt. Sie
eignen sich durch ihren organischen Losungsmittelanteil als injizierbare oder druckbare

Depots zur Formulierung von wasserunloslichen Wirkstoffen.



SUMMARY

Summary

The transfer of principles occurring in nature to technical and biomedical revolutions,
which facilitate daily life, was a benefit for humankind throughout history. A detailed study
of biomineralization processes undergoing in our bones can therefore beneficially contribute
to future fields of application. The understanding of underlying processes such as cell
interaction in mineralized tissues, nucleation and structure-directing effects of protein
templates or osmotic balance during mineral growth propagation from saturated solution,
and their interaction among each other play a crucial role therein. Regarding this natural
blueprint, typical applications lie in the biomedical field: In biomedical applications, the
reconstruction of lost mineralized tissues is currently based on transplantation or
implantation solutions. However, issues can occur with respect to donor organ shortage,
improper implant-host tissue interaction and disease transmission from animal sources.
Tissue engineering approaches can overcome these obstacles upon providing artificial
tissues from intrinsic mineralized materials. This fabrication method yields personalized
scaffolds, which are then implanted into patients. The technical application field concerns a
climate-friendly generation and efficient energy consumption during energy revolution.
Strategies for efficient renewable energy generation often involve ceramic catalyst
technologies. Moreover, they can deliver catalytic water splitting to produce hydrogen as
potential new energy carrier. Controlled mineralization processes yield catalyst materials,

which enhance the water splitting reaction and allow an industry-scale production.

This dissertation aims at solution approaches based on bioinspired biomineralization
processes to combine the aforementioned aims and also to target them individually.
Recombinant spider silk proteins served as common basis for these studies. The
eADF4(C16) recombinant spider silk protein was previously designed based on functional
peptide motives extracted from the repetitive core domain of the Araneus diadematus garden
spider dragline silk and can be produced biotechnologically in large scale. Modifications of
the material can be realized via molecular cloning and tailor-made processing into various
morphologies. This flexible material allowed multidirectional approaches concerning
biomineralization in general and among them specifically at the tendon-bone-insertion, the

enthesis site.

The first part of this thesis focussed on bioinspired mineralization mechanisms during

manganese carbonate mineralization under controlled conditions and in the presence of

4
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various additives. Among them, two spider silk variants were studied concerning their
peptide-tag charge influences as classical protein template. Moreover, the structure-
directing, charged synthetic polymer poly(acrylic acid) was added to the reaction. As a
result, it was found that not only the components’ charge plays an important role but also
the colloidal stability of the spider silk template particles influences the mineralization
outcome. Cubic mineralized manganese carbonate species differed in their spider silk
particle content depending on particle charge. Further, poly(acrylic acid) yielded the
formation of a polymer induced liquid phase similar to reported structures. From these
findings, the behaviour of spider silk proteins in mineralization setups could be translated.
Their suitability as new catalyst materials could be estimated.

The second thematic complex was related to mineralized tissue regeneration topics.
Spider silk renders a biocompatible biomaterial for such applications, as it is non-toxic,
biodegradable and shows no immune reaction. Other design criteria for only partially
mineralized tissues at the tendon-bone interface, which transfers high loads, are gradual

mineralization and cell population towards the bone.

Biomimetic mineralization studies of recombinant spider silk hybrid variants with
fusion peptides from mineralization and collagen binding sites of SIBLING proteins in bone
were conducted. The material study enlightened their mineralization behaviour and their cell
compatibility. Upon processing two variants into a gradient surface, a clear preference of
osteoblast cells towards the collagen binding motive was visualized. This confirmed their

suitability for gradual tendon to bone replacement applications.

Further, a recombinant spider silk protein composite material with inorganic fillers
was realized. The advantage of this method is the controlled composition of matrix and
mineral, which allowed even the incorporation of cells. The development of a new break-
through 3D printing technique enabled the easy to handle processing of these bioinks into
gradient materials. Therefore, recombinant spider silk hydrogels loaded with cells and
fluorapatite particles could be gradient printed, mimicking the natural enthesis, and cell

viability after the process was maintained.

In the third part, a new fabrication route for spider silk gels was developed. Folding
and self-assembly of recombinant spider silk proteins in miscible agueous-organic
interphases was based on hydrogen bonds and hydrophobic interactions. Besides unraveling

the underlying mechanism of structure formation, also higher material stiffness for spider
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silk gels was yielded in aqueous-organic interphases with dimethylsulfoxide. Due to their
organic solvent content, they can be applied as injectable or printable depots for the

formulation of water-insoluble drugs.



1 EINLEITUNG

1 Einleitung

1.1 Seide

Seidenmaterialien werden Uberwiegend von Spinnen und Insekten zu
unterschiedlichen Zwecken, wie unter anderem Beutefang, Hausbau oder Fortpflanzung,
hergestellt.?  Trotz ihrer  konvergenten evolutionaren  Entwicklung'®  haben
Seidenmaterialien gemein, dass sie aus Proteinen mit einer repetitiven Kerndomane,
flankiert von nicht-repetitiven Termini, bestehen.! Betrachtet man ihre GroRe und Struktur,
finden sich diverse Unterschiede: Spinnenseidenproteine haben ein Molekulargewicht von
bis zu 350 kDa* °, wohingegen Seidenspinnerseidenproteine bis zu 400 kDa? & 7 aufweisen.
Beide zeigen einen hohen Anteil an g-Faltblattstrukturen.t Abweichend davon stellen sich
Wespen- oder Bienenseidenproteine dar, die mit 30 kDa und tiberwiegend a-helikaler coiled
coil Struktur herausstechen.! 8 Die Florfliegenseide hingegen zeigt tiberwiegend cross-$-
Struktur mit Proteinen von 60 und 100 kDa.> 1 Die mechanischen und biochemischen
Eigenschaften von Seiden wurden vom Menschen schon vor langer Zeit flr sich genutzt.
Beispiele dafir sind edle Kleidungsstiicke aus Seide des Seidenspinners bis hin zu

Fischernetzen aus Spinnenseide.*

1.1.1 Naturliche Spinnenseide

Die weibliche Radnetzspinne (Araneae) kann bis zu sieben verschiedene Seidentypen
ausbilden, die sich in ihrer Zugfestigkeit unterscheiden.!! Sie werden nach der jeweiligen
Driise, aus der sie stammen, benannt (Abbildung 1).1* 2 So ist die Seide der GroRen und
Kleinen Ampullendriise am Aufbau des Netzes mit Ausbildung der Querfaden und der
Hilfsspirale beteiligt.!! Die innere Netzspirale wird durch hoch elastische flagelliforme Seide
gebildet, die den Insektenflug bremst,** und ist mit klebriger Aggregat Seide ausgestattet.
Das Netz wird mit Pyriform Seide befestigt. Die beiden Seidenarten der Cylindriform Seide
und Aciniform Seide stechen heraus, da sie nicht am Netz beteiligt sind. Erstere bildet die
Kokonhtille, um die Spinneneier zu schiitzen. Letztere dient als weiche Innenschicht des

Kokons und dem Einwickeln der Beute zum spéteren Verzehr.*®

Die auBergewohnlichen mechanischen Eigenschaften der Spinnenseide rihren aus

ihrer naturlichen Funktion her, Insekten im Flug zu stoppen und im Netz zu fangen.
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1 EINLEITUNG

Seidenfasern kdnnen beispielsweise eine hohe Elastizitdt mit Ausdehnung von bis zu 450 %
(Flagelliform Seide) und gleichzeitiger Zugfestigkeit (bis 1,5 GPa der Seide der GrolRen

Ampullendriise) bei Durchmessern im geringen Mikrometer-Bereich aufweisen.*®

Seide der Seide der
GroRBen Ampullendriise Kleinen Ampullendriise
(Abseilfaden, Radii) (Hilfsspirale)

Flagelliform Seide

(Fangspirale) Aciniform Seide
(Kokkon, Beutefang)
Cylindriform Seide
(Kokkon Aufienhlle)
Aggregat Seide
(Klebepunkte)

Pyriform Seide
(Anhaftungszement)

Abbildung 1: Darstellung der verschiedenen Seidenarten, die von weiblichen
Radnetzspinnen (Araneae) hergestellt werden kénnen. Die jeweilige Funktion ist in rot
dargestellt. Nachdruck unter Genehmigung modifiziert nach Heidebrecht, A.; Scheibel, T.,
Recombinant Production of Spider Silk Proteins. In Advances in Applied Microbiology,
Sariaslani, S.; Gadd, G. M., Hrsg. Elsevier Academic Press Inc: San Diego, 2013, 82, 115-
153. Copyright (2013) Elsevier.
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Den Fasern liegen Spinnenseidenproteine, auch Spidroine genannt, zu Grunde. Diese
besitzen meist zwei globulére, nicht-repetitive Domanen, die N- und C-terminal zu finden
sind. Im Mittelteil der Proteine befindet sich meist eine repetitive Kerndomane.*? Bisher
konnten  Struktur-Eigenschaftsbeziehungen besonders fur Proteine der Grof3en
Ampullendrise schlissig hergeleitet werden: Im Abseilfaden wurden bereits zwei Proteine
dieser Drise, das Spidroin 1 und 2 (Major Ampullate Spidroin 1 und 2, MaSp1 und MaSp2)
identifiziert, die sich in ihrem Prolin-Gehalt und ihrer Hydrophobizitéat unterscheiden. Ihre
Kerndomane weist bis zu 100 Wiederholeinheiten von Sequenzmotiven mit 40-200
Aminosauren auf.* Darunter ist beispielsweise das Motiv eines Polyalanin-Blocks, das tiber
hydrophobe p-Faltblattstrukturen als kristalline Anteile fur hohe Zugfestigkeit
verantwortlich ist.* Ein weiteres Motiv besteht aus Glycin-Glycin-X-Einheiten, wobei X
Tyrosin, Leucin oder Glutamin darstellen kann. Sie bilden amorphe Strukturen zwischen den
Teilkristallen.? lhre Dehnbarkeit erhalt diese Spinnenseide durch Glycin-Prolin-Glycin-
XX-Motive, die meist elastische, helikale Strukturen bilden.*

Die Faserherstellung aus MaSp-Proteinen erfolgt durch Sekretion ihrer léslichen
Form. Diese wird in der Spinndrse hoch konzentriert gelagert und liegt bei Konzentrationen
von (ber 50 Gewichtsprozent in einer Flissigkristallphase vor.'? Die nicht-repetitiven
Doménen dienen der Stabilisierung der Proteine in Losung.}* Wiahrend des Spinnprozesses
werden entlang des Spinntrichters lonen ausgetauscht, Wasser entzogen und der pH gesenkt.
Kosmotrope Salze wie Kalium und Phosphat nehmen den Platz von chaotropen Salzen wie
Natrium und Chlorid ein.!? Somit werden die gelosten Proteine durch chemische und
mechanische Stimuli gefaltet und assembliert, indem sich ihre jeweiligen globulédren
Doménen aneinander anlagern und sich die repetitiven Kernsequenzen horizontal zur
Spinnrichtung ausrichten. Die C-terminalen Domanen liegen bereits wéhrend der Lagerung
parallel dimerisiert und Gber Disulfid-Briicken verbunden vor. Die N-terminalen Doménen
hingegen lagern sich erst wahrend des Spinnprozesses antiparallel an. Somit entsteht ein
intrinsisch ausgerichtetes Konstrukt des Spinnenseidenfadens.* *> ¢ Final wird aus der
Spinndriise, nach zunehmender Entwasserung und intra- und intermolekularen
Wechselwirkungen, ein wasserunldslicher Faden gesponnen,!’ der erst durch die Scherkrafte
eines enger werdenden Spinnkanals und durch Verstrecken mit Hilfe der hinteren

Spinnenbeine seine mechanischen Eigenschaften durch Ausrichten der Proteine annimmt.*2

Die mechanischen Eigenschaften des Abseilfadens, der die Rettungsleine der Spinne

darstellt, basieren auBerdem auf seinem hierarchischen Aufbau (Abbildung 2).* Der Kern

9
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besteht aus Spinnenseidenfibrillen aus MaSp-Proteinen, die kristalline -Faltblattstrukturen
in einer amorphen Matrix bilden. Unter Luftfeuchtebedingungen tber 60 % kdnnen solche
Spinnenseidenfaden einer Superkontraktion unterliegen, bei der der Faden quillt und in
seiner Lange entsprechend abnimmt. Das hat jedoch eine ungeordnete intrinsische
Anordnung dieser kristallinen Regionen der Seidenproteine der Grofien Ampullendruse zur
Folge und die mechanischen Eigenschaften verschlechtern sich.!? Die Hulle besteht aus
Glykoproteinen und Seidenproteinen der Kleinen Ampullendrise, die jedoch nur eine lose
Schutzschicht fiir die innen liegenden Fibrillen darstellt.'* Eine Lipid-haltige, 10-20 nm

dicke Schicht stellt die auRerste Hiille dar und kann ebenfalls Pheromone enthalten.!!

Glykoproteine
Lipide

Abbildung 2: Modellhafte Darstellung des Kern-Hiille Aufbaus des Abseilfadens von
Radnetzspinnen. Die innen liegenden Fibrillen werden von einer Hille aus Seidenproteinen,
Glykoproteinen und Lipiden umgeben. Die Fibrillen aus MaSp-Proteinen enthalten
kristalline und amorphe Anteile. Nachdruck unter Genehmigung modifiziert nach
Heidebrecht, A.; Scheibel, T., Recombinant Production of Spider Silk Proteins. In Advances
in Applied Microbiology, Sariaslani, S.; Gadd, G. M., Hrsg. Elsevier Academic Press Inc:
San Diego, 2013, 82, 115-153. Copyright (2013) Elsevier.

1.1.2 Rekombinante Spinnenseide

Auf Grund eines stark territorialen und kannibalistischen Verhaltens der meisten

Spinnen ist eine Zucht &hnlich der des Seidenspinners zur Seidengewinnung in grofRem

10
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MaRstab nicht moglich. Die Seidengewinnung wurde durch Melken von Spinnen mittels
Abwickeln des Abseilfadens getestet,? stellt aber Stress fiir das Tier dar, was die Qualitét

der Seide beeinflussen kann.* 11

Aus diesen Griinden wurde eine biotechnologische Herstellung mittels biomimetischer
Spinnenseidengene etabliert. Dies ermdglicht eine Tier-unabhéngige Produktion von
rekombinanten Spinnenseidenproteinen in skalierbarem Mal3stab und mit gleichbleibender
Qualitat.*? Grundlage fir diese Art der Herstellung war die Identifikation wvon
Aminosauresequenzmotiven natirlicher Spinnenseidenproteine!® ¥ und inre Ubersetzung in
synthetische Gene unter Codon-Optimierung fiir den Wirtsorganismus.!! Diese Gene kénnen
dann Gber molekularbiologische Methoden in einen Vektor eingebracht und vervielfaltigt
werden, um ahnlich repetitive Sequenzen wie im natlrlichen Vorbild zu erzeugen
(Abbildung 3).%°

Als Expressionsorganismus konnen bei rekombinanter Herstellung verschiedene
Wirte verwendet werden. Darunter befinden sich Bakterien, Pflanzenzellen, Hefen,
Insektenzellen und transgene Tiere wie zum Beispiel Ziegen.!! Voraussetzung fiir die
Eignung als Wirt sind eine genetische Stabilitat der eingebrachten Gensequenzen und ein
schneller Nachschub an hdufig verbrauchter tRNA beziehungsweise deren Aminosauren in
den repetitiven Einheiten.® In der Regel bietet sich aber Escherichia coli wegen seiner hohen
Teilungsrate und schnellen Erzeugung von Biomasse an.* 1! Jedoch kann es wahrend der
Produktion zu unerwinschten Effekten wie Verkirzung insbesondere bei repetitiven
Zielproteinen kommen. Weiterer Nachteil ist, dass E. coli keine typischen eukaryotischen

posttranslationalen Modifikationen ausfithren kann.!

Rekombinante Spinnenseidenproteine kdnnen nach der Fermentation geldst im
Zellplasma oder aggregiert in Einschlusskdrperchen vorliegen. Nach etabliertem Protokoll
schlielen sich Reinigungsschritte wie Hitzefallung von restlichen E. coli-Proteinen bei
gleichzeitig hitzestabilen Spinnenseidenproteinen und eine Ammoniumsulfat-Fallung des
Zielproteins an.!! Die so gewonnenen Proteine sind wasserunloslich und werden nach
Waschschritten und Gefriertrocknen als Rohmaterial erhalten.?® Dieses kann dann in

verschiedene Morphologien entsprechend der jeweiligen Anwendung prozessiert werden.*

Fir diese Herstellungsweise wurde bereits ein MaSp-Protein der Gartenkreuzspinne
Araneus diadematus herangezogen.’® Die Konsensussequenz der Kerndomine, das

sogenannte C-Modul mit der Aminoséuresequenz im Einbuchstabencode von
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GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP, wurde 16-mal wiederholt und
als engineered Araneus diadematus Fibroin 4, kurz eADF4(C16), bezeichnet
(Abbildung 3).2° Weitere rekombinante Varianten basieren zum Beispiel auf dem Fibroin 3

der GroBen Ampullendriise (ADF3) der Gartenkreuzspinne.?

Natiirliche

Spinnenseide o N-/C-terminale Doméane repetitive Kerndomane

Abseilfaden Aminosduremotive
Araneus diadematus

Entschliisseln der
genetischen Information

Gendesign Riickiibersetzung
zz?aiztgssiﬁgzngen 7 . Fermentation Rekombinantes
\ Spinnenseidenprotein
\ —_—
Plasmidvektor ‘ P repetltlve Konsensussequenz
—> /' Reinigung (C-Modul)

eADF4(C16)

Abbildung 3: Darstellung der Vorgehensweise von der natiirlichen Spinnenseide des
Abseilfadens der Gartenkreuzspinne bis hin zur Herstellung des rekombinanten
Spinnenseidenproteins eADF4(C16): Nach DNA-Extraktion und Entschlisseln der
genetischen Information des natirlichen Vorbilds konnten Aminosauremotive identifiziert
werden. Deren Rickibersetzung folgte ein  Gendesign hin  zum synthetischen
Spinnenseidengen. Mittels Fermentation und Reinigung wurden dann rekombinante

Spinnenseidenproteine erhalten. (Eigene Darstellung)

1.1.3 Funktionalisierung von rekombinanter Spinnenseide
1.1.3.1 Modifikation der Proteinsequenz

Molekularbiologische Techniken erlauben durch Klonieren das Malischneidern von
Proteinen. Eine gerichtete Erstellung von repetitiven Gensequenzen erlaubt so das

rekombinante Darstellen von Proteinen &hnlich des natiirlichen Vorbilds.?2 Durch
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enzymatisches Schneiden an strategisch sinnvollen Stellen kdénnen DNA-Sequenzen

vervielfaltigt oder neu kombiniert werden.?

Schon Kkleine Verdnderungen der repetitiven Einheiten gestalten Proteine mit
unterschiedlichen Eigenschaften. Sie konnen sich hinsichtlich der Anzahl der
Wiederholeinheiten unterscheiden, was Einfluss auf die mechanischen Eigenschaften der
kiinstlichen Fasern aus diesen Materialien hat.?®> Da das C-Modul nur eine geladene
Aminosaure (Glutaminsdure) enthdlt und so in der Repetition das polyanionische
eADF4(C16) Protein gestaltet, hat der Austausch dieser Aminosdure eine Veranderung der
Nettoladung und des Verhaltens zur Folge, beispielsweise in Bezug auf

Wirkstofffreisetzung?* oder mikrobieller Besiedelung?®.

Durch genetisch basierte oder chemisch konjugierte Anbindung von Peptiden oder
Oligonukleotiden®® an C- und/oder N-terminaler Position von rekombinanten Proteinen
kdnnen verschiedenartige Funktionen erzeugt werden. Eine klassische Anwendung ist die
Funktionalisierung mit dem Arginin-Glycin-Asparaginsaure-Tripeptid (kurz RGD), das flr
die Vermittlung von Zelladhasion auf Oberflachen tber Integrinbindung urséachlich ist.?”
Dies ist fur den Einsatz als Material in der Geweberegeneration essentiell. Auch lokalisierte
Ladungen in Peptid-tags kdnnen spezifische Effekte mit sich bringen, zum Beispiel eine
Corona-Bildung von Blutproteinen auf Spinnenseidenpartikeln, was fur die Materialwahl fir
biomedizinische Produkte eine Rolle spielt.?® Auch in der technischen Anwendung, wie in
der katalytischen Wasserstoffproduktion zur Energiegewinnung, konnen mal3geschneiderte
Spinnenseidenproteine durch Bindung von Gold- und Titandioxid-Nanopartikeln zur

Photokatalyse herangezogen werden.?°

Die Erstellung von chiméren Fusionsproteinen zeigt zusatzliche Funktionalitat. Zwei
individuelle Proteine koénnen miteinander verbunden werden und ihre jeweiligen
Eigenschaften kombinieren, wie beispielsweise Spinnenseide in Fusion mit dem Green
Fluorescent Protein (GFP).3® Das Fusionsprotein GFP-eADF4(C16) zeigte nach
Elektrospinnen aus wéssrigem Medium Fluoreszenzsignal, was eine Verarbeitung von

Biomolekiilen unter Erhalt ihrer Aktivitat modellhaft zeigte.3!

Eine zukiinftige Herangehensweise konnte gezielt Kernfunktionen auf
Peptidsequenzen zuriickfuhren und diese Bausteine fur ein maligeschneidertes

Materialdesign heranziehen.??
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1.1.3.2 Variationen der Proteinprozessierung

Neben Modifikationen auf DNA-Ebene, die direkt bei der Herstellung unterschiedlich
funktionalisierte Proteine liefert, kénnen auch aus demselben Material verschiedene
Morphologien entstehen (,,eines fiir alles“-Prinzip), die dann in unterschiedlichen Bereichen

Anwendung finden (Abbildung 4).

Mikrokapsel

Mikrokugeln

Mikroskopisch

Makroskopisch

Abbildung 4: Darstellung verschiedenartiger Morphologien, die aus dem rekombinanten
Spinnenseidenprotein  eADF4(C16) hergestellt werden konnen. Nachdruck unter
Genehmigung modifiziert nach Leal-Egana, A.; Scheibel, T., Silk-based materials for
biomedical applications. Biotechnol. Appl. Biochem. 2010, 55, 155-167. Copyright (2010)
John Wiley & Sons.

Annlich ihrem natiirlichen Vorbild sind auch die Strukturen rekombinant hergestellter
Spinnenseidenproteine sensitiv gegeniiber Salzen. Hohe Konzentrationen an Natriumchlorid
unterdricken die Aggregation und eignen sich zur Lagerung der Proteine (,,salting in“
Effekt), wo hingegen Kaliumphosphat Aussalzungseffekte hervorruft (,,salting out“
Effekt).}* Die aussalzende Wirkung von Kaliumphosphat auf geldste Spinnenseidenproteine
ist abhangig von der Salzkonzentration: Es wurde ein Ubergangsbereich zwischen der
Ausbildung von Fibrillen bei bis zu 300 mM und Mikrokugeln ab 400 mM beobachtet.*
Diese Art der Mikrokugeln kann als Wirkstoffdepot fiir eine gezielte Verabreichung aktiver

Molekiile an einem Wirkort herangezogen werden.332®
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Neben dem Einfluss von Salzen auf rekombinante Spinnenseidenproteine kann auch
an der waéssrig-organischen Grenzflache eine Strukturausbildung durch Phasenseparations-
induzierte Selbstassemblierung beobachtet werden. Die dabei gebildeten Mikrokapseln
besitzen eine diinne AuRenhiille, die reich an p-Faltblattstrukturen ist.3® Sie kann als

semipermeable Membran mit einer Molekulargewichtsgrenze von 27 kDa funktionieren.®’

Bei der Prozessierung von Spinnenseidenmaterialien liegt eine Faserherstellung nahe.
Verschiedene Ansdtze konnen mittlerweile sogar den natirlichen Spinnprozess
nachempfinden und daraus mechanistische Aussagen ableiten.?® Im Gegensatz dazu stehen
Prozesse wie das Nassspinnen oder Elektrospinnen industriell umsetzbaren Losungen néher

und konnen Fasern fiir technische Anwendungen liefern.38 %

Die einfachste Verarbeitung von Spinnenseidenproteinen ist das GielRen von Filmen
als einfache 2D Morphologie. Dies ist aus wassriger Losung, aber auch aus unverdinnter
Ameisensdure  oder 1,1,1,3,3,3-Hexafluoro-2-isopropanol  realisierbar. Je nach
Losungsmittel nehmen die hergestellten Filme unterschiedliche Anteile an kristallinen
Strukturen an.*° Eine Nachbehandlung mit Kaliumphosphat-Puffer oder primaren Alkoholen
wie Methanol oder Ethanol erhoht den p-Faltblattgehalt und liefert wasserunlosliche

Filme.41 42

Biomedizinische Anwendungen, zum Beispiel fir die Geweberekonstruktion,
erfordern 3D Strukturen, die den Platz des ersetzten Gewebes einnehmen. Aus
rekombinanten Spinnenseidenproteinen kénnen Hydrogele hergestellt werden, die mit
Zellen besiedelt die Grundlage fiir einen Gewebeersatz darstellen.*® Durch additive
Verfahren wie den 3D Dispensdruck kann das Material in die gewinschte Form gebracht
werden.** Uber Einstellung der PorengréRe wird die Versorgung mit Nahrstoffen und
Metaboliten und eine Zellmigration ermdglicht.** Dies ist ebenfalls mit mesopordsen
Schéumen aus rekombinanten Spinnenseidenproteinen der Fall, bei denen Natriumchlorid-

Kristalle als Porogen die PorengrofRe vorgeben.*
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1.2 Biomineralisation

Der Prozess der Biomineralisation unterliegt in htherem MalRe der Kontrolle einer
gerichteten Mineralisierung als reine Oxidations- oder Préazipitationsprozesse, die ebenfalls
in der Natur zu finden sind. Dies fiihrt zu einer héheren Ordnung der gebildeten
Mineralphase in Hinblick auf Polymorphismus, da hierbei der biogene Kristall als
Kompositmaterial aus organischen und anorganischen Anteilen entsteht. Somit kénnen sich
diese Minerale von ihren aus geologischen Prozessen gebildeten Gegenstlicken stark

unterscheiden.*6-48

1.2.1 Biomineralisationsprozesse in der Natur

Biomineralisation ist ein Prozess, der in der Natur zum Beispiel zur Ausbildung von

Stutzstrukturen, Exoskeletten oder Zahnen dient (Tabelle 1).

Tabelle 1: Ubersicht ausgewahlter biomineralisierter Strukturen in Lebewesen.

Mineralart Taxon Gewebe/ Funktion
VVorkommen
Calciumphosphat Vertebraten Knochen/Zahne Stutz- und
(Apatit)*® 50 (Tetrapoden und Schutzfunktion,
Knochenfische) Lokomaotion,
Nahrungszerkleinerung
Calciumcarbonat®® %2 | Vertebraten Innenohr: Otokonien | Gleichgewichtsorgan
(Tetrapoden)/
Otolithen (Fische)
Calciumcarbonat®® Vertebraten Eierschale Schutz des Embryos
(\Vogel, Reptilien)
Calciumcarbonat> Mollusken Mantel Schutzfunktion
Calciumcarbonat®® Mollusken Schulp Auftriebsorgan
(Tintenfisch)
Calciumcarbonat®® Echinodermaten Exoskelett Schutz und
(Seeigel) Verteidigung
Calciumcarbonat®’ Kalkflagellaten Exoskelett Schutz
(Coccolithophorida)
Siliziumdioxid®® Kieselalgen Exoskelett Schutz
(Diatomeen)
Eisenoxid Bakterien Zellorganell Orientierung
(Magnetit)>® (Magnetospirillum) (Magnetosom) (Magnetotaxis)
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Die zu Grunde liegenden Minerale sind hauptsédchlich Calciumphosphat,
Calciumcarbonat und Siliziumdioxid. Ferner konnen spezialisierte Organismen
Magnetitpartikel fir eine magnetotaktische Orientierung herstellen.>®  Ein interessanter
Aspekt der Biomineralisationsprozesse ist deren Ablauf unter milden Bedingungen, das
bedeutet in waéssrigem Medium, unter Atmosphérendruck und Umgebungs- oder
Korpertemperatur aus lokal tbersattigten Losungen.®? In der Regel bilden die beteiligten
Zellen Membran-gebundene Matrixvesikel als Kompartimente aus, in denen die lokale

Ubersattigung stattfinden kann, ohne den Zellmetabolismus zu beeintrachtigen.%?

Calciumcarbonat findet sich als Materialbestandteil tberwiegend bei aquatischen
Organismen, eindrucksvoll demonstriert in Korallenriffen, ist aber auch mineralischer
Bestandteil der Eierschalen von Végeln und Reptilien.® 3 In Mollusken sind gleich zwei
Polymorphe an Calciumcarbonat nebeneinander vertreten, Calcit und Aragonit:®3 In der
inneren Schicht der Muschelschale befindet sich Perlmutt. Dieses besteht aus regelmaiiigen
Aragonitlagen, die durch interlamellare Matrixanteile aus S-Chitin und assoziierten aziden
Glykoproteinen verbunden sind.%* Es trifft dann an der Grenzflache zur weiter auRen
liegenden Prismenschicht auf Calcit.%® Im Tintenfischschulp zeigen sich mikrostrukturierte
Lagen an diesen beiden Calciumcarbonat-Polymorphen mit einer Protein- und
Polysaccharid-haltigen organischen Matrix.®® Die Mineralisationsprozesse beider Strukturen
sind als Vesikel-gesteuerte extrazellulare Mineralisation anzusehen.®” Der Stachel eines
Seeigels hingegen gleicht einem Einkristall mit eingeschlossenen Proteinanteilen in einer
amorphen Ungleichgewichtsphase.®® 0 Er wird typischerweise in einem vielzelligen
Vesikel, einem Synzytium, gebildet und stellt den Ubergang zwischen intra- und
extrazellularer Mineralisation dar.®” Es wird angenommen, dass sich kristalline Phasen eines
biogenen Minerals aus amorphen Vorlauferphasen bilden.*® Diese unterliegen dann einer
kinetischen Kaskade. Gerade amorphes Calciumcarbonat ist besser 16slich als seine
metastabilen Polymorphe Vaterit oder Aragonit, die sich dann wiederum in das
thermodynamisch stabile Calcit umwandeln koénnen.”® Die weniger stabilen
Vorlduferphasen konnten in synthetischen Ansédtzen durch Polymere oder Aminoséuren

stabilisiert werden, was diese Hypothese stiitzt.®8

Diatomeen sind einzellige Mikroalgen, die ihr komplex gestaltetes AuRenskelett aus
Siliziumdioxid, ahnlich der Schwamme, aufbauen.”® Die Diatomeenzellwand hat den
prinzipiellen Aufbau einer Petrischale mit zwei unterschiedlich grofRen Teilen, die

ineinander greifen.®® Neben einer sexuellen Vermehrung kénnen sich Diatomeen auch
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vegetativ durch Zellteilung fortpflanzen. Dabei muss auch der Neuaufbau der mineralisierten
Zellwand garantiert werden. Dies geschieht durch eine Teilung der beiden Zellen, die anders
als andere Zellen noch temporar zusammenbleiben, bis ihre neuen Zellwénde mineralisiert
sind.”* Auch diese Biomineralisation ist iiber Membran-gebundene Vesikel gesteuert, die
Kieselsaure als I6sliche Form von Silizium enthalten, in der Zelle transportiert werden und
nach Exozytose mit der Zellwand, der Silicalemma, verschmelzen.®® ' Eine
Nanostrukturierung der Zellwand wird durch Silaffin-Proteine und langkettige Polyamine

gesteuert, wobei nur die polykationischen Silaffine Silikatbildung fordern.%8 70 7

Um im Magnetfeld der Erde navigieren zu konnen, bilden magnetotaktische Bakterien
sogenannte Magnetosomen aus.’? Es handelt sich in diesem Falle um rein intrazellulare
Mineralisation. Diese Organelle enthalten Magnetit-Nanopartikel, die ebenfalls von einer
Membran kompartimentiert sind.>® Sie sind typischerweise aneinandergereiht im jeweiligen
Individuum zu finden.”? Die Gr6Re und Form der Nanopartikel ist genetisch programmiert
und liegt bei dem Modellorganismus Magnetospirillum gryphiswaldense bei
kuboktaedrischen Partikeln mit 35 nm Kantenlidnge.”® Eine Beteiligung von Proteinen am
Biomineralisationsprozess ist unbestritten. Jedoch konnte den 18 identifizierten Proteinen in
der Magnetosomenmembran derzeit noch keine spezifische Funktion zugewiesen werden.”
Im Vergleich der Sequenzen zu Proteinen, die bei anderen Mineralisationsprozessen eine
Rolle  spielen, konnten  diejenigen  Mam-Proteine  (Magnetosom-abundante
Membranproteine) erkannt werden, die den Transport von Metallkationen steuern.” '
Durch genetische Manipulation der Membran™® und der damit verbundenen
Biomineralisation kénnen neue Anwendungen der Magnetosomen wie zum Beispiel als

Kontrastmittel”” in der Kernspintomographie entstehen.”

1.2.2 Biomineralisationsprozesse in Vertebraten

Die Ausbildung eines mit Calciumphosphat mineralisierten Gewebes von Vertebraten
erfolgt durch die gewebespezifischen Zellen im umliegenden Gewebe.*”" ® Zu Beginn sind
Vorlduferzellen beteiligt, die die Aufgabe der Initialisierung des Mineralisationsprozesses
iibernehmen:®? Dieser wird zunachst tber Matrixvesikel vermittelt, die von der Pra-
Osteoblasten-Zellmembran abgelegt werden und akkumulierte lonen enthalten.%’
AnschlieBend lauft der Prozess als extrazellulare Mineralisation ab.%% ”° Erste Apatitphasen,

die sich in den Matrixvesikeln bilden, werden an die Umgebung abgegeben und binden an
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spezifische Proteintemplate. Diese zundchst amorphen Vorlauferphasen werden durch diese
Proteine stabilisiert und ein gerichtetes Kristallwachstum von Hydroxylapatit
(Cas[(PO4)s0H]) findet an Kollagenfibrillen statt.”

Durch matrixgesteuerte Differenzierung werden diese Templat-Proteine in
konzertierten Mustern exprimiert, die flr eine anabolistische, aber nicht final pathogene
Mineralisierung notwendig sind.®? Es sind stark geladene Proteine der SIBLING (Small
Integrin Binding Ligand N-Linked Glycoprotein) Familie,® die auch fiir eine Stabilisierung
der zunachst gebildeten amorphen Calciumphosphat-Phase verantwortlich sind.*® Darunter
sind Osteopontin,®  Osteocalcin,®  Osteonectin®® und  Sialoprotein,® die die
Biomineralisation im Knochen und Zahn steuern. Im speziellen Fall der
Zahnmineralisierung sind ebenfalls Dentinmatrixprotein-1 und Dentinphosphophoryin
involviert.® Es ist zu erwéhnen, dass diese Proteine durch post-translationale Modifikation
oft stark phosphoryliert sind, was die Attraktion von Calciumionen unterstiitzt.2% 8 Die
SIBLING-Proteine stellen Nukleierungszentren dar und exponieren in den meisten Fallen
lokalisierte, negative Ladungen durch Peptidsequenzen reich an Glutaminsdure und
Asparaginsaure.®% 8689 |m Speziellen werden Osteopontin und Sialoprotein als Promotoren
der Mineralisierung angesehen,*® wobei Arginin-haltige Proteine als Inhibitoren fungieren.®
Generell findet die Kontrolle des Kristallwachstums oder Inhibierung Uber die Anteile an
I6slichen Proteinen statt, die lonen komplexieren und der Mineralisation entziehen, und
immobilisierten Proteinen, die die Mineralisierung voran treiben.8% %! Peptidsequenzen der
nicht-kollagenen Proteine kdnnen als Motive zur Mineralisierung oder Kollagenbindung fiir
biomimetische Mineralisationsansdtze genutzt werden oder entsprechend ihrer
Ladungseigenschaften als Vorbild fur geladene synthetische Polymeradditive in

Mineralisationsprozessen dienen.%

Diese nicht-kollagenen Proteine stellen jedoch nur bis zu 10 % der organischen Matrix
des Knochenkomposits dar.2’ Kollagen Typ |, das den Hauptbestandteil der organischen
Matrix und entsprechend 20-30 % der Gesamtmasse ausmacht, mineralisiert selbst nicht.&
Die Zahnmineralisierung gestaltet sich sogar noch komplexer, da dabei zwei mineralisierte
Phasen vorliegen: Zum einen der Schmelz, der keinerlei Kollagen enthalt, zum anderen das
Zahnbein, das dem Knochenmaterial ahnelt.?* AuRerdem ist im Zahnschmelz als weiteres
Mineral Fluorapatit (Cas[(PO4)sF]) vorhanden.®® Kollagen Typ | bildet eine tripel-helikale
Struktur, die sich zu Fibrillen assembliert.® Durch gleichzeitige Bindung der nicht-

kollagenen Proteine an die Kollagenfibrillen entsteht das organisch-anorganische Knochen-
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Verbundmaterial. Es ist dabei eine geordnete Struktur zu erkennen, da Mineralisation in den
Stol3regionen der Kollagenfibrillen zueinander und untereinander stattfindet (Abbildung 5).
Somit wachsen Hydroxylapatit-Minerale von dort aus parallel entlang der Kollagenfibrillen.
Diese Organisation liefert ein hochstrukturiertes Nano-Verbundmaterial mit verbesserten

mechanischen Eigenschaften.®

N~

Stol3-
region

Kollagenfibrillen
nicht-kollagene Proteine

Hydroxylapatit-Plattchen

Abbildung 5: Modell der gerichteten Mineralisation in den Stoliregionen der
Kollagenfibrillen. Dort findet die Bindung der nicht-kollagenen Proteine statt, von denen

aus die Hydroxylapatit-Plattchen mineralisieren. (Eigene Darstellung)

Durch die starke Kontrolle des Mineralisierungsprozesses iiber Proteintemplate®
bilden sich orientierte Mineralplattchen mit den Dimensionen 60-100 nm in der L&nge, 30-
50 nm in der Breite und 2-6 nm in der H6he aus. Dies macht sie zu den Kkleinsten biogen
vorkommenden Mineralen.®® Die Bindung zwischen Kollagen und der mineralischen Phase
ist noch nicht vollstandig aufgeklart, wird aber auf die Interaktion zwischen
Aminoséureresten und Calciumionen zuriickgefiihrt.® Mit zunehmender Mineralisierung
verdichtet sich die Matrix des Gewebes und eingeschlossene Osteoblasten kénnen nur noch
passiv durch Diffusion versorgt werden. Sie sind dann im Stadium von voll differenzierten
Osteozyten angekommen.?® Da Diffusion von Sauerstoff und Metaboliten nur Gber eine
begrenzte Wegstrecke (Mikro- bis Millimeter)® in Geweben erfolgreich ist, muss auch im
Knochen eine Vaskularisierung vorhanden sein, die sich im neuen Knochenmaterial aus
Endothelzellen bilden kann.*® Da durch Wachstum eine flexible Anpassung des Skeletts an
die GrolRRe des jeweiligen Individuums von Noten ist, ibernehmen Osteoklasten die Aufgabe,
Knochenmaterial stetig kontrolliert abzubauen.®” Die Folge daraus ist, dass sich das gesamte

Skelett eines Menschen wahrend seiner Lebensdauer dynamisch anpasst.! Eine
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altersbedingte Abnahme der Knochendichte ist im Normalfall auf ein vermehrtes Absterben
von Osteozyten und Knochenumbau zuriickzufithren.®® Osteoporose hingegen ist eine
pathogene Auspragung dieser Indikation in Form einer metabolischen Knochenstérung. Sie
fihrt neben verringerter Knochendichte ebenfalls zu architektonischen Veranderungen der
Knochenstruktur. Das Auftreten kann in fortschreitendem Alter oder hormonellen
Veranderungen, besonders bei Frauen, begriindet sein.®® Tritt solch eine Indikation auf,
brechen Knochen bei Bewegung oder starker Last zunehmend schneller.®® Auch die
gegenteilige Auspragung einer Fremdmineralisation von weichen Geweben stellt ein
Krankheitsbild dar.}?® Eine Calcifizierung als Einlagerung von Calciumsalzen bis hin zur
Ossifikation (Verkndcherung) wird in der Regel von regulatorischen Hormonen gesteuert. !
In einer systemischen Stoérung stellt dies jedoch ein pathogenes Verhalten dar, das sich

unkritisch duRern oder massive Beeintrachtigungen mit sich bringen kann.%?

1.2.3 Mineralisierte Gewebe

Neben den vollstdndig mineralisierten Geweben der Knochen und der Z&hne sind auch
manche angrenzende Gewebe teilweise mineralisiert. Zu den teilmineralisierten Geweben
zéhlen Knorpel, Bénder und Sehnen. Dies ist einem flieBenden Ubergang der zum Knochen

hin angrenzenden Gewebe geschuldet, die weniger stark mechanisch belastet werden. %

Zwischen Knorpel und subchrondralem Knochen zeigt sich eine calcifizierte
Knorpelschicht, die als mechanische und biochemische Barriere funktioniert.2%* 1% Der
Knorpel weist so anstelle eines graduellen Ubergangs zwei distinkte Schichten auf, die nicht-
mineralisierte und die Mineral-aufweisende Knorpelschicht.1% Dabei ist eine klare
Abgrenzung der mineralisierten Anteile zum Knochen kaum zu treffen: Im Falle dieser
Schicht zeigt sich die Ausbildung von dem Knochen ahnlich mineralisiertem Kollagen
Typ 11 und Proteoglykanen als Hauptbestandteile des Knorpels.'®* Studien indizieren eine
stérkere Mineralisierung dieser Schicht als im Knochen selbst, was auf ihre Funktion als eine
abrasive Opferschicht hindeutet.’?” 1% Um diese Bedingungen in Ersatzgeweben
wiederherzustellen, kénnen  Materialien mit  distinkten  Lagen'®® 1  oder

Gradientenmaterialien zum Einsatz kommen.106. 111

Sehnen stellen das Bindeglied zwischen zwei stark unterschiedlichen Geweben, dem

weichen Muskel und dem steifen Knochen, dar. Um eine Ubertragung der Kréfte wihrend

21



1 EINLEITUNG

der Muskelkontraktion zu gewaéhrleisten, muss die jeweilige Anbindung an den
Gewebstibergingen graduell erfolgen, da sonst ein Ausriss der Sehne wahrscheinlich ist.1%
Der Mittelteil der Sehne besteht aus parallelen Kollagenfasern, die sich unter uniaxialem
Zug strecken.'® In Zugrichtung des Muskels werden 0,4 GPa iibertragen, zur Knochenseite
hin 20 GPa.!®® Der Ubergangsbereich zwischen Sehnen und Knochen wird als Enthese
bezeichnet.!'? Dabei kénnen drei Zonen des Ubergangs charakterisiert werden: Neben dem
ersten, klar der Sehne zugehorigen Bereich, schlieft sich ein Bereich mit faserigen
Knorpelanteilen an. Der letzte Bereich vor dem Knochen selbst ist ein mineralisierter
Faserknorpel 1% 113 Generell l4sst sich die Zunahme an Kollagenfibrillen-Desorientierung
und Hydroxylapatitbildung zur Knochenseite hin beobachten (Abbildung 6).1%4

Abbildung 6: Lichtmikroskopische Aufnahmen von longitudinalen murinen
Sehnenschnitten mittels Lasermikrodissektion am Knochenlibergang. Schematische
Darstellung: Der Bereich der Sehne zeigt regelmaRige Anordnung der Kollagenfibrillen
(blau), der Knochenbereich ist zunehmend ungeordnet und mineralisiert (grau). Nachdruck
unter Genehmigung modifiziert nach Deymier, A. C. et al., Micro-mechanical properties of
the tendon-to-bone attachment. Acta Biomater. 2017, 56, 25-35. Copyright (2017) Elsevier.

Sehr ahnlich den Mineralisierungsprozessen im Knochen werden auch in der Sehne
Matrixvesikel abgelegt, die fiir eine Mineralisierung notwendig sind. Da Sehnen aus
longitudinalen Kollagenfibrillen bestehen, konnte die Verteilung dieser Vesikel
mikroskopisch in Sehnenschnitten verfolgt werden.”® Entsprechend ihrer graduellen

Mineralisierung sind auch die Vesikel entlang der Sehne verteilt. In starker mineralisierten
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Regionen erscheinen die Abstdande zwischen den Kollagenfibrillen groRer, da hier
Mineralisation ebenfalls extravesikular stattfindet und Apatitkristalle eingelagert werden.”
Auch hier sind SIBLING Proteine an der Mineralisation beteiligt.*'®

Sollte durch zu hohe oder ruckartig auftretende Kréafte die Sehne, eventuell sogar samt
Enthese, ausreilRen, gestaltet sich eine natlrliche Sehnenregeneration schwierig. Neben den
mechanischen Eigenschaften, die auch in einer Rekonstruktion wiederherzustellen sind,
weist das Gewebe nur wenige BlutgefaRe und geringe Zellbesiedelung auf, welche fir eine
Gewebeheilung notwendig sind.!*? Somit wird das Sehnengewebe durch Narbengewebe
ersetzt, das den mechanischen Anspriichen nicht geniigt.2%® Zwar reien Sehnen seltener an
der Enthese aus, jedoch ist eine modglichst narbenfreie Anbindung in das Muskel-Sehnen-
Knochen-Konstrukt essentiell fiir den Erfolg der Sehnenrekonstruktion.'%* 2 In der Regel
werden Sehnen aus anderen Korperregionen als Selbstspende verpflanzt.1®® Weiterhin sind
kiinstliche Sehnenersatzkonstrukte im Einsatz, die maligeschneiderte Ldsungen mit

gesponnenen Faserkonstrukten bieten sollen.16-118

Bénder verknlpfen weiche Gewebe oder Knochen je untereinander, indem sie diese
lokal fixieren. Die Knochen-verbindenden Bander sind &hnlich zu Sehnen aus parallelen
Kollagenfaserbiindeln aufgebaut und weisen dieselben Ubergangsmechanismen hinsichtlich
einer graduellen Mineralisation auf.!*® Ohne die Positionierung der Knochen durch Bander
kommt es zunehmend zu VerschleiR der betroffenen Gelenke, der sich vor allem im Knie

auRert.120 121
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1.3 Ubertragung naturlicher Prinzipien auf bioinspirierte

Fabrikationsansatze

Seit jeher versucht der Mensch, Prinzipien aus der Natur zu verstehen, fur sich zu
nutzen und anwenden zu konnen. Eindrucksvoll zeigte sich dies beispielsweise im
Erfindergeist Leonardo Da Vincis, was dessen Konstruktionszeichnungen zu Erfindungen
wie der Flugmaschine, inspiriert durch den Vogelflug, belegen.'?> Neben einem bloRen
Nachbau natirlicher Materialien steht auch das Verstandnis der zu Grunde liegenden
Anforderungen an beispielsweise die Mechanik, Statik oder Materialverarbeitung im
Fokus.?? 123 Diese Herangehensweise wird als design by analogy bezeichnet.'?* Im Falle,
dass die Vorbilder der Biologie entspringen, spricht man von Biomimikry oder
Bioinspiration.'?* Solche bioinspirierten Ansatze tibertragen oft nur relevante Teilaspekte
eines naturlichen Vorbilds auf einen neuen Fabrikationsansatz. Bekannte Anwendungen
basierend auf Oberflachenstrukturierung sind unter anderem das Lotus-Prinzip'?® fiir
selbstreinigende Oberflachen oder das Gecko-Prinzip?® fiir kleberfreie Adhasion.*?? Auch
hier sei das Beispiel des rekombinanten Spinnenseidenproteins genannt, das auf Basis seines
naturlichen VVorgéngerproteins designt wurde und nun fur verschiedenste Anwendungen zur

Verfiigung steht.*?

1.3.1 Gradientenmaterialien

1.3.1.1 Funktionsprinzip nattrlicher Gradientenmaterialien

Funktionelle Gradientenmaterialien sind in der Natur tberall dort zu finden, wo zwei
Materialien mit unterschiedlichen, meist mechanischen Eigenschaften miteinander
verbunden werden. Eine graduelle Ausfiihrung erlaubt dabei einen flieRenden Ubergang, der
die lineare Ab- und Weiterleitung aulerer Kréfte von einer Materialseite zur anderen ohne
Materialversagen ermdglicht. Treffen zwei ungleiche Materialien an einer Grenzflache
direkt aufeinander, wie es typischerweise in Kompositmaterialien der Fall ist, tritt
Radialspannung auf und es kann zu einer ,,Sollbruchstelle” kommen, an der das Material
versagt.*?” Weiterhin ist neben einem Gradienten ein rein gradueller Ubergang, auch als
Stufengradient bezeichnet, mdoglich. Dies fihrt zu einer kleinstufigen Anderung der
Eigenschaften. Im Optimalfall ist keinerlei distinkte Abstufung der Materialien entlang des

24



1 EINLEITUNG

Gradienten zu erkennen.*?” Mit dem graduellen Verlauf von Eigenschaften geht auch ein
Ubergang von Strukturen (Morphologien, PorengréBen), unterschiedlichen Materialien oder
Konzentrationen eines Materials in eine bestimmte Richtung einher.'?® Oft sind mehrere
dieser Ansitze kombiniert und ergeben einen multidimensionalen Gradienten.!?® Als
natirliches Vorbild sind hier der Byssusfaden der Miesmuschel, der Tintenfischschnabel
und der Knochen-Sehnen-Ubergang, die sogenannte Enthese, zu erwahnen (Abbildung 7).

Die zu Grunde liegenden Gradientenverlaufe werden hierzu néher diskutiert.

Neben seiner erstaunlichen Eigenschaft, mit einem Plaque Unterwasser-Adhésion zu
ermoglichen, ist der daran ankniipfende Byssusfaden der Miesmuschel (Gattung der Mytilus)
ein Gradientenmaterial aus elastischen und fibrésen Proteinen.'?® Das Fadeninnere besteht
aus zwei verschiedenen kollagenartigen Proteinen (sogenannte preCOLS), wobei die &ul3ere
Faserhulle Mytilus foot protein-1 (Mfp-1) als Hauptbestandteil hat. Die Ausbildung eines
chemischen Gradienten an 3,4-Dihydroxyphenylalanin (Dopa) von 10-15 mol-% in Mfp-1
mit hochster Konzentration in der Muschelfull abgewandten, distalen Seite erfolgt post-
translational.**® Dopa wird in marinen Invertebraten als Adhasionsvermittler verwendet und
sorgt fur die Anbindung an den Untergrund. Im Byssusfaden ist ein Gradient an distalen
preCOLD- und proximalen preCOLP-Proteinen mit jeweils gegenldufig hohem Anteil zu
finden, die einen mechanischen Gradienten erzeugen. Dies hat eine Versteifung des

Materials hin zur distalen Seite, die am Untergrund ankert, zur Folge.*3

Der Schnabel des Humboldt-Kalmars (Dosidicus gigas) ist wohl eines der hértesten,
natlrlich vorkommenden voll organischen Materialien. Selbst in seiner hydrierten Form
kdnnen Krafte von Uber zwei GroRenskalen Unterschied (von 50 MPa bis 5 GPa) Uibertragen
werden.'32 132 Dies wird durch einen groR angelegten Steifigkeitsgradienten realisiert, da der
Schnabel im weichen Gewebe verankert ist. Das Gradientenmaterial wird hier aus einem
rein chemischen Gradienten bestehend aus Wasser, Chitinfasern und Histidin-reichen
Proteinen, die Dopa-Seitenketten aufweisen, realisiert.®> 132 Es findet eine graduelle
Quervernetzung zwischen den Dopa- und Histidin-Resten hin zur hdrteren Schnabelseite
statt.3? Zusatzlich sinkt der Wasser- und Chitinanteil hin zur steiferen Seite. Eine optische
Verfolgung des Gradienten ist anhand der Pigmentierung des Tintenfischschnabels méglich,
da der Farbung Catechol zu Grunde liegt, das mit Dopa-reichen Proteinen in sklerotisierten

Geweben von Insekten oder Wirbellosen in Verbindung steht. 132 133
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Abbildung 7: Beispiele flr natirliche Gradientenmaterialien: A) Die Byssusfaden der

Miesmuschel, B) der Papageienschnabel des Tintenfischs und C) die menschliche Enthese

mit Angaben zu ihren jeweiligen mechanischen Eigenschaften und spezifischen Gradienten.

(Eigene Darstellung, Werte nach Referenzen 103132 134)

Die Enthese'? ist durch den steilen graduellen Anstieg an Zellbesiedlung,
Hydroxylapatit (Konzentrationsgradient) und einer Desorientierung der Kollagenfasern
(struktureller Gradient) zur Knochenseite hin gekennzeichnet, um den Ubergang von der
weichen Sehnenseite hin zur steifen Knochenseite zu ermoglichen.'®® 135 Unter normaler
Belastung wird so die bei Muskelbewegung auftretende Kraft von einem Material mit
Steifigkeit im MPa-Bereich zu einem Material im GPa-Bereich ubertragen. Das

Gradientenmaterial, das nur einen Mikrometerbereich umspannt, wird somit aus einem
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Kollagen-Hydroxylapatit-Komposit gebildet, der zum Knochen hin zunimmt.!** Die
graduelle Mineralisierung des Gewebes wird auch hier, &hnlich wie im Knochen selbst, von

Proteinen der sogenannten SIBLING Familie gesteuert.8%: 103

1.3.1.2 Erzeugung und Anwendung von Gradientenmaterialien

Das Funktionsprinzip von Gradientenmaterialien riickte ab den 1980er Jahren in den
Fokus der Materialforschung. Es wurden Lésungen fur technische Anwendungen gesucht
und erstmals in der Raumfahrt durch einen Gradientenverlauf realisiert, um thermische
Stressspitzen in Hitzeschildern zu minimieren.t3 Immer weitreichender wurden funktionelle
Gradientenmaterialien (FGM) geschaffen und angewandt.**” Dies kann iiber verschiedene
Herstellungsmethoden  geschehen, wie beispielsweise  Pulvermetallurgie, 6 1%
Polymerisationsansatze,**° Mikro-14° und Makrofluidik,!® 141142 photolithographie'*® oder
Elektrospinnent!® 137 Damit werden Gradientenmaterialien mit unterschiedlicher
Materialzusammensetzung,*'® %% Mechanik!® 137 14 oder Binnenstrukturt’ 145147

generiert.

Gradientenmaterialien fur die biomedizinische Anwendung werden vor allem im
Zusammenhang mit porésen Knochenmaterialien oder mechanisch anspruchsvollen
Sehnenersatzmaterialien bendtigt. Graduell portse Strukturen, die eine biologisch relevante
PorengroRe fir die Knochenrekonstruktion abdecken, kdnnen verschieden ausgefihrt
werden.}* Um eine personalisierte Losung fiir Patienten herstellen zu konnen, riickt der
3D Druck als Methode der Wahl in den Vordergrund. Graduelle Konstrukte aus
Biomaterialien werden so durch unterschiedlich angesteuerte Extrusion zweier Materialien
generiert, von denen beispielsweise ein Material mit einem anorganischen Fullmaterial
beladen ist.2*® Durch interne Steuerung des 3D Druckers'*® oder durch zwei gegenlaufige
Spritzenpumpen!*t werden beide Materialien mit unterschiedlicher Geschwindigkeit
extrudiert (Abbildung 8). So kann beispielsweise eine graduelle Biomineralisation durch
Fullstoffe in einer Komponente erzeugt werden, um die Materialsteifigkeit gezielt zu
erhdhen. Die so entstandenen Konstrukte eignen sich fir die Anwendung in der
Entheserekonstruktion. Das graduelle Einbringen von zwei Fullstoffen unterschiedlicher
Grole kann dem Zweck der Knochenrekonstruktion dienen. Die Vermischung findet dann
in einer Mischkammer statt und das in seiner Konzentration vordefinierte, gemischte

Material wird extrudiert.1*t: 14% 150 Djese Art der graduellen Verarbeitung setzt aber in der
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Regel die Modifikation des Gerdtes mit Anbau eines Doppel-Kartuschen-Mischkopfes
voraus, sodass oft ein kostspieliger Umbau notwendig wird und die weitergehende Nutzung
eingeschrankt ist.!>

A B

.......................

PRup S ——
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Material B | \( Misch-
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Abbildung 8: Schematische Darstellung der Realisierung von 3D Gradientenmaterialien.
A) Spritzenpumpe beflllt mit unterschiedlichen Materialien A und B, die in einer
Mischeinheit aufeinandertreffen. B) Extrusionsdiise mit zwei Einlassen fur unterschiedliche
Materialien. Nachdruck unter Genehmigung modifiziert nach A) ldaszek, J. et al., 3D
bioprinting of hydrogel constructs with cell and material gradients for the regeneration of
full-thickness chondral defect using a microfluidic printing head. Biofabrication 2019, 11
(4), 044101. Copyright (2019) 10P Publishing. B) Kokkinis, D.; Bouville, F.; Studart, A. R.,
3D Printing of Materials with Tunable Failure via Bioinspired Mechanical Gradients. Adv.
Mater. 2018, 30 (19), 1705808. Copyright (2018) John Wiley & Sons.

1.3.2 Biofabrikation

Das Feld der Biofabrikation hat in den letzten Jahren rasant an Popularitat gewonnen.
Mit der Erstausgabe der Fachzeitschrift Biofabrication (Verlag 10P Publishing, Bristol,
Grol3britannien) im Jahr 2009, die sich diesem Themenkomplex widmet, wurde nach
Mironov et al.®® erstmals der Begriff definiert: Es handelt sich dabei um die

Uberschneidung der Fachdisziplinen Biologie, Materialwissenschaften und Maschinenbau.
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Dabei entstehen ,,lebende und nicht lebende biologische Produkte, die aus Materialien wie
lebenden Zellen, Molekiilen, extrazellularer Matrix und Biomaterialien bestehen® 2,

Der Begriff Biomaterial definiert dabei ein Material, das nicht zwingend biologischen
Ursprungs ist, aber vorteilbringend in den Kérper eingebracht werden kann.1°3 1% Einerseits
liefert die Orientierung an der Biologie bioinspirierte und biomimetische Ansatze.l®
Resultat dieser Fabrikation sind artifizielle Produkte, die von ,,Burgerfleisch aus der
Petrischale“*® bis hin zu kiinstlichen Geweben fiir die Biomedizin reichen. Darunter fallen
auch Biosensoren zur medizinischen Uberwachung, die dhnlich einem Pflaster auf die Haut
aufgebracht werden kénnen.'®® Eine Simulation von organartigen Funktionen fiir die
Vorhersage von Verhaltensweisen in Bezug auf Wirkstoffvertraglichkeit oder wvon
Krankheitsmodellen kann mittels organ on a chip realisiert werden.*” Weiterhin kann der
Anspruch auch in der guten Vertraglichkeit von pharmazeutischen Produkten, wie
neuartigen Wirkstofftransportsystemen®® oder einer bioinerten Beschichtung von
medizinischen Schlauchen®® oder Implantatoberflichen gegen Ausbildung von
Kapselfibrose!®®, liegen. In anderen Anwendungen ist die Bioaktivitat von Oberflachen fiir
die Integration von Implantaten explizit erwinscht, beispielsweise bei in den Knochensockel
eingebrachten Titanimplantaten.!®® Andererseits zahlen nach dieser Definition ebenfalls

neue bioinspirierte Wege der Treibstofferzeugung®®! oder der Katalysatorforschung®? dazu.

Folglich umfasst diese Forschung ein zunehmend grofier werdendes Feld, wobei der
Begriff Biofabrikation oft dynamisch uber die Fortschritte in Technologien und
Anwendungsbereichen definiert wird, was jedoch zu einer Inkonsistenz der Terminologie
fiihrt.'®3 Eine Abgrenzung zu den Disziplinen der regenerativen Medizin und Tissue
Engineering sowie der additiven Fertigung ist schwieriger geworden. Da diese Begriffe oft
synonym verwendet wurden, wurde nach Groll et al.®® eine erneuerte Begriffsdefinition
angestrebt. Diese beinhaltet explizit die Schnittmenge der Disziplinen als ,,Biofabrikation
fur Tissue Engineering und die regenerative Medizin”. Diese Neudefinition dient einer
Erweiterung der Begrifflichkeit und schlielt dabei auch die Herstellungsverfahren fir Zell-
beladene Konstrukte mit ein.1%® 164 Es handelt sich um ,,die automatisierte Herstellung von
biologisch funktionellen Produkten mit einer strukturellen Organisation bestehend aus
lebendigen Zellen, bioaktiven Molekilen, Biomaterialien, Zellaggregaten wie beispielsweise
Mikro-Geweben oder hybriden Material-Zell-Konstrukten, die durch Biodrucken oder

Bioassemblierung und anschlieBender Gewebereifung gewonnen werden* %3, Im Folgenden
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sollen nun die zu Grunde liegenden Prinzipien des Ansatzes Tissue Engineering naher

erlautert werden.

1.3.2.1 Tissue Engineering

Unter dem Begriff Tissue Engineering versteht man Fabrikationsansatze mit dem Ziel,
Gewebe teilweise oder vollstandig zu ersetzen. Der Verlust eines Gewebes oder gar Organs
fuihrt zu Einschrankungen oder vollstdndigem Einstellen der zu Grunde liegenden
Funktion.®> Die daraus entstehende medizinische und 6konomische Problematik wurde
Anfang der 1990er Jahre von Langer und Vacanti erkannt und Tissue Engineering als
Losung vorgeschlagen.®® Der momentane Stand zum Gewebeersatz beruht nach wie vor auf
Auto-, Allo- oder Xenotransplantation. Bei Autotransplantation kdénnen Teilgewebe des
Spenders an einen anderen Ort im Korper verpflanzt werden, beispielsweise Hautlappen
nach Verbrennungen. Dies kann jedoch an der Spenderstelle zu sekundéarer Morbiditat
fiihren.*®” Allotransplantation bezieht sich auf Spenderorgane fremder, toter oder lebender
Personen. Es besteht nach wie vor eine groRere Nachfrage an Spenderorganen als diese zur
Verfiigung stehen.'®® In diesem Fall muss die AbstoBung des Gewebes oft fiir lange Zeit
durch Immunsuppressiva unterdriickt werden.!®® Dies spitzt sich noch zu, wenn das
Transplantat nicht vom Menschen stammt, sondern tierischen Ursprungs ist (Xenograft).*"

Dazu kommt das Risiko der Ubertragung von tierischen Krankheiten auf den Menschen.t’*
172

Aus den komplexen Anforderungen an den Gewebeersatz stellen sich einige
Kernfragen, die bei der Gerustherstellung berlcksichtigt werden missen. GroRRere Defekte
oder gar Organverlust fuhren im Kérper zum Kollabieren der umliegenden Strukturen. Das
bedeutet, dass temporare ,,Platzhalter* geschaffen werden miissen, um eine Kavitét fir das
neu entstehende Gewebe freizuhalten. Durch den voranschreitenden Gewebeaufbau kann
dann das entsprechende Geriist resorbiert werden.*%®> Daher muss im idealen Fall der
Bioabbau des Biomaterials synchron mit der entsprechenden Geweberekonstruktion
ablaufen, was fir den Fall von zum Beispiel Haut innerhalb von wenigen Tagen oder im

Knochen von mehreren Wochen der Fall ist.1”

Fur diese Herausforderung steht eine Vielzahl an Biomaterialien zur Verfiigung, die
in der Regel biologischen Ursprungs oder bioinspiriert sind, beziehungsweise synthetisch
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hergestellt werden. Synthetische Polymere, die haufig Anwendung in der
Geweberekonstruktion finden, sind zum Beispiel Polyethylenglycol, Polymilchsaure oder
Poly-g-Caprolacton.'®® 17 |hr entscheidender Nachteil ist jedoch, dass sie bioinert sind und
eine Funktionalisierung nachtraglich eingefiigt werden muss.'®® Hinzu kommt, dass zwar
nicht das Material selbst, aber seine Abbauprodukte, insbesondere von synthetischen
Polymeren, toxisch sein kénnen.®® Im Falle von Biomaterialien wie Kollagen, Gelatine oder
Fibronektin aus tierischen Quellen besteht, wie bei Xenotransplantaten, die Gefahr der
Krankheitsiibertragung.!’> Das Polysaccharid Alginat'™ kann ebenfalls verarbeitet werden
und wird in der Regel bei Prozessierung zu Hydrogelen mit Calciumionen vernetzt.1 177
Chitosan wird aus Chitin der Krabbenschalen nach Deproteinierung und Decalcifizierung
unter Verkiirzung der Kettenlange und Reduzierung des Acteylierungsgrads gewonnen.*’®
179 Wie bei anderen Materialien kommt es auch bei Chitosan zu Schwankungen zwischen
den Materialchargen, was vor allem fir die medizinische Anwendung streng kontrolliert
wird.’®® Rekombinant hergestellte Proteine, unter denen sich Kollagene®® und
Seidenproteine®® 82 pefinden, I6sen einige dieser Probleme und ermdglichen eine

grof3technische Herstellung.

Um eine AbstolRung oder Unvertraglichkeit zu vermeiden, mussen Gerlistmaterialien
biokompatibel sein und nach Madglichkeit dem zu ersetzenden Gewebe weitestgehend
ahneln. Ein Weg zur personalisierten Medizin ist es, Spenderzellen des Zielgewebes zu
entnehmen, zu kultivieren und auf das in seiner Form, GroRe und Gewebespezifitét
personalisierte Geriist zu geben.®® In der Regel sind bei diesem Vorgehen nur wenige
Spenderzellen notwendig.® Bei ausreichender Zellbesiedlung und eventuell beginnender
Differenzierung wird das Konstrukt an der Defektstelle eingebracht. Es konnen fur diese
Herangehensweise zwei Ansédtze verfolgt werden: Zum einen koénnen aus einzelnen
Bestandteilen, wie zum Beispiel zellbeladenen Matrizen, Gewebe modular zu einem (3D)
Konstrukt aufgebaut werden.'®® Zum anderen kdénnen Tragermaterialien 3D Strukturen
vorgeben, die nachtraglich mit aktiven Komponenten wie Zellen, Wachstumsfaktoren oder
Wirkstoffen besiedelt werden. Das Verstandnis von Struktur-Eigenschafts-Beziehungen ist
dabei nutzlich, um eine gerichtete Zelladhésion zu erzielen. Zelladhdsion findet beim
Aussaen auf eine Oberflache in einem zweistufigen Prozess statt.!3* Zu Beginn ist die
topographische Beschaffenheit der Oberflache, wie seine Rauheit oder Strukturierung, von
Bedeutung. Erst danach werden die chemischen Eigenschaften, wie die Bereitstellung von

Bindungsmotiven, erkannt.!® Solche fokalen Adhasionsprozesse dienen zudem der
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komplexen Signaliibertragung von der extrazelluldren Matrix zur Zelle: Sie finden mit der
Zell-umgebenden Matrix Uber Integrine in der Zellmembran und dem Aktin-Zytoskelett

statt.186

Die GroRe und Form einer Defektstelle im Patienten kann oft mit Hilfe von
Computertomographie genau bestimmt werden. Anhand der bildgebenden Verfahren wird
mittels Computer-gestiitztem Design (computer aided design, CAD) und Herstellung
(computer aided manufacturing, CAM) ein personalisiertes Gewebekonstrukt erstellt
(Abbildung 9).8" In diesem Zuge ist der 3D Druck eine geeignete Wahl, um ein solches
Vorgehen durch Ablegen der einzelnen Konstruktlagen in der additiven Fertigung zu

realisieren.183

3D Scan

Personalisiertes
Gerust

3D Druck

Abbildung 9: Prozess der Herstellung von personalisierten Gewebekonstrukten basierend
auf einem 3D Scan mit Hilfe des 3D Drucks. Nachdruck unter Genehmigung modifiziert
nach Goyanes, A. et al., 3D scanning and 3D printing as innovative technologies for
fabricating personalized topical drug delivery systems. J. Control. Release 2016, 234, 41-
48. Copyright (2016) Elsevier.

Einige Biomaterialien kénnen zu Hydrogelen prozessiert werden, die sich verdrucken
lassen. % Darunter befinden sich Seidenmaterialien, in die direkt Zellen eingekapselt werden
koénnen. So entstandene Biotinten kdnnen im 3D Druck direkt funktionale Konstrukte

liefern.** Jedoch gibt es das ein oder andere Hindernis auf diesem Weg der Verarbeitung:
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Die Druckgenauigkeit liegt bei Biopolymeren oft unter der von synthetischen Polymeren. 1%
Aullerdem ist die Viskositat eines zellbeladenen Materials entscheidend, da zwar stabile
Konstrukte nétig sind, aber die Zellen wéhrend des Drucks bei steigender Viskositat immer
starkeren Scherkraften ausgesetzt sind.*®® Auch der Durchmesser der Drucker-
Extrusionsdiise hat einen Einfluss auf das Zelliberleben und ihr spateres Verhalten, 18 1%
Die aktuelle Forschung beschaftigt sich mit der Detektion von Scherkréaften wahrend des

Drucks in Modellen, um das Uberleben von Zellen abschétzen zu kénnen.t°?

1.3.2.2 Geweberekonstruktion mit rekombinanter Spinnenseide

Die Abdeckung von Wunden mit Spinnennetzen und ihre anti-inflammatorische
Wirkung, ohne eine Immunantwort auszulésen, war schon bei den alten Griechen bekannte
Praxis.'® Somit sind die vorteilhaften Eigenschaften von Seidenmaterialien fiir
biomedizinische Anwendungen schon lange bekannt. Neben Spinnenseide ist dabei auch die
Seide des Seidenspinners Bombyx mori von Interesse. Im Gegensatz zu Spinnen kann dieser
in groBen Zuchtbetrieben auf Maulbeerbléttern gehalten und seine Seide geerntet werden.
Diese Rohseide muss dann einem Prozess unterzogen werden, der die &ul3ere Beschichtung
der Seidenfasern ablost. Der Prozess wird als degumming bezeichnet und findet unter
Kochen bei 60 °C in Lithiumbromid statt. Die dabei entfernten Sericine sind bekannt,
Immun- und inflammatorische Antworten im Korper auszuldésen. Das dann gewonnene

Seidenmaterial kann gelést und prozessiert werden.” 1%

Um eine einfache Herstellung in grofRen, homogenen Mengen und eine geeignete
Prozessierung von Spinnenseidenproteinen zu ermdglichen, wird oft der Weg einer
rekombinanten Herstellung gewdhlt. Die so gewonnenen Proteine eignen sich fir
biomedizinische Anwendungen. Eine Auswahl solcher Anwendungsbeispiele ist in
Tabelle 2 zusammengefasst. Die Zelladhasion ist fiir den Erfolg eines Biomaterials in der
Geweberekonstruktion entscheidend. Durch molekularbiologische Methoden oder
nachtrégliche chemische Kopplung konnen rekombinante Spinnenseidenproteine mit
Zellbindungsmotiven wie dem bekannten RGD-Tripeptid funktionalisiert werden.?’ Die
somit entstandene  Zytokompatibilitdt ermdoglichte  Zell-Matrix-Interaktion — mit
Spinnenseidenproteinen in unterschiedlichen Morphologien wie 2D Filmstrukturen?” oder
3D Hydrogelen.*
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Tabelle 2: Ubersicht ausgewahlter Anwendungsbeispiele von rekombinanter Spinnenseide

in der Geweberekonstruktion.

Zielgewebe Spinnenseiden- Verwendete Hergestellte
morphologie Zellen Funktion
Herz- Film als Beschichtung Kardiomyozyten, Synchrone
muskel 194 195 von Glastragern Fibroblasten, Kardiomyozyten-
Endothelzellen Kontraktion durch
Zell-Zell-
Kommunikation/
elektrische
Signalweiterleitung,
Proliferation
GefaRsystem!% | Fasern mittels AV-loop als in vivo Neuausbildung von
Nassspinnen und Rattenmodell Vaskularisierung
Elektrospinnen
Knochen?’ Spinnenseiden-Polymer- | Humane mesenchymale | Osteo-
blend-Filme Stammzellen Zelldifferenzierung
Knochen®: 1% | Filme Humane mesenchymale | Osteo-
Stammazellen Zelldifferenzierung

Sehnen-Kochen-

(Gradienten)Filme

Knochenvorlauferzellen

Graduelle Zelladhésion

Ubergang®® der Ratte
Periphéres Tubulér gerollte, Neuroblastoma-Glia- Ausbildung von
Nervensystem?! | elektrogesponnene Hybridzellen Synapsen und
Vliese mit eingelegten Membranpotentialen
Kollagen-Fasern
Periphares Selbstrollende Chitosan- | Neuronen Zelldifferenzierung
Nervensystem?%? | Spinnenseiden-Filme mit und Ausrichtung
eingelegten gesponnenen
Vliesen oder Kollagen-
Cryogelen
Haut?%3 Pordse in vivo Rattenmodell Gesteigerte

Filme/Membranen

Wundheilung

Es ist bekannt, dass nicht nur chemische, sondern auch topographische Eigenschaften
einer Substratoberflache die Zelladhdsion und -differenzierung beeinflussen.84 204 205
Strukturgebung kann durch Aufbringen von Schikanen wie Kavitaten, Erhebungen oder
Rillen auf 2D Filmen erfolgen. 18 206 207 Eg jst aber auch eine 2.5D nanofibrillare
Strukturierung, wie sie typischerweise durch Elektrospinnen entsteht, von Vorteil, um die
extrazellulare Matrix abzubilden.'® 208 Splche 2.5D Strukturen bilden gesponnene Vliese
aus Spinnenseidenproteinen, die durch Nachbehandlung mit priméaren Alkoholen
wasserunloslich gemacht werden.?®® In der Geweberekonstruktion kénnen sie fir die

Regeneration von Hautschichten?® oder als Wundauflage®® 2! nach dem historischen
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Vorbild dienen. Spinnenseidenproteine konnen zu Hydrogelen verarbeitet werden, was eine
personalisierte Formgebung im 3D Druck ermdglicht. Bei der Herstellung von Biotinten aus
eADF4(C16)-RGD konnten zudem Fibroblasten eingebracht und wahrend der Gelierung
verkapselt werden. Das Verdrucken des Materials lieferte homogen verteilte Zellen, die Gber
einen langeren Zeitraum in Kultur gehalten werden konnten.* Dabei spielte vermutlich auch
die intrinsische Porositat der Hydrogele®® eine Rolle, die eine Versorgung mit Nahrstoffen

und Sauerstoff gewahrleistet, sowie flir den Abtransport von Metaboliten essentiell ist.

Fur die Geweberekonstruktion spielen aber auch weitere Faktoren eine Rolle. So hat
die Elastizitat eines Gerusts Einfluss auf Zelldifferenzierung, was als Mechanotransduktion
bezeichnet wird. Im Falle von Seidenmaterialien wird die Steifigkeit durch den Gehalt an
S-Faltblattstrukturen eingestellt, das heifldt, sie steigt mit groerem Anteil an dieser
Sekundérstruktur.'® Ein Beispiel, bei dem die zu Grunde liegende Substratsteifigkeit
Einfluss auf die (neu angesiedelten) Zellen hat, ist die Narbenbildung nach einem
Herzinfarkt.?!? Das geschadigte Herzgewebe weist dadurch eine hohere Steifigkeit auf,
sodass rekrutierte oder implantierte Stammzellen sich nicht zu Kardiozyten sondern
Fibroblasten differenzieren.?® 214 Die Nutzbarkeit von Materialien aus rekombinanten
Spinnenseidenproteinen fir die Regeneration von Herzgeweben wurde bereits
materialwissenschaftlich untersucht.'®* 1% Damit konnte das Material beispielsweise fiir
Herzmuskelauflagen zur Regeneration und Behandlung von Herzinsuffizienz eingesetzt

werden.

1.3.2.3 Biomimetische und bioinspirierte Mineralisation

Biomedizinische Anwendungen

In manchen Féllen ist eine korpereigene Regeneration von mineralisierten Geweben
nicht moglich. Dies ist der Fall bei Verlust gréRerer Mengen an Knochenmaterial, zum
Beispiel als Folge von Krebserkrankungen oder Osteoporose. Entsprechend missen
Ersatzmaterialien an der Defektstelle eingebracht werden, um eine Stabilisierung und
Regeneration des Gewebes zu erreichen.?®® Titanimplantate sind fir viele
Knochenanwendungen derzeit das einzige Mittel der Wahl, haben jedoch den
entscheidenden Nachteil, dass sie sich oft schlecht mit dem umgebenden Gewebe verbinden
und dies chirurgische Zweiteingriffe nach sich zieht.!® Obwohl mittlerweile eine Vielzahl
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an Biomaterialien zur Verfugung stehen,’®* 26 miissen verschiedene Kriterien fiir die
Rekonstruktion mineralisierter Gewebe gegeben sein. Neben der geeigneten Mechanik sollte
die Besiedlung durch gewebsspezifische Zellen und damit einhergehend Mineralisation

mdoglich sein.

Betrachtet man ein Konstrukt zum Ersatz mineralisierter Gewebe, kdnnen drei
Eigenschaften voneinander abgegrenzt werden: Die Osteoinduktion eines Materials
bezeichnet den Stimulus auf pluripotente, nicht differenzierte Zellen, sich zu Osteoblasten
zu differenzieren. Unter Osteokonduktion versteht man die Eigenschaft eines Materials,
Knochen an seiner Oberflache zu bilden. Zuletzt wird die vollstdndige Verankerung eines

Materials in den Knochen als Osseointegration bezeichnet.?*’

Mineralisation kann in Konstrukten fur die Geweberekonstruktion tber drei Ansétze
erfolgen: Zum einen kdnnen Materialien designt werden, die auf Grund ihrer Ladung
Wechselwirkung mit lonen des umgebenden Mediums eingehen und eine Mineralisation zur
Folge haben (Abbildung 10A). Um diese Wechselwirkung zu verstarken und zu
kontrollieren, konnen Bindungsmotive verwendet werden, die in natirlichen,
mineralisierenden Proteintemplaten identifiziert wurden. Darunter befinden sich vor allem
stark geladene Peptide, die aus SIBLING Proteinen wie Osteopontin®® 21° oder

Sialoprotein®®

stammen. Weiterhin wurden mittels Phagendisplay Peptidsequenzen
identifiziert, die spezifisch an Hydroxylapatit binden und das Potential zur Biomineralisation
bergen.1% Diese wurden dann an die Gensequenz eines Proteinriickgrats mit beispielsweise
repetitiven Motiven aus der Spinne Nephila clavipes'®® oder des Seidenspinners Bombyx
mori%?! gekoppelt, rekombinant hergestellt und ihr Mineralisationsverhalten untersucht.
Dazu wurden Calcium-, Phosphat- oder Carbonathaltige Mineralisierungslésungen auf den
Materialien inkubiert.19" 198 222, 223 \weijterhin ist es madglich, eine biomimetische
Mineralisation durch Inkubation in Simulated Body Fluid (SBF) zu erzeugen.??* 22> SBF
enthalt eine lonenkonzentration und -zusammensetzung, die der des menschlichen
Blutplasmas stark &hnelt. Somit kénnen Materialien in vitro auf ihre Tauglichkeit fur den
Knochenersatz getestet werden. In der Regel beginnt eine Mineralisation in diesem Aufbau
schon nach wenigen Tagen und schreitet bis zu vier Wochen fort.??® Das gebildete Mineral
enthalt haufig Calciumphosphat-Spezies, zum Beispiel Hydroxylapatit.??® Neben einer
induzierten (Bio-)Mineralisation kann direkt ein anorganischer Fullstoff in eine

(Bio-)Materialmatrix als Kompositmaterial eingebracht werden (Abbildung 10B).?2/232
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A
Materialoberflache Inkubation in mineralisierte
in nativem Zustand Mineralisierungslésung  Materialoberflache
B
FuIIstoff—
o o ll
Matrixmaterial mineralisiertes
Kompositmaterial
C
Ll
Materialoberfliche  Zellbesiedelung der Zell-induzierte
in nativem Zustand  Materialoberflache Mineralisation der

Materialoberflache

Abbildung 10: Herangehensweisen zur Mineralisation von Materialien. A) Induzierte
Mineralisierung aus Loésung. B) Einbringen von Mineralphasen in ein vorgelegtes

Matrixmaterial. C) Zellinduzierte Mineralisation. (Eigene Darstellung)

Dies hat den Vorteil, dass sofort eine mineralische Phase im Material vorhanden ist
und das Gerlst nicht erst Uber langere Zeit nachbehandelt werden muss. Gerade bei
simultanem Einbringen von Zellen ist eine solche Nachbehandlung nicht denkbar.
Nichtsdestotrotz kdnnen auch solche Materialien mit Mineralisierungslosungen
nachbehandelt werden.??” 231 Dadurch kann Hydroxylapatit abgeschieden werden und die
Zelladhasion, -proliferation und -differenzierung, vor allem von Osteoblasten,
verbessern.1% 222 233 Dijese Art der Herstellung stellt eine einfache Variante dar,
Fullmaterialien nach gewiinschter Konzentration und Zusammensetzung in ein Biomaterial
228,

einzubringen. Das Material selbst kann zum Beispiel via 3D Druck oder Lyophilisation

23 in die gewiinschte Form gebracht werden.

Vergleicht man diese Art der biomimetischen Mineralisation mit den
Biomineralisationsprozessen, die im Knochen stattfinden, ergeben sich Parallelen und

Unterschiede. Man stellt fest, dass zuerst eine vergleichsweise weiche Matrix vorhanden ist,
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in der sich Pra-Osteoblasten ansiedeln.®? Die voranschreitende Mineralisation wird dann
durch diese Zellen ausgel6st, indem nach konzertierten Genexpressionsmustern Proteine
sekretiert werden.®> Das Zusammenspiel und die zeitliche Abfolge der Expression fiihren
dann zu einer gerichteten Mineralisation.®> Auch hier kénnen biomimetische Ansatze zur
mineralisierten Geweberegeneration angreifen (Abbildung 10C). Uber die Wahl der
geeigneten Materialsteifigkeit?*4, Vormineralisation’® 24 oder Differenzierungsmedien?®-

238 konnte Osteoblastendifferenzierung eingeleitet werden.

Betrachtet man die Rekonstruktion teilmineralisierter Gewebe, wie dem Knochen-
Sehnen-Ubergang oder den Knochen-Knorpel-Ubergang, konnen fibrose Geriiste mit einer

gewebten Innenstruktur anstelle von Mineralisation die bendtigte Mechanik erreichen.?*®

Technische Anwendungen

Fur Materialien in technischen Anwendungen sind vor allem Oxide und Carbonate von
Interesse (Tabelle 3). Ihre Darstellung mittels Biomineralisation hat verschiedene Vorteile:
So kann wahrend des Prozesses auf sonst tiblicherweise hohe Temperaturen und organische
Losungsmittel verzichtet werden.?* 241 Zusatzlich spielen neben den ungiftigen Edukten in

der Synthese auch reduzierte Kosten eine Rolle.242 243

Tabelle 3: Ubersicht ausgewdhlter Beispiele fiir biomineralisierte Produkte in technischen

Anwendungen.

Mineralspezies | Anwendung

Carbonate | MnCO; Kondensatoren,?** Anodenmaterial in Lithiumionen-
batterien®
CaCoO; Fullstoff in der Herstellung von Kunststoffen und

Kautschuk,?4® CO,-Bindung aus der Atmosphare,?*’
Verlangerung der Lebenszeit von Bausubstanzen?#

Oxide MnO Abwasserreinigung®*°
FesO4 Katalyse,?>® Wirkstofftransportsystem,?>! Diagnostik®>
ZnO Solarzellen/Laserdioden,?? antimikrobielle Materialien®>4-2>"
C030s4 Energieumwandlung,?>® Wirkstofftransport/Diagnostik/
Radiotherapie?®
CuO Antibakterielle Materialien,?*?> Abwasserreinigung®*>

Besonders vielseitig erwies sich Calciumcarbonat, das das Einbringen von

bioinspirierten Templaten wie loslichen Polymeren zum Generieren von amorphen,
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flissigen Vorlauferphasen?? 261 ynd hierarchischen Mesostrukturen®? erlaubte. Dabei war

auch eine Kontrolle tiber die gewiinschte Kristallmorphologie moglich.263 264

Durch Kenntnis des Kiristallisationsprozesses von Calcit, der mit einer wenig
kristallinen Vorlauferphase beginnt und durch Proteintemplate in seiner Nukleierung und
Wachstumsphase weiter voranschreitet, konnten dhnliche Mechanismen fiir andere Minerale
abgeleitet werden.?* 2% In  weiteren Mineralisationsansitzen konnten sogar

Pflanzenextrakte?+? 243 254257 oder das Tabakmosaikvirus®®® als Template dienen.
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2 Zielsetzung

Das Verstandnis der Mechanismen der Biomineralisation eroffnet Moglichkeiten zur
Losung von Fragestellungen verschiedenster Art: Biomineralisierte Materialien finden
Anwendung in Bereichen wie der biomedizinischen Regeneration von mineralisierten oder
teilmineralisierten Geweben oder technisch nutzbaren Materialien, vor allem fir die
Katalyse in energiegewinnenden Prozessen. Grundlage fur diese Dissertation stellten
rekombinante Spinnenseidenproteine dar. Materialien daraus eignen sich auf Grund ihrer
Biokompatibilitdt und Bioabbaubarkeit als Gerlistmaterialien in der Geweberekonstruktion.
Ihre Funktionalisierbarkeit und Prozessierung ermdglichen auBerdem weitere Anwendungen

und Forschungsansatze.

Mangancarbonat-basierte Materialien eignen sich fir technischen Anwendungen,
beispielsweise in der Katalyse. Eine Studie beschaftigte sich mit mechanistischen
Fragestellungen gerichteter Mangancarbonat-Mineralisation in einer definierten
Atmosphére, die nach bioinspiriertem Vorbild in Gegenwart von zwei rekombinanten
Spinnenseidenprotein-Templaten unterschiedlicher Ladung in Form von Mikropartikeln
stattfinden  sollte.  Der  Einfluss der C-terminalen  Peptidsequenzen  der
Spinnenseidenproteine, die eine negative oder eine positive Nettoladung trugen, sowie die
Interaktion unter Zugabe einer weiteren Komponente in Form von Polyacrylséure, sollte

untersucht werden.

Das Biomineralisationsverhalten von funktionalisierten Spinnenseidenproteinen sollte
auch auf biomedizinische Anwendungen Ubertragen werden. Im Bereich der
Geweberekonstruktion stellte sich die Aufgabe, Materialien fir den Sehnenersatz und dabei
den Knochen-Sehnen-Ubergang im Speziellen, zu entwickeln. Dieser Bereich ist durch eine
zunehmende Zellbesiedlung, eine Mineralisation mit Hydroxylapatit und einem
Steifigkeitsgradienten hin zur Knochenseite gekennzeichnet. Eine Teilstudie zielte auf die
Induzierbarkeit von Hydroxylapatit-Biomineralisation auf Spinnenseidenoberflachen ab.
Ahnlich dem natiirlichen Vorbild im Knochen sollten Mineralisierungsmotive aus nicht-
kollagenen Proteinen mit rekombinanten Spinnenseidenprotein als prozessierbares
Tragermaterial kombiniert werden. Charakterisierung der Mineralphasen, Zellkulturstudien
und die Herstellung von 2D Gradientenmaterialien sollten Auskunft Gber Materialeignung
fir  Gewebegeriste zur  Entheserekonstruktion liefern. Da artifizielle

Biomineralisationsprozesse zeitlich langsam voranschreiten und die dabei herrschenden
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osmotischen Bedingungen fir Zellen ungunstig sind, sollte in einer weiteren Teilstudie ein
Kompositmaterial mit Spinnenseidenmatrix und anorganischen Fullstoffen hergestellt
werden. Dabei sollten mit Fluorapatit beladene Spinnenseidenhydrogele hergestellt und
Mausfibroblasten in das Material eingebracht werden. Die Frage der Prozessierbarkeit in ein
3D  gedrucktes Gradientenmaterial  sollte mit  Kooperationspartnern  durch

Stromungssimulation beantwortet werden.

Um Spinnenseidengele fur den 3D Druck weiter zu optimieren, sollte in einer dritten
Studie eine Alternativroute zur Gelherstellung tber ein physikalisches Netzwerk in wassrig-
organischen  Mischphasen etabliert werden. Untersuchungen hinsichtlich  der
Sekundarstrukturausbildung,  morphologischen  Erscheinung und  mechanischen
Charakterisierung nach Gelbildung sollten der Aufklarung des zu Grunde liegenden
Mechanismus der Gelierung dienen. Weiterhin sollte die Moglichkeit der Formulierung von
wasserunloslichen Wirkstoffen untersucht werden.
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3 Synopsis

Diese Arbeit besteht aus funf Teilarbeiten (siehe Publikationsliste Kapitel 5), die
verschiedene Anwendungen von rekombinanten Spinnenseidenmaterialien fiir komplexe

Ansétze, insbesondere rund um die Biomineralisation, zeigen (Abbildung 11).

Mineralisationsstudien

Technik Mangancarbonat

Fabrikationsansatz
zur Gelherstellung

Biomedizin

Geweberegeneration

# durch induzierte Biomineralisation

# mit organisch-anorganischen
Kompositmaterialien

Abbildung 11: Rekombinante Spinnenseide zieht sich wie ein ,,roter Faden* durch diese
Arbeit, die sich von technischen Anwendungen Uber die Biomedizin bis hin zu neuen

Fabrikationsatzen erstreckt. (Eigene Darstellung)

Zentraler Schwerpunkt dieser Dissertation war die Regeneration von Sehnen und ihr
gradueller Ubergang in den mineralisierten Knochen. Dem zentralen Fokus zu Grunde
liegend, auch zum umfassenden Verstandnis von Mineralisationsprozessen als
Ausgangspunkt der nachfolgenden Studien, wurde im ersten Teil dieser Arbeit die
Mineralisation von Mangancarbonat in Gegenwart von Additiven wie synthetischen

Polymeren und Spinnenseidenpartikeln unter kontrollierten Bedingungen untersucht.

Ein Ubersichtsartikel ermoglichte den Uberblick zum Stand der Forschung fiir den
Ersatz harter Gewebe mit Seidenmaterialien. Darauf aufbauend wurden im zweiten Teil
dieser Arbeit zwei Ansatze mit gangigen Methoden der Biomineralisation von Materialien
gewdhlt. In der ersten Teilarbeit wurde die induzierte Biomineralisation wvon

funktionalisierten ~ rekombinanten  Spinnenseidenproteinen  in  unterschiedlichen
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Mineralisierungsmedien untersucht, welche dem naturlichen Vorbild in einem
biomimetischen Ansatz nahekommen. Die mineralisierten Oberflachen wurden
charakterisiert und mit Hilfe von Zellkulturstudien auf Tauglichkeit als Gradientenmaterial
fiir den Sehnen-Knochen-Ubergang untersucht. Neben einer reinen Materialstudie konnte
weiterhin ein Ubergang von 2D auf 3D Materialien fiir Gewebegeriiste ermoglicht werden.
So wurde in der zweiten Teilarbeit ein Kompositmaterial hergestellt, das eine simultane
Verarbeitung der relevanten Komponenten an Spinnenseidenhydrogelmatrix, Fluorapatit-

Nanopartikeln und Zellen zu einem Gradientenmaterial im 3D Druck erlaubte.

Im dritten Teil dieser Arbeit wurde eine Materialstudie betrieben, die eine alternative
Herstellungsmethode von Spinnenseidengelen mit neuen Eigenschaften fir den 3D Druck
etablieren kann. Dazu wurde die Selbstassemblierung von Spinnenseidenproteinen in
mischbaren wassrig-organischen Zwischenphasen genutzt. Neben mechanistischen
Betrachtungen der Strukturausbildung wahrend der Gelierung wurden die gewonnenen
Materialien morphologisch und mechanisch charakterisiert. Daraus ergab sich weiterhin ein

System zur Formulierung von wasserunléslichen Wirkstoffen.

Die folgenden Kapitel stellen eine Zusammenfassung der zentralen Aspekte dieser drei
Arbeitsabschnitte dar. Aus den entsprechenden Publikationen kdnnen tiefergehende

Zusammenhange, Einordnungen und experimentelle Details entnommen werden.
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3.1 Biomineralisation von rekombinanten Spinnenseiden-

proteinen fur technische Anwendungen

Biomineralisation in naturlichen Prozessen wird durch Proteine mit lokalisierten
Ladungen als Template gesteuert. Sie akkumulieren geldste lonen aus dem umgebenden
Medium und nukleieren so die Mineralisation. Durch fortschreitende Mineralisation entsteht
dann ein organisch-anorganisches Kompositmaterial. In dieser Teilarbeit (siehe auch Kapitel
5, Teilarbeit I) wurde das bioinspirierte Mineralisationsverhalten von zwei Varianten des
eADF4(C16) Proteins auf die Bildung von Mangancarbonat in einem Kooperationsprojekt

mit der AG Jun.-Prof. Dr. Anna Schenk (Universitat Bayreuth) untersucht.

Hierfir wurden zwei Spinnenseidenvarianten mit Peptid-tags aus je acht
Wiederholungen der negativ geladenen Glutaminséure fir eADF4(C16)-EsG, ahnlich den
SIBLING Proteinen im Knochen, und des positiv geladenen Lysins fir eADF4(C16)-KsG
als C-terminale Peptidsequenzen biotechnologisch hergestellt. Die Proteine zeigten so eine
lokalisierte Ladung und wurden in Mikropartikel prozessiert. In ihrer Gegenwart wurde in
einem geschlossenen System, das von Schenk et al.?®® bereits etabliert wurde, eine tiber die
Gasphase induzierte Mineralisation von Mangancarbonat herbeigefuhrt (Abbildung 12A).
In einer Abwandlung wurde der zusatzliche Effekt der negativ geladenen Polyacrylséure als

polymeres Additiv untersucht.

Im Vergleich zu reinem abgeschiedenen Mangancarbonat, das kubische Strukturen mit
einer GroRe von durchschnittlich 1,5 um lieferte, wurden die Spinnenseidenpartikel, die
selbst eine durchschnittliche GréRe von 500 nm aufwiesen, auf unterschiedliche Weise in
das Kompositmaterial inkorporiert. Die positiv geladene Variante eADF4(C16)-KsG zeigte
deutlich starke Assoziation mit dem Mineral in engen Kavitaten. Einen eher losen Verbund
bildete eADF4(C16)-EsG mit Mangancarbonat-Wirfeln (Abbildung 12B I-11I).
Materialcharakterisierung mittels Attenuated Total Internal Reflection
Infrarotspektroskopie, Rontgenpulverdiffraktometrie und Thermogravimetrischer Analyse
bestatigten eine starkere Einbindung des positiv geladenen Proteintemplats in das Mineral.
Das Vorhandensein von Spinnenseidenpartikeln beeinflusste die Mineralphase nicht. Eine
Quantifizierung  der  Proteinanteile  im  Mangancarbonat  erfolgte  mittels
Thermogravimetrischer Analyse. Dabei wurde fur die negative Variante eADF4(C16)-EsG
ein Verlust an intrakristallinem und an der Oberflache adsorbierten organischem Material
von -2,7 Gewichtsprozent und fur die positive Variante eADF4(C16)-KsG
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von -6,2 Gewichtsprozent fir den Bereich zwischen 250-500 °C berechnet. Bei diesen

Temperaturen kann eine Umsetzung von MnCOs zu MnyOs als hauptsachliches

266

Calzinierungsprodukt angenommen werden.

+PAA

+PAA

Spinnenseidenpartikel
Manganchlorid

CO
Ammoniumcarbonat
Kristallspezies

a0 " 8
o )
+PAA

+eADF4(C16)-K,G +eADF4(C16)-E,G

Abbildung 12: Herstellung von Mangancarbonat-Phasen unter Zugabe von verschiedenen
Templaten. A) Schematische Darstellung der Mangancarbonat-Mineralisation Uber
Gasdiffusion. B) Rasterelektronenmikroskopische Aufnahmen der MnCO3 Mineralphasen
I) ohne Additive, Il) in Gegenwart von eADF4(C16)-EsG Partikeln, 111) in Gegenwart von
eADF4(C16)-KsG Partikeln, 1V) in Gegenwart von Polyacrylséaure (PAA), V) in Gegenwart
von eADF4(C16)-EsG Partikeln und PAA, VI) in Gegenwart von eADF4(C16)-KsG
Partikeln und PAA. MaBstdbe wie angegeben. Pfeile zeigen eingebundene
Spinnenseidenpartikel, Kasten Mineralisationsnebenprodukte an. Nachdruck unter
Genehmigung modifiziert nach Neubauer, V. J.; Kellner, C.; Gruen, V.; Schenk, A. S,;
Scheibel, T. Recombinant major ampullate spidroin-particles as biotemplates for manganese
carbonate mineralization. Multifunct. Mater. 2021, 4, 014002. Copyright (2021) IOP
Publishing.

Durch Zugabe eines weiteren, Struktur-dirigierenden Additivs, der negativ geladenen
Polyacrylsdaure, zum Mineralisationssystems wurde die Bildung von Polymer-induzierten
Fliissigphasen?? beobachtet (Abbildung 12B IV-VI). Es wurde bereits in Calciumcarbonat-
Mineralisationsansétzen?®” 268 gezeigt, dass Polyacrylsaure stark Prozess-dominierende
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Eigenschaften aufweist und amorphe Vorlduferphasen stabilisiert. Interessanterweise wurde
der gegenldufige ladungsabhdngige Trend hinsichtlich der Spinnenseidenpartikel-
Inkorporation verglichen zu Ansétzen ohne Polyacrylsdure beobachtet und Partikel der
negativ geladenen Spinnenseidenvariante starker in das Mineral inkorporiert. Eine
analytische Betrachtung der entstandenen Spezies bestétigte diese Vermutung, wobei wieder
die Mineralphase unbeeinflusst blieb. Thermogravimetrische Analysen der Proben des mit
Polyacrylsaure versetztem Mangancarbonats wurden nach Abzug des Carbonat-Beitrags mit
einem organischen Anteil von zusatzlichen -3,0 Gewichtsprozent verortet. Weitere
Gewichtsabnahmen in Gegenwart von Spinnenseidenpartikeln wurde mit -1,3 % flr
eADF4(C16)-KsG und -5,4 % fiir eADF4(C16)-EsG festgestellt.

Zeitlich aufgeloste Experimente gaben Auskunft tber die zu Grunde liegenden
Interaktionen der Einzelkomponenten. Mittels Dynamischer Lichtstreuung wurden die
hydrodynamischen Radii der Komponenten in verschiedenen Kombinationsmdglichkeiten
der Substanzen unter Ausschluss von Kohlenstoffdioxid zur Unterdriickung von
Mineralisationsprozessen untersucht. Positiv geladene eADF4(C16)-KsG-Partikel schienen
erst mit Carbonatanionen wahrend der Mineralisation zu interagieren, da keine
Fluktuationen der hydrodynamischen Radii festgestellt wurden. Unter Zugabe von negativ
geladener Polyacrylsédure bildeten sich Koazervate mit eADF4(C16)-KsG, die den
Mineralisationsprozess beziehungsweise die Proteineinbindung in das Mineral behinderten.
Anders stellte sich der Mechanismus mit negativen Lokalladungen auf
Spinnenseidenpartikeln dar. Fir eADF4(C16)-EsG-Partikel wurde eine zunehmende
Akkumulation von Mangankationen angenommen, die nach Abséattigung in einen
Mineralisationsprozess Ubertraten. In Gegenwart von geldst vorliegender Polyacrylsaure
wurde dieser Effekt verstarkt und eine kolloidal stabile Phase wurde schneller erreicht.
Daraus abgeleitet wurde die Hypothese, dass fir ein erfolgreiches Einbringen von Additiven
wahrend der Mineralisation nicht nur die Ladung der Komponenten entscheidend war,

sondern auch ihr Zustand in Lésung oder Suspension.

Die gebildeten mesopordsen Strukturen lieferten die Grundlage fir zukiinftige
Forschung hinsichtlich Materialdesign fir technische Anwendungen in der katalytischen
Wasserspaltung. Durch VergroRerung der Materialoberflache durch Kavitaten kann die
Katalysatoreffizienz gesteigert werden. Nach einer Biotemplat-gefiihrten Mineralisation
durch Spinnenseidenmorphologien kann durch Sintern ein neuartiges Katalysatormaterial

entstehen. Zusatzlich wurden Einblicke in das Mineralisationsverhalten von
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Spinnenseidenproteinen mit lokalen C-terminalen Ladungen gewéhrt, die als Grundlage fir

weitere Mineralisationsstudien dienten.
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3.2 Biomineralisation von und mit rekombinanten Spinnen-
seidenproteinen fur Anwendungen am Sehnen-Knochen-

Ubergang

Es wurde ein Ubersichtsartikel erstellt, der den Stand der Technik hinsichtlich
Seidenmaterialien fur den Ersatz harter Gewebe wiedergibt (siehe auch Kapitel 5, Teilarbeit
I). Im Folgenden wurden dann Ldsungsansatze fir Ersatzmaterialien fur den Sehnen-
Knochen-Ubergang auf Basis von Spinnenseidenproteinen konzipiert. Dazu wurden zwei
Ansdtze genutzt, die induzierte Biomineralisation von Materialien aus Lésung und die

Herstellung organisch-anorganischer Kompositmaterialien.

3.2.1 Induzierte Biomineralisation von rekombinanten Spinnenseiden-

varianten

Die induzierte Biomineralisation von Materialien stellt einen Ansatz dar, der den
naturlichen Prozessen wahrend der Gewebemineralisation &hnlich ist. Dabei ist die Wahl des
geeigneten Mineralisationsmediums entscheidend. Derartige Materialstudien erlauben
vorlaufige Aussagen uber das Verhalten von neuen Materialien im Korper.??* In dieser
Teilarbeit (siehe auch Kapitel 5, Teilarbeit I11) wurden biomimetische Peptidmotive zur

Mineralisation und Kollagenbindung mit rekombinanter Spinnenseide fusioniert.

Durch molekularbiologische Methoden wurden Spinnenseidenhybride Gen-optimiert
und biotechnologisch hergestellt. Darunter waren Fusionsproteine mit N- und C-terminalen
Mineralisationssequenzen des Sialoproteins (eADF4(SN-C16) fiir Sialoprotein/N-terminal
und eADF4(C16-SC) fur  Sialoprotein/C-terminal), der hoch  konservierten
Kollagenbindedomane aus Osteopontin eADF4(C16-osteo) und deren Kombination
eADF4(SN-C16-osteo) (Abbildung 13A).

Aus den Proteinen wurden Filme aus 1,1,1,3,3,3-Hexafluoro-2-isopropanol auf
Polystyrol-Oberflachen gegossen. Mineralisationsstudien in Simulated Body Fluid mit
physiologischer Salzzusammensetzung und -konzentrationen sowie Zellkulturmedium, das
neben dieser Salzkomposition ebenfalls essentielle Proteine enthélt, lieferten eine

Einschatzung der Materialoberflachen. Nachbehandelte Filme mit Methanol zur Erhéhung
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des kristallinen p-Faltblattanteils zeigten keine Tendenz zur Mineralisation auf der
passivierten Oberflache. Getrocknete Filme ohne Nachbehandlung zeigten hingegen
Mineralisationsprozesse, die zu einer optischen Triibung der Filmoberflache fihrten
(Abbildung 13A). Rasterelektronenmikroskopische Aufnahmen (Abbildung 13A) und
Wasserkontaktwinkelmessungen bestéatigen die Bildung von Mineralen auf den Filmen.
Attenuated Total Internal Reflection Infrarotspektroskopie, Energiedispersive
Rontgenspektroskopie und Rontgenpulverdiffraktometrie dienten der Identifikation der

Mineralphase.

Die Fusionsproteine wurden auf ihre Fahigkeit zur Zelladh&sion mit MC3T3 E1
murinen Pra-Osteoblasten untersucht. Dazu wurden getrocknete Filme und mineralisierte
Filme als Substrat getestet. Im Vergleich zur internen Kontrolle zeigte keine der Varianten
gesteigerte Zelladhdsion und nur wenige Zellen eine gespreitete Morphologie. Gerade dieses
Ergebnis der mineralisierten Filme deutete auf nur geringe Mineralmengen hin, die in der

Zellkultur noch keine signifikanten Unterschiede hervorriefen.

Durch gesteuerte Extrusion mittels Spritzenpumpen wurden Gradientenmaterialien
aus Spinnenseidenfusionsproteinen hergestellt. Eine Durchmischung fand in einer
konstruierten Mischkammer statt, die von zwei Seiten mit den Ldsungen gespeist wurde.
Die augenscheinlich wenig mineralisierende Variante eADF4(SN-C16) wurde gegen
eADF4(C16-osteo) als Mineralisations- und Kollagenbindevariante in einen Gradientenfilm
prozessiert. Murine MC3T3 E1 Pra-Osteoblasten zeigten wahrend einer Beobachtung der
Filmoberflache Uber 21 Tage einen konservierten Zelladhésionsgradienten entlang der
steigenden Konzentration an eADF4(C16-osteo) (Abbildung 13B).

Daraus wurde geschlussfolgert, dass durch Zellen abgeschiedenes Kollagen mit dem
Kollagenbindemotiv der eADF4(C16-osteo) Spinnenseidenvariante interagierte und eine
Mikroumgebung?®® fiir die Zellen geschaffen hat. Erst durch das Gegeniiberstellen der
Spinnenseidenfusionsproteine konnte so ein favorisiertes Verhalten der Zellen beobachtet
werden. Insgesamt lieferte diese Materialstudie Aussagen zu einer Eignung der Varianten

fiir den Einsatz am Sehnen-Knochen-Ubergang.
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mineralisierte Filmoberflachen

Licht- Rasterelektronen-
Mikroskop Mikroskop

Tragerprotein

“ eADF4(C16)

+ N-terminales Mineralisationsmotiv

ﬁ sialoN ] eADF4(C16)

+ C-terminales Mineralisationsmotiv

w cADF4(C16) & sialoC

+ C-terminales Kollagenbindemotiv

ﬁ eADF4(C16) ¥ osteo

+ N-terminales Mineralisationsmotiv
+ C-terminales Kollagenbindemotiv

ﬁ SE

eADF4(C16) §  osteo

eADF4(SN-C16)

MC3T3 nach 21 d

Abbildung 13: A) Darstellung der rekombinanten Spinnenseidenfusionsproteine (rechts)
und lichtmikroskopische (links) sowie rasterelektronenmikroskopische Aufnahmen (Mitte)
der Filmoberflachen nach biomimetischer Mineralisation in Simulated Body Fluid. Malstab
wie angegeben. B) Fluoreszenzmikroskopische Aufnahmen funf separater Positionen auf
einem eADF4(C16-osteo) zu eADF4(SN-C16) Gradientenfilm nach 21 Tagen
Zellbesiedelung durch murine MC3T3 E1 Osteoblasten. Zellkerne der Zellen sind in weil}
auf schwarzer Filmoberflache dargestellt. MaRstdbe wie angegeben. Nachdruck unter
Genehmigung modifiziert nach Neubauer, V. J.; Scheibel, T., Spider Silk Fusion Proteins
for Controlled Collagen Binding and Biomineralization. ACS Biomater. Sci. Eng., 2020, 6
(10), 5599-5608. Copyright (2020) American Chemical Society.

50



3 SYNOPSIS

3.2.2 Gradientendruck von rekombinanten Spinnenseidenproteinen mit

anorganischen Fullmaterialien

Neben in situ Biomineralisation von Materialien kdnnen die Matrixbestandteile auch
mit Mineralen wahrend der Verarbeitung zu einem organisch-anorganischen
Kompositmaterial zusammengefiigt werden. Dies hat den Vorteil, dass definierte Anteile an
Fullstoffen eingebracht werden konnen. Ziel dieser Teilstudie (siehe auch Kapitel 5,
Teilarbeit 1V) als Kooperationsprojekt mit der AG Prof. Dr.-Ing. Frank Rieg (Universitat
Bayreuth) war die Simulation und Umsetzung von graduell mineralisierten 3D Konstrukten
via Dispensdruck von Kompositmaterialien aus rekombinanten Spinnenseidenhydrogelen

fir Anwendungen am Sehnen-Knochen-Ubergang.

Basierend auf einem feedback loop mit Vorhersagen zu Materialverhalten durch
numerische Annahmen einer Stromungssimulation (AG Rieg) wurde ein Konzept erarbeitet,
das die in situ Generation eines 3D gedruckten Gradientenmaterials aus einer Kartusche
ermoglicht. Dabei wurden die zu vermischenden Materialien als separate Blocke
nacheinander in eine Kartusche gefillt und durch das U-Profil unter laminarer Strémung
wahrend des Drucks als Gradient extrudiert (Abbildung 14A). Experimentell wurde der
Gradientendruck aus einer Druckerkartusche zundchst mit Gesichtscreme als
Modellmaterial realisiert. Die Ubertragung auf Spinnenseidenhydrogele stellte sich als
realisierbar heraus. Dazu wurde ein mit einem Fluoreszenzfarbstoff versetztes
Spinnenseidenhydrogel  gegen ein  unbeladenes Hydrogel gedruckt.  Mittels
Fluoreszenzdetektion wurde der graduelle Materiallibergang qualitativ visualisiert und durch
Fluoreszenzspektroskopie quantitativ validiert. Um einen Mineralisierungsgradienten zu
generieren, wurden stdabchenformige Fluorapatit-Partikel durch eine  Onepot-
Sonosynthese?’® hergestellt. Da sie dhnlich Hydroxylapatit ein Material darstellen, das im
Korper in mineralisierten Geweben vorhanden ist,"* 2"2 wurden sie fur Materialstudien des
Sehnen-Knochen-Ubergangs ausgewahlt. Die Partikel mit durchschnittlich 100 nm Lange
und 20 nm Breite wurden durch transmissionselektronenmikroskopische Aufnahmen,
Energiedispersive Rontgenspektroskopie und Attenuated Total Internal Reflection
Infrarotspektroskopie charakterisiert. Sie wurden im Verbund mit Spinnenseidenhydrogelen
aus eADF4(C16) rheologisch und rasterelektronenmikroskopisch betrachtet und als

Gradientenmaterial wie oben beschrieben verdruckt (Abbildung 14B).
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Abbildung 14: Gradientendruck mit Spinnenseidenhydrogelen in einem neuartigen Ein-

Konzentration

Kartuschen-System. A) Darstellung der Gradientenerzeugung mittels U-Profil im laminaren
Fluss bei Anlegen eines Drucks (links), sowie Extrusionsverlauf der beiden Materialien im
Graphen rechts dargestellt. B) Photographische Abbildung eines 3D gedruckten
Gradientenmaterials aus Spinnenseidenhydrogel mit Fluorapatitpartikeln (oben) gegen ein
unbeladenes Hydrogel (unten) und lichtmikroskopische Detailaufnahmen sechs
verschiedener Stellen auf dem Konstrukt, die eine graduelle Abnahme der Partikel zeigen.

MafRstabe wie angegeben. (Eigene Darstellung)

Um die Interaktion der negativ geladenen Fluorapatit-Partikel mit ebenfalls negativ
geladenen eADF4(C16) Spinnenseidenhydrogelen zu steigern, wurden die Keramikpartikel
mit polykationischer Spinnenseide aus wassriger Losung beschichtet. Dies stellte sich als
vorteilhaft in Zellkulturstudien heraus. Die Zytotoxizitdt von Apatit-Nanopartikeln liegt
bekannterweise weniger in ihrer Form als vielmehr in der Bildung von reaktiven
Sauerstoffspezies auf ihrer Oberflache.?”® In der biotoxikologischen Beurteilung von
Medizinprodukten nach DIN 1SO 10993-5 wirkten sich die mit Spinnenseidenprotein
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beschichteten Partikel deutlich positiv auf die Zellviabilitat aus. In einem simultanen Ansatz
wurden daraufhin murine BALB/3T3 Fibroblasten mit Fluorapatit-Partikeln in einem
Spinnenseidenhydrogel gegen ein unbeladenes Spinnenseidenhydrogel gedruckt. Das
Uberleben der Zellen wihrend des Drucks und in Gegenwart von Partikeln im
Gradientenmaterial konnte mittels Konfokalmikroskopie der gefarbten Zellen bestatigt

werden.

Mit zunehmender Zelldichte im Gradienten nahm ebenfalls die Dichte an
anorganischen Fluorapatit-Partikeln zu. Durch den bei der Extrusion herrschenden Druck
konnen vermehrt Zellen mit Partikeln in Kontakt treten, was zum Zellsterben durch
auftretende Scherkréfte fihren kénnte. Es war jedoch zu beobachten, dass sich ebenfalls tote
Zellen in &hnlicher Konzentration in der nicht verdruckten Kontrollprobe befanden. Diese
Art der Prozessierung erlaubt somit die Herstellung von graduell mineralisierten 3D
Biomaterialien mit intrinsischer Zellbesiedelung, eignet sich aber auch fiir eine Ubertragung

auf verschiedene Fragestellungen jenseits der Biomedizin.

53



3 SYNOPSIS

3.3 Fabrikationsansatz zur Gelherstellung aus Spinnenseiden-
proteinen in wassrig-organischen Zwischenphasen

Da die Matrixsteifigkeit einer Substratoberflache massiv das Differenzierungs- und
Mineralisierungsverhalten von Osteoblasten beeinflusst,?** muss dies beim Materialdesign
berticksichtigt werden. eADF4(C16) Spinnenseidenhydrogele, die typischerweise bei
3 Gewichtsprozent in wiassriger Losung zu einem physikalischen Netzwerk gelieren,*
zeigen eine Steifigkeit von etwa 1 kPa und sind damit weit von der Steifigkeit harter
Geweben (im Bereich von MPa-GPa) entfernt. Um die Materialsteifigkeit in eADF4(C16)
Spinnenseidengelen zu erhohen, wurde ein Fabrikationsansatz entwickelt, der auf
Selbstassemblierung in mischbaren waéssrig-organischen Zwischenphasen beruht (siehe
auch Kapitel 5, Teilarbeit V). Die Ausbildung von kristallinen g-Faltblattstrukturen wurde
dabei von hydrophoben Effekten der organischen Lésungsmittel beeinflusst und es wurden
hoch fibrillare Strukturen erhalten. Da die Verstrickung von fibrillaren Polymerketten in
Matrices wie (Hydro-)Gelen direkt seine Mechanik beeinflussen, kann so die Steifigkeit

verandert werden.

In dieser Studie wurden die Spinnenseidenproteine eADF4(C16) als negativ geladene
Variante, eADF4(x16) als positive und eADF4(Q16) als neutrale Variante in ihrer
Gelbildung in wassrig-organischen Zwischenphasen aus 10 mM Tris Puffer pH 7,5 und
variierender  Konzentration an  Dimethylsulfoxid untersucht. Dabei  wurden
Assemblierungskinetiken via Tribungsmessung betrachtet. Die Assemblierungskinetik der
negativ geladenen Variante wurde nicht beeinflusst. Fur die positiv geladene Variante und
die ungeladene Variante wurde ein weniger steiler Anstieg der log-Phase festgestellt, was
auf eine langsamer ablaufende Assemblierung hindeutet. Insgesamt wurde unter Zugabe von
Dimethylsulfoxid eine Abnahme der Tribung in der Plateauphase fur alle Varianten und
Konzentrationen beobachtet. Eine optische Betrachtung der Gele zeigte eine unveréndert
hohe Stabilitat fur eADF4(C16) (Abbildung 15A), jedoch eine Abnahme der Stabilitat fiir
eADF4(x16) und eine Zunahme der Stabilitat fir eADF4(Q16) mit steigendem Anteil an
Dimethylsulfoxid.

Um den Anteil der organischen Phase zu erh6hen, wurde das neue Verfahren einer
,Organo-Dialyse* entwickelt. Dabei wurde das Spinnenseidenprotein zunéchst in wissriger
Phase geldst und gegen Dimethylsulfoxid dialysiert. Wéhrend der Dialyse konnte dann der
fortschreitende Prozess der Selbstassemblierung bis zum vollstandigen Gelieren beobachtet
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werden. Zusatzlich wurden Mischsituationen mit Dimethylsulfoxid und weiteren

Losungsmitteln in einem Volumenanteil von 33 % in Spinnenseidengelen untersucht.

Attenuated Total Internal Reflection Infrarotspektroskopie mit anschlieender Fourier-
Selbstentfaltung lieferte quantitative Aussagen zu Strukturanteilen in den Gelen. Die
jeweiligen Mischungen wurden auflerdem transmissions- und
rasterelektronenmikroskopisch untersucht. In Spinnenseidengelen mit Dimethylsulfoxid-
Anteilen wurden stark fibrillare Strukturen beobachtet, die die Porenwénde zu formen
schienen (Abbildung 15B). Spinnenseidengele aus rein wassrigem Puffer zeigten eher
lamellare Porenstrukturen, die auf Kollabieren der fibrillaren Strukturanteile zuriick zu
fihren sein konnten (Abbildung 15B). Eine weitere Besonderheit zeigte sich in der Zunahme
der Speicher- und Verlustmodule der Gele in Gegenwart von Dimethlysulfoxid in
rheologischer Charakterisierung. Es wurde allein durch Zugabe von 33 % des
Volumenanteils an organischen Losungsmittel eine hohere Materialsteifigkeit festgestellt.
Diese wurde noch in Materialien aus dem Verfahren der ,,Organo-Dialyse® gesteigert
(Abbildung 15C). Darin zeigte sich zusétzlich eine Verschiebung des Gelpunktes als
Kreuzungspunkte des Speicher- und Verlustmoduls hin zu htheren Oszillationsstérken. Dies
deutete auf eine hohere Widerstandsfahigkeit des Materials unter Belastung hin, was auf
starke Verschlaufung der fibrillaren Strukturen im polymeren Gelnetzwerk zuriickzufuhren

ist.

Der hier dargestellte Fabrikationsansatz ermdglicht die Formulierung hydrophober
pharmazeutischer Wirkstoffe in Spinnenseidengelen tiber den Anteil der organischen Phase.
Um eine potentielle Wirkstofffreisetzung aus Spinnenseidengelen mit Dimethylsulfoxid zu
untersuchen, wurde Fluoreszein als Modellsubstanz eingebracht. In Vergleichsstudien
zeigten sich identische Freisetzungsprofile fur Gele mit und ohne Dimethylsulfoxid-Anteil.
Neben transdermalen Anwendungen sind durch die scherverdiinnenden Eigenschaften dieser
Gele auch injizierbare oder 3D druckbare Wirkstoffdepots mdglich. Die Eigenschaften der
Gele konnen aullerdem uber die Wahl des Spinnenseidenproteins und des organischen

Losungsmittels kontrolliert werden.
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Abbildung 15: Gelstrukturen des Spinnenseidenproteins eADF4(C16), gebildet in einer
wassrigen Einzelphase aus 10 mM Tris Puffer pH 7,5 oder Zwischenphasen mit
Dimethylsulfoxid unterschiedlichem Anteils. A) Stereomikroskopische Aufnahmen von
Gelen in 10 mM Tris (Trisi0) und mit einem Drittel VVolumenanteil Dimethylsulfoxid
(DMSOa3/Trise7). B) Rasterelektronenmikroskopische Aufnahmen gefriergetrockneter Gele
in 10 mM Tris (Trisio0) oder nach ,Organo-Dialyse” gegen Dimethylsulfoxid
(DMSO100-x/Trisy) in zwei VergroRerungen. C) Rheologische Charakterisierung der Gele in
10 mM Tris (Tris100), mit einem Drittel Volumenanteil Dimethylsulfoxid (DMSO33/Trise7)
und nach ,,Organo-Dialyse” gegen Dimethylsulfoxid (DMSOz100x/Trisx). Malistabe wie
angegeben. Nachdruck unter Genehmigung modifiziert nach Neubauer, V. J.; Trossmann,
V.T.; Jacobi, S.; Dobl, A.; Scheibel, T. Recombinant Spider Silk Gels Derived from
Agueous—Organic Solvents as Depots for Drugs. Angew. Chem. Int. Ed. 2021, 60, 11847-
11851. Copyright (2021) John Wiley & Sons.
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Abstract

Mineral deposition in biological systems is often templated by organic matrices including proteins
directing the nucleation and growth of bioceramics by interacting with early stage species of the
mineralization process or coordinating specific facets of the forming crystal. Structurally, charged
surface patches are a characteristic motif of biomineralization-associated proteins, which are able
to accumulate and bind ions from the surrounding media and, therefore, initiate, promote or
inhibit mineralization. Controlled protein engineering enables the manipulation and control of
bioinspired in vitro precipitation systems, and thus not only opens prospects for the design of
environmentally benign synthetic strategies towards hierarchically structured functional materials,
but also enhances the understanding of fundamental interaction mechanisms in biomineralization
processes. Here, two recombinant variants of the spider silk protein ADF4 were engineered with
oppositely charged peptide tags. Both were processed into micrometer-sized particles and
investigated for their influence on manganese carbonate mineralization. Micro- and
nano-structured manganese carbonate represents an attractive material for diverse applications
including catalysis and wastewater treatment. While both types of spider silk particles were
incorporated into the mineral structure, the positively tagged proteins appeared to interact more
strongly with the formed manganese carbonate crystals than their negatively charged counterparts.
Combination of the spider silk particles and poly{acrylic acid) (PAA), a water-soluble
structure-directing agent associated with the stabilization of amorphous precursor phases in
carbonates, resulted in the formation of film-like non-equilibrium structures of MnCQO;
entrapping the spider silk particles. With the aim to gain mechanistic insights and to elucidate the
interaction between the different components involved in the mineralization process, we studied
the interplay between PAA, positively or negatively tagged spider silk particles, and Mn(II) ions by
time-resolved dynamic light scattering. The here used set-up affords the possibility to identify
control strategies for the template-mediated mineralization of manganese carbonate.

1. Introduction

Biogenic minerals such as bone or sea shells combine light weight architectures with dedicated structural and
functional properties (mechanical and optical) and are often unrivalled by man-made materials concerning
their complex compeosition and function, thus endowing them with impressive performance e.g. as an

© 2021 The Author(s), Published by IOP Publishing Ltd
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intra- or extra-skeletal support or protective tissue [ 1-4]. Relying on only a limited selection of available
elements, living organisms have developed elaborate mechanisms to construct sophisticated, hierarchically
organized mineral structures, often based on inherently brittle but abundant materials such as calcium
carbonates, calcium phosphates, and amorphous silica, grown under mild conditions. However, to less
extent, also transition metal oxides such as Fe;Oy [5] and MnO, [6] are employed by chitons, bacteria, and
fungi amongst others. In comparison to geological and synthetic precipitation and crystallization processes,
the degree of control over crystal morphology, polymorphism, and texture achieved in biomineralization is
astonishing.

Biological mineral deposition is characteristically influenced by charged moieties of water-soluble or
insoluble organic compounds such as proteins [7] and carbohydrates [8] attracting and interacting with
ionic species from the surroundings, thus initiating and directing crystallization, often resulting in structural
comnplexity over several hierarchical levels and the formation of organic-inorganic composites 8, 9]. In the
case of bone, for example, collagen type I comprises the major component of the bone-associated organic
matrix and acts as a scaffold for mineral deposition [10, 11], while small amounts of intrinsically disordered
non-collagenous proteins with localized negative charges [10, 12] are involved in the formation and
organisation of hydroxyapatite nanoplatelets. Specifically, members of the small integrin binding ligand
N-linked glycoprotein protein family [10] are secreted at different stages of bone mineralization during cell
differentiation, with the acidic side chains of glutamic or aspartic acid residues enabling them to bind
polyvalent ions and interfere with calcium phosphate nucleation and growth [7, 13]. In diatoms, a class of
unicellular microalgae representing the dominant group of phytoplankton in the ocean, silaffin proteins,
functionalized with high proportions of modified lysine and serine residues, are involved in the formation of
the intriguingly complex patterns seen in silica-based cell walls [14, 15]. Similarly, CaCO, mineralization in
the nacre layer of mollusc shells is directed by proteins with a conspicuously high proportion of up to 50%
basic or acidic amino acid moieties acting as ‘inhibitors’ or “promoters’ of nucleation and growth [8]. While
the specific mineralization mechanisms underlying the formation of nacre are not yet fully understood
[10, 13], the process seems to critically depend on the presence of charged moieties, their position and
accumulation on the protein’s surface.

In view of technological applications, bioinspired mineralization approaches translate the design and
constructing principles of natural blueprints into artificial materials and tailor-made solutions. Over the last
decades, controlled i vitre precipitation with elaborate control over crystal polymorphism, morphology,
and texture has been achieved in calcium carbonate, a material ubiquitous in biogenic materials, by using
soluble [16] polymer matrices including polyelectrolytes such as poly(acrylic acid) (PAA) [17] and insoluble
organic templates [18, 19]. Another setup uses confinement for the mineralization control [20, 21].
Remarkably, the successful occlusion of a wide range of entities in different size regimes ranging from small
molecules (~1 nm) [22, 23] over micelle-forming block copolymers (~20 nm) [24] to gel fibres [25, 26] and
latex spheres (~250 nm) [27] into single crystalline calcite hosts has resulted in organic-inorganic composite
crystals exhibiting composition-dependent mechanical properties, partially resembling the toughening and
hardening mechanisms observed in biogenic calcite. More recently, bioinspired concepts of crystallization
control have also been transferred to the deposition of technologically relevant materials including iron oxide
[28], copper oxide [29, 30] and zinc oxide [31] as well as cobalt hydroxide carbonate and spinel-type cobalt
oxide [32] to fabricate functional materials with complex morphologies and nanocomposite character,
resulting in materials with structure-dependent and tunable emerging optical, magnetic, and catalytic
properties.

In this context manganese carbonate (MnCQ3) is attracting great interest as an auspicious material
because of its crystallographic similarity to calcium carbonate (usually isostructural to calcite), its chernical
composition based on earth-abundant, non-toxic elements, and its potential use as a supercapacitor [33] or
as an anode material in lithium-ion batteries [34]. Most importantly, MnCOj represents a thermally unstable
precursor for manganese oxide species, which find broad applications in catalysis and water treatment [35].
Therefore, there is a demand for establishing synthetic protocols towards the production of manganese
carbonates and oxides with well-defined, purpose-optimized architectures proceeding under mild reaction
conditions [ 36, 37].

In order to control bioinspired mineralization, proteins are well suited as mineralization triggers. As
easily engineerable tuneable biopolymers, which can be produced in high yield and processed into a variety
of morphologies, recombinant spider silk proteins with dedicated functionalization allowed to mimic of
biomineralization-associated proteins and thus are well established in tissue engineering and
ternplate-directed crystallization [38-42].

Here, we address the effects of functionalized spider silk particles as biotemplates on room temperature
crystallization of manganese carbonate. For this purpose, we used an engineered polyanionic 48 kDa variant
of the Araneus diadermnatus fibroin-4 (eADF4) as a starting material and designed two novel silk protein
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variants carrying differently charged peptide tags in order to selectively modify the surface properties of
particles made thereof. Recently, it has been shown that other spider silk variants processed into structured
films comprising peptide tags with specific binding sequences for TiO, and Au allowed for the fabrication of
hybrid photo-catalyst materials with promising properties in water-hydrolysis [43]. Here, we generated
MnCOj;-based organic-inorganic composite materials templated by spider silk particles. By combining a
range of diverse characterization methods including vibration spectroscopy, powder x-ray diffraction,
electron microscopy and time-resolved dynamic light scattering, our study reveals insights into the nature of
the template-directed inorganic phases as well as the underlying mechanisms of spider silk-mediated
mineralization.

2. Materials and methods

2.1. Recombinant spider silk production and purification

A seamnless cloning technique was used to ligate the oligonucleotide sequences encoding the peptide tags to
the 3’ end of the engineered spider silk gene encoding eADF4(C16) { A. diadematus fibroin) comprising 16
repeats of a consensus motif (C-module) of fibroin-4 of the Furopean garden spider A. diadematus [40]. The
production of variants comprising an EgG-tag (pl = 3.3) and a K3G-tag (pl = 4.6) was performed according
to a protocol developed for RGD-tagged eADF4(C16) as published previously [39].

2.2. Spider silk processing

Spider silk solutions were prepared by dissolving lyophilized proteins in 6 M guanidinium thiocyanate {Carl
Roth, Karlsruhe, Germany) and dialysis against 10 mM Tris buffer (Carl Roth, Karlsruhe, Germany) at pH
7.5 overnight. Spider silk particles were precipitated out of a 1 mg ml~! solution in 10 mM Tris buffer, pH
7.5 upon addition of potassium phosphate, pH 8 (Carl Roth, Karlsruhe, Germany) at a final concentration of
1 M and rotation for 30 min at RT. The final (submicron) particles were dialysed against de-ionized MQ
water for 3 d to remove residing potassium phosphateand stored in water until further use.

2.3. Precipitation of MnCO;

Sliced microscopy glass slides ( Thermo Scientific, Waltham, MA, USA) were used as substrates for the
deposition of manganese carbonate. In order to remove organic residues, the substrates were cleaned by
treatment with Piranha solution, a 4:1 mixture of sulfuric acid (Sigma-Aldrich, Taufkirchen, Germany) and
hydrogen peroxide (Sigma-Aldrich, Taufkirchen, Germany), followed by rinsing in copious amounts of
de-ionized MQ water and drying in a dust-free fume hood.

A gas diffusion technique, based on the slow decomposition of ammeonium carbonate, well-established
for the precipitation of calcium carbonate [44], was adapted for the RT deposition of manganese carbonate.
In brief, aqueous solutions of MnCl, (Sigma-Aldrich, Taufkirchen, Germany) in suspension with spider silk
particles, and poly(acrylic acid) (PAA; My = 100000 g mol~!, Sigma-Aldrich, Taufkirchen, Germany) were
adjusted to final concentrations of (Mn(II)) = 25 mM pH 6.3, (spider silk particles) = 0.2 mg ml~! pH 5.5,
and (PAA) = 0.02 mgml~" pH 5.8, and pipetted into glass vials. After homogenization of the reaction media
in an Tka Vortex 3 shaker (Sigma-Aldrich, Taufkirchen, Germany), the vials were covered with a snap-cap
into which three holes were punched with a fine needle and subsequently placed inside a sealed desiccator
together with two glass vials filled with solid ammonium carbonate (Griissing, Filsum, Germany) as a carbon
dioxide source upon decomposition. After exposure to NH; and CO, vapour for 24-48 h, the glass
substrates, which supported MnCOj3 nucleation, were removed from the reactant solution, rinsed with
copious amounts of de-ionized MQ water and left to air dry at RT.

2.4. Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS)

Recombinant spider silk particles were studied using SEM after platinum sputter coating (1.3 nm) using a
Sputter Coater 208 h from Cressington Scientific Instruments {Watford, United Kingdom) to prevent the
accumulation of electrostatic charging during imaging, which was performed with a ZEISS Sigma 300 VP
and Sigma 500 chamber (Zeiss, Oberkochen, Germany) at an acceleration voltage of 3 kV. Further, glass
substrates supporting MnCOj; deposits and mineralized silk particles were mounted on a standard sample
holder using conductive adhesion graphite-pads (Plano, Wetzlar, Germany) and subsequently platinum
sputter coated (1 nm). Mineralized spider silk particles were examined using a Zeiss LEO 1530 VP Gemini
instrument (FE-SEM equipped with a Schottky-field-emission cathode and secondary electron as well as
backscattered electron detectors). The elemental composition of the samples was studied using EDS with an
UltraDry silicon drift detector Noran systemn from Thermo Fisher Scientific. The instrument was operated at
an accelerating voltage of 3 kV for SEM imaging and 20 kV for EDS measurements.
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2.5. Attenuated total reflectance-fourier transformat infrared spectroscopy (ATR-FTIR)

In order to confirm protein integrity and to exclude the presence of phosphate ions co-precipitated during
particle formation, the chemical composition of the samples was studied using ATR-FTTR spectroscopy.
Single spectra were recorded using a Bruker Tensor 27 (Ettlingen, Germany) and a Specac golden gate single
reflection ATR and a germanium crystal and a spectral resolution of 2 cm™! with 100 scans. An atmospheric
compensation algorithm was applied in OPUS 8.0 software to correct for water vapour and carbon dioxide
fluctuations during the measurement.

2.6. Powder x-ray diffraction (PXRD)

X-ray diffractograms of finely ground powders were recorded to study the crystallinity of the mineralized
precipitates and to identify the deposited mineral phases. All measurements were performed using
monochromatic Cu-Keel radiation on a PANalytical XPert Pro diffractometer (Malvern Panalytical B.V.,
Malvern, United Kingdom) operated at 40 kV and 30 mA in Bragg-Brentano geometry. Data were recorded
in an angular range between 10° and 70° with a total exposure time of 600 s and analysed using X Pert
HighScore Plus Version 3.0 (Malvern Panalytical B.V., Malvern, United Kingdom). Diffraction peaks were
assigned according to reference data for synthetic rhodochrosite (ICDD PDF# 00-044-1472).

2.7. Thermogravimetric analysis (TGA)

To determine the content of organic material occluded within mineralized species, TGA was carried out
using a TGA2 instrument (Mettler-Toledo AG, Schwerzenbach, Switzerland). Samples were transferred into
alumina vessels and heated from 25 to 1000 ®C at a rate of 10° min~" under nitrogen flow. The mass
difference between 250 and 500 ° C was determined based on the horizontal onset and offset of the curve in
the STARe Software (Mettler-Toledo AG, Schwerzenbach, Switzerland) and used to calculate the content of
the components based on dry weight.

2.8. Dynamic light scattering (DLS)
DLS was performed using an Anton Paar LiteSizerTM500 (Graz, Austria) in order to study the aggregation
behaviour of spider silk particles in Mn(II) solutions in the absence and presence of PAA.

For this purpose, aqueous stock solutions of Mn(II) ions, PAA and recombinant spider silk particle
suspensions were prepared in de-ionized M(QQ water and mixed according to the ratios present in the
considered mineralization assays. The mean hydrodynamic radii of species, formed upon the interaction
between the individual components, were then determined after different incubation times (¢ = 5 min,

30 min, 120 min).

Specimens investigated at each incubation time were degassed under nitrogen flow to avoid CO, intake.
In between the DLS experiments, the solutions were stored at RT. Prior to the measurements, the samples
were freshly mixed, and 50 l of sample were diluted with de-ionized MQ water to give a final volume of
1 ml. Hydrodynamic diameters were determined as a mean value obtained from triplicate sample
measurements and from automated 10-20 runs.

3. Results and discussion

3.1. Recombinant spider silk particles induce different mineralized composites depending on their
surface charge and the interaction with poly(acrylic acid)
The effect of particle surface charge on manganese carbonate mineralization was investigated using two
engineered spider silk variants with oppositely charged peptide tags. The spider silk core protein is based on
16 repeats of a consensus motif (C-module) derived from the repetitive core domain of the European garden
spider A. diademnatus fibroin-4, which has previously been described by Scheibel and coworkers as
eADF4(C16) [40]. Peptide tags were C-terminally engineered comprising 8 glutamic acid residues yielding
carboxyl-functionalized eADF4(C16)-Eg G or 8 lysine residues vielding amine-functionalized
eADF4(C16)-KsG (figure 1(A)) [40]. Particles formed by a salting-out process of both variants appeared
roughly spherical and homogenous when analysed using SEM, exhibiting smooth surfaces and average
diameters for dehydrated particles of 498 + 253 nm for eADF4(C16)-EgG and 549 + 320 nm for
eADF4(C16)-KsG (figures 1(B) and (C)). Spider silk particles were previously reported to provide
surface-exposed charges in accordance with their theoretical net charge resulting from amino acid residues
[45]. The obtained protein particles were then dispersed in an Mn(1I)-containing aqueous crystallization
medium in order to investigate possible modes of interaction with divalent metal cations and forming
mineral crystals based on the size and shape as well as the charge of the water-insoluble spider silk templates.
Mineralization was induced by slow CO, and NH3 vapour diffusion resulting from the decomposition of
ammonium carbonate (figure 2(A)), and this procedure was adapted from a previously reported method for
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Figure 1. (A) Schematic illustration of the two recombinant spider silk proteins used in this study: eADF4(C16)-EsG with a
negatively charged and eADF4(C16)-KsG with a positively charged C-terminal tag at physiological pH values; scanning electron
micrographs of (B) eADP4(C16)-EG and (C) eADP4(C16)-KsG spider silk particles produced upon precipitation with
potassium phosphate at pH 8.

spider silk particles

manganese chloride
CO_/NH

ammonium carbonate
formed crystal species

+eADF4(C16)-K,G +eADF4(C16)-E,G
+eADF4(C16)-K,G +eADF4(C16)-E,G

Figure 2. (A) Schematic illustration of the mineralization setup in which the precipitation of MnCOj3 particles from MnCl,
solutions is induced by (NH4),COj3 vapour diffusion in a sealed desiccator; (B) scanning electron micrographs showing
precipitates of MnCO3 deposited after 24 h (I) in the absence of additives; (II) in the presence of eADF4(C16)-E¢G particles;

(II1) in the presence of eADF4(C16)-KsG particles; (IV) in the presence of poly(acrylic acid) (PAA) as a structure-directing
additive; (V) in the presence of PAA and eADF4(C16)-EgG particles; (VI) in the presence of PAA and eADF4(C16)-KsG particles;
arrows indicate spider silk particles, boxes indicate secondary spherical mineralization by-products.

the virus-directed deposition of basic cobalt carbonate [32]. MnCOj3 precipitation was studied under
different experimental conditions (a) in the absence of additives, (b) in the presence of spider silk particles
carrying peptide tags with either positive or negative net charge (insoluble template), (c) mediated by PAA as
a structure-directing additive (flexible, water-soluble matrix) and (d) in the presence of spider silk particles
as well as PAA (combination of insoluble and soluble matrix). Preliminary studies employing particles made
of non-functionalized eADF4(C16) without peptide tags as templates in the mineralization setup, both in the
absence and presence of PAA, indicated a tendency to interfere with MnCOj3 crystallization such that poorly
defined crystal structures with irregular size and shape were formed. For this reason, the new engineered
protein variants were used for the following experiments exclusively.
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Pure manganese carbonate precipitates obtained after 24 h consisted of cubic particles (~1.5 pem)
coexisting with a minority phase of smaller spheres (~0.2 pm) showing a pronounced tendency towards
particle fusion (figures 2(B)-(I)). Manganese carbonate morphology was reported eatlier to be highly
dependent on the preparation conditions [34]. Both, eADF4{C16)-E3G and eADF4{C16)-K3G particles, in
contrast, appeared to become entrapped in the templated manganese carbonate mineral phase while largely
preserving the cubic morphology of the crystals. The different functionalization of the tagged silk particles,
however, seemed to affect the binding affinity between the organic templates and the inorganic phase. While
eADF4(C16)-EgG particles were located in larger voids exceeding the silk particle diameter after 24 h, thus
being only in loose contact with the mineral (figure 2(B)-(I1)}, very regular manganese carbonate cubes with
tightly incorporated spider silk particles were formed in the presence of eADF4(C16)-KgG particles
(figure 2.(B)-(111)).

With the aim to achieve enhanced incorporation of spider silk particles into the mineral phase and to
further mediate the interaction between the organic and inorganic components, we introduced PAA as
polymer additive into the precipitation system. PAA, a polycarboxylate, is known to be water-soluble and can
influence calcium carbonate mineralization due to its high interaction capacity with the mineral [46, 47].
This results in a strong structure- and process-directing effect, stabilizing amorphous colloidal nanoparticles
[48] as well as hydrogels [49], thus enabling the formation of non-equilibrium mineral morphologies via
assembly of highly hydrated amorphous ‘droplets’ followed by dehydration, solidification and crystallization
processes [50]. Therefore, we used PAA as an additional trigger in order to unravel the mode of interaction
between spider silk particles and manganese carbonate in more detail. In similarity with non-equilibrium
carbonate structures reported in previous studies, MnCQj obtained in the presence of PAA precipitated in
the form of smooth droplet-like objects or film-like structures (figure 2(B)-(IV)) both of which have been
identified as characteristic fingerprints of a polymer-induced liquid precursor mechanism in calcium
carbonate [51] and other mineral systems [52]. The formation of a transient hydrated mineral phase with
liquid-like properties (e.g. coalescence, spreading on substrates) has also been suggested for manganese
carbonate even in the absence of PAA [53]. These unusual mineralization pathways based on emulsion-like
intermediates stabilized by weak electrostatic interactions have attracted great interest in view of synthetic
strategies, as the isotropic precursor phase can be moulded into any shape, which is then preserved in the
final crystal [54].

Upon combination of spider silk particles and the soluble polymer additive, film-like PAA/mineral
patches incorporating a large number of spherical objects with uniform size in the range expected for
eADF4(C16)-EgG and eADF4(C16)-Kg G particles were observed (figures 2(B)-(V)—(VI)). Therefore,
homogeneous blending between the mineral and the template phase suggested that physical entrapment of
silk particles within an amorphous emulsion-like phase followed by solidification seemed to be the dominant
effect under these reaction conditions. However, the comparison of figures 2(B)-(V) and (VI) showed
different degrees of interaction for both particles types. Therefore, an opposite charge-dependent
mineralization effect was achieved upon addition of PAA to the different spider silk particles, indicating that
physical entrapment of silk particles in the amorphous liquid-like material was the predominant effect at
these conditions.

In a next step, the chemical composition and crystallographic phase of the mineralized species were
studied using vibrational spectroscopy, powder x-ray diffraction and thermogravimetric analysis (figure 3).
The ATR-FTIR spectrum of pure MnCQOj (figure 3(A), left panel, black curve) served as a reference and
showed distinct bands centred at ~850 cm~! and ~~1400 cim~*, which are attributable to the v, and v3
vibrations of CO3?~ ions in divalent metal carbonate minerals, respectively [55, 56]. In agreement with

L and

previous data, the pristine (as precipitated) silk particles showed characteristic signals at 1650 crm™
1550 cn ™! reflecting the amide I and amide II regions of the recombinant spider silk proteins (data not
shown) [57]. While these amide bands could not be clearly identified in the spider silk/mineral composite
crystals (figure 3(A), left panel, red and green curves), an additional signal, which was not representative of
the inorganic carbonate mineral is observed at 1600 cm™*. As bands in this spectral region could be assigned
to vibrations in carboxylic acid groups, we assume that the signal originated from protein side chains.

The ATR-FTIR spectra of PAA-mediated mineralization products again confirmed the presence of
signals associated with vibrations of the carbonate ion (figure 3(A), right panel). An additional band
observed at 1456 cm™! was particularly pronounced in the samples containing silk particles and could be
attributed to § CH, deformation vibrations, thus presumably originating from protein structures or the PAA
backbone. A broadened band at 1542 cm™! in combination with a significant shoulder at 1638 cm ™ seen in
the negatively tagged e ADF4(C16)-Fg G/PAA mineral composites could be assigned to the amide IT and
amide I regions of proteins, respectively. In comparison, the positively tagged eADF(C16)-KgG/PAA did not
show any signal at 1638 cm ™. In summary, the IR spectra are in agreement with the formation of a
manganese carbonate mineral phase incorporating organic material.
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Figure 3. Chemical and structural analysis of MnCO3/spider silk precipitates obtained in the absence (left panel) and in the
presence of PAA (right panel) after 24 h. (A) ATR-FTIR spectra; (B) Powder x-ray diffraction (P-XRD) patterns of formed crystal
species for polymorph identification; (C) Thermogravimetric analysis (TGA) of mineralized species. The framed area represents
the temperature range for decomposition of the mineral phase and concomitant combustion of organic additives. (A-C, left
panel) Black line: MnCO; deposited in the absence of additives; green line: MnCO; deposited in the presence of
eADF4(C16)-Ks G particles; red line: MnCOj3 deposited in the presence of eADF4(C16)-EsG particles. (A_C, right panel) Black
line: MnCQO35 deposited in the absence of additives; blue line: MnCO; deposited in the presence of PAA; green line: MnCO;
deposited in the presence of eADF4(C16)-KgG particles and PAA; red line: MnCOj3 deposited in the presence of
eADF4(C16)-EsG particles and PAA.

P-XRD revealed that both, spider silk particles and PAA did not exert a substantial effect on the
crystallographic phase of the precipitated mineral (figure 3(B)). All diffractograms recorded for solids
isolated after 24 h showed regular peak patterns, which could be assigned to rhodochrosite (syn) (according
to R. Sailer and G. McCarthy, ICDD Grant-in-Aid, 1992, North Dakota State University, Fargo, North
Dakota), a crystalline MnCOj3 mineral isostructural to calcite [58]. Rhodochrosite occurs geologically and
has also been identified in biogenic minerals e.g. in protective extracellular crusts of the haloarchaea
organism Haloferax alexandrinus [59] or as a myogenic crystalline phase produced by fungi [60].

Next, the thermal stability of the different samples was analysed using TGA (figure 3(C)). A weight
loss event at low temperatures up to 150 °C was seen in all curves and indicated the evaporation of
surface-absorbed or intra-structural water. The decomposition of MnCO; releases CO, and proceeds almost
simultaneously with the combustion of organic components in a temperature window between 250 °C and
500 °C (335 °C for recombinant spider silk [61] and 450 °C for PAA [62] in literature). With the aim to
further analyse the amounts of occluded or associated organic material, the mass loss data were quantified
based on the nominal molar mass of Mn,O; as the general calcination product. A CO,-related mass loss of
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Table 1. Bvolution of hydrodynamic radii of all occurring spedes upon incubation for 120 min.

Hydrodynamic radius (;em) after

Sample composition 5 min 30 min 120 min
MnCl; + PAA 0.240.02 0.3+£0.02 02401
eADF4(C16)-EsG 0.9+ 04and 9.4+ 4.8 0.6t 0.1 0.8£0.1
eADF4(C16)-EeG + PAA 13+£07 1.0£0.2 1L.1£08
Mn(II) + eADF4(C16)- 09+02and73+ 1.4 0.6+ 0.1 and 6.2 2.7 0.8£0.3
EeG

Mn(II) + eADF4(C16)- 1.1+ 09and3.7+29 1.1+0.1 1.4+£0.2

EsG+ PAA
eADFA(C16) K G
eADFA(C16)-KsG + PAA

03+0.02and 4.0+ 3.9
03+02and1.9+04
21+14

03+ 0.1and2.7+2.0
0.8£03
04+ 03and 4.0+ 3.2

04+01and29+ 1.6
0.6+ 02and4.8+ 48
1.1+ 0.5

Mn(Il) + eADF4(C16)-
KeG

Mn(IT) + eADF4(C16)-
KeG -+ PAA

25+ 1.0and 0.3 £ 0.1 3.0+ 14 23+£25

31% was calculated for pure manganese carbonate (based on dry weight after water release), which was in
good agreement with the theoretical value expected for the transformation from MnCOj; to Mn,O5 [63].
The mineralization products obtained in the presence of silk templates and PAA showed an additional
contribution to the mass loss due to the presence of intra-crystalline and surface adsorbed organic material.
Specifically, an excess mass loss of —2.7% was detected for MnCO3/eADF4(C16)-EsG composite materials
and —6.2% for MnCO,/eADF4(C16)-KyG. These results added further evidence to the assumption that the
positively tagged eADF4({C16)-Kg G particles were integrated in and/or associated with manganese carbonate
crystals to a higher degree. For PAA-mediated MnCQj3 deposits, an additional mass loss of —3% was
recorded as compared to additive-free manganese carbonate, whereas —5.4% excess weight loss was detected
for the mineralized PAA + eADF4(C16)-EsG species, and —1.3% weight loss for the PAA + eADF4
(C16)-KgG-directed product, thus suggesting an increased tendency for the occlusion of negatively tagged
silk particles in the presence of PAA.

3.2. Time-resolved component interactions between spider silk particles, PAA and Mn(II)

As the pendant side chains of recombinant spider silk proteins as well as the carboxylate groups of PAA
provide binding sites for metal coordination, the template-mediated mineralization of MnCO3 may proceed
via the initial formation of association complexes between the different species present within the reactant
solution. In order to elucidate the interaction and aggregation between spider silk particles, PAA, and Mn(II)
cations prior to mineralization (i.e. under CO, deprivation), DLS studies were performed providing a
quantitative estimate of the hydrodynamic radii of single components and aggregated species (table 1).

Both, manganese chloride and PAA were not detectable individually using DLS, but upon combination
they formed complexes of ~200 nm radius [64-66]. Hydrated spider silk particles showed a constant
hydrodynarmic radius of ~900 nm and ~400 nm when they were made of negatively and positively tagged
variants, respectively, with only little fluctuations over time. Larger, less stable species were also detected with
p#m dimensions (table 1), and this observation can be explained by particle aggregation due the low overall
colloidal stability of the protein particles in pure water [67]. The addition of PAA led to a subtle increase in
the hydrodynamic radius for both particle types. In case of the amine-functionalized eADF4(C16)-Kg G
particles, aggregated micronscaled species were additionally detected, which suggests that interaction with
the oppositely charged polyelectrolyte leads to charge screening resulting in reduced colloidal stability.
Indeed, PAA has been reported to form coacervates with charged proteins [68]. In this context, it is
important to consider that the negatively tagged variant is carrying 24 negative net charges and 1 positive one
in total, whereas the positively tagged variant exhibits 16 negative net charges and 9 positive ones.

Upon interaction with Mn(II) cations, particles from both spider silk variants showed markedly different
behaviour in the presence or absence of PAA in particular with respect to the temporal evolution of the
systern. While the size of PAA in water was not affected in the presence of MnCl, over time, larger micronscale
species were detectable after some time, presumably formed via accumulation of manganese cations at the
surface of the negatively tagged spider silk particles due to electrostatic interaction. However, after 120 min
equilibration time, only one distinct colloidally stabilized particle fraction with 0.8 pm radius was observed,
which was then involved in subsequent mineralization processes. The disappearance of aggregated species in
progressing time may result from precipitation of destabilized Mn(IT)/eADF4(C16)-EgG complexes upon
increasing saturation with Mn(II). In the presence of dissolved PAA, which exhibits additional carboxyl
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moieties and, therefore, enhances the number of the negative charges available for metal coordination, the
stable colloid size increased to 1.4 pm, but equilibration seemed to be reached faster than in the absence of
PAA, as only one species of 1.1 pm radius was observed already after 30 min (table 1).

In contrast, eADF4({C16)-KsG particles in manganese solution showed comparably large hydrodynamic
radii from the beginning, but no significant fluctuations with respect to aggregate formation or
disintegration over time. We assume that the positively tagged peptide tag and the metal cations repulse each
other, whereas attractive interactions may result between the eADF4(C16)-KyG protein particles and
chloride as well as carbonate ions present within the crystallization solution. Upon mixing with PAA, the
equilibrium size after 120 min increased from 1.1 pm to 2.3 pm. In such complex three-component systern,
PAA molecules may interact with both Mn(II) and the spider silk protein, eventually facilitating the
formation of micronscale associated species.

From these findings, a mechanistic interaction hypothesis could be derived: Upon providing positive
charges by Mn(II) and amine groups by eADF4(C16)-KsG in the suspension, when COs>~ is present,
mineralization starts from both templates in a suction effect. With ongoing mineralization of both species,
strong interaction with the forming mineral is achieved. When additionally introducing negatively charged
PAA in the system, Mn(Il) ions are accumulating around the soluble polymer due to electrostatic
interactions and induce the formation of an amorphous phase rich in Mn(II), CO5>~ and PAA. As physical
trapping of secondary species within this emulsion-like mineral phase then becomes the predominant mode
of particle incorporation, specific interaction with nucleation sites provided at solid particle surfaces are then
rendered less important in determining the mineralization product. In case of two oppositely charged species
with Mn(II) and eADF4(C16)-EgG in suspension, colloidally stable particles evolved with manganese ion
saturation at the particle surface, and, consequently, particles did not strongly interact with the mineral
phase during crystal growth. With PAA present, the soluble polymer represented the dominating
structure-directing additive and leads to a simultaneous nucleation and emulsion formation along with
eADF4(C16)-EgG in a suction effect. It can be concluded that dissolved PAA dominated over the solid spider
silk particle templating effect due to its favourable electrostatic interaction with Mn{IT) ions. Therefore,
spider silk particles can template mineral formation when they present the same charge as the main soluble
mineralization-driving agent.

3.3. Time-resolved crystal growth and composition

In order to obtain a clearer picture of the spatial distribution of inorganic and organic species within the
composite crystals, EDS mapping of the elemental composition was performed. Specifically, we imaged the
intensity of characteristic x-ray signals associated with the relative abundance of manganese and chloride.
SEM images recorded after 48 h revealed continuous crystal growth for all species compared to samples taken
at 24 h (figure 4). Pure manganese carbonate continued to grow into even larger fused cubic shapes. Cubic
structures were also found in the presence of e ADF4(C16)-EgG particles over time with little apparent
interactions between particles and minerals, and ratherstrong particle occulsion was observed in the
minerals in case of eADF4(C16)-KgG. While chloride was not a principle component of the mineral phase,
the chloride peak can be regarded as an indirect measure for the presence of silk particles. EDS analysis on
pure MnCO; and protein control samples indicated that spider silk particles tended to accumulate chloride
ions from the precursor solution, as they showed distinct chloride but no Mn-related signals (data not
shown). Cubic MnCO; crystals were associated with spider silk particles located in distinct regions

(figures 4(A) and (B)). Subtle differences between the positively and negatively charged particles were
indicated by chloride signals associated with eADF4(C16)-FgG preferentially detected as segregated entities
adjacent to the inorganic cubes (figure 4(A)), whereas the eADF4(C16)-KgG-mediated crystals showed a
higher tendency towards inbound occluded silk particles (figure 4(B)).

Upon PAA addition, mainly droplet- and film-like mineral structures were formed, which did not
substantially gain in size when monitored over time up to 48 h. Elemental analysis using EDS demonstrated a
homogenous distribution of manganese and chloride signals (figures 4(C) and (D)), thus suggesting that
both particle variants were incorporated within the mineral phases.

Manganese carbonate can be deposited in various morphologies and sizes and, therefore, offers a
plethora of possibilities for applications. Minerals in the shape of micropeanuts or nanoshuttles can be used,
for example, as electrode materials in lithium ion batteries [37]. When applied as lithium ion battery anodes,
manganese carbonate microspheres enable high capacity and enhanced cycling performance, even exceeding
their nanoscale counterparts [34]. Further, manganese carbonate micro- and nano-structures can be used for
high performance asymmetric supercapacitors [33]. Moreover, as manganese carbonate can act as a
precursor and allows the formation of desired structures, these can be transferred into manganese oxides
upon oxidation, opening up a new field of applications e.g. in the form of hierarchical hollow managanese
oxide nanospheres for water treatment [35]. Perspectively, similarly hollow/porous structures could be
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+PAA +eADF4(C16)-K,G  +eADF4(C16)-E,G
+eADF4(C16)-E,G

+PAA
+eADF4(C16)-K,G

10 pm

Figure 4. SEM-EDS maps of mineralized species extracted from reactant solution after 48 h illustrating the spatial distribution of
manganese (turqouise) and chloride (violet): (A) MnCOj3 precipitates obtained in the presence of eADF4(C16)-EgG particles; (B)
MnCO; precipitates obtained in the presence of eADF4(C16)-KgG particles, arrows indicate regions with distinct signals for Mn
or Cl; (C) MnCOj3 precipitation in the presence of PAA and eADF4(C16)-EgG particles; (D) MnCOj3 precipitation in the presence
of PAA and eADF4(C16)-KsG particles.

potentially obtained upon sintering manganese carbonate cubes or amorphous PAA-stabilized phases with
entrapped spider silk particles yielded in this study. Comparing our results to previous studies, hollow cubes
were reported for hydrothermal preparation methods [69], whilst room temperature deposition so far
typically leads to spherical particles [34].

4. Conclusions

Particles made of engineered spider silk variants were used to template manganese carbonate mineralization
in the absence and presence of PAA at RT. Based thereon, an interaction hypothesis could be proposed: Solid
spider silk particles can template mineral formation when they present the same charge as the main soluble
mineralization-driving agent. The resulting degree of interaction between silk particles and mineral could be
confirmed with various characterization methods. In this respect, the overall manganese carbonate phase
was identified as rhodochrosite, a mineral which is also typically associated with biogenic deposition
processes of manganese carbonate e.g. in protective extracellular crusts of the haloarchaea organism H.
alexandrinus [59]. For prospective technical applications of these materials, calcination can yield manganese
oxides as hollow microporous structures for catalytic applications. The various structures obtained in our
study open interesting perspectives for the room temperature deposition of bio-inorganic manganese
carbonate composites based on tuning the spider silk variant acting as template. These results are relevant for
the design and fabrication of functional inorganic materials such as mesostructured porous oxides.
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Abstract: Hard tissues, e.g., bone, are mechanically stiff and, most typically, mineralized. To design
scaffolds for hard tissue regeneration, mechanical, physico-chemical and biological cues must align
with those found in the natural tissue. Combining these aspects poses challenges for material and
construct design. Silk-based materials are promising for bone tissue regeneration as they fulfill
several of such necessary requirements, and they are non-toxic and biodegradable. They can be
processed into a variety of morphologies such as hydrogels, particles and fibers and can be
mineralized. Therefore, silk-based materials are versatile candidates for biomedical applications in
the field of hard tissue engineering,. This review summarizes silk-based approaches for mineralized
tissue replacements, and how to find the balance between sufficient material stiffness upon
mineralization and cell survival upon attachment as well as nutrient supply.

Keywords: silk fibroin; silk spidroin; biomineralization; composite materials; bone; teeth; cartilage;
tendon

1. Introduction

The development of hard tissue in the human body is a process of mineral formation
by cellular metabolism, named biomineralization, yielding support structures of the
skeleton and neighboring tissues such as tendon and cartilage or functional tissues such
as teeth [1]. There are several different mineralization pathways, but they are not yet fully
explored [2]. Generally, mineral formation in tissues needs to be highly controlled to
prevent local over-mineralization, which could be pathogenic [2]. The high process
control of biomineralization is provided by tissue-specific cells and biopolymers such as
proteins, which are templating and nucleating mineral formation [3]. Therefore, biogenic
crystals often exhibit a different morphology than their geogenic counterpart [4].

Tissue-specific cells are taking a crucial role in biomineralization as they trigger
mineral nucleation and growth upon secretion of so-called non-collagenous proteins [2,5].
The main proteinous material (90 wt.%) of hard tissues is collagen type I as flexible filler
in this composite material, while the non-collagenous proteins cover the remaining 10
wt.% [2]. Collagen is not mineralized on its own, but collagen fibrils can interact with non-
collagenous proteins, which induce mineralization from saturated media at the gap
regions of the stacked triple-helical collagen fibrils [2,5]. The phosphorylated, non-
collagenous proteins of the so-called SIBLING family (Small Integrin-Binding Ligand, N-
Linked Glycoprotein) include bone sialoprotein and osteopontin in bone-related tissues,
whereas in teeth dentin and cementum, dentin matrix protein 1 and dentin phosphoryn
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are present. These proteins provide two functions, as on the one hand, they can bind at
specific locations to the structural collagen scaffold and on the other hand, they can bind
ions due to their, in most cases, highly charged nature with repetitive motifs of glutamic
or aspartic acid residues [5]. This local charge density allows to accumulate mineral ions
and, thereby, to initiate crystal nucleation, when the ion density reaches a critical
concentration, which then triggers the further mineralization processes in mineralized
tissues, such as bone, teeth, cartilage and tendon [5].

Further, mineralization is driven by tissue-related osteoblasts (in bone and tendon),
odontoblasts (in teeth) and chondrocytes (in cartilage) upon the accumulation of ions from
the surrounding environment in mostly separated membrane vesicles [6]. With ongoing
mineralization, the extracellular matrix around these cells densifies, and nutrients and
oxygen are increasingly provided only passively by diffusion until easy nutrient supply
is finally prevented. In the case of bone and neighboring tissue, osteoblasts differentiate
into osteocytes [1]. Osteoclasts, on the other hand, are constantly remodeling fully
mineralized tissue to guarantee healthy and reconstructed bone [7].

For traditional and engineering approaches to reconstruct hard tissues, natural
processes have to be understood. Further, as bone represents the most abundant fully
mineralized tissue, a majority of tissue engineering approaches focus on respective
reconstructive solutions. Bone defects such as fractures easily occur, for example due to
critical non-physiologically high loads. Shortly after fracture, inflammatory responses are
initiated at the defect site, followed by a cell-induced regeneration cascade for initial callus
formation, which is then remodeled to form new bone. With progressing age, bones
become increasingly brittle due to changes in the cellular metabolism of osteoblast cells,
which is indicated by 1040 times lower strain rates until breakage. One possible reason
might be remodeling cycles, which affect the mineral phase and allow more micro-
cracking, finally leading to bone failure [8]. Once fractured, bone defects can be detected
by x-raying of the defect site. New techniques such as ultrasonography for detecting bone
fractures are more sensitive than classical radiographs, which are typically used to trace
fractures of long bones. Sonographic methods provide the advantage of no radiation
exposure, lower cost and wider availability in non-hospitals. A study among German
general practitioners showed that most articulated sono-methods are inferior to classical
x-ray [9]. In clinical procedures, the defect site is often bridged and stabilized with bone
platelets or screws to stabilize material in place during the regeneration process [10]. In
order to further support bone healing or large defects with bone loss, hard tissue
engineering methods are increasingly used. In contrast to the self-regenerating ability of
bone tissue, other mineralized tissues rely more on artificial replacement than supportive
healing.

In the following, approaches for hard tissue engineering, with the focus on bone, and
some examples including teeth, cartilage and tendon, based on silk scaffolds are discussed
in detail.

2. Tissue Engineering Approaches

Defined in 1993, tissue engineering is the combination of principles of engineering
and life sciences with the goal of developing biological substitutes that are able to restore,
maintain or improve biological tissue function or a whele organ [11,12]. While one part of
this interdisciplinary field deals with the generation of 3D models for the development of
therapies, its main potential lies in regenerative medicine. With the goal of replacing
tissues and organs damaged by trauma, disease or age, the ever-extending field of TERM
{tissue engineering and regenerative medicine) includes basic and advanced cell and stem
cell biology, scaffold material research and various fabrication and processing techniques
[13,14]. The classical TERM approach to overcome drawbacks of autografts or allografts
consists of scaffold-based top-down strategies (Figure 1). Such enginecred tissues are
typically created by manufacturing biodegradable polymeric scaffolds on which cells are
seeded. During cultivation, and in some cases stimulated by perfusion, growth factors or
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mechanical cues, cells dynamically remodel and replace the scaffold through degradation
and new extracellular matrix (ECM) deposition [15]. Traditionally, three-dimensional
scaffolds are manufactured by employing techniques such as freeze-drying, leaching of
particles or salt, chemical or gas foaming and thermally induced phase separation [16-19].
While these processes allow partial control over the scaffold properties, there are severe
restrictions to generate precise micro-architectures, including pore size, geometry and
connectivity.

With the rise of additive manufacturing, more techniques are available to create
scaffolds for tissue engineering, overcoming previous restrictions. With an emphasis on
the regeneration of bone tissue, four major layer-by-layer methods have been reviewed
recently by Madrid et al. [20]. A variety of natural and synthetic polymers, as well as
ceramics and bioceramics and even metals can be processed using stereolithography
(SLA), selective laser sintering (SLS), fused deposition modeling (FDM) and three-
dimensional printing (3DP). These techniques generally allow for more accurate scaffolds
with better resolution. The specific processes, including laser and heat treatment,
nevertheless tremendously restrict the choice of material [20]. Since additive
manufacturing is based on computer-aided-design, structures that are more sophisticated
can be created, including patient-specific scaffolds with the help of computer tomography.
While these top-down approaches allow for good reproduction of the macroscopic
structures of desired tissues and organs, the complexity, micro-arrangement and
heterogeneity of natural tissues, including different cell types and materials, is far beyond
what is found in such artificial acellular scaffolds [15,21].

To overcome this limitation, a multitude of bottom-up approaches has been
developed in recent years. In contrast to traditional top-down approaches, where first the
scaffold is produced, followed by seeding with cells, in bottom-up approaches, cells are
used from the very beginning in combination with materials to build up tissue constructs
step-by-step (i.e, bottom-up) (Figure 1). Biocompatible materials in various
morphologies, like particles, one-dimensional fibers, two-dimensional films and three-
dimensional hydrogels, have been used, alongside cells, as building blocks to generate
assemblies at the nano- or micro-scale. Further self- or directed-assembly leads to
engineered macroscopic three-dimensional tissue constructs. A comprehensive review
examining these advanced bottom-up approaches has recently been published by Gaspar
etal. [21,22].
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Tissue Engineering:
Top-Down

tissue equivalent

o |

28 ‘8:.

tissue equivalent

Biofabrication:
Bottom-Up

Figure 1. Schematic illustration of engineering approaches to fabricate tissue. In top-down
strategies, a scaffold is produced, followed by cell seeding and/or addition of factors for cellular
stimulation. This technique is called tissue engineering. Bottom-up approaches use cells and raw
materials simultaneously to build larger constructs, which are then maturated. This technique is
called biofabrication.

Benefits of these strategies include the involvement of cells in the development of the
tissue right from the beginning, as well as the possibility to generate constructs made from
different types of assemblies, leading to various cell types and materials organized
hierarchically within the resulting construct. Different assemblies can be divided into two
main categories, mostly scaffold-free cell-rich and cell-biomaterial assemblies. Adhesive
surfaces, possibly in combination with functionalized and/or non-adhesive surfaces, are
used to generate monolayer cell sheets by cultivation and subsequent detachment of the
grown layer. Stacking, rolling and folding of these monolayer sheets is the basis to create
combined three-dimensional assemblies, including multicellular and pre-vascularized
constructs [23,24]. By using cellular spheroids, often made of mesenchymal stem cells, as
scaffold-free building blocks, processes like cell-cell and cell-ECM interactions,
differentiation and fusion are recapitulated [25,26]. In addition, genetic or chemical
engineering of the cell surface allows control over cellular behavior and assembly into
higher-order structures [27,28]. Inclusion of biological materials is a crucial part of bottom-
up tissue engineering strategies, such as the addition of biocompatible layers within
cellular sheets, functionalized with nucleic acids, viruses, enzymes and structural
proteins, as well as peptides and polymers. To increase structural assembly within cellular
spheroids or hydrogels, fibers and particles can be incorporated. These materials can add
structural support and guidance, promote and/or control the assembly of building blocks
and stimulate cellular behavior in general [21,29,30]. For example, a silk fibroin derived
hydrogel was used as a scaffold for articular cartilage tissue engineering, and integrated
poly(lactid-co-glycolid) nanoparticles were used to simultancously deliver two growth
factors, resulting in beneficial effects on proliferation and differentiation of dental pulp
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stem cells [31]. On the way to tissue or organ replacement, such multicellular and
multimaterial assemblies are used to generate vascularized multicomponent constructs or
spatially organized multiblock hydrogels [21].

In the context of advanced bottom-up tissue engineering approaches, a new field
called biofabrication has been reviewed recently by Groll et al. [32]. Biofabrication mainly,
but not solely, uses additive manufacturing techniques to process bottom-up building
blocks into hierarchically structured cell-biomaterial constructs. Biofabrication describes
the automated generation of biologically functional constructs through bioprinting,
meaning the direct spatial arrangement of cells, materials and/or factors, and through the
automated assembly of cell-containing building blocks, so-called bicassembly. In both
cases, in vitro maturation and or fusion of the products is a crucial step before obtaining
a tissue equivalent for implantation or pharmaceutical screening [32]. Relevant
technologies within biofabrication have been recently reviewed by Moroni et al. [33]. With
the possibility of simultancous deposition of cells and material in an additive
manufacturing process, bioplotting, ink-jet bioprinting and valve-jet bioprinting are major
biofabrication tools for bottom-up tissue engineering and regenerative medicine.
Formulations of materials, cells and biological molecules, so-called bioinks, are processed
using these technologies. Bioplotting, also called robotic dispensing or extrusion
bioprinting, dispenses continuous filaments of hydrogel materials or bioinks through a
nozzle (piston-, screw-, or pneumatic-driven). Droplets are ejected over a nozzle head,
controlled either by piezo- and thermal-actuators (ink-jet) or by solenoid micro-valves
(valve-jet) [32,33].

All approaches, whether they include manufacturing a scaffold followed by cell-
seeding or bioprinting/bicassembly, have strict requirements on the used material.
Physical and mechanical properties need to be suitable for processing using the respective
technology on the one hand and ensure cellular survival and proliferation on the other.
The material also plays an important role in guiding specific cellular development and
maturation, for example, by surface functionalization, the inclusion of biological
molecules or the tuning of degradation behavior. With the goal of implantation of
constructs, biocompatibility, meaning the performance of intended purpose without
evoking an immune response, is absolutely required and can be enhanced e.g., upon
introduction of nanoparticles [34-36]. Due to their inherent biological and chemical
similarities to native tissue, natural polymers, natural polymer-based composites and
bioceramics are of great interest for tissue engineering applications. Due to the high load-
bearing requirement, hard tissue engineering approaches so far mainly focus on top-down
strategies using porous scaffolds for cell seeding [37,38].

3. Hard Tissue Engineering
3.1. State of the Art

After diagnosis of a bone defect, the respective site is commonly deprived from
extensive movement as both bone sides need to reconnect during regeneration in a correct
manner, otherwise malfunction might be the result of improper healing. The origin of the
cells, which are taking part in bone repair, were found to influence the healing progress.
The cells present in bone encompass, for example, stem cells during bone healing or
endothelial cells building vasculature, but also pre-osteoblasts, which differentiate into
osteocytes during bone formation and maturation as described above. Osteoclasts are
undertaking the function of degradation, which is a continuously ongoing process to
maintain healthy bone and allow for expansion of the skeleton during the development
of children [39]. When artificially delivered into bone defects, neural crest-derived frontal
bene and mesoderm-derived parietal bone cells from newborn rats were found to exhibit
both similar bone regeneration ability, although the mesodermal cells showed a
potentially higher bone regeneration efficiency in vitro [40]. MC3T3 E1 pre-osteoblast cells
were posed in hydroxyapatite microcracks similar to bone fractures and found to underlie
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initial apoptosis at a region of 200 nm around the cracks [41]. Besides fixation,
flexoelectricity, meaning the ability to generate electricity under pressure, was found
crucial for bone healing [41]. Exposed to strain such as physical activity during bone
healing, bone regencration was increased, and so rchabilitation measures actively
contributed to tissue regeneration [42]. With near-infrared fluorescent probes,[43] bone
repair could be imaged concerningin vitro differentiation of human mesenchymal stem
cells into osteoblasts. A cyclic peptide coupled with a fluorophore was used to bind to
a5(31 integrin as an osteoblast-specific marker. A second probe was coupled with the drug
pamidronate to a fluorescent gold nanocluster, where the drug bound specifically to
hydroxyapatite and allowed for monitering osteogenesis [43].

Loss of bone material due to cancer or other pathogenic relations such as osteoporosis
is often not recovered spontancously and needs tissue replacement. Autologous bone
grafts are still considered as the gold standard transplant due to facilitated integration at
the defect site. As concerns about donor availability, healing and disease transmission
arise, artificial bone substitutes become increasingly attractive to overcome these obstacles
[39]. Therefore, titanium implants are state of the art as they are biologically inert
materials, which offer high load transmission. Unfortunately, these foreign body materials
are rarely fully integrated into the surrounding tissue and might become loose; therefore,
surgical rearrangement might be necessary. One major reason for this issue is a bacterial
infection, especially concerning dental implants with extensive biofilm formation [34]. To
improve integration, for example titanium alloy (Ti6 Al4V) implants with TiOz2 nanotubes
were coated with silk fibroin, which was found to enhance osteoconductive and
osteogenic properties in case of bone implant performance [44]. Bone, cell and implant
interaction was found to be enhanced for MG63 bone cells and human mesenchymal stem
cells, which is beneficial for implant applicability. Biomimetic minerals for hard tissue
engineering, which enhance osseointegration, can rely on biosimilars such as calcium
sulfate or phosphate ceramics as synthetic and hydroxyapatite as a naturally occurring
form of bone mineral [39]. Building scaffolds out of these materials can be realized upon
melting and fusing individual ceramic particles using laser sintering at temperatures
above 1000 °C [45-47]. Utilizing this rapid prototyping technique, also polymeric carrier
materials can be fused at lower temperatures (about 70-200 °C) whilst molding and
binding ceramic particles into bionanocomposites and simultaneously removing the
binder [48,49]. With such polymeric binders, 3D extrusion and additional sintering of the
composite materials is possible, yielding solely the remaining solid ceramic structures
(Figure 2) [50,51].

Further, injectable calcium phosphate cements including ceramics and a curing agent
were invented by Brown and Cho in the 1980ies to fill dental cavities in the first place [52].
As state of the art, synthetic polymeric materials are widely used as matrix materials in
hard tissue engineering, however, they often cannot complement features of biomaterials
such as non-toxic degradation products and bicactive surfaces for cell adhesion [53].
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Figure 2. Scaffolds containing 50 wt.% hydroxyapatite nanoparticles suspended in poly(vinyl
alcohol) as matrix material. (A) CAD design of a layered scaffold showing porous structures in the
cylinder. Extrusion printed scaffolds after drying and thermal curing in side-view (B(i)) with
higher magnification of a channel pore (B(ii})), and in top view (C(i)) with higher magnification of
a channel (C(ii)), showing individual hydroxyapatite particle agglomerates (C(iii),C(iv)).
Reprinted and adopted with permission from Cox, S. C. et al., 3D printing of porous
hydroxyapatite scaffolds intended for use in bone tissue engineering applications. Mater. Sci. Eng.
C 2015, 47, 237-247. Copyright (2015) Elsevier.

3.2. Design Criteria and Challenges

It is important that various design criteria and factors have to be taken into account
in tissue engineering approaches to fulfill the requirements of a successful tissue
engineering construct (Figure 3). In the case of hard tissues, besides biological and
physico-chemical cues, also the appropriate mechanics play an important role. In the
following, these aspects are discussed in more detail and illuminated why they can be
challenging during scaffold preparation.
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and differentiation
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B) physico-chemical
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for cells (e.g. RGD motif)
and growth factors
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of hydroxyapatite by
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mineralization media

Figure 3. lllustration of biological, mechanical and physico-chemical factors of scaffold materials

relevant for hard tissue engineering. (A) Media, growth factors, etc. are needed for tissue-specific
cell colonization and differentiation on artificial scaffolds. (B) Materials/scaffolds have to provide
binding sites for cells, factors and minerals. (C) Biomineralization is necessary to gain composite

materials with adopted mechanical properties (such as stiffness, etc.).

Concerning the mechanical design, it has to be taken into account that mature bone
has compressive strengths in the order of up to 20 GPa [54], whereas they are far lower
for immature bone, as the mineralization process is still ongoing [55,56]. However, not
only high strength but also flexibility must be provided. Therefore, mostly brittle
materials are not suitable for bone regeneration applications, as the risk of failure is high
[8]. It can be challenging to combine high load-bearing materials with high flexibility, but
these mechanical requirements can be fulfilled in biomaterial matrices applying
reinforcing filler materials such as ceramic particles into composite materials. To gain
homogenous mineralization, it is important that filler and matrix material interact well
with each other to avoid phase separation, which is an additional criterion. Practical hints
can be found when taking a closer look at the natural blueprint: Bone is a composite
material [57] with collagen fibrils (20-30 wt.%) and ceramic particles made of
hydroxyapatite (60-70 wt.%) [2]. Besides composite materials, biomineralization of
protein precursor materials can be triggered in vitro upon immersion in mineralization
agents forming calcium phosphate species. These can for example be single aqueous salt
solutions, which are subsequently applied to the materials [58-60]. More complex
mineralization is provided by Simulated Body Fluid, a model solution at pH 7.4, which
was designed to simulate mineralization processes found during bone formation. Its ion
composition and concentration are proximately close to human blood plasma [61].

Tailoring mechanical properties upon controlled mineralization is highly
interconnected with the scaffold’s biological function and vice wversa. During
mineralization of tissue, cells play an important role as they secrete non-collagenous
proteins with highly located charge [2]. Especially SIBLING proteins [5] are to be
mentioned among others, as they coordinate nucleation, growth and inhibition phase
during mineral formation as they accumulate ions from the surrounding intestinal fluids
[62]. Further, hydroxyapatite precursor phases can be accumulated in cell membrane-
bound vesicles and released at mineralization sites [6]. As a result, tissue-specific cell
colonization is an additional design cue to mimic natural tissue in engineered constructs.
Its respective challenge is posed not only by cell adhesion to the surface or in the construct
but also to trigger osteoblast lineage in osteoblast precursor cells or stem cells.
Biomineralization and osteogenic differentiation were found to be highly dependent on
matrix stiffness [63]. 2D surfaces of different controllable substrate stiffness showed the
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best results for medium stiffness (50-100 kPa), as mineralization was completed after three
weeks. Osteoblast differentiation was directly related to the formed mineral layer and
only indirectly regulated by matrix stiffness [63]. The release of ions from the material,
which is sensed by cells, can also lead to differentiation responses. One example for such
materials is 4555 Bioglass embedded in silk fibroin/gelatine scaffolds [64]. The bioglass
composition comprises 510z, Ca0, Na:0 and P20s, and the ion release profile triggers
osteogenic cell differentiation [65]. For this functionalization, itis important to control the
osmotic balance of the media for cell survival.

Moreover, not only mechanical but also physico-chemical properties of the scaffold
can lead to desired cell differentiation. The design of such cues can be related to binding
sites for cells, growth factors or minerals. Besides cell-specific binding motifs [66], the
integrin binding peptide motif arginyl glycyl aspartic acid (RGD) [67] is universally
applied. The incorporation of this motif can be a challenge when it is not intrinsically
provided by the biomaterial. This can be solved upon genetic engineering of proteins used
in the material or chemical coupling of the motif to the material [68]. Related to the natural
tissue, growth factors such as the most important one, the Transforming Growth Factor
beta (TGF-beta), as well as bone morphogenetic proteins are agreed to have a beneficial
impact on the success of hard tissue engineering scaffolds [69]. The factors can be
delivered via the construct and trigger stem cells towards osteo-differentiation [70]. As a
challenge, their concentration must be maintained [69] at levels confirmed to be active
(nM) during cell cultivation by specific binding, otherwise, scaffolds become depleted fast
by diffusion. Binding sites for ions were discussed above to be provided by non-
collagenous proteins with located charges. Mimics of these proteins can be designed and
incorporated into the scaffold. However, the preparation of hybrid proteins from silk and
non-collagenous proteins can be challenging to gain functional mineral binding sites
[71,72].

Taking all these complex requirements into regard, scaffolds must comply not only
with mechanical but also physico-chemical and biological demands to build a successful
hard tissue engineering construct. One crucial role plays the material choice. The named
requirements can be met, for example, with synthetic or natural materials [14]. However,
synthetic materials pose the risk of toxic degradation products during tissue regeneration,
and their biocompatibility is limited [73]. Naturally derived materials avoid these
obstacles. Further, they naturally can provide biological and/or mineral binding sites.
However, disease transmission from donor animal sources and material heterogeneity
must be aveided. Collagen and gelatin are common materials due to their native
occurrence in bone and the presence of biomineralization nucleation sites. Moreover, bone
takes a long time to develop, and the collagen will often degrade before it can be
remodeled. Among artificial natural biomaterials, silk appears to be an attractive material,
as it provides non-toxicity and biodegradability. Further, silk proteins can be produced
biotechnologically, modified and processed into a variety of morphologies [73]. The
upcoming sections will shed light on how silk materials can be used, for example, as
matrix materials for bone tissue engineering.

4. Silk
4.1. Naturally Derived Silk

Silks are a class of protein fibers spun by arthropods such as fleas, mites, spiders and
silkworms, amongst others. They are based on fibrous proteins containing highly
repetitive amino acid sequences stored in the animal as liquid and transformed into fibers
once shear stress is applied during spinning [74].

Fibers produced by the silkworm Bombyx mori consist of two silk fibroins (SF) and
glue-like (non-silk) proteins named sericins. The fibroin heavy chain consists of a highly
repetitive (12 times) glycine and alanine-rich region and two hydrophilic N- and C-
terminal domains. The fibroin light chain is an arginine- and lysine-rich non-repetitive
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protein [75]. Upon secretion, both fibroins and a third small glycoprotein, p25, assemble
into twin filaments that represent the inner part of the core-shell structure typical for B.
mori silk. Sericins coat and stick these fibroin filaments together. The structure is
completed by an additional coating with various proteins for the protection of the cocoon
[76].

The most commonly studied spider silk is dragline silk made of proteins secreted
from the major ampullate gland, and it consists of multiple proteins, called spidroins. The
overall layout and amino acid composition of these major ampullate spidroins (MaSps)
are similar to the architecture of the fibroin heavy chain. The primary structure (i.e., amino
acid composition) of the core domains, however, is quite different. One spidroin filament
is coated with a thin shell containing other silk proteins, lipids and glycoproteins
constituting a core-shell-structure [77]. While most silk fibers have a high toughness
compared to man-made fibers, spider silk outperforms the others concerning its
mechanical properties [75].

Natural spider silk fibers, mestly from female adult Nephila spiders, have been used
as suture threads or processed into scaffolds for neuron guidance, skin repair and bladder
reconstruction [78]. While most spiders exhibit cannibalistic behavior, silkworms can
casily be farmed to harvest their silk in large quantities [79]. Consequently, silk from the
domesticated silkworm B. mori has been extensively characterized and is the main silk
material used inbiomedical applications, for example, as sutures and in tissue engineering
and regenerative medicine approaches [38]. To extract fibrein from the harvested cocoons,
a thermochemical treatment is applied, called degqumming. This step is particularly
important since it also removes the sericin component from the fibroin fibers, which has
been shown to be problematic by causing immune reactions [80].

4.2, Bioengineered Silk

Advanced tissue engineering approaches cannot only take the physical properties of
the fabricated scaffold into account. Apart from biocompatibility, the degradation rate of
specific scaffolds is highly important. In the best case, the degradation should be identical
to the rate at which new tissue is formed by the cells. When working with B. mori silk
fibroin materials, the degradation behavior can be tuned by the choice of fabrication
strategy, for example, the use of different solvents during processing, or by the
incorporation of enzyme-sensitive peptides or degradation-promoting supplements [81].
To mimic the complexity of natural tissue, engineering approaches are destined to use
multiple materials, fabricated in various morphology, together with cells and biclogicals
to carry out specific functions. Genetic engineering is further used to extend the
availability and functionality of different silks for tissue engineering applications. Nagano
etal. added a poly(glutamic acid) domain to the repetitive amino acid sequence of B. mort
fibroin to incorporate calcium-binding sites for mineralization [82]. In another study,
Saotome et al. improved revascularization by introducing the vascular endothelial growth
factor and the RGD-cell adhesion motif into the silk fibroin heavy chain of transgenic B.
mori silkworms [83].

The majority of recombinant spider silk proteins for biomedical applications is
produced in the heterologous expression system Escherichia coli. Therefore, the natural silk
sequence is determined first and then engineered to be produced in the host organism.
After transformation and production, protein purification yields recombinant spider silk
proteins [78]. Most recombinant sequences are based on proteins of the major ampullate
silks from either Nephila clavipes or Arvaneus diadematus spiders [84]. For example, a
chimeric protein was genetically engineered containing a consensus sequence from N.
clavipes’ dragline silk fused to the carboxyl-terminal domain of the dentin matrix protein
1 [85]. In another work, Gomes et al. created a fusion protein by combining a consensus
sequence from N. clavipes’ dragline silk with the complete sequence of bone sialoprotein
for improved cell attachment and deposition of calcium phosphate [71]. Cellular adhesion
and proliferation were enhanced on materials made of an A. dindematus derived
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recombinant spider silk protein fused with the cell adhesion motif RGD [68].
Alternatively, mineral- and collagen-binding motifs were introduced to this protein for
materials applications at the tendon-bone interface [72].

4.3. 5ilk-Based Morphologies

Naturally derived or bioengineered silk proteins can be processed into various
morphologies. B. mori fibroin films are obtained by dissolving the proteins in aqueous
lithium bromide solutions and dialysis against water, followed by film casting. To obtain
insoluble films, they can be treated with a mixture of water and methanol [86,87].
Similarly, recombinant spider silk proteins are processed into films by dissolving them in
the organic solvent hexafluoroisopropanol (HFIP), followed by casting and post-
treatment with isopropanol or methanol [88,89].

To imitate the natural fibrous ECM more closely for tissue engineering applications,
non-woven mats containing fibroin or spider silk fibers have been produced using
electrospinning. The technique constantly evolved to gain more control over the process
and outcome. Traditionally, B. mori fibroin is dissolved in organic solvents like HFIP,
hexafluoroacetone (HFA) or formic acid and spun by applying voltages between 2 kV to
30 kV. Non-woven mats containing fibers with diameters in the low nanometer range up
to one micrometer were generated with this set-up [90,91]. In a recent work by Keirouz et
al. [92], composite fibers were spun using nozzle-free electrospinning. DeSimone et al. [93]
developed an all aqueous electrospinning process for recombinant spider silk proteins.
The elimination of harsh processing conditions led to the conformational stability of
biological components throughout spinning and posttreatment, promising the inclusion
of sensitive biological components for tissue engineering applications [93]. Upon blending
poly(caprolactone) (PCL) with poly(glycerol sebacate) and silk fibroin, also the
hydrophilicity of the non-woven mats could be increased, which is beneficial for tissue
engineering applications [94].

Nano- and microparticles are used in tissue engineering within three-dimensional
scaffolds, e.g., to introduce biclogically or chemically active factors in constructs or to
increase the mechanical stability. Silk particles can be produced by salting-out with
potassium phosphate. Tuning protein concentration and mixing intensity, particles in the
size range between 150 nm and 10 um can be fabricated [95,96]. Fibroin particles with a
diameter of around 6 pm can also be produced by chopping and wet-milling B. mrori fibers,
while even smaller particles, down to 200 nm, were produced using ethanol precipitation
and freezing [97,98]. Through well-suited loading and release properties for various
substances, silk particles can be applied as drug carriers. For example, a human
recombinant bone morphogenic protein has been successfully encapsulated in silk fibroin
particles allowing sustained delivery thereof in bone tissue engineering approaches [69].
Furthermore, the recombinant nature of spider silk proteins allowed genetic modification
for covalent, triggerable substance delivery systems [99].

For top-down tissue engineering approaches, porous three-dimensional structures
offer adherence points and mechanical stability for cells, and pores facilitate nutrient,
oxygen and waste transport. Foaming of silk fibroin solutions with varying nitrous oxide
pressure and protein concentration led to scaffolds with pore sizes in the range between
100 and 400 pm [100]. Pore sizes below 100 um were generated by increasing the protein
concentration from 5 wt.% up to 12 wt.%, followed by freeze-drying and immersion in
methanol [101]. Recombinant spider silk proteins have been processed into scaffolds with
pores sizes of around 100 um by dissolving the protein in HFIP and using different sized
salt crystals as porogens [102].

Hydrogels are hydrophilic polymer networks, physically or chemically cross-linked,
that can absorb water up to thousands of times their dry weight [103]. Recombinant spider
silk proteins form hydrogels through chain entanglement, which can be printed using
dispense plotting at room temperature while supporting encapsulated cells [104]. Due to
unfavorable physical properties, like low viscosity, hydrogels made of B. mor silk fibroin
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are less suitable for bioprinting applications without additives. Here, strategies to blend
the material with other (bio)polymers to enhance printability have been applied. For
example, Chameettachal et al. successfully bioprinted fibroin-gelatin-blends using
dispense plotting at room temperature [105].

5. Silk-Based Hard Tissue Engineering

The following chapter summarizes recent approaches in silk-based hard tissue
engineering, and in Table 1, various examples are listed. Upon providing multiple
examples for hard tissue engineering approaches based on silk, the adaptability and
compatibility of silk materials are shown.

Table 1. Overview of silk-based hard tissue engineering approaches.
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5.1. Bone Tissue Engineering

Among the recent approaches in hard tissue engineering for various tissue types
(bone, tendon, cartilage), three types of scaffold materials are used. On the one hand, there
are studies based on non-mineralized scaffolds, which were examined concerning their
biocompatibility and properties for bone repair without pre-mineralization. Others were
mineralized upen incubation with cells or mineralization agents. In the third set-up,
inorganic components such as bioceramics or minerals were directly added to the
fabrication process to yield composite scaffolds. The following section is describing these
three types in more detail, as well as the morphology of the underlying silk scaffolds.

5.1.1. Non-Mineralized Scaffolds

Scaffolds can be fabricated in different dimensions, from 1D fibers, to 2D films to 3D
printed scaffolds. Different processing methods have been used to influence the
mechanical properties of the silk scaffolds to be more bone-like and to adopt its
performance in cell culture. Silk fibroin films as 2D structures were blended with glycerol
and poly(ethylene glycol) (PEG) to improve ductility and porosity, beneficial for cell
adhesion. Different film properties were obtained upon adjusting the casting temperature.
For example, the ultimate tensile strength was increased when films were cast at 60 °C in
comparison to 4 °C, indicating higher crystallinity in the films. Moreover, pore sizes
decreased in the same manner when film casting was conducted at elevated temperatures.
Further, double blends with PEG and glycerol showed the best results, as both additives
might interact, yielding stable constructs [106].

Hard tissue repair has high demands regarding the form of the construct, as defect
sites are individual and often complex and, therefore, 3D structures such as foams,
sponges, injectable or printable hydrogels are of mest interest. Silk scaffolds with no
chemical crosslinker were fabricated using a solvent exchange method. Silk fibroin as well
as spider silk proteins were dissclved in formic acid or HFIP and blended with sodium
chloride crystals as porogens to control pore sizes between 200-300 um. The obtained
structures showed high content of p-sheet structures resulting in stable constructs [116].
3D spongy silk/sericin scaffolds were fabricated using freeze-drying in order to
investigate the influence of sericin addition to the material. Structural, biclogical and
immunological properties were investigated with different weight ratios of sericin (0—4.7
wt.%). Further, scaffolds were chemically crosslinked using glutaraldehyde wvapor.
Structural transition towards (3-sheets was induced upon immersion in ethanol. These
highly porous structures with more than 90% porosity showed a decrease in pore size in
the presence of increasing amounts of sericin. Similar trends were observed for
mechanical properties, which were significantly higher upon increasing sericin content.
As a result, cell culture studies with human osteoblast MG63 cells revealed no enhanced
cytotoxic effect of the sericin present in the scaffolds. Further, macrophage adhesion was
not highly pronounced, and inflammatory marker genes were not upregulated with
increasing sericin content [117]. Another scaffold was fabricated using lyophilization to
investigate the effect of pre-seeding of human adipose-derived mesenchymal stem cells
for bone regeneration in vitro and in vivo [107]. Harsh crosslinking agents could be
avoided, and constructs were solely post-treated in ethanol. In cell studies,
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cytocompatibility was confirmed, and a mineralized matrix formation was found after
two wecks as a sign of osteogenic differentiation [107]. Rat calvaria models served to
evaluate the in vivo performance of cell-seeded scaffolds in comparison to that of non-
seeded silk scaffolds. Micro-CT showed no significant impact on the amount of
regenerated bone after 12 weeks [107]. However, looking deeper into the composition of
the newly formed tissue, new bone with a higher amount of collagen and vasculature was
formed in pre-seeded scaffolds [107].

When using hydrogels for hard tissue engineering, mechanical properties must be
investigated and adapted. Different crosslinking methods were used in the following
three approaches: Long et al. [118] mixed silk fibroin and elastin to assemble hybrid
hydrogels using a physical heat crosslinking method for higher (3-sheet content in the silk
material and chemical crosslinking with glutaraldehyde between silk and elastin. In this
case, silk was used due to its easy processing into different morphologies and elastin to
add biochemical cues to the material. Hydrogels exhibited 4-70 kPa in compressive
modulus and shear compressive moduli up to 40 kPa. A proliferation assay using [L929
lung fibroblasts showed no negative effects of the chemical crosslinking. Wu et al. [119]
also combined two crosslinking methods for silk fibroin hydrogels, but in this case,
ethanol for physical and vy-ray for chemical crosslinking of the solutions were applied.
Crosslinking through irradiation occurred with the assumed mechanism of radical
formation as a result of high energy transfer to silk fibroin molecules. Such treated
hydrogels could cover several orders of magnitude in elastic moduli from the Pa range up
to hard hydrogels in the MPa range upon different irradiation times (Figure 4}. Reflecting
the possible variation of mechanical properties, irradiation did also alter pore structure,
resulting in denser gels with smaller pores upon increasing crosslinking. Interestingly,
biodegradation in the presence of protease XIV was not influenced upon irradiation but
upon ethanol physical crosslinking, as the latter is related to silk crystallinity. Cell toxicity
of rat bone marrow mesenchymal stem cells was studied using supernatants from
scaffolds, as irradiation might cause toxic radicals in solution, but no significant changes
compared to the control group were observed.

Laomeephol et al. [120] used a phospholipid (1,2-dimyristoyl-sn-glycero-3-phospho-
(1"-rac-glycerol) sodium salt) as a gelling additive to accelerate hydrogel formation of silk
fibroin solutions. Changing the concentration of the lipid resulted in different gelation
rates, and, thereby, gelation could be controlled. The mechanism is based on the
amphiphilic nature of the lipid, which forms electrostatic and hydrophobic interactions
with silk fibroin. Cytocompatibility was confirmed using ISO 109931:2009 cell tests and
cell lines such as 1929 lung fibroblast and NIH/3T3 fibroblasts [120]. While proliferation
was found in the gels using these cell lines, cancer-derived cells such as 5a05-2 did not
proliferate after 21 days and stayed in round shape. In this case, the described constructs
seemed to be rather unfavorable substrates while showing inhibition of growth of cancer-
derived cell lines [120].

106



7 TEILARBEITEN

Materials 2021, 14, 674

15 of 31

Soft Tissue Engineering Scaffold Pa — MPa Hard Tissue Engineem
hy
H0 — *OH,*H,€%q,0> (1)

0 T 0 Gly
\AASNHCH, —C——NHC——C AN + + OH ¢ 0 °
Ala 5 :
CH3 N N N
o o ™
[ —— Gly
—C——NfiG——Cuwnnn + H,0 (2) !
GHy Ala W ony oH
l ‘ i
Gly ,
o “EHa o
AMAASNHCH; —— € ——NHC —— Convnun (3)
v C—— CNH——C —— CH,NH W 0 M W

|
o CHy o

Figure 4. (A) Photographs of Bombyx meri silk fibroin hydrogels with a controlled degree of
crosslinking using y-radiation (yellow) and ethanol treatment (blue) to cover six orders of
magnitude of material stiffness. Crosslinking mechanism upon (B) y-radiation, triggering radical
water splitting and the evolution of free radicals, leading to combinational events between
polymer chains and (C) ethanol treatment, inducing hydrogen bonding and intermolecular
interaction. Reprinted and adopted with permission from Wu, N. et al,, Investigation on the
Structure and Mechanical Properties of Highly Tunable Elastomeric Silk Fibroin Hydrogels Cross-
Linked by y-Ray Radiation. ACS Appl. Mater. Interfaces 2020, 3(1), 721-734. Copyright (2020)
American Chemical Society.

To use silk hydrogels in 3D printing applications, one blend was examined using silk
fibroin and alginate [121]. Since bioinks further contain cells for 3D printing applications,
they must be cytocompatible and printable to enable cell survival and, in the best case,
proliferation. As shear forces are acting on the material during printing, cells have to be
protected from damaging shear stress. In this study, 1 wt.% sodium alginate with 2 wt.%
silk fibroin underwent rapid gelation upon addition of calcium chloride, which crosslinks
alginate [121]. The addition of 1 wt.% rather than 0.5 wt.% alginate resulted in higher
strand fidelity during printing. Encapsulated osteosarcoma cells were loaded into the
hydrogel blends and manually printed from syringes, which represents a first printability
evaluation of a material. Extruded strands were cultured, and cell viability was evaluated
in live/dead staining after print-induced shearing. Besides few dead cells in one sample,
cells survived the process. Cell viability was confirmed using the metabolic PrestoBlue
assay. However, it was found that at higher amounts of silk fibroin, less signal could be
detected, although viable cells were found. This led to the assumption that the dye, but
also nutrients and waste products can only hardly travel through the construct upon
increasing silk fibroin content.

For the adjustment of mechanical properties and printability, filler materials such as
nanocellulose can be added to silk fibroin hydrogels [108]. Bacterial nanocellulose was
added, yielding composite hydrogels for 3D printing. Photo-crosslinking using
tris(bipyridinejruthenium(Il) chloride as crosslinker generated scaffolds, which differed
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in their characteristics depending on the morphology of the nanocellulose used either as
a solution, fibers or whiskers. Structural information was related to -sheet content and
silk fibroin nanocellulose interaction, which is defined by inter-domain distance in the silk
fibroin determined using small-angle neutron scattering techniques. Scanning electron
microscopy images (SEM) showed that cellulose as an additive influenced pore sizes,
yielding especially dense structures in the presence of whiskers. Best rheological, tensile
and compression behavior was found in the presence of fiber fillers. Printability evaluated
by strand-width after printing was similarly high for fiber and whisker additives.
However, as a small drawback, these two morphologies were not reported to be cell
friendly whilst causing cytotoxicity upon oxidative stress or inflammatory response.
Culturing 1929 lung fibroblasts on hydrogels, all blends showed proliferation and high
viability tested after 1, 3 and 5 days.

In another approach, tyrosinase-crosslinked silk fibroin/gelatine hydrogel blends
were cell loaded and 3D printed to gain functional constructs [122]. Silk was
functionalized with gelatine and calcium chloride for sustained release of calcium ions
from the scaffold, similar to the extracellular release of calcium by osteoclasts during bone
modeling (Figure 5). Several aims were followed in this study: First, the material was
optimized for 3D printing concerning long-term stability for cell culture, and, therefore,
rheological properties were adjusted. It was found that at low shear rates, blend hydrogels
showed shear thickening behavior, presumably related to crystallization or entanglement
between both components. At higher shear rates, a sudden transition to shear thinning
behavior was assumed as a result of compound release. Further, the addition of calcium
chloride increased the viscosity in such hydrogel blends up to 100-fold due to faster
gelation times and ionic interactions with silk fibroin. Second, the osteogenic profile of the
constructs was investigated upon release of calcium ions. lon release was found for 3
weeks, but the release was not complete at that time point.

1.3

o
©

2 2 9 o
m o N ™

Release of Ca? ions [uM] n
o - - -
- 5 a2k

ST T da 21 timeld]

SF-G

SF-G-CaCl,

".}” i A G T e o~ B
Figure 5. (A} CAD sketch of a Bombyx mori silk fibroin/gelatine construct and (B) its 3D dispense

plotted result. (C) Release profile of calcium ions from Bombyx mori silk fibroin/gelatine hydrogels,
loaded with calcium chloride. (D) Light microscopy images of unloaded (i-iii) and loaded (iv—vi)
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silk/gelatine hydrogels with human mesenchymal stem cells post-printing (i,iv), after 14 (ii,v) and
21 days (iii,vi). Unloaded scaffolds showed cells present in both the construct and in pores,
whereas, in the loaded construct, cells remained in the strands. SF = silk fibroin, G = gelatine.
Reprinted and adopted with permission from Sharma, A. et al., Investigating the Role of Sustained
Calcium Release in Silk-Gelatin-Based Three-Dimensional Bioprinted Constructs for Enhancing
the Osteogenic Differentiation of Human Bone Marrow Derived Mesenchymal Stromal Cells. ACS
Biomater. Sci. Eng. 2019, 5(3), 1518-1533. Copyright (2019) American Chemical Society.

Third, the signaling pathway, which regulates osteogenic differentiation in human
bone marrow derived progenitor cells, was analyzed with regard to the influence of
calcium ions. The gene expression profile of parts of the canonical Wnt pathway with
specific expression of [-catenin, BMP2 and BMP4 was investigated, and their
concentration was highest on day 21. It can be therefore assumed that BMP plays an
important role in osteogenic differentiation of human bone marrow derived progenitor
cells.

The recombinant spider silk protein eADF4(C16), which is based on the consensus
sequence of one component of the A. diadematus dragline silk [123], was found to form
hydrogels in a controlled manner forming a physical fibrillar network [124,125], enabling
its processing via 3D printing for tissue engineering [126]. Further, this recombinant
spider silk protein could be modified to comprise the well-known RGD cell-binding motif
[126]. Modifications of the processing technique, such as creating blends [127,128],
incorporation of silica particles [129] or the release of biologicals from hydrogels [130],
were investigated and successfully yielded stable gels.

Silk fibroin hybrid materials with two different silk morphologies were studied, for
example, by Ding et al. [131] 3-sheet rich silk fibroin nanofibers were encapsulated in an
amorphous silk matrix. Upon electric field exposition of 50 V for 30 min, nanofibers
traveled through the amorphous matrix and aligned. Scaffolds were crosslinked using
horseradish peroxidase and yielded anisotropic scaffolds with up to 120 kPa in stiffness.
In in vitro studies, bone marrow mesenchymal stem cells showed osteogenic behavior,
and an ectopic in vivo bone model was used to investigate osteogenic properties in rate
femurs. Between week 8 to 12, newly formed bone was found in the case of the stiffest
hydrogel samples, whereas the aligned fiber structure also led to alignment in the new
tissue. The fabrication method with two silk fibroin morphologies and electric field
alignment was then used by the same group to fabricate gradient hydrogels [132]. In
further detail, horseradish crosslinking times and resulting gradient mechanical
properties were investigated. The distribution of (3-sheet rich silk fibroin nanefibers in the
scaffolds also led not only to changed material stiffness but also to gradient pore
structures resembling that of native tissue. In cell culture studies, the construct’s
properties translated into tissue-specific differentiation of bone marrow mesenchymal
stem cells, whereas the soft partinduced chondro-related genes, gradually triggering bone
formation towards the stiffer end of the scaffold, which was also confirmed in in vivo
studies.

In another double silk approach, Liu et al. [133] used silk fibroin solutions, which
were first autoclaved to induce nanoparticle formation (in the range of 50-300 nm), then
embedded in silk fibroin solutions, followed by freeze-drying to form 3D sponges. To
stabilize structures in an aqueous environment, low-molecular weight PEG solutions were
used to induce 3-sheet formation. Nanoparticles could be extracted, yielding cavities and
pores in the scaffold. This generated pore structure introduced permeability and flexibility
compared to silk sponges without particle loading. After methanol annealing, better cell
adhesion, distribution and growth on scaffolds were observed. In general, particle-loaded
constructs, especially with bioceramics, have the potential to support bone tissue
engineering due to their pre-mineralization, which is discussed in detail in the section
below.
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5.1.2. Microcarriers for Bone Tissue Engineering

Microcarriers based on silk fibroin and gelatine were fabricated in a top-down
approach for bone tissue engineering as injectable units or building blocks for scaffolds
(Figure 6) [134]. With a microfluidic asymmetric flow-focusing device, carriers of about
100-350 pm were produced depending on the flow rate ratio of the aqueous and
separation oil phase also containing methanol. The material blend was tested as 2D films
and 3D microcarriers in rat mesenchymal stem cell culture. With increasing proportion of
gelation from 25 to 50 to 75 wt.%, increasing cell adhesion was found. This trend was
similarly confirmed for the carrier’s mechanical properties, as both higher blend situations
were in the range of 183 kPa and 139 kPa, respectively, values which are also described
for the osteoid region, where pre-osteoblast differentiation takes place.

Figure 6. (A) Scanning electron microscopy images of blend hydrogel microcarriers using Bombyx
mori silk fibroin and porcine gelatine at a 3:1 ratio and asymmetric flow focusing in a microfluidic
preparation method and (B) surface micro-topography at higher magnification. (C) Rat
mesenchymal stem cells on hydrogel microcarriers visualized using confocal microscopy after 96 h
in live/dead staining (dead cells in red, living cells in green) and (D) after 28 days. Purple coloring
indicates alkaline phosphatase activity of differentiated osteoblasts. Reprinted and adopted with
permission Luetchford, K. A.; Chaudhuri, J. B.; De Bank, P. A, Silk fibroin/gelatin microcarriers as
scaffolds for bone tissue engineering. Mater. Sci. Eng. C 2020, 106, 110116. Copyright (2020)
Elsevier.

5.1.3. Biomineralized Scaffolds Using Specific Mineralization Tags

As a template for biomineralization, natural spider silk fibers were collected from
adult females of Cupiennius salei. Biomineralization of dragline silk fibers took place upon
subsequent incubation in calcium hydroxide containing solution, followed by incubation
in diluted phosphoric acid. The procedure was also used the other way round as reversed
biomineralizaticn, and further, both solutions were incubated on the fibers
simultaneously (Figure 7). Biomimetic hybrid materials were yielded with controlled
hydroxyapatite deposition, forming a homogenous coating on the fibers. The best
mineralization results were obtained upon initial incubation in calcium-containing
solutions, as silk fibers were assumed to interact with the cations and induce higher
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mineralization with less calcium-deficient hydroxyapatite. Mechanical characterization of
the mineralized fibers showed similar strength, toughness and Young’'s Modulus in
comparison to the natural supercontracted fibers [110].

A MINERALIZATION PROCESS
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Figure 7. (A) Schematic illustration of the mineralization process of natural Cupiennius salei spider
silk fibers. (B) Scanning electron microscopy images of mineralized silk fibers after (i) 1 day of
biomineralization and day 3 (ii) and 7 (iii) of reversal biomineralization. Mechanical
characterization of fibers in (C) stress-strain plots and (D) Weibull probability distribution as
parameter for homogenous fracture behavior. HA = hydroxyapatite. Reprinted and adopted with
permission from Dellaquila, A. et al., Optimized production of a high-performance hybrid
biomaterial: biomineralized spider silk for bone tissue engineering. |. Appl. Polym. Sci. 2020,
137(22), 48739. Copyright (2020) John Wiley and Sons.

Smaller fibers in the sub-micron range were produced using electrospinning of B.
mori silk fibroin out of formic acid and HFIP mixtures into an ethanol bath for instant
crosslinking by B-sheet formation. Freeze-drying of the multilayer yielded a 3D fibrous
scaffold, and biomineralization was induced upon incubation in two-fold Simulated Body
Fluid for up to 28 days. Imaging of the interconnected pores and the increase in fiber
diameter allowed an estimation of the ongoing mineral deposition. The effect of the
mineralized layers was investigated in vitro using bone marrow mesenchymal stem cells
(BMSC) and in vivo in rat cranial defect models. More migrated cells next to the newly
formed bone and capillaries confirmed bone regeneration ability of these biomimetic
scaffolds [135]. Strong, ductile and lightweight materials were gained upon self-assembly
of silk fibroin nanofibers from an aquecus solution. In further processing steps,
biomineralization was initiated out of calcium chloride and sodium dihydrogen
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phosphate solutions before chitin nanofibers were introduced in a hierarchical assembly.
Mechanical characterization of the scaffolds revealed a very lightweight material like
acrogels but with high compressive strength of up to more than 400 MPa [136].

Further, biomineralization was directed through silk components. Therefore, silk
extracted sericin was added to dense collagen hydrogels. Due to the sericin’s negative
charge resulting from amino acid residues such as aspartic and glutamic acid,
hydroxyapatite formation could be induced. This acellular mineralization process in
Simulated Body Fluid yielded minerals after 3 days, with an ongoing process until 14 days
resulting in 90 wt.% mineral phase. SEM, energy-dispersive X-ray spectroscopy and X-ray
diffraction studies showed distinct spherulite particles. Mesenchymal stem cells were
sceded on mineralized sericin-containing collagen hydrogels, and an osteogenic
upregulation was observed in metabolic activity [137].

However, biotechnology allows for tailoring recombinant peptides and proteins, and
silk proteins were combined with explicit peptide tags on the DNA level to trigger
mineralization processes. Engineered sequences from N. clavipes dragline silk MaSp1 were
C- orfand N-terminally hybridized with the hydroxyapatite binding peptide
VTKHLNQISQSY, which was identified via phage display. Films processed out of these
proteins were immersed in calcium chloride and sodium phosphate solutions. Mineral
formation, as well as human mesenchymal stem cell differentiation, were especially
enhanced in the case of double functionalized constructs [60]. The same silk consensus
sequence was functionalized with a bone sialoprotein motif to introduce non-collagenous
moieties. In this case, silk films were mineralized in female mice in vivo. At first, a mild
inflammatory response could be observed using flow cytometry and also histolegy, but
after 6 weeks, inflammation markers decreased. Finally, no capsule formation was
observed [71].

In another approach, recombinant spider silk fusion proteins were engineered with
different mineralization and collagen-binding motifs from non-collagenous proteins in
bone. Proteins with N- and C-terminal peptide tags were compared concerning their
mineralization ability in Simulated Body Fluid and their interaction with MC3T3 E1
mouse pre-osteoblasts. The variants showed mineralization tendency to a different extent
but confirmed the formation of calcium and phosphate-containing species. Studying cell
adhesion on materials of the protein variants separately, no significant favor of one variant
over the other could be observed. However, when processing two materials into a
gradient, cell adhesion towards the collagen-binding motif was clearly favored over the
mineralization variant and could be maintained for 21 days. Therefore, these materials are
also suitable candidates for applications at the tendon-bone-interface [72].

5.1.4. Biomineralization of Scaffolds Using Pre-Mineralization

In one example, 1-10 wt.% alumina nanoparticles were added to 4 wt.% silk
solutions, and this emulsion was then lyophilized [111]. Additional mineralization was
achieved upon incubation of the scaffolds in Simulated Body Fluid [61] for 28 days,
forming an apatite layer in all constructs. The cell attachment of rabbit adipose-derived
stem cells was not significantly changed with varying alumina content as this material
was already reported to be bioinert, leading to the assumption that mechanical and
structural cues were affected by the particles. Osteogenic upregulation in an initial stage
was found starting at day 7 using alkaline phosphatase activity and Alizarin red staining
of the cultures.

Another lyophilized scaffold comprised silk fibroin titanium dioxide and fluoridated
titanium dioxide nanoparticles [138]. Particles acted as bioceramic reinforcement for
compressive load. As the compressive modulus is often related to particle content,
calculations and experimental data were collected. Both approaches were in good
agreement with each other and showed open honeycomb structures in the constructs with
a compressive modulus of up to 1.297 +0.175 MPa in the presence of 20 wt.% TiOz.
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Magnesium oxide nanoparticle-containing scaffolds at 15/20/25 wt.% were fabricated
upon electrospinning of silk fibroin and PCL at a 4:1 w/w ratio [139]. Increasing amounts
of nanoparticles lead to higher fiber diameters, respectively 651 nm/1055 nm/1251 nm,
with visibly entrapped particles. At higher amounts of inorganic fillers, water contact
angles decreased (below 30°), turning the materials more hydrephilic and favorable for
cells. In comparison, no significant differences between particle-loaded fiber meshes were
found concerning cytotoxicity for MC3T3 E1 mouse pre-ostecblast cells. The camulative
release of Mg? from the meshes reached a plateau after about 15 days. The ion release is
often related to osteogenic differentiation and was confirmed with extracts from fiber
mats after 21 days using both Alizarin Red and alkaline phosphatase staining. In vivo
studies in rat calvarial defects revealed a significant enhancement of bone regeneration
using nanofibrous membranes loaded with magnesium oxide particles in the twelfth
week post-surgery.

As actuation and dynamic cultures are improving bone regeneration, magnetic
particles were incorporated inside silk fibroin scaffolds [140]. Scaffolds were soaked in
biomineralization solutions, and Ca/P containing species were obtained. Vibrating
Sample Magnetometry was used to characterize magnetic properties, especially for
further evaluation of proliferation of MC313 E1 cells upon stimulation using a magnetic
field. In general, cells grew randomly in the absence and clustered in the presence of a
magnetic influence.

Graphene oxide has also been added to silk fibroin solutions, followed by
lyophilization. In one study, 3D porous silk fibroin/graphene oxide constructs were
freeze-dried from solution, and the graphene oxide induced wrinkled surface
nanotopographies [141]. Further, its incorporation into scaffolds decreased the diameter
of the interconnected pores from 25-60 nm to 10-30 nm. The compressive modulus was
independent of the graphene oxide concentration and ranged between 1.5-2 MPa for 3—
10 wt.%. Water uptake is a critical factor for cell compatibility and was found to be related
to graphene oxide content. Further, water uptake was also crucial for in vitro
biomineralization in Simulated Body Fluid. Although mineralization commenced from
day 7 to 14, the crystal morphology in the pores changed towards larger and smoother
crystals. In a second approach, the synergistic or individual effect of graphene oxide with
[-tricalcium phosphate in a lyophilized silk fibroin/soy protein blend scaffold was studied
concerning osteoconductivity [112]. Both particle types influenced mechanical properties
inthe range of 1 MPa. In vitro biomineralization was induced in Simulated Body Fluid for
14 days, and rather small crystals were found covering the whole construct’s surface. Both
scaffolds with particles exhibited more minerals than protein blend scaffolds on their own,
however, nanocrystal deposition was increased in the presence of graphene oxide only.
Alkaline phosphatase activity of rat bone marrow mesenchymal stem cells was highest at
day 5, whereas RUNX2 expression as osteogenesis-related gene marker increased until
day 14. Osteocalcin expression, as a marker of late osteoblastic differentiation, also
increased up te day 14, indicating that the material was suitable for long-term bone
regeneration processes. A third filler material was achieved using silk fibroin freeze-dried
scaffolds and particles made of nanchydroxyapatite and graphene oxide [113]. Scaffolds
with both particle types showed oriented pore structure, similar to lamellae or channels,
which was not observed in the other studies. Channel structures were fabricated using a
directional temperature field freezing technology, where only one side of the scaffold was
exposed to a cold surface and gradually frozen until the fixed structure was freeze-dried.
Both oriented and unoriented double-filled materials were fabricated (Figure 8).
Mechanical properties were in the kPa range and, therefore, lower than in the two
aforementioned studies. Regarding biomineralization, enzyme-directed mineralization
was analyzed using alkaline phosphatase activity from bone marrow mesenchymal stem
cells. Interestingly, the highest cell viability, and proliferation was found in the case of
oriented double-loaded constructs, whereas unoriented constructs showed even lower
signals than silk fibroin scaffolds with nanohydroxyapatite only. Besides osteogenic

113



7 TEILARBEITEN

Materials 2021, 14, 674

22 of 31

differentiation, the ability was studied to provide structures for vascularization. Human
umbilical vein endothelial cells (HUVECs) seeded on the 3D scaffolds migrated
preferentially into the aligned channel-like structures as they might sense orientation
similar to blood vessels.
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Figure 8. (A) Scanning electron microscopy images of lyophilized foam-like scaffolds with
different orientation made of plain Bombyx mori silk fibroin (i), foams loaded with hydroxyapatite
nanoparticles (ii), foams loaded with hydroxyapatite and graphene oxide nanoparticles in
unoriented structures (iii), with directional structuring in cross-section (iv) and in longitudinal
ones (v). (B) 3D Confocal microscopy images of HUVEC cells in unoriented and oriented foams
loaded with hydroxyapatite nanoparticles and graphene oxide nanoparticles after 3 and 7 days.
Scale bar not indicated. (C) Cell viability assay for bone mesenchymal stem cells after 2, 5 and 10
days. (D) Scanning electron microscopy images of bone mesenchymal stem cells in lyophilized
foam-like scaffolds after 10 days for (i) silk fibroin, (ii) foams loaded with hydroxyapatite
nanoparticles loaded with hydroxyapatite and graphene oxide nanoparticles without (iii) and
with (iv) directional structuring. SF = silk fibroin, nHA = hydroxyapatite nanoparticles, GO =
graphene oxide. Reprinted and adopted with permission from Wang, L.; et al., Preparation and
biological properties of silk fibroin/nano-hydroxyapatite/graphene oxide scaffolds with an
oriented channel-like structure. RSC Advances 2020, 10(17), 10118-10128. Copyright (2020) The
Royal Society of Chemistry.

For all studies, no phase separation between fillers and silk was observed, indicating

good compatibility between the material types. Only at very high filler content, particle
aggregates were observed.
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5.2, Teeth and Mandible Tissue Engineering

State of the art for the regeneration of hard tissue in the mouth is placing implants at
the defect location, which need to integrate well at the implantation site. However, it is
important to remain the tooth socket for implants, which is rather relating to bone
regeneration than teeth themselves. First approaches into this field of application were
realized using B. mori silk fibroin based scaffolds, prepared via freeze-drying and studied
to preserve the jaw ridge [142]: An appropriate rate of material resorption was found for
silk fibroin scaffolds with pore sizes around 200 nm and nano-hydroxyapatite
reinforcements, which were additionally mineralized in vitro. These scaffolds showed
osteogenic differentiation in pre-osteoblast MC3T3 El cells after 21 days. Further, the
interaction with human bone marrow stromal cells showed good biocompatibility [142].

Another study focused on culturing stem cells from human exfoliated deciduous
teeth on silkworm sponges prepared from cocoon cuts. Cell proliferation could be
confirmed, but scaffolds for endodontic repair, which can simulate dynamic dental pulp
repair, are still at the beginning to commence the field [115].

5.3. Tissue Engineering of Bone Neighbouring Havd Tissues

Osteochondral defects can be caused by trauma, tumor resection or osteoporosis and
can lead to bone loss, osteoarthritis and even full tissue dysfunction when not treated.
Scaffolds used for osteochondral defects often show hierarchical arrangement of chondral
and bone bilayers. One example of scaffolds are blends of bacterial cellulose with silk
fibroin in an interpenetrating hydrogel to create artificial cartilage [143]. Bacterial cellulose
spongy cubes were prepared, squeezed to dry, and silk solutions were soaked in. MC3T3
cell cultures showed the best proliferation on plain silk fibroin, followed by the blended
scaffold and finally the cellulose sponge.

Ribeiro et al. [114] crosslinked silk fibroin with horseradish peroxidase as
subchrondro-layer and a tricalcium phosphate bone-like layer in a bilayered structure.
The scaffolds showed homogenous porosity with macro- and micropore sizes (500 and 10
pumy} for the regions with denser structures when mineralized with tricalcium phosphate.
Human osteoblasts from femoral bone tissue and human articular chondrocytes were
seeded on the scaffolds, and tissue distinct expression patterns were found on the
bilayered regions in case of the flexible subchondral and supportive bone region.

In a trilayered scaffold, a cartilage layer, a calcified transition layer and a bony layer
were generated upon the addition of nanohydroxyapatite and paraffin-spheres [144].
First, hydroxyapatite in silk solution with paraffin was cast and frozen. Then, on top of
the construct, the silk solution was applied and exposed to a cold cylinder using a
temperature gradient-guided thermal-induced phase separation technique. Afterleaching
of the paraffin spheres, alamellar structure in the chondral part, round cavities in the boeny
part, and an intermediate layer were formed (Figure 9). Adipose-derived stromal cells
were seeded on the scaffolds, and both sides had cell favorable structures with lamellae,
round pores or cavities. Upon induction of differentiation using respective chondral and
bone factors, glycosaminoglycans and collagen type II were found in oriented structures
indicating chondrogenic differentiation. In the same manner, bone-related matrix content
was found, such as calcium and collagen type [ in bone pore structures.
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Figure 9. (A) Illustration of a trilayer (e.g., chondral, interphase and bony layer) scaffold
preparation process using Bombyx mori silk. (B) Micro-CT (uCT) and scanning electron microscopy
(SEM) images of the individual layers in the scaffold: (i) uCT of the full construct, (ii) pCT of the
chondral layer (top), (iii) interphase, (iv) bony layer (bottom), and (v) SEM of a longitudinal
section of the full construct (red lines indicate interphases), (vi) of a longitudinal section of the
chondral layer (red arrows indicate orientation), (vii) of cross-sections of the chondral layer, (viii)
of cross-sections of the bony layer (red circle indicate a macropore and black arrows connections
between pores). (C) Confocal microscopy images of trilayer scaffolds of rabbit adipose-derived
stroma cells after 3 d in (i) longitudinal section and (ii) profile view with magnifications of (iii) the
chondral layer and (iv) the bony layer. Blue staining indicates cell nuclei (DAPI), green and red
staining cell membranes (DiO, Dil) confirming the interphase as an isolation layer. White solid
arrows indicate stained cell nuclei, white dashed arrows indicate unspecific staining, white stars
indicate the cell-free intermediate layer. SF = silk fibroin, nHA = hydroxyapatite nanoparticles.
Reprinted and adopted with permission from Ding, X.; et al. Integrated Trilayered Silk Fibroin
Scaffold for Osteochondral Differentiation of Adipose-Derived Stem Cells. ACS Appl. Mater.
Interfaces 2014, 6(19), 16696-16705. Copyright (2014) American Chemical Society.
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Having confirmed to be able to control differentiation towards the desired tissues
based on structural cues, these scaffolds were then applied for rabbit bone repair in the
knee, with and without pre-cell seeding [145]. Defect evaluation took place 4, 8 and 12
weeks after implantation. At all points of evaluation, surface roughness and integrity,
bone smoothness and genetic upregulation were higher when cells were already present
in the scaffold. However, neither bone strength nor quality was affected thereby.

Neighboring tissues towards bone such as tendon or cartilage can also exhibit
mineralized regions in a gradual manner. This gradual change in composition and
mechanical properties hinders crack propagation and allows a uniform transmission of
loads. Qian et al. [109] fabricated structures from collagen type I and silk fibroin with
increasingly aligned structures, generated using unidirectional freezing for application at
the tendon-to-bone interface. Aligned collagen structures with knitted silk fibers exhibited
the highest order. Implantation into rats showed that rather unoriented structures were
favored for bone repair, whereas aligned structures triggered tendon regeneration.
Therefore, the optimum structural combination still has to be found, as complex processes
are interacting at the joint between two tissues.

Bradner et al. [146] fabricated microfibers out of silk fibroin hydrogels with
additional functionalization using bovine serumalbumin and a bio-silica precursor
peptide. Biomineralization is required at the tendon-to-bone insertion to transmit loads
on mineralized fibrils. Silk at 5 wt.% and BSA at 0.2 wt.% resembled the natural ratic of
collagen-to-elastin in the tendon. Fibers were extruded and enzymatically crosslinked
using horseradish peroxidase, followed by thermal post-treatment. Fibers were braided
or twisted by hand. Fiber toughness was increased up to 1254 + 350 Jm? upon the
addition of BSA. An explanation for this behavior could be the presence of additional
sacrificial bonds, which break before the structure collapses. Pre-and post-strained silk-
BSA samples showed a hierarchy-enabling microstructural rearrangement.

6. Outlook

Major biomaterials in the current global orthopedic market are collagen,
hydroxyapatite, calcium phosphates, calcium sulfate and hyaluronic acids [147]. While
there are no silk-based products in the field of hard tissue engineering available up until
now, recent strategies have shown the eligibility of such materials for hard tissue
engineering. Tailor-made solutions for patients will enable persenalized medicine, and
therein individual requirements for defect solutions can be met. However, top-down
strategies rely on construct fabricaticn, and various complex prerequisites need to be
approached concerning the choice of material. Biodegradability is thereby of high
importance with respect to non-toxic metabolites and material break down along with
tissue regeneration. Hence, biomaterials such as silk-based ones are increasingly in the
focus of interest for tissue engineering approaches as they are biocompatible, non-toxic
and do not evoke a strong immune reaction by the recipient. Additionally, recombinant
silks can be genetically fine-tuned and produced biotechnologically in a large scale. The
processing of raw silk proteins into a wide range of morphologies such as particles, fibers,
foams and hydrogels allows the coverage of scaffold complexity on various hierarchical
levels. In hard tissue engineering, construct design relies to a high degree on the
fulfillment of biological and mechanical prerequisites, some of which are based on proper
mineralization. Biomimetic mineralization of silk scaffolds can be conveyed upon the
introduction of binding sites to accumulate ions from the surrounding media. To our
knowledge, currently no clinical studies containing silk-based materials are under way
for hard tissue engineering. The available tools to modify and process these materials, as
well as the presented promising research results, however, are key further developments.
For example, silk screws (B. mori) applied as orthopedic fixtures, already successful in
animal testing, show high potential for clinical trials [148,149]. Especially with the rise of
additive manufacturing techniques and the neced, as well as the possibility, for
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personalized scaffolds within hard tissue engineering, silk-based materials might soon
take the next step towards an application.
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ABSTRACT: The development of biomaterials for the interface
between tendon and bone is important for realizing functional tendon
replacements. Toward the development of new materials for such
applications, engineered recombinant spider silk proteins were modified
with peptide tag sequences derived from noncollagenous proteins in
bone, so-called SIBLING proteins, such as osteopontin and sialoprotein,
which are known to interact with collagen and to initiate mineralization.
Materials made of these spider silk—SIBLING hybrids were analyzed
concerning mineralization and interaction with cells. They showed
enhanced calcium phosphate formation upon incubation in mineraliza-
tion agents. In gradient films, MC3T3-El mouse preosteoblasts adhered

engineered spider silk

M"”’::‘:"

\

preferentially along the gradient toward the variant with a collagen binding motif.

KEYWORDS: recombinant spider silk, calcium phosphate, biomineralization, osteopontin, sialoprotein, gradient materials

1. INTRODUCTION

The tendon-to-bone interface is one example where a high
control over mineralization processes of (collagen-based)
biopolymeric materials is required, because in a steep gradient
toward the bone, hydroxyapatite mineralization, collagen fibril
disorientation, and Young’s modulus increase significantly."”
Initial nucleation of biogenic minerals and complex formation
with collagen fibrils is mediated by noncollagenous proteins in
bone, which exhibit the ability of mineralization together with
collagen binding to build a composite material with high
strength.® This tendon interface region is referred to as
enthesis, which hinders crack propagation while uniformly
transmitting high loads when muscles are contracted and pull
on the tendon.””* Once ruptured, tendons heal badly because
they are populated with only few cells or vasculature which
limits the ability to recover the tissue, and implants need to fit
the mechanical requirements of the native material.' In nature,
gradual integration of tendon into bone is controlled by
noncollagenous proteins, such as osteopontin and sialoprotein,
which were found to influence gradient mineralization and
collagen binding at the enthesis.®

Biomineralization, in general, is a process of mineral
formation by cellular metabolism yielding, for example, support
structures in vertebrates or protective outer shells in mussels or
diatoms.”” Besides the high percentage of inorganic material of
mainly carbonated hydroxyapatite platelets (dahllite, 60—70%
w/w) in mineralized human tissues,3 proteins serve as flexible
fillers but also provide anchoring points for tissue-specific cells
because of the exposure of recognition motifs.” Although
collagen type I fibrils are the main organic component with up

© 2020 American Chemical Society

A4 ACS Publications

to 90% w/w in human bone, they are not found to initiate
mineralization.” Noncollagenous proteins, which comprise the
remaining 10% w/w,” like the small integrin binding ligand N-
linked glycoprotein (SIBLING) family, exhibit on the one
hand peptide motifs which can bind to collagen fibrils while
others trigger mineralization in bone by exposing highly,
mainly negatively charged peptide sequences, rich in glutamic
and aspartic acid.” Besides complex glycosylation patterns,” the
charged sequence motifs were found to specifically attract ions
from the surrounding media such as blood or intestinal fluid,
initiating mineralization and yielding a composite matrix with
collagen.” During the process of new bone formation, after the
recruitment of preosteoblasts, SIBLING proteins were found
to be produced in highly concerted patterns switching
mineralization “on and off” to prevent putative pathogenic
overmineralization.'”'" Upon ongoing mineralization and
densifying the surrounding matrix, osteoblasts lose the easy
access to nutrients and oxygen and differentiate into osteocytes
only passively supplied by diffusion.’

Besides charge effects, the orientation of the SIBLING
proteins and their conformation, immobilized or in solution,
have been shown to influence crystal nucleation.” The
exposition of acidic motifs was found to play a crucial role
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therein, and their stereochemistry can alter the facing direction
of the crystal on the }ijotein template.”” To date, several short
mineralization motifs ~ derived from native proteins have been
examined in regard to their hydroxyapatite binding ability"* or
mineralization in calcium and phosphate containing solu-
tions."® Further, peptide sequences were identified via phage
display providing hydroxyaﬁpatite binding affinity and perform-
ing mineralization ability."*™"*

In some previous set-ups, silk derivatives were connected to
mineralization peptides."” *' An amphipathic protein compris-
ing the main sequence of Bombyx mori silk fibroin with an 8-
fold N-terminal repeat of glutamic acid was recombinantly
produced or alternatively via solid phase synthesis to study
calcium binding affinities.”’ Further, recombinant spider silk
proteins were designed based on the Nephila clavipes repetitive
dragline silk sequence and fused with hydroxyapatite binding
domains identified using phage display, at the C- and N-
terminus of the protein for in vitro bone formation."” Further, a
peptide motif from bone sialoprotein was fused with a hexamer
of the engineered Nephila clavipes sequence to investigate the
in vivo biocompatibility for bone regeneration applications in
mice.”® In other approaches, the influence of noncollagenous
protein analogues on collagen fibril and mineral interaction
was studied: Collagen mineralization was allowed at simulta-
neous collagen fibril assembly and calcium phosphate
precipitation from solution, yielding higher interaction
between the formed apatite-phase and collagen fibrils in the
presence of polyaspartate as noncollagenous analogue.”
Further, synthetic interaction supporters and mineralization
templates as substitutes for noncollagenous proteins were
found in brushlike polymers rich in carboxyl moieties, which
can similarly trigger intrafibrillar collagen calcium phosphate
mineralization.”

In one of our previous studies, composite films from
synthetic polymers and an engineered spider silk protein were
investigated regarding their biocompatibility and application
potential in bone tissue engineering upon calcium phosphate
biomineralization.”* Herein, we report the design of fusions of
engineered spider silk proteins with biomimetic mineralization
and collagen binding peptide sequences from native
osteopontin and sialoprotein SIBLING proteins. Films made
thereof were tested concerning mineralization and cell binding.

2. MATERIALS AND METHODS

2.1. Molecular Cloning and Protein Preparation. The
engineered spider silk protein eADF4({C16) is based on the consensus
gene sequence of the MaSp 2 dragline silk fibroin 4 of the European
garden spider Araneus diadematus. The consensus C-module (GSS-
AAAAAAAASGPGGYGPENQGPSGPGGYGPGGP) is repeated 16
times and N-terminally fused with a T7-tag for detection purposes.
After codon optimization of the desired amino acid tag sequences,
two single-stranded oligo-nucleotides were annealed in a PCR step.
DNA cloning cassettes with sticky ends were designed for genetic
modification of the eADF4(C16) gene using a seamless cloning
strategy as reported previously.” The oligo sequences were for the
osteo tag 5" AGG AGG ATC CAT GGG CGG GCT GCG TTC
AAA GTC GAA AAA GTT TCG TCG CCC TGA TAT TCA ATA
TCC AGA CGC CAC CGA TGA GGA CAT CAC AAG TCA TAT
GGG GTA ATG AAA GCT TAC TG 3'; for the sialoN tag $' AGG
AGG ATC CAT GGG CAT GGA TTC ATC GGA AGA GAA CGG
GAA TGG CGA CTC AAG TGA GGA AGA AGA AGA AGA AGA
AGA AAC ATC TGG GTA ATG AAA GCT TAC TG 3'; and for the
sialoC tag 5’ AGG AGG ATC CAT GGG CGA GGA TGA GTC
AGA CGA GGA AGA AGA AGA AGA AGA AGA AGA AGA AGG
GTA ATG AAA GCT TAC TG 3. The DNA sequences were
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confirmed by sequencing (eurofins genomics, Germany). The DNA
sequences encoded the following amino acids: osteo-tag
GLRSKSKKFRRPDIQYPDATDEDITSHM, sialoN-tag DSSEEN-
GNGDSSEEEEEEEETS, and sialoC-tag EDESDEEEEEEEEEE. Re-
combinant protein production using E. coli BL21Gold and purification
were carried out according to Huemmerich et al?®

2.2. Film Preparation and Biomineralization Methods. The
proteins eADF4(Cl6-0steo) (My = 51030 g:mol™'), eADF4(SN-
C16) (Myy = 50230 g-mol "), eADF4(SN-C16-osteo) (My, = 53 618
gmol ™), eADF4(C16-SC) (My = 49622 gmol™), and eADF4
(C16) (AMSilk, Germany, My, = 47 698 g-mol™") were dissolved in
1,1,1,3,3,3-hexafluoro-2-isopropanol {(HFIP) at a concentration of 10
mg/mL and cast in unmodified 48-wellplates (Thermo Fisher
Scientific, Germany, Nunc). Air-dried films had a weight of 0.7 mg/
cm®. Films referred to as “post-treated” were incubated in 100% v/v
MeOH for 1 h and air-dried for 24 h. To induce biomineralization,
the films were incubated in 500 gL of simulated body fluid (SBF),
which was prepared according to Kokubo ef ul.,zé for 4 days at 37 °C,
and SBF was stored in plastic containers up to 2 weeks after
preparation at 4 °C for further use according to the published
protocol. Alternatively, films were mineralized in S00 uL of
Dulbecco’s Modified Eagle Media (Biochrom, Germany) with
supplemented 10% v/v fetal calve serum (Biochrom, Germany), 1%
v/v GlutaMax (Invitrogen, United States), and 0.1% v/v gentamycin
sulfate (Sigma-Aldrich, Germany) at 5% CO,, 95% relative humidity,
and 37 °C in a cell culture incubator for 4 days (HERAcell 150i,
Thermo Scientific, Germany). Mineralized films were washed 3 times
with Milli-Q water and air-dried for 24 h before the respective
measurements.

2.3. Microscopy. Light microscopy images to monitor mineraliza-
tion progress and cell cultivation were recorded in media using a Leica
DM IL LED microscope {Leica, Germany) and were processed using
LAS 4.8 software (Leica, Germany). Fluorescently stained cell
samples were studied using a Leica DMI3000B fluorescence
microscope (Leica, Germany) and processed using LAS AF 2.7
software (Leica, Germany) and Image] (NIH, United States). The
film surfaces and chemical composition of the minerals were studied
after carbon sputtering (20 nm) using SEM-imaging with a ZEISS
Sigma 300 VP and Sigma 500 chamber equipped with an EDS
detector (EDAX Pegasus and Octane Super Detector, 60 mm? chip,
Zeiss, Germany) with an acceleration voltage of 7.5 kV to excite the
Ka shell.

2.4. ATR-FTIR. Attenuated total reflectance-Fourier transformation
infrared spectroscopy (ATR-FTIR) was used to confirm the protein
integrity as well as the identity of the formed minerals before and after
the biomineralization process. As a control, hydroxyapatite particles
(Sigma-Aldrich, Germany) were used. Spectra {(n = 3) were recorded
24 h after film preparation using a Bruker Tensor 27 (Ettlingen,
Germany) with a germanium crystal and a resolution of 2 cm ™, using
100 scans and an atmospheric compensation algorithm in OPUS 8.0
software (Bruker, Ettlingen, Germany) to correct water vapor and
carbon dioxide fluctuations during the measurement.

2.5. Contact Angle Measurements. Wetting behavior of film
surfaces was studied by water contact angle measurements using the
sessile drop method and Surftens (OEG, Germany) by dropping 2 yL
water on the surface and recording the water drop with the equipped
camera after settling for 10 s.

2.6. X-ray Diffraction. X-ray diffraction (XRD) diffractograms of
films were recorded using Bragg—Brentano-geometry on an Empyrean
diffractometer (Malvern PANalytical B.V., Netherlands) and Cu Ko
radiation from 20 to 80° 26. Diffractograms were used for peak
assignment in X'Pert HighScore Plus (Version 3.0, Malvern
PANalytical B.V., Netherlands) to identify mineral species. Mineral-
ized spider silk films could unfortunately not be removed from
polystyrene substrates for analysis. However, for three out of five
samples, diffractograms could be recorded with mineral signals. This
might be due to little mineral formed on the spider silk films or due to
the measurement mode in the a/b direction along film orientation.

2.7. Cell Culture Experiments: Cultivation, Quantification,
and Staining. As-cast and mineralized film surfaces were UV-treated

https://dx.doi.org/10.1021/acsbiomaterials.0c00818
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Figure 1. [llustration of recombinant spider silk variants with peptide tags (“sialoN”, N-terminal mineralization tag from sialoprotein; “sialoC”, C-
terminal mineralization tag from sialoprotein; “osteo”, C-terminal collagen binding tag from osteopontin) and light microscopy images of dry as-
cast recombinant spider silk films, after incubation in simulated body fluid (SBF) for 4 days at 37 °C, or after incubation in Dulbecco’s Modified
Eagle Media (DMEM) with supplements for 4 days at 37 °C/5% CO,/95% relative humidity; scale bars: 100 ym.

for 30 min to sterilize them prior to use in cell culture and washed
with 1X phosphate buffered saline (PBS). MC3T3 subclone El
mouse preosteoblasts (ATCC, CLL-163.2) were subsequently
cultured in Alpha Modified Eagle Media (Sigma-Aldrich, Germany)
with supplemented 10% v/v fetal calve serum (Biochrom, Germany),
1% v/v GlutaMax (Invitrogen, United States) and 0.1% v/v
gentamycin sulfate (Sigma-Aldrich, Germany) at $% CO,, 95%
relative humidity and 37 °C in a cell culture incubator (HERAcell
150i, Thermo Scientific, Germany). The adhesion test on film
surfaces was carried out at passage 18 of cultivation, confirming cell
viability with trypan blue (Sigma-Aldrich, U.K.) using an automatic
cell counter (TC20, Bio-Rad Laboratories Ltd., U.K.). As controls,
unmodified (Thermo Fisher Scientific, Germany, Nunc) and tissue-
culture-treated 48-wellplates (Thermo Fisher Scientific, Germany,
Nunclon) were used. On each test surface (n 3), 37500
preosteoblasts/cm* were seeded for 4 h. To quantify the adherent
cells, 10% v/v CellTiter-Blue reagent (Promega, Germany) in media
was incubated on washed samples for 2.5 h. The reaction of resazurin
to resofurin was detected using 100 xL of sample and a plate reader
(Mithras LB 940, Berthold Technologies, Germany) at 590 nm.
Significance was calculated using ANOVA statistic in Origin
(Northampton, Massachusetts, United States) in a Tukey test with
p < 0.05.

Preosteoblast cell culture tests were carried out at passage 22 with a
total of 50000 cells (5000 cells/cm*) on the gradient films. The
culture was maintained in the described growth media for 10 days,
then in differentiation media supplemented with additional 10.2 mM
ascorbate-2-phosphate and 10 mM f-glycerophosphate from day 11
to day 21. Controls for cell differentiation were obtained with a lower
initial cell density of 1000 cells/cm® on tissue-culture-treated 6-
wellplates (Thermo Fisher Scientific, Germany, Nunclon) to prevent
cell death at high confluence.

For staining and imaging, cells were fixed in 3.7% para-
formaldehyde for 30 min at ambient conditions. To increase
permeability of the cell membrane, samples were incubated at
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ambient conditions in 0.1% v/v Triton X-100 (Carl Roth, Germany)
in 1X PBS. Fluorescence staining of actin filaments was achieved upon
incubation in 100 nM Phalloidin-thodamine (Sigma-Aldrich,
Germany) for 60 min in the dark.

Alizarin red staining (Carl Roth, Germany) of calcium phosphate
species on cell culture samples was carried out on fixed samples with
2% w/v Alizarin Red powder in MQ-water for 30 s. Stained samples
were washed thoroughly.

2.8. Gradient Film Production. Gradient films were prepared by
defining flow rates in a sawtooth profile from 0.01 to 1 uL/s for
eADF4(C16-osteo) and 1 to 0.01 uL/s for eADF4(SN-C16) with a
step time of 2 s and a total time of S min per run. eADF4(C16-osteo)
and eADF4(SN-C16) were dissolved in 1,1,1,3,3,3-hexafluoro-2-
isopropanol at a concentration of 10 mg/mL. After applying the
protein solutions in 1 mL of gastight glass syringes (Hamilton, Reno,
NV, United States), the syringes were fixed in a neMESYS syringe
pump (Cetoni, Germany) and allowed to extrude the respective
volumes according to the gradient flow rates. Both protein solutions
were combined in an in-house built conical polyethylene tip mixing
unit before being applied on a Petri dish surface of 2 cm X § cm
(Thermo Fisher Scientific, Germany) delimited by a PDMS mold.
The conical mixing unit was an in-house built adapter from a
polyethylene tip where the two endings of the tubings were combined
in a small chamber and allowed for the mixing of both gradually
applied solutions before releasing the mixed solution dropwise onto
the substrate. Additional walls were applied in the Petri dish upon
casting and cutting PDMS into defined shapes to yield a reproducible
film size of 2 cm X S cm and comparable film thickness of 1 mg/cm?.
This mold was also used during cell culture experiments to guarantee
cells were located on the film and not on the surrounding dish surface.
The step motor of a Harvard syringe pump (Model 33, Harvard
Apparatus, United States) was used with a defined speed of 0.8 mL/
min to control the movement speed of the substrate, whereas the
solution application tip was stationary. The function of the second
syringe pump was to use the device’s step motor to allow a controlled

https://dx.doi.org/10.1021/acsbiomaterials.0c00818
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movement of the substrate fixed on top, while the application tip of
the conical mixer was stationary. This was the requirement for steady
and homogeneous application of the solutions onto the substrate
during gradient formation without manual manipulation. Therefore,
the second syringe pump was not further depicted and is only referred
to as “movable substrate” in Figure 6. The resulting film had an area
of 10 cm* with 1 mg/cm? protein in total and was air-dried for 24 h
before use.

3. RESULTS AND DISCUSSION

Our previously established cloning system™ allows the fusion
of spider silk genes with N- and C-terminal®’ tags. Here,
sequences encoding peptide motifs well-known from non-
collagenous SIBLING proteins, which can bind to collagen
fibrils and further mediate their mineralization toward a
composite bone material, were fused to that of the previously
established engineered spider silk protein eADF4(C16).""*"
The GLRSKSKKFRRPDIQYPDATDEDITSHM sequence of
the osteo-tag is the collagen binding domain (CBD) of human
osteopontin (amino acids 167—194") and has a slightly
positive net charge while displaying acidic and basic amino
acids on its surface. Further, two highly acidic motifs with
repetitive glutamic acid residues, generating a strong negative
net charge, sialoN-tag DSSEENGNGDSSEEEEEEEETS and
sialoC-tag EDESDEEEEEEEEEE peptides, were found to be
present N- and C-terminally in bone sialoprotein (amino acids
65—86 and 146—160°""%*) and were fused with eADF4(C16).
The osteo tag'® and sialo tag sequences® were previously
identified to nucleate hydroxyapatite formation.

3.1. Mineralization of Silk Fusion Films Is Independ-
ent of the Mineralization Agent. In a first experimental
setup, the mineralization behavior of films made of the five
different spider silk variants (Figure 1) was tested. Films were
cast out of HFIP (0.7 mg/cm®) and allowed to air-dry until
complete solvent evaporation. The films were first incubated in
simulated body fluid (SBF), an established model solution for
the evaluation of putative bone formation because of its ion
composition and concentration close to that of human blood
plasma.*® SBF was prepared as described by Kokubo et al,*®
and the metastable solution was stored as advised in a plastic
container at 4 °C to prevent premature mineral formation on
the container walls.'" Incubation of silk films in SBF at 37 °C
showed an increase in surface roughness and opaqueness for
distinct variants (Figure 1).

Similar results were observed when films were incubated in
cell culture supplemented Dulbecco’s Modified Eagle Media
(DMEM) (Figure 1), as the ion concentration and
composition was similar to that of SBF. When immersed in
media, the films were incubated at elevated relative humidity of
95%, 5% CO, and 37 °C to evaluate the mineralization
behavior at cell culture conditions and to maintain a stable pH
for mineralization purposes. The spider silk variants compris-
ing the C-terminal positively charged tag (eADF4(C16-osteo)
and eADF4(SN-C16-osteo)) as well as the variant with the C-
terminal negatively charged tag (eADF4(C16-SC)) showed a
higher apparent mineralization tendency compared to that of
the unmodified eADF4(C16) or the variant comprising the N-
terminal negatively charged tag (eADF4(SN-C16)). A C-
terminal position of the tag, regardless of its charge, seemed to
be preferred regarding mineralization, which might be a result
of an improved tag availability on the film surface.
Interestingly, all four new variants were stable without post-
treatment under the chosen conditions in mineralization
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solutions (see below). Post-treatment of films in MeOH for
1 h did passivate the surface and the visible mineralization
declined (Figure S1).

3.2. Characterization of the Mineralized Film Surface.
To identify the formed minerals on the films, ATR-FTIR
spectra were recorded of washed and dried films. The spectrum
of eADF4(C16) (Figure 2A—C, left panel, black) was
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Figure 2. Mean ATR-FTIR spectra of as-cast films (A) of spider silk
variants, after incubation in simulated body fluid (SBF) for 4 days
(B), after incubation in Dulbecco’s Modified Eagle Media (DMEM)
with supplements for 4 days (C) and hydroxyapatite particles as
control (B and C, red). The spectrum of eADF4(C16) (A—C, left
panels, black) was subtracted from the variants’ spectra to show
variations in peak intensities (right panel, difference spectra):
eADF4(Cl6-osteo) orange, eADF4(C16-SC) violet, eADF4(SN-
C16) blue, eADF4(SN-C16-osteo) green (A—C).

subtracted from the spectra of the variants, displaying
differences in peaks heights. For better identification,
hydroxyapatite particles were used as an internal reference
(Figure 2B,C, left panel, red). For as-cast films, no significant
differences in protein spectra were visible (Figure 2A, right
panel). After incubation in SBF, protein films remained highly
intact, as seen by preserved amide I and II bands (1790-1520
cm™"). However, slight shifts were identified for the variants,
indicative of f-sheet formation.”* The eADF4(C16) films
showed lower amide peaks (Figure 2B, right panel). This
indicated a dissolution of the eADF4(C16) film, which is in
accordance with previous studies showing its water solubility
when not post-treated.”® Further, distinct vibrations of
hydroxyapatite-like phosphate could be detected for all films

https://dx.doi.org/10.1021/acsbiomaterials.0c00818
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Table 1. Water Contact Angle Measurements for Post-Treated Films and for Mineralized Films (Washed and Dried) in
Simulated Body Fluid (SBF) and in Dublecco’s Modified Eagle Media (DMEM) after 4 Days”
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recombinant spider silk eADF4(C16)  eADF4(SN-C16) eADF4(C16-SC) eADF4(C16-osteo) eADF4(SN-C16-osteo)
variant [deg] + STD [deg] + STD [deg] + STD [deg] + STD [deg] + STD
N-terminal C-terminal C-terminal collagen N-terminal mineralization and C-terminal
tag no tag mineralization mineralization binding collagen binding

in SBF 52 +8 8+2 11+3 16 +3 48 + 5

in DMEM 46 + 13 32+ 8 42 +2 L3 R 46 + 11

post-treated 34 +5 32+4 28+ S 35+5 39+1

post-treated, in SBF 435 32+2 30+1 34 +3 31+7

post-treated, in DMEM 54 +4 46 + 6 46+ 5 S0+6 43+6

“STD, standard deviation.

[ as-cast eADF4(C16)
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Figure 3. SEM imaging of (A) as-cast eADF4(C16) film surface without further incubation and (B—F) film surfaces of spider silk variants after

incubation in simulated body fluid for 4 days.

at wavenumbers 1089, 1032, and 962 cm™,*® which were not
present in as-cast, dried films. When comparing all films
incubated in DMEM after 4 days, noisier spectra were achieved
(Figure 2C, right panel). This result likely indicated a
simultaneous precipitation of minerals and proteins from the
complex supplemented cell culture media.

eADF4(C16) spectra showed decreased amide bands
compared to that of the variants. Upon post-treatment of the
films (Figure S2) mineralization was largely diminished and
could be seen only on the eADF4(SN-C16-osteo) film surface.
Post-treatment might influence not only the secondary
structure of the underlying spider silk proteins but also lead
to a different mineralization behavior on the films surfaces.

As-cast films were stable during the mineralization process at
equilibrium conditions because of simultaneously occurring
post-treatment but dissolved in pure water as expected.
Accordingly, data for water contact angle measurements of
as-cast films could not be depicted. After treatment with SBF,
films showed a hydrophilic behavior with low water contact
angles when minerals were deposited.”” This behavior was
different upon incubation in DMEM for both as-cast and post-
treated films, as adsorption of proteins from the cell culture
media on the film surfaces influenced the contact angles™
(Table 1). Although the surface charge of the films might have
influenced the water contact angle, a shielding effect has to be
taken into account based on deposited media components on
the film surfaces. Post-treatment of films yielded water contact
angles of 28°—39°, which was in good agreement with
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previously recorded results of post-treated recombinant spider
silk films on polystyrene surfaces.”® The observed slight
increase in water contact angles after treatment in SFB and
more pronounced increase after DMEM incubation could be
an indication for starting mineral deposition but also for
protein adsorption, covering the surface.’

Noncollagenous proteins in bone are known to carry acidic
residues, mainly glutamic and aspartic acid. These proteins are
assumed to show disordered structures in solution but form
intermolecular assemblies during absorption on a surface.
SIBLING proteins were identified to form Ca*" salt bridges at
the protein—mineral interface.” Reducing the electrostatic
repulsion of the side chains initiated p-sheet formation.’
Similar processes were previously observed for other acidic
synthetic proteins.” When immobilized on a surface, acidic side
chains tend to arrange periodically and thereby generate
mineralization patterns by templating crystal nucleation and
growth.” Although eADF4(C16) is carrying a negative net
charge, mineralization patterns were not observed. Upon
functionalization with highly charged C-terminal mineraliza-
tion tags, periodic patterns of crystal formation could be seen
using SEM imaging, similar to the reported ones in the
literature (Figure 3). The availability of C-terminal tags on the
films’ surface arranged the crystals in patterns, because charge
density attracted ions from the mineralization agents. Variants
with negatively charged C-terminal tags created highly similar
patterns, while eADF4(Cl16-osteo) films with a positively
charged tag showed a slightly different pattern (Figure 3).

https://dx.doi.org/10.1021/acsbiomaterials.0c00818
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Figure 4. SEM-EDX imaging of mineralized film surfaces and element analysis of (A) eADF4(C16), (B) eADF4(SN-C16), (C) eADF4(C16-SC),
(D) eADF4(C16-osteo), and (E) eADF4(SN-C16-osteo) surfaces after 4 days in simulated body fluid.

SEM-EDX analysis revealed Ca and P within the crystals,
next to precipitated NaCl from SBF (Figure 4). However, as 4
days of mineralization did not lead to a full mineral coverage of
the films, mineralized patterns and nonmineralized areas were
still visible. The weak Ca/P-signal obtained on film surfaces
was in contrast to phosphate vibrations using ATR-FTIR,
which might result from a larger film area covered by the ATR-
FTIR spectra.

Diffractograms for mineral peaks assignment using XRD
could not be recorded for all mineralized spider silk films
because of preparation issues, but for eADF4(C16-osteo),
eADF4(SN-C16), and eADF4(SN-C16-osteo), diffractograms
were achieved (Figure S3). Predominantly calcium pyrophos-
phate (Ca,O,P,) and calcium oxide (CaO) species were
indicated. The formation of hydroxyapatite was not confirmed.
Calcium phosphate and calcium carbonate was previously
found in biomineralized composite films from synthetic
polymers and eADF4(C16) using two set-ups to trigger
specific mineral deposition. Calcite crystals were previously
localized in spots on eADF4(C16) films, whereas calcium
phosphate covered the entire film surface.” In contrast, here,
more complex mineralization agents were used and more
possible mineral phases could be expected to deposit from
solution.

3.3. Performance of Spider Silk Fusion Films in Cell
Adhesion. In a second experimental setup, we tested films of
all spider silk-fusion variants regarding cell adhesion. On the
one hand, films were used as-cast after drying, and on the other
hand, followed by incubation in SBF for 4 days, which is
termed “mineralized” films (Figure 5). Upon incubation of
cells in their respective media on as-cast film surfaces, similar
mineralization and protein adsorption effects from the media
can be expected as described above for mineralization
experiments in parallel to cell adhesion. Films were rendered
stable and were compared concerning cell adhesion upon
incubation with MC3T3 subclone E1 mouse preosteoblasts.
eADF4(C16) films, tissue-culture-treated and nontreated
plates served as control. As it is recommended to cultivate
low cell numbers for the preosteoblast cell line to prevent cell
death by confluence, 37 500 cells/ cm” were seeded on the film
surfaces. After 4 h, Cell Titer Blue Assay was performed to
quantify the metabolism of the adherent cells. The
quantification was normalized to tissue-culture-treated plates
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as 100%. For as-cast mineralized surfaces, the same trend for all
variants could be observed (Figure SB). In general, calcium
phosphate deposition on surfaces was found to enhance
osteoblast adhesion, proliferation, and differentiation,' >4~
The incubation in SBF for 4 days did not seem to influence cell
adhesion properties, as by then only low amounts of mineral
species were deposited in this early phase of mineralization."’
However, ongoing mineralization can be expected to enhance
cell adhesion on mineralized spider silk surfaces. All film
samples showed less cell adhesion than the negative control
(nontreated plate) and significant differences to the positive
control (tissue-culture-treated plate). This behavior has already
been shown for eADF4(C16) surfaces with low cell
adhesion.””**

Further, a typical MC3T3 morphology was only found on
tissue-culture-treated plates (Figure SA). For the other film
samples and nontreated plates, fewer cells were observed in
accordance with the quantified adhesion as well as fewer focal
adhesions.

3.4. Generation and Evaluation of Silk-Fusion
Gradient Films. Since MC3T3 cells were previously found
to form mineralized matrices on their own upon incubation in
differentiation media in long-term cell culture studies,"** self-
mineralization behavior and gradual cell adhesion were finally
studied at those conditions. Biomimetic mineralization in
conjunction with controllable cell adhesion are important
design criteria for a functional osteoconductive material, for
example, at the tendon-to-bone interface. The natural enthesis
is marked by a gradual increase in collagen fibril disorientation
and increase in the amount of hydroxyapatite minerals and
preosteoblast population.”**’

Therefore, we produced gradient spider silk films with one
end made of eADF4(C16-osteo) and the other of eADF4(SN-
C16). The gradient films were realized by using a syringe
pump system, which allowed us to continuously change the
flow rates of both spider silk fusion proteins (Figure 6A)."*
Films were not post-treated or pre-mineralized to evaluate
mineralization induced by MC3T3 preosteoblast cells.
Preosteoblast cell adhesion showed no significant differences
for films of the variants after 4 h (Figure 5). However, slightly
different mineralization patterns were detected (Figure 3).
Upon providing the two chosen tags in the gradient, it was

https://dx.doi.org/10.1021/acsbiomaterials.0c00818
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Figure S. (A) Fluorescence microscopy images of MC3T3 mouse preosteoblast cells incubated on as-cast and mineralized films of eADF4(C16),
eADF4(SN-C16), eADF4(C16-SC), eADF4(Cl6-osteo), and eADF4(SN-C16-osteo) after 4 h of cultivation; tissue-culture-treated and nontreated
culture polystyrene (PS) plates served as control; Phalloidin/rhodamine staining of F-actin (red); scale bars 150 gm. (B) Normalized cell adhesion
of MC3T3 mouse preosteoblasts on as-cast films and films from spider silk variants after incubation in simulated body fluid for 4 days using cell
titer blue assay. Adhesion to tissue-culture-treated polystyrene (PS) plates was set to 100%.

assumed that gradient effects might occur rather in long-term
incubations.

On as-cast film surfaces, a total of 50 000 (5000 cells/cm?)
MC3T3 preosteoblasts were seeded and cultured for 10 days,
followed by 11 days of cultivation in differentiation media,
supplemented with 10.2 mM ascorbate-2-phosphate and 10
mM f-glycerophosphate. This cell density was chosen to allow
cell proliferation gradually toward the side of the preferred
fusion protein. Interestingly, throughout the entire cultivation
period, a cell number gradient toward the mineralization
variant eADF4(C16-osteo) was maintained. The DAPI-
staining of the cell nuclei confirmed a persistent gradual cell
adhesion after 21 days (Figure 6B).

In former studies, MC3T3 mouse preosteoblasts were found
to form a mineralized matrix in the presence of ascorbic acid
and inorganic phosphate components.'>"® Control experi-
ments in tissue-culture-treated 6-wellplates confirmed the
MC3T3 preosteoblasts™ ability to differentiate and deposit a
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mineralized matrix when highly confluent (day 10)
differentiation media for 11 days (Figure S4B). However, a
specific Alizarin Red staining of the gradient film on day 21 did
not show any significant organic crystal formation upon cell
deposition on the construct, which might be a result of too low
cell densities, although initial cell densities were higher than for
the control. Further, upon addition of ascorbic acid to the
differentiation media, crystal deposition from the media is
unlikely for apatite species because of the acidic pH. Still, there
is a clear effect of the gradient on preosteoblast adhesion and
proliferation (Figure S4A). The deposition of a collagen
containing extracellular matrix and macromolecular crowding
of the media with synthetic or natural polymers previously led
to the creation of functional microenvironments for mesen-
chymal stem cells."” Similarly, collagen deposited on the
gradient film by preosteoblasts might interact with the collagen
binding peptide tag and support long-term cell adhesion
toward this side of the gradient in a microenvironment.

https://dx.doi.org/10.1021/acsbiomaterials.0c00818
ACS Biomater. Sci. Eng. 2020, 6, 55995608
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Figure 6. (A) Schematic illustration of gradient film preparation using a syringe pump system. (B) Fluorescence microscopy images of five equally
distanced locations on a 100% eADF4(C16-osteo) to 100% eADF4(SN-C16) gradient film after 21 days of MC3T3 cell culture. DAPI-stained cell

nuclei are depicted in white; scale bars: 250 gm.

4. CONCLUSION

Osteoconductive spider silk fusion proteins were designed with
different mineralization and collagen binding tags inspired by
peptide motifs from SIBLING proteins. The variants were
found to distinctly induce mineralization in two different
media. The film surfaces displayed Ca/P mineral species and
pattern formation after mineralization together with changes in
surface wetting behavior. In a time-dependent study, a
preosteoblast cell gradient was achieved and maintained for
21 days toward the spider silk variant with the collagen binding
tag, indicating a favorable substrate for the cells by possible
binding of the secreted collagen. This work provides evidence
that such gradient materials could be used to generate
materials to support tendon-to-bone connections in the future.
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S1: Light microscopy of mineralization.
S2: ATR-FTIR.
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S4: Light microscopy of cell adhesion on gradient films.
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Post-treated films dry day 4, SBF  day 4, DMEM

recombinant spider silk
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+ N-terminal mineralization tag
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+ C-terminal collagen binding tag
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S1: Illustration of recombinant spider silk variants with peptide tags (“sialoN” = N-terminal
mineralization tag from sialoprotein; “sialoC” = C-terminal mineralization tag from
sialoprotein, “osteo” = C-terminal collagen binding tag from osteopontin) and light microscopy
images of dry recombinant spider silk films post-treated in MeOH followed by incubation in
Simulated Body Fluid (SBF) for 4 d at 37 °C, or after incubation in Dulbecco’s Modified Eagle
Media (DMEM) with supplements for 4 d at 37 °C / 5 % CO, / 95 % relative humidity; scale

bars: 100 pm.
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S2: Mean ATR-FTIR spectra of eADF4(C16), eADF4(SN-C16), eADF4(C16-SC),

eADF4(C16-osteo) post-treated films (red), followed by incubation in Simulated Body Fluid

(SBF, yellow) for 4 d, or followed by incubation in Dulbecco’s Modified eagle Media (DMEM)

with supplements (blue) for 4 d. Spectra of hydroxyapatite particles are implemented as internal

control (green).
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§3: XRD diffractograms for mineralized spider silk variants in SBF for 4 d at 37 °C, in dry

state after washing.
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eADF4(C16-osteo) eADF4(SN-C16)

S4: (A) Light microscopy images of five equally distanced locations of a 100 % eADF4(C16-
osteo) to 100 % eADF4(SN-C16) gradient as-cast film in dry state, and after 3,7, 10 and 17 d
of cultivation of MC3T3 osteoblasts on top; scale bars: 100 um. (B) Light microscopy images
of Alizarin red stained MC3T3 cells grown on tissue-culture-treated plates after 21 d of culture

as control, arrows indicate the presence of stained minerals.
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7.4 Teilarbeit IV

Teilarbeit IV wurde 2021 unter dem Titel ,, Flow Simulation and Gradient
Printing of Fluorapatite loaded Recombinant Spider Silk Hydrogels*

vorbereitet.

Neubauer, V. J.; Huter, F.; Wittmann, J.; Trossmann, V. T.; Kleinschrodt, C.;
Alber-Laukant, B.; Rieg, F.; Scheibel, T. (2021) Flow Simulation and Gradient
Printing of Fluorapatite loaded Recombinant Spider Silk Hydrogels.
Manuskript in der Vorbereitung
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Flow Simulation and Gradient Printing of Fluorapatite and Cell
loaded Recombinant Spider Silk Hydrogels

Vanessa J. Neubauer!, Florian Hiter?, Johannes Wittmann?, Vanessa T. Trossmann?,

1 Lehrstuhl Biomaterialien, Fakultat fur Ingenieurwissenschaften, Universitidt Bayreuth,
Prof.-Rudiger-Bormann-Stralie 1, 95447 Bayreuth, Germany.
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Abstract

Hierarchical structures are elemental in almost all tissues of the human body. Therefore, it
is essential for tissue engineering approaches to mimic hierarchical structures to gain
function of the new tissue. Here, the focus was on the so-called enthesis which is a gradient
structure located between tendon and bone, bridging the mechanical properties to allow the
perfect force transmission from the muscle to the skeleton. A numerical approach was used
to simulate gradient formation by computational flow as prerequisite for real printing of such
gradients followed by 3D printing of hydrogels. Composites of spider silk hydrogels with
fluorapatite rods were used to generate mineralized gradients in a dispense plotting set-up.
Further, BALB/3T3 fibroblasts were encapsulated in spider silk-fluorapatite hydrogels and
gradually printed against the pure spider silk hydrogel. Thereby, adjustable gradient features
were achieved, useful for tissue engineering at the tendon/bone interface.

Keywords: Gradient 3D Printing, Computational Fluid Dynamics, Spider Silk Hydrogels,
Apatite Particles, Single Cartridge Set-up
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1. Introduction

The hierarchical organization of tissues is essentially contributing to their function[1] on
both a structural/morphological and a functional level. Gradient materials often bridge two
materials with different mechanical properties to gain smooth transitions and therefore to
prevent material failure at their interface.[2] This concept can be found for example at the
tendon-bone-insertion, the so-called enthesis, with material gradients and resulting gradually
changing mechanical properties.[3] Previously, biomechanics were investigated to
determine threshold parameters for material design[4], and biomimetic gradient materials
were generated for tendon-bone-interface reconstruction using a gradual calcium phosphate
coating on electrospun nanofiber meshes.[5, 6] Another approach was focussing on the
mechanical requirements of heterogeneously composed materials with changes in local
stiffness.[7]

A different approach for gradient design is 3D printing, a versatile tool to generate
predefined complex hierarchical structures. The simultaneous printing of two or more
materials has so far been realized using co-printing approaches from separate cartridges
resulting in multilayer constructs[8-11] or concentration patterns[12, 13] or from combined
cartridges with a mixing unit[14] to generate scaffolds usable in tissue engineering
approaches.[15, 16] The scaffolds have to be biocompatible, biodegradable and should show
no toxicity or immune reaction.[17]

To adopt the properties of tissue scaffolds, filler materials can be implemented in soft
hydrogel carriers to yield hard tissue engineering materials with increasing mechanical
properties, and further providing cell binding motives or chemical cues.[18-20] An
interesting type of fillers for hard tissue engineering are fluorapatite particles. Fluoride is
known as an essential trace element typically found in enamel and interconnected with dental
applications.[21, 22] However, fluoride is also required for bone formation from blood
plasma and can induce mineralization processes in collagen or gelatine composites.[23, 24]
Fluorapatite (FAp, Cas(POs)3F) can be produced using precipitation methods[22], or using
ultrasonication.[25, 26] FAp has already been used for osteoporosis treatment[21] and bone
tissue engineering[27] or as bioactive particles in composite scaffolds[28].

In this study, a combined numerical and experimental approach was used to generate 3D
gradient constructs using dispense plotting out of one printer cartridge filled with two
different materials. Computational fluid dynamics allowed the prediction of gradient
formation using the U-profile of a laminar material flow in a commercial printer cartridge
filled with an AB material block system. The findings were transferred to an experimental
approach using hydrogels made of the recombinant spider silk protein eADF4(C16).
Recombinant spider silk proteins[29] have been previously established concerning hydrogel
formation[30], for 3D printing of cell loaded constructs[31] or material blends with
gelatine[32]. Dispense plotted gradients were obtained using spider silk-fluorapatite
composites, and in addition BALB/3T3 fibroblasts were encapsulated confirming the
possibility to generate particle and cell loaded gradient hydrogels in one set-up with
controllable properties, which is useful for biofabrication of soft-hard tissue interfaces.
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2. Materials and Methods

2.1 Computational Flow Simulation

ANSYS Versionl5 CFX was used to numerically simulate gradient formation, which
follows the Finite Volume Method as discretization technique.[33] Due to symmetry, the
printer cartridge was simplified to a quarter model as depicted in Figure Sl 1a. Only the fluid
domain was modelled within the simulation set-up, where the inner wall of the real cartridge
was mimicked by the outer contour of the fluid domain. The piston crown was approximated
by a planar wall, as the distance to the outlet was large enough to negelct the influence of
the real piston geometry. In addition, extrusion adapters, such as cannulas or cones were not
taken into account to simplfy the model. The two phases have been designed as two separate
blocks, referred to as AB block system, with a flat contact interface in between. The ratio of
the lengths of blocks A and B was 1:2. Both liquids A and B were modelled as homogenous
non-Newtonian fluids. The power law according to Ostwald de Waele[34] was used for
simulating the shear thinning properties of the recombinant spider silk eADF4(C16)
hydrogel:

T=ky"

where 7 [Pa] denotes the shear stress and y [s~1] the shear rate. The flow consistency
index was set to k = 148.89 Pa * s™ with a flow behaviour index of n = 0.2025. The
material parameters were fitted from measured rheological data withinarangeofy = 0.1 —
10s7 1,

The boundary conditions were defined as depicted in Figure Sl 1b. Slip boundary
conditions were applied to the outer boundaries of the cartridge, whereas free slip behaviour
was defined for the fluid interface of the domains and at symmetry planes of the quarter
model.

During the printing process, the piston crown moved towards the outlet activating fluid
flow motion. A displacement boundary condition was applied, causing the piston crown wall
to move at a speed of v = 5 mm/s. Since domain B was compressed during the printing
process, a mesh motion condition was defined for domain B. The transient flow simulation
was performed using a second order backward Euler solution algorithm[35] with a time step
size of At = 0.1s.

2.2 3D Dispense Plotting

A regenHU 3D Discovery Genl (Switzerland) bioplotter was used for dispense plotting,
equipped with cartridges size 3cc and according conical pistons. Luer lock conical needles
were adapted to the cartridges with an inner diameter of 14 G, 16 G and 20 G. The different
materials were filled in the cartridges manually using block volumes of 0.5-1 mL.
Polystyrene Petri dishes were used as substrate (diameter 8 cm, Sarstedt, Germany). A round
shaped monolayer construct was designed, and the according G-code was generated using
the regenHU BioCAD V1.1 printer software. The applied pressure was set to 0.1 bar for all
hydrogels. The printing speed was pre-set to 20 mm/s.

2.3 Recombinant Spider Silk Protein Production, Protein Labelling and Hydrogel
Preparation

The amino acid sequence of eADF4(C16) is based on the consensus sequence of the
repetitive core domain of the dragline silk fibroin 4 of the European garden spider Araneus
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diadematus, the so-called C-module sequence (GSSAAAAAAAASGPGG
YGPENQGPSGPGGYGPGGP). The C-module is repeated 16 times to yield eADF4(C16).
In eADF4(x16), all glutamic acid residues are replaced by lysine ones. Recombinant spider
silk proteins were produced and purified as previously described.[36, 37] Hydrogels formed
after protein dialysis and concentration adjustment by water removal using dialysis against
PEG (Carl Roth, Germany).[30] Covalent coupling of NHS-fluorescein (Thermo Scientific,
Germany) to the amino-terminus of eADF4(C16) was conducted as reported previously[30]
with a 10-fold molar excess of dye.

2.4 Fluorescence Analysis and Fluorescence Spectroscopy

Fluorescence images of printed gradient recombinant spider silk hydrogels with and
without fluorescent labelling were recorded at CY2 mode (Ex 480/Em 530 nm, exposure
0.05) using an Ettan DIGE imager (GE Healthcare, Sweden).

Fluorescence spectra (n1 = 3 samples per spot on scaffold; n2 = 3 scaffolds) were recorded
using a fluorescence spectrometer FP-6300 (JASCO, Germany) and an excitation
wavelength of 488 nm at 20 °C. 3 uL of hydrogel samples were taken at equal distances (3
cm) from the printed strands and resuspended in 0.25 mL 10 mM Tris buffer, pH 7.5 before
each measurement.

2.5 Fluorapatite Particle Synthesis

14.6 g CaCl (Carl Roth, Germany), 14.3 g Na2HPO4 (Carl Roth, Germany) and 0.8 g NaF
(Carl Roth, Germany) were mixed in dry state, and 40 mL of MilliQ water were added
shortly before ultrasonication[38] for 5 min at an energy intake of 18 kJ using a Sonoplus
Ultrasonic Homogenizer (Bandelin, Germany) and a KE76 probe. Particles were washed
with MilliQ water and air dried at 50 °C over night.

FAp particles were coated in aqueous solution using eADF4(kx16) dissolved in 6 M
guanidinium thiocyanate and dialysed against 10 mM Tris buffer, pH 7.5 for 16 h. The
coating was performed using 10 mg particles in 1 mg/ml protein solution for 4 h, followed
by centrifugation at 13 000 rpm for 10 min and washing in MilliQ water.

2.6 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectra (n=3) of
particle species were recorded in dry state, using a germanium crystal mounted on a Bruker
Tensor 27 (Ettlingen, Germany) at a resolution of 2 cm™ using 100 scans. An atmospheric
compensation algorithm was performed using in OPUS 8.0 software to correct water vapour
and carbon dioxide fluctuations during the measurement.

2.7 Microscopy

Fluorapatite particles were studied by SEM-imaging after carbon sputtering (20 nm) using
a ZEISS Sigma 300 VP and Sigma 500 chamber equipped with an EDS detector (EDAX
Pegasus and Octane Super Detector, 60 mm? chip, Zeiss, Germany) at an acceleration
voltage of 7.5 kV to excite the Ka shell. For SEM imaging of particle-loaded hydrogels,
samples were freeze-dried to maintain pore structures before platinum sputtering (2 nm).
Images were recorded using a Thermo Scientific (FEI) Apreo VS with a Field Emission Gun
at 2 kV and a SE2-detector.
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For transmission electron microscopy (TEM) images of fluorapatite particles and
hydrogels with FAp particles, samples were immobilized on Pioloform-coated 100-mesh
copper grids (Plano GmbH, Germany) and stained with Uranyl acetate. JEM-2100 TEM
(JEOL, Japan) was operated at 80 kV, and images were taken using a 4 000 x 4 000 charge-
coupled device camera (UltraScan 4000, Gatan, USA) and Gatan Digital Micrograph
software (version 1.83.842). Particle size was determined from 10 individual particles using
ImageJ software (NHI, USA).

Light microscopy images of cells and hydrogels were recorded in wet state using a Leica
DM IL LED microscope (Leica, Germany) and processed using LAS 4.8 software (Leica,
Germany).

Confocal laser scanning microscopy was carried out in wet state using a Leica CLSM TCS
SP8 (Leica, Germany) and LAS software, and images were processed using ImageJ (NHI,
USA).

2.8 Rheology

Rheological data were recorded as triplicate using a Discovery Hybrid Rheometer 3 (TA,
USA) with a plate-plate geometry (diameter 25 mm) and a sample volume of 500 uL (n =
3) and a gap size of 500 um at 25 °C. A wet sponge adapter around the geometry served to
prevent the premature drying of the hydrogels. Frequency sweep experiments were recorded
at angular frequencies between 0.1-100 rad/s and 100-0.1 rad/s for recovery at 50 % strain.
Amplitude sweeps were recorded at 31.4 rad/s and a strain of 0.1-1 000 %.

2.9 Dynamic Light Scattering

Dynamic light scattering (DLS) was measured using a Litesizer™ 500 (Anton Paar,
Austria). Diluted particle samples were recorded in 10 mM Tris buffer, pH 7.5 in omega
cuvettes at 25 °C. Mean values of zeta potentials were automatically calculated from internal
spectra using the Kalliope software and the Smoluchowski model[39].

2.10 Cell culture

Cytotoxicity was analyzed according to DIN EN 1SO 10993-5 using BALB/3T3 mouse
fibroblasts. BALB/3T3 mouse fibroblasts (ATCC, ACC210) were subsequently cultured in
Dulbecco’s Modified Eagle Media (Biochrom, Germany) with supplemented 10 % v/v fetal
calve serum (Bio&Sell, Germany), 1 % v/v GlutaMax (Invitrogen, USA) and 0.1 % v/v
gentamycin sulphate (Sigma-Aldrich, Germany) at 37 °C, 5 % CO2 and 95 % relative
humidity in a cell culture incubator (Thermo Scientific, Germany, HERAcell 150i). Sub-
confluent cultures were seeded at 25 000 cells/cm? on treated tissue culture plates (TCP,
Thermo Fisher Scientific, Germany, Nunclon) 24 h prior to the test (passage 9). Particles,
high density polyethylene and organotin-stabilized polyurethane were UV treated for 30 min
prior to use (n = 3). For extraction, 10 mg of fluorapatite or eADF4(k16)-coated fluorapatite
particles were incubated in 1 mL cell culture media for 24 h at 37 °C. For direct tests,
between 10-80 % of the test area were covered with the particles. To quantify cell viability,
10 % v/v CellTiter-Blue reagent (Promega, Germany) were incubated on washed cells for
2.5 h. 100 pL of the sample were analysed concerning resazurin to resofurin transformation
at 590 nm using a plate reader (Mithras LB 940, BertholdTechnologies, Germany).
Significance was calculated using ANOVA statistic in Origin (Northampton, Massachusetts,
USA) in a Tukey test with p<0.05.
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For gradient printing of cells, 10° cells/mL were seeded (at passage 10) with 15 % cell
culture media in 3 % w/v spider silk pre-gel solutions complemented with 1 % wiv
eADF4(k16)-coated FAp particles and gelled at 37 °C. Cell viability was confirmed using
trypan blue (Sigma-Aldrich, UK) and an automatic cell counter (TC20, Bio-Rad). Cells were
live-dead stained with calcein acetoxymethylester (calcein AM) and ethidium homodimer |
(Invitrogen, Thermo Fisher Scientific, Germany) for 45 min before imaging.

3. Results and Discussion

Dispense plotting depends on parameters such as extrusion velocity, printing speed, strand
thickness by nozzle diameter, but also rheological properties of the used materials. There are
different types of dispense plotting, and here the focus was on pneumatic extrusion printing
of hydrogels. A new set-up was established to process two separate materials out of one
printer cartridge. The aim was to generate scaffolds with gradient properties without strand
breakup.

Flow Simulation of Gradient Material Generation during 3D Printing

When two materials are present in one printer cartridge, a backmixing effect can be seen
both in flow simulations and in printing experiments. This effect was related to the U-profile
of a laminar material flow creating a velocity gradient. With the exemplary extrusion
velocity of 5 mm/s, a backmixing of two materials could be shown in a cartridge model,
creating a gradient profile in the extruded strand. The concentration curve for both fluids at
the cartridge outlet is shown in Figure 1 (additional Movie SI 1). When running the
simulation with no slip conditions assumed at the cartridge walls, a core-shell effect of both
materials was found in addition to mixing as reported earlier[40]. Furthermore, the residual
material A at the cartridge walls was extruded after the piston came into contact with the
piston crown.

(a) Outlet concentration of Fluid A and B (b) Cartridge clip plane concentration profile
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3 ~Fluid B
c
8 25%
0% +
0 1 2 Time/s
(c) Outlet concentration of Fluid A 0 20 20 mm
Time/s 1.7 1.8 19 20
. ™ \
_! {_\}‘ LQ__J 0% 25 % 50 % 75|) % 100 %
Tme/s 21 22 23 24 ‘ - -
AADRB

Figure 1: a) Concentration of A and B blocks of an AB block system in a dispense plotting
cartridge at the outlet. b) The concentration profile within the cartridge during extrusion
shows a backmixing effect. c) Core-shell effect before the final material extrusion.
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Experimental Confirmation of Gradient Formation using Dispense Plotting

A commercial 3cc printer cartridge providing a conical piston and a 20 G conical needle
was used in a regenHU 3D Discovery printer with a printing speed of 20 mm/s and 0.1 bar.
Two different materials, 0.5 mL each, were filled into one cartridge. First, coloured and
uncoloured face cream were tested for visualization (Figure Sl 2). Then, hydrogels made of
3 % w/v eADF4(C16)[30] were prepared as material block A. In block B, the 3 % wl/v
eADF4(C16) hydrogel was fluorescently labelled with 10 % w/w of FITC-eADF4(C16).
Only a slight decrease in viscosity and stiffness was observed in rheological measurements
in case of the eADF4(C16)/FITC-eADF4(C16) blend hydrogel (Figure SI 3), which was in
accordance with previous observations.[30] A visual colourization from material B at one
side of the printed construct to a transparent hydrogel of material A was obtained after
printing (Figure 2a). Fluorescent imaging of the construct showed the gradual increase in
fluorescence in accordance to the increase of FITC-eADF4(C16) content (Figure 2b). Small
amounts of the hydrogel were retracted from the construct at distinct locations for quantified
fluorescence analysis. From unlabelled to fluorescence-labelled hydrogels, an increase in
fluorescence intensity was measured using three independent scaffolds (Figure 2c). This
profile perfectly fitted the simulated material profile and confirmed the simulation to be in
accordance with the experimental set-up. However, after reaching maximum fluorescence,
a plateau phase and finally an intensity decrease was recorded. This is indicating the
occurrence of an inner filter effect, typically observed at high concentrations of
fluorophores.[41]
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Figure 2: Photographs of 3D printed recombinant spider silk hydrogels (3 % wi/v). a)
Gradient from non-labelled to fluorescently labelled (yellow) hydrogel in a Petri dish. b)
Fluorescence image of the gradient. ¢) Quantification of fluorescence at distinct locations
along the printed strand (red, blue and black symbols are representing measurements for
three individual scaffolds).

Spider Silk Fluorapatite Composite Hydrogels and Bioactive Gradient Printing

The tendon-to-bone-interface shows a gradient in mechanical, compositional and
structural cues, and, therefore, the applicatability of the presented system was tested in
biofabricating such interface. First, to mimic apatite mineralization towards the bone side,
fluorapatite particles were gradually integrated.

Fluorapatite (FAp) particles were synthesized using an ultrasonication approach from dry
components as previously reported by Willigeroth[38], yielding rod-shaped FAp particles
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with 92 + 27 nm in length and 21 £ 6 nm width as visualized using SEM and TEM (Figure
Sl 4a+b). The chemical integrity of the particles was identified in comparison to the
quantitative occurrence of the elements Ca, F, O and P in FAp stoichiometry using SEM-
EDX for element analysis (Figure Sl 4c). The variations between calculated and
experimentally determined ratios for Ca:F and Ca:P was 2 % and for the Ca:O ratio 21 %.
This is a result of a higher content of O than expected, which could be explained by
atmospheric or intracrystalline water. Furthermore, ATR-FTIR spectra of FAp particles were
compared to commercially available hydroxyapatite particles (Figure SI 4d). Both materials
showed similar band assignments as previously reported for both apatite species[42].

The implementation of fluorapatite particles into spider silk solutions before gelation
enabled an incorporation into the generated hydrogels as detected using SEM of freeze-dried
hydrogels (Figure 3a+b, arrow indicating free particles in a pore) and TEM which indicated
intertwined FAp particles with eADF4(C16) fibrils (Figure 3c). Concerning particle content,
an increase from 1 % to 3 % wi/v yielded a higher initial storage modulus of the hydrogel
(Figure 3d). At higher strains, severe differences were visible, as one material started to flow
whilst the other was still static. For simultaneous printing of blank and particle-filled
hydrogels from one cartridge it was crucial that both materials had flow points in the same
order of magnitude. Therefore, a material blend of 3 % w/v eADF4(C16) and 1 % w/v FAp
particles was used further on.
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Figure 3: Fluorapatite particles-eADF4(C16) hydrogel composites. a) SEM image of 3 %
w/v hydrogels with 1 % w/v FAp. b) SEM image of magnified FAp particles (white arrows
indicate particle agglomerates). ¢) TEM image of eADF4(C16) fibrils, intertwined FAp
particles. d) Mean rheological amplitude sweep measurements of 3 % w/v eADF4(C16)
(black), 3 % w/v eADF4(C16) + 1 % w/v FAp (red) and 3 % w/v eADF4(C16) + 3 % wiv
FAp (green) composite hydrogels. €) Mean rheological frequency sweep measurements of 3
% w/v eADF4(C16) (black), 3 % w/v eADF4(C16) + 1 % w/v FAp (red) and 3 % w/v
eADF4(C16) + 1 % w/v kFAp (blue) composite hydrogels. f) Mean rheological amplitude
sweep measurements of 3 % w/v eADF4(C16) (black), 3 % w/v eADF4(C16) + 1 % wlv
FAp (red) and 3 % w/v eADF4(C16) + 1 % w/v KFAp (blue) composite hydrogels.
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One important property of eADF4(C16) hydrogels is their shear thinning behaviour.[30-
32] In the presence of FAp particles, the hydrogels also showed shear-thinning behaviour
like a non-Newtonian fluid at increasing shear rates and recovery at decreasing shear rates,
which is important to gain solid structures after strand deposition upon 3D printing (Figure
3e).

Gradient printing of recombinant spider silk hydrogels with FAp particles (material A)
and without (material B) was realized (Figure 4a) with the identical printing parameters as
used for single material hydrogels. There was a slight dewetting effect visible between
position Il and IV (Figure 4a) without influencing the general outcome. Light microscopy
images at distinct positions revealed a decreasing particle density in the hydrogel (Figure 4b,
I-VI). Small particle aggregates in the lower micrometer range were visible, especially at
regions with higher particle concentrations due to particle aggregation.

Figure 4: Photograph of a 3D printed gradient of recombinant spider silk hydrogels with
and without fluorapatite particles: a) Gradient from 3 % w/v eADF4(C16) + 1 % w/v kKFAp
(white) to 3 % w/v eADF4(C16) (transparent). b) Light microscopy images at distinct
locations of the construct showing decreasing particle concentration (highest at position |
and lowest at position V1), scale bar 50 pm.

Biofabrication of Particle and Cell-Loaded Recombinant Spider Silk Hydrogels

As FAp particles showed a negative zeta potential (-22.5 £ 0.9 mV), the interaction of the
particles with negatively charged eADF4(C16) in solution could be increased by coating
FAp particles with the positively charged spider silk variant eADF4(k16), referred to as
KFAp (zeta potential + 16.5 + 0.4 mV). The rheological behaviour of the blended hydrogels
was not influenced significantly (Figure 3f).

In order to use the composite hydrogels in biofabrication, the incorporated particles were
individually tested regarding cell toxicity according to DIN EN 1SO 10993-5. An extract test
and a direct contact test were carried out. A cytotoxic effect is considered when cell viability
is reduced by 30 % referred to high density polyethylene used as positive control. As
negative control, organotin-stabilized polyurethane was used. Fluorapatite particles were
compared to eADF4(k16)-coated fluorapatite particles in both the extract and contact test.
In both cases, the protein coating enhanced the cell viability significantly (Figure SI 5a). Cell
toxic effects of apatite particles on cells had already been reported in literature.[43] Here,
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cell viablity decreased in the presence of uncoated fluorapatite particles in the direct contact
test to 15.7 + 8.1 % and to 34.8 £ 2.4 % in the extract test. Particles sticked to the cells and
could hardly be washed off (Figure SI 5b). In contrast, silk-coated fluorapatite particles
showed a much better cell viability of 65.9 £ 4.4 % in the direct contact test and 57.8 + 10.6
% in the extract test. Besides these enhancing effects on cell viability, a silk-coating could
not prevent cytotoxicity to less than 30 % referred to the positive control.

position Il position |l position |

position |V

control

Ty (mm)

Figure 5: Confocal laser scanning microscopy of BALB/3T3 fibroblasts along a printed
gradient from 3 % w/v eADF4(C16) to 3 % w/v eADF4(C16) + 1% w/v kFAp (position |
lowest and position Il highest concentration) using ethidium homodimer | (red: dead
cells)/calcein AM (green: living cells) staining. Not printed cell-loaded 3 % wl/v
eADF4(C16) + 1 % kFAp w/v hydrogels served as control. Left: side view, right: top view.
Scale bars left row 150 um.

For biofabrication, BALB/3T3 mouse fibroblasts were seeded with 10° cells/mL in 3 %
w/v eADF4(C16) hydrogels together with 1 % w/v kFAp particles. The AB block system
comprised 0.5 mL each of 3 % w/v eADF4(C16) + 1 % w/v kFAp + fibroblasts (material A)
and 3 % w/v eADF4(C16) hydrogel (material B). Printing was carried out using a 16 G
conical needle. Hydrogels with cells[44] and particles were slightly stiffer as the non-cell-
loaded ones. The obtained scaffolds were stained using calcein AM/ethidium homodimer |
for live-dead evaluation of the cells. Spider silk hydrogels showed slight red
autofluorescence as published previously.[31] The confocal laser scanning microscopy
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images at distinct positions on the scaffold confirmed a successful gradient printing of
BALB/3T3 fibroblasts (Figure 5). The simultanous processing of apatite particles with a
cell-friendly protein coating along with BALB/3T3 cells showed that this printing set-up
offers not only the possibility to generate gradients from one printer cartridge but also to
incorporate multiple gradient features into one scaffold (here particles and cells), relevant
for e.g. biofabrication of tissues at the tendon/bone interface.

4. Conclusions

Computational fluid dynamics combined with dispense plotting enabled to achieve an in
situ generated gradient construct from one printer cartridge. This set-up could be applied for
various material combinations and complexity levels, and mineralization gradients or even
mineralization gradients together with cell gradients could be produced. The combination of
inorganic fillers and cells simultaneously in a material gradient can yield similar conditions
as found at the enthesis, enabling future applications of such set-up in biofabricating tissue
for the tendon-to bone interface.
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Figure SI 1: Model of the a) block-system and mesh as slip wall and b) boundary conditions.

Figure SI 2: Photograph of 3D printing results with coloured water-in-oil emulsion as an
exemplary AB block system.
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eADF4(C16)/FITC-eADF4(C16) (orange) hydrogels:

a) Mean amplitude sweep

measurements with yield points at the G and G’ cross-over. b) Mean frequency sweep
measurements showing shear-thinning behaviour and recovery.
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Figure Sl 4: Characterization of fluorapatite particles: a) SEM image of dry FAp particles.
b) TEM images of FAp particles. ¢) SEM-EDX analysis derived atomic ratio of typical
elements in fluorapatite compared to its stoichiometry in %. d) Mean ATR-FTIR spectra
overlay of synthesized fluorapatite particles with commercially available hydroxyapatite
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Figure SI 5: a) Quantified viability using Cell Titer Blue assay and b) cell morphology of
BALB/3T3 fibroblasts upon contact directly or with an extract of fluorapatite particles or
eADF4(x16) coated fluorapatite particles using a DIN EN ISO 10993-5 test. High density
polyethylene served as positive and organotin-stabilized polyurethane as negative control
for extract and direct contact test (n=3 for all conditions). Extract and direct contact tests
were analsyed using light microscopy, scale bar 200 pm.
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Recombinant Spider Silk Gels Derived from Aqueous-Organic

Solvents as Depots for Drugs

Vanessa J. Neubauer, Vanessa T. Trossmann, Sofia Jacobi, Annika Dobl, and Thomas Scheibel*

Abstract: Hydrogels are widely used in various biomedical
applications, as they cannot only serve as maierials for
biofabrication but also as depots for the administration of
drugs. However, the possibilities of formulation of water-
insoluble drugs in hydrogels are rather limited. Herein, we
assembled recombinant spider silk gels using a new processing
route with aqueous—organic co-solvents, and the properties of
these gels could be controlled by the choice of the co-solvent.
The presence of the organic co-solvent further enabled the
incorporation of hydrophobic drugs as exemplarily shown for
6-mercaptopurine. The developed gels showed shear-thinning
behaviour and could be easily injected to serve, for example, as
drug depots, and they could even be 3D printed to serve as
scaffolds for biofabrication. With this new processing route, the
formulation of water-insoluble drugs in spider silk-based
depots is possible, circumventing common pharmaceutical
solubility issues.

Hydrogels are used for biomedical applications such as
tissue engineering, drug delivery, and recently also biofabri-
cation."! Besides polysaccharides, such as alginate” or
chitosan,”) proteins such as Bombyx mori silkworm silkl¥l or
gelatine™ have been processed into hydrogels using various
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methods. Also, hydrogel formation of the recombinant spider
silk protein e ADF4(C16), which is engineered based on the
repetitive core domain of one of the Araneus diadematus
dragline silk proteins!® has been investigated thoroughly.l”
Spider silk hydrogels exhibit shear-thinning behaviour,™
which is a crucial requirement for 3D printing and biofabri-
cation' or the administration as drug depots.”’ Modifications
during processing allowed incorporating water-soluble bio-
logicals in e¢ADF4(C16) hydrogels and their sustained
release.”) However, several pharmaceutical active agents
show only poor water solubility or stability and cannot be
delivered using hydrogels. Therefore, the aim of this study was
to provide drug depots based on gels with the possibility to
formulate both water-soluble and water-insoluble drugs.

Tons such as potassium or phosphate effect folding!"” of
spider silk proteins!'!! and this kosmotropic ion-triggered
structure formation is part of the natural assembly process of
spider silk."” However, protein folding effects can be also
achieved using non-physiological organic co-solvents when
they are fully miscible in water.'”) The presence of organic co-
solvents with varying polarity can change the solvation
conditions, often leading to protein conformational
changes" The assumption that especially hydrophobic
interactions and hydrogen bonds are driving forces of protein
folding is commonly agreed with."! Besides intramolecular
folding, also intermolecular structure formation can be
obtained in aqueous—organic solvents yielding protein assem-
bly and fibrillisation.)

Therefore, we investigated a novel gelation route of
recombinant spider silk proteins upon fibril assembly in
aqueous—organic micro-heterogeneous phases, including the
underlying assembly mechanism. and we provide evidence for
the use of gels made therewith as drug depots as well as their
3D printability.

Recombinant spider silk proteins have previously been
reported to assemble into fibrils and/or particles upon
addition of potassium phosphate, and the gained morphology
depends on the concentration of the kosmotropic salt /"1
Here, we investigated assembly in the presence of co-solvents
and -solutes such as DMSO and potassium phosphate and
obtained characteristic fibrillisation-based sigmoidal turbidity
curves™ (Figure 1A). In order to gain more mechanistic
insights into this behaviour, three spider silk protein variants
differing in their net charge but with otherwise identical
amino acid compositions were analysed (see Experimental
Section). Potassium phosphate induced fibrillisation of the
negatively charged e ADF4(C16) /) which was used as positive
control, and its mechanism of fibrillisation has been reported
previously.!"l The positively charged e ADF4(x16)!'" showed
accelerated protein aggregation and phase separation in the
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Figure 1. Assembly of three eADF4 variants in presence of different
Tris/DMSO volume ratios in comparison to that in presence of

150 mm potassium phosphate (KPi). I-11l in 10 mm Tris pH 7.5, IV-VI
in presence of 150 mm KPi, VII-IX in presence of 5% (v/v) DMSO, X~
Xl in presence of 15% (v/v) DMSO, and XIlI-XV in presence of 30%
(v/v) DMSO. A) Turbidity measurements of eADF4(C16), eADF4(k16),
and eADF4(Q16) as indicated during fibril formation. Fibril assembly
is normalised to KPi samples. The arrow indicates particle formation
in case of eADF4(Q16). B) Stereomicroscopic images of gels at
conditions as indicated; scale bars 1 mm. Image VI shows reflections
of the light source appearing as a ring. Qualitative gel stabilities are
indicated by stability bars.

presence of potassium phosphate, and the uncharged e ADF4-
(216)" showed particle formation, indicating a shift towards
lower critical potassium phosphate concentrations for particle
formation for this variant. The impact of DMSO was analysed
in aqueous-organic binary mixtures!'” with different volumes.
Like in potassium phosphate, in DMSO the uncharged
variant showed the fastest nucleation and fibril growth
based on its low electrostatic repulsion, which was least
controllable. The positively charged variant showed a fast
turbidity increase assuming an aggregation-driven process,
yielding gelly morphologies, but no stable gels. The negative
variant exhibited the longest lag-phase and yielded well-
controllable gels. As this protein is based on the naturally
occurring spider silk consensus sequence, the best-controlled
assembly behaviour was expected. It has to be mentioned that
the addition of DMSO yielded decreased turbidity for all
variants and additionally slowed down fibrillisation for
eADF4(Q16) and extended the lag-phase for eADF4(x16).

Interestingly, gel stability was dependent on both the net
charge of the eADF4 variant, as already mentioned above,
and the organic additive (Figure 1B), indicating charge-
dependent intra- and intermolecular structure formation, as
the variants differed in only one amino acid per module in the
repetitive sequence. Hydrogen bonds between DMSO and
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glutamic acid residues within eADF4(C16) were likely the
reason for higher gel stability but were independent of the
DMSO concentration. In contrast, DMSO seemed to stabilise
eADF4(Q16) gels with increasing concentration, based on
hydrogen bonds with glutamine residues. The stability of
eADF4(k16) gelly morphologies decreased with increasing
concentration of DMSO, which forms fewer hydrogen bonds
with lysine residues.

To investigate the influence of solvent polarity, 3% (w/v)
eADF4(C16) solutions, as the best controllable ones, were
used in water, and in blends with less polar DMF and with
least polar DMSO. Additionally, to gradually increase the
concentration of DMSO, 3% (w/v) eADF4(C16) solutions
were dialysed against this solvent. The organo-dialysis step
allowed a fast solvent exchange and simultaneously lead to
highly transparent gels. The effect on protein structure
formation was analysed using ATR-FTIR spectroscopy.
Secondary structures in gels were derived from the peaks of
the amide I and II bands at 1720-1490 cm ™' (Figure 2 A) and
were quantified using Fourier self-deconvolution.

The highest B-sheet content (39 +1 %) was found in case
of Tris-hydrogels as well as gels made in DMSO blends. Tris/
DMSO-gels from organo-dialysis showed a lower f-sheet
content of 28 + 5 %, which might be caused by faster gelation.
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Figure 2. Impact of organic additives on spider silk gels: Comparison
of gels from initial 3% (w/v) eADF4(C16) silk solutions in 10 mm Tris
pH 7.5 (Tris,g) diluted with one third volume ratio of the co-solvents
water (Tris;), DMF (Tris,/DMFy,), or DMSO (Tris,,/DMSO;,), and
gels made upon dialysis against DMSO (DMSO,q_,/Tris,). A) Mean
ATR-FTIR spectra of the co-solvent gels. B) TEM images of silk fibrils
in the co-solvent gels. C) SEM images of the respective co-solvent gels
after freeze-drying. D) Mean amplitude sweep rheological measure-
ments of co-solvent gels. E) Normalised cumulative release of 6-
mercaptopurine from 2% (w/v) eADF4(C16) Triso gel (green data
points) and from 2% (w/v) eADF4(C16) Trise;/DMSO;, gel (blue data
points) at 37°C. F) Photo of a 3D printed tarantula from DMSO blend
gels (Trisg;/DMSO;;). Scale bar as indicated.
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Far fewer 3-sheets were found in the presence of water (24 +
5% ) or in case of blends with DMF (22 + 4 %). The formation
of fibrillar networks was pronounced in the presence of
DMSO, indicated by intertwined fibrils as found in TEM
images (Figure 2B). In presence of DMF or water, signifi-
cantly shorter fibrils were formed. SEM imaging showed
a sheet-like structure for lyophilised co-solvent gels with
DME. Fused pore structures were found upon water addition.
Strikingly, a highly fibrillary and porous structure was present
in case of DMSO-triggered gelation. At higher magnification,
pore walls showed fibrillar sub-structures in Tris/DMSO-gels
after organo-dialysis (Figure 2C). Sharp pore structures were
found in Tris-gels with smooth, sheet-like pores as reported
previously." Fibrils in Tris-hydrogels might have collapsed
into these sheet structures upon freeze-drying. Rheological
characterisation (Figure 2D) showed slightly higher storage
and loss moduli for 2% (w/v) eADF4(C16) Tris/DMSO-gels
in comparison to 3% (w/v) eADF4(C16) Tris-hydrogels.
Nonetheless, for TrissDMSO-gels and Tris-hydrogels, moduli
were in the same range, and similar yield points were
detected, indicating comparable visco-elastic properties. 3 %
(wiv) eADF4(C16) Triss/DMSO-gels from organo-dialysis
showed the highest storage modulus and a slight shift in the
yield point towards higher oscillation strain, indicating higher
resistance of the material until break.

Nonetheless, the new gels showed typical spider silk
hydrogel shear-thinning behaviour and stability (Fig-
ure SLA,B). Accordingly, using a RegenHU bioplotter, multi-
layer scaffolds with high shape stability could be 3D printed
using the DMSO blend gels (Figure 2F, Figure S3, and
Video S4).

To test the application of such gels as drug depots,
fluorescein (FITC) was loaded as a first model substance into
TrissDMSO-gels, and a comparison was made to Tris-hydro-
gels regarding loading and release at 37°C. Both gel types
showed the same release profile (Figure S2), indicating the
possibility of generating injectable or transdermal drug-
loaded gel depots. Further, the poorly water-soluble 6-
mercaptopurine, as clinically relevant cytostatic drug, was
loaded into the DMSO-phase of 2% (w/v) eADF4(C16)
blend gels. The drug was incorporated by non-covalent
interactions, but in case a reversible coupling is intended,
a recently published system with a different spider silk variant
can be used.”™ Upon non-covalent introduction in Tris-
hydrogels, the water-insoluble drug aggregated during the
gelation process and accumulated at the bottom of the gel. In
the DMSO blend gel, however, loading and release could be
accomplished. These results confirmed the suitability of co-
solvent-produced spider silk gels with clinically relevant
substances as injectable and even 3D printable drug depots.

Finally, we wanted to unravel the driving force of spider
silk assembly in presence of co-solvents. The herein reported
route towards spider silk gel formation in aqueous-organic
binary mixtures is driven in part by structure formation at
organic—water interfaces (Scheme 1). eADF4(C16) was found
to form water-insoluble B-sheet structures in microcapsules!!!
with barrier function®” upon adsorption at aqueous—organic
interfaces. In case of aqueous—organic binary mixtures, micro-

Angew. Chem. Int. Ed. 2021, 60, 11847-11851
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Scheme 1. llustration of routes towards drug depots made of recombi-
nant spider silk proteins. A) Potassium phosphate-induced co-precip-
itation of microparticles and any type of drugs. B) Hydrogels cannot
incorporate hydrophobic but only hydrophilic drugs during gelation.
C) New route of gel formation, allowing the incorporation of hydro-
philic as well as hydrophobic drugs. D) Microcapsules can incorporate
hydrophilic, hydrophobic, and amphiphilic (at the aqueous—organic
interface) drugs. Aqueous—organic binary mixtures as seen in (C)
represent intermediate conditions between hydrogel formation in one
homogenous (aqueous) phase (B) and phase-separation-induced f-
sheet formation at the water—oil interface (D). X = selected amino
acids of the silk variants, that is, glutamic acid, glutamine, or lysine.

emulsions can form in presence of organic co-solvents such as
DMSO™! or DME,"Y which are miscible in water.

The formed interphases are micro-heterogeneous® and
are based on the interaction of hydrogen bond™ forming
molecules. These interphases can be described by a side-by-
side arrangement of both solvents in molecular clusters.”
DMSO and DMF are amphiphilic molecules, which can form
hydrogen bonds, for example, with water but also enable
hydrophobic interactions among them or with other mole-
cules such as proteins. Similarly, e ADF4 exhibits amphiphilic
properties due to its amino acid sequence® and can therefore
www.angewandte.org
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interact with hydrophobic as well as hydrophilic drugs/
molecules. Charged amino acid residues can form hydrogen
bonds with DMSO to a varying degree, and negatively
charged molecules are favoured over uncharged or positively
charged ones.””

Spider silk gels made out of aqueous—organic co-solvents
enlarge the range of applications of spider silk-based materi-
als since material properties can be controlled by the choice of
the co-solvent and of the used spider silk variant. DMSO is
FDA approved?™ in topical formulations at concentrations at
approximately 30% (v/v). Based on our results it can be
applied in spider silk gels in pharmaceutical formulations, e.g.
for transdermal applications. These gels allow formulation of
water-insoluble drugs along with adjustable organic content
to yield biocompatible, biodegradable, non-toxic, non-inflam-
matory, transdermal, injectable, and even 3D printable drug
depots. Depending on the application, the drug-silk inter-
action can be further controlled, for example, by reversible
covalent bonds.™"!

Experimental Section

The engineered spider silk protein eADF4(C16) comprises 16 repeats
of the consensus sequence GSSAAAAAAAASGPGGYG-
PENQGPSGPGGYGPGGP (named C-module). The C-module is
based on the consensus sequence of the repetitive core domain of the
MaSp2 dragline silk fibroin 4 of the European garden spider Araneus
diadematus.”! e ADF4(C16) was purchased from AMSilk GmbH
(Planegg, Germany). In variant e ADF4(x16),'") all glutamic acid
residues are substituted with lysine and in eADF4(Q16)"%! with
glutamine ones. Both proteins were produced and purified as
reported earlier.®'"") Spider silk proteins were dissolved in 6™
guanidinium thiocyanate (Carl Roth, Karlsruhe, Germany) and
dialysed against 10 mm Tris buffer, pH 7.5 for several hours, whereas
the dialysis of e ADF4(£216) was done at 4°C. Concentration adjust-
ment was conducted, if necessary, by follow-up dialysis in 20 % (w/v)
poly(ethylene glycol) (PEG, 20 kDa, Carl Roth, Karlsruhe, Germany)
as rteported previously™ or using a high vacuum concentrator
(Speedvac, Eppendorf). For biphasic gels, co-solvents or co-solute
buffers were blended with 3% (w/v) silk solutions and gelled at 37°C.
For organo-dialysis gels, 3% (w/v) silk solutions were dialysed against
small volumes (1:100 volume ratio) of DMSO (Carl Roth, Karlsruhe,
Germany) at RT for 4 h without further thermal treatment.

For analysis of the gelation kinetics of recombinant spider silk
proteins, turbidity changes were monitored at 570 nm using a micro-
plate reader (Mithras LB 940, Berthold Technologies, Germany).
Triplicates of 100 uL aliquots were prepared for all solutions (3 %
(wiv) eADF4(C16), 2% (w/v) eADF4(x16), and 1% (w/v) eADF4-
(€216)). Spider silk solutions were diluted by addition of different
volumes of DMSO to reach final concentrations of 5, 15, and 30%
(v/v) DMSO in the blend. As a control, 150 mM potassium phosphate
was used as fibrillisation trigger, and data were normalised to this
sample’s endpoint.

Gel samples were transferred on glass slides for image collection
using a Leica M205C stereomicroscope (Wetzlar, Germany) with
Leica LAS software and light reflection from dark field mode. The
microscope was equipped with a polarisation lens and a 0.63x
objective. For scanning electron microscopy (SEM), lyophilised gel
samples were investigated after platinum sputtering (2 nm). Images
were recorded using a Thermo Scientific (FEI) Apreo VS with a Field
Emission Gun at 2kV and a SE2-detector. Transmission electron
microscopy (TEM) images of stained (2% uranyl acetate) spider silk
fibrils immobilised on Pioloform-coated 100-mesh copper grids
(Plano GmbH, Germany) were recorded using a JEM-2100 TEM
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(JEOL, Japan), operated at 80 kV, and imaging was carried out using
a 4000 x 4000 charge-coupled device camera (UltraScan 4000, Gatan,
USA) and Gatan Digital Micrograph software (version 1.83.842).
Rheological behaviour was investigated using a Discovery Hybrid
Rheometer 3 (TA, USA) with a plate-plate geometry (diameter
25 mm) at 25°C. To prevent drying effects on the gels. a wet sponge
adapter was used. Amplitude sweeps (n=3) were recorded as
triplicates at 31.4 rads™" and a strain of 0.1-1000%.

Attenuated total reflectance-Fourier transformation infrared spec-
troscopy (ATR-FTIR) was conducted with lyophilised gel samples.
Spectra (n=3) were recorded using a Bruker Tensor 27 (Ettlingen,
Germany) with a germanium crystal at a spectral resolution of 2 cm™'
with 100 scans. Atmospheric compensation algorithm was applied in
OPUS 8.0 software to correct water vapour and carbon dioxide
fluctuations during the measurement. Fourier self-deconvolution was
carried out as reported previously® with band assignment for partial
secondary structure determination.™!

To study the release of 6-mercaptopurine (Sigma, USA) from 2%
(wiv) Trisyg and 2% (wiv) Trisg/DMSOs; e ADF4(C16) gels, the drug
was dissolved in 20 pL. DMSO and added to the spider silk solutions
or the DMSO-phase. Triplicate release measurements were con-
ducted in 1:1 blends of MilliQ water:DMSO. UV absorbance was
monitored using a UV spectrometer (Genesys 108 UV/Vis, Thermo
Scientific). Spectra were recorded between 200 and 600 nm, and peak
maxima at 328 nm were used to determine cumulative release curves.
3D dispense plotting was carried out using a RegenHU 3D Discovery
Genl (Switzerland) bioplotter with cartridges size 3cc and according
pistons. The printing speed was pre-set to 10 mms ', 2% (w/v) Trisg/
DMSO,; eADF4(C16) gels were printed with Luer lock plastic
needles with an inner diameter of 0.41 mm and an applied pressure of
0.3 bar.
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Rekombinante Spinnenseidengele aus wiissrig-organischen Mischpha-

sen als Wirkstoffdepots

Vanessa J. Neubauer, Vanessa T. Trossmann, Sofia Jacobi, Annika Dbl und Thomas Scheibel*

Abstract: Hydrogele finden weitreichend Anwendung in der
Biomedizin, we sie nicht nur als Material in der Biofabrika-
tion, sondern u. a. auch als Wirkstoffdepots verwendet werden.
Die Maglichkeiten, wasserunldsliche Wirkstoffe in Hydrogelen
zu formulieren, sind jedoch begrenzt. In dieser Studie konnten
rekombinante Spinnenseidenproteine durch ein neuartiges
Herstellungsverfahren in wissrig-organischen Mischphasen zu
Gelen selbstassemblieren. Deren Eigenschaften konnten dabei
durch die Wahl der Losungsmittel kontrolliert werden. Die
Gegenwart einer organischen Phase erlaubte das Einbringen
hydrophober Wirkstoffe, was exemplarisch anhand von 6-
Mercaptopurin gezeigt wurde. Die entwickelten Gele zeigten
scherverdiinnende Eigenschaften und konnten injiziert (zum
Beispiel fiir Anwendungen als Wirkstoffdepot) und sogar 3D-
verdruckt werden, um Geriiste fiir die Geweberegeneration
herzustellen. Mithilfe dieser neuen Herstellungsrouie kénnen
nun wasserunlisliche Wirkstoffe in Spinnenseidendepots for-
muliert und damit gingige pharmazeutische Lislichkeits-
grenzen iiberwunden werden.

Hydrogele werden [iir biomedizinische Anwendungen, wie
Geweberegeneration, Wirkstofftransport und neuerdings
auch Biofabrikation, genutzt.) Neben Polysacchariden, wie
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Alginat® ader Chitosan*! wurden bereits auch Proteine der
Seidenspinnerseide” oder Gelatine” mithilfe verschiedener
Herstellungsmethoden zu Hydrogelen verarbeitet. Die Hy-
drogel-Bildung des rekombinanten Spinnenseidenproteins
cADF4(C16), welches auf Basis der repetitiven Kerndomine
eines Proteins des Abseilfadens von Araneus diadematus
designt wurde,” ist bereits intensiv untersucht worden.”
Spinnenseidenhydrogele besitzen scherverdiinnende Eigen-
schaften,’” was eine essentielle Voraussetzung fiir den 3D-
Druck und die Biofabrikation™ oder den Einsatz als Wirk-
stoffdepot darstellt.””” Anpassungen wiihrend der Herstellung
erlaubten die Formulierung wasserloslicher Biomolekiile in
¢ ADF4(C16)-Hydrogelen und deren nachhaltige Freiset-
zung” Einige pharmazeutisch interessante Agenzien sind
jedoch nur begrenzt wasserloslich oder -stabil und kénnen
daher nicht aus Hydrogelen freigesetzt werden. Aus diesem
Grund war Ziel dieser Studie, Gel-basierte Wirkstoffdepots
zur Formulierung von sowohl wasserlaslichen als auch was-
serunlaslichen Wirkstoffen herzustellen.

Kalium- oder Phosphat-Ionen kénnen Faltungseffekte!"”
in Spinnenseidenproteinen’! hervorrufen. Diese durch kos-
motrope lonen induzierte Strukturbildung findet ebenfalls
wihrend des natiirlichen Assemblierungsverhaltens von
Spinnenseide statt.!'””! Faltungseffekte kinnen jedoch auch
durch nicht-physiologische, organische Co-Lésungsmittel er-
zielt werden, vorausgesetzt sie sind vollstindig mit Wasser
mischbar."¥ Die Anwesenheit organischer Co-Lésungsmittel
mit variierender Polaritit kann die Loslichkeitszustinde
verindern und somit in vielen Fillen Konformationsinde-
rungen von Proteinen hervorrufen.!'™ Es ist cine weithin ak-
zeptierte Annahme, dass besonders hydrophobe Wechsel-
wirkungen und Wasserstoffbriickenbindungen eine generell
treibende Kraft der Proteinfaltung darstellen.'*) Neben in-
tramolekularer Faltung kann in wissrig-organischen Misch-
phasen auch intermolekulare Strukturbildung erreicht
werden, die letztlich zur Assemblierung und Fibrillisierung,
von Proteinen fiihrt.!"*!

Aus diesem Grund wurden neuvartige Gelierungsprozesse
rekombinanter Spinnenseidenproteine durch Fibrillisierung
in mikro-heterogenen, wissrig-organischen Mischphasen un-
tersucht, die zugrunde liegenden Assemblierungsmechanis-
men aufgekldrt und praktische Anwendungsbeispiele der
Gele als Wirkstoffdepots und ihre Verarbeitung mittels 3D
Drucker gezeigt.

Rekombinante Spinnenseidenproteine wurden bereits in
Abhingigkeit von der Kaliumphosphat-Konzentration zu
Fibrillen und/oder Partikeln assembliert, wobei die erhaltene
Morphologie von der Konzentration des kosmotropen Salzes
abhingt.[“ "1 In dieser Studie wurde die Assemblierung in
Gegenwart von Co-Losungsmitteln und Salzen, wie bei-
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Abbildung 1. Assemblierung von drei eADF4-Varianten in Mischphasen
mit unterschiedlichen Tris/DMSO-Volumenverhiltnissen im Vergleich
zur Assemblierung in 150 mm Kaliumphosphat (KPi). I-111 in 10 mm
Tris pH 7,5, IV-VI in Gegenwart von 150 mm KPi, VII-IX in Gegenwart
von 5% (v/v) DMSO, X-XII in Gegenwart von 15% (v/v) DMSO und
XII1-XV in Gegenwart von 30% (v/v) DMSO. A) Trilbungsmessungen
von eADF4(C16), eADF4(k16) und eADF4(216) als Indikator der Fi-
brillenbildung. Die Fibrillisierung wurde auf die Werte fiir KPi normiert.
Der Pfeil zeigt Partikelbildung im Falle von eADF4(£216). B) Stereomi-
kroskopische Aufnahmen der Gele unter allen untersuchten Bedingun-
gen wie angegeben; MaRstab 1 mm. Teilbild VI zeigt ringférmige Refle-
xionen der Lichtquelle. Qualitative Eindriicke der Gelstabilitit sind
durch Balken dargestellt.

spielsweise DMSO und Kaliumphosphat, untersucht. Dabei
konnten charakteristische, sigmoidale Tribungskurven auf-
genommen werden, die auf Fibrillisierung zuriickzufithren
waren” (Abbildung 1A). Um niihere mechanistische Ein-
blicke in dieses Verhalten zu erlangen, wurden drei Spin-
nenseidenproteinvarianten, die sich zwar in ihrer Nettola-
dung unterscheiden, sonst aber identische Aminosidurezu-
sammenselzung aufweisen (siche Experimentelles), unter-
sucht. Kaliumphosphat-induzierte Fibrillisierung der negativ
geladenen Variante e ADF4(C16)” wurde als Positivkontrolle
genutzt, da dieser Fibrillisierungsmechanismus bereits im
Vorfeld aufgeklirt worden war.'!! Die positiv geladene Va-
riante e ADF4(x16)!'"! zeigte in Anwesenheit von Kalium-
phosphat eine beschleunigte Proteinaggregation und Pha-
senseparation, wihrend die ungeladene Variante eADF4-
(Q16)" Partikelbildung zeigte. Dadurch erfolgte eine Ver-
schiebung hin zu einer niedrigeren, kritischen Kaliumphos-
phatkonzentration fir eine Partikelbildung fiir diese
Variante. Der Einfluss von DMSO wurde darauthin in wiiss-
rig-organischen, biniren Mischungen!™ mit unterschiedli-
chen Volumenanteilen untersucht. Die ungeladene Variante
wies durch die geringe elektrostatische AbstoBung, dhnlich
wie mit Kaliumphosphat, auch in DMSO die schnellste
Keimbildung und somit Fibrillenwachstum auf, was dement-

www.angewandte.de

Zuschriften

© 2021 Die Autoren. Angewandte Chemie verffentlicht von Wiley-VCH GmbH

Angewandte

Chemie

sprechend kaum kontrollierbar war. Die positiv geladene
Variante zeigte eine rasche Triibung, welche vermutlich auf
Aggregationsprozesse zuriickzufithren war, und sie bildete
nur gallertartige Morphologien, aber keine stabilen Gele. Die
negative Variante wies die lingste Latenz-Phase auf und bil-
dete somit Gele in einer kontrollierbaren Art und Weise. Da
dieses Protein auf der natiirlich vorkommenden Konsensus-
sequenz der Spinnenseide basiert, wurde bereits im Vorfeld
das am besten kontrollierbare Verhalten erwartet und hier
experimentell bestitigt. Dabei muss erwiihnt werden, dass die
Zugabe von DMSO bei allen Varianten zu einer verringerten
Triibung fithrte. Weiterhin konnten im Fall von e ADF4(Q16)
cine langsamere Fibrillisierung und bei eADF4(k16) eine
verlingerte Latenz-Phase beobachtet werden.,

Interessanterweise war die Gelstabilitit, wie bereits er-
wiihnt, sowohl von der Nettoladung der e ADF4-Variante, als
auch vom organischen Additiv abhiingig (Abbildung 1B).
Dies lieB auf ladungsabhéingige intra- und intermolekulare
Strukturbildung schlieBen, da sich die Varianten nur in einer
Aminosiure pro repetitives Modul unterscheiden. Wasser-
stoffbriickenbindungen zwischen eADF4(C16)-Glutamin-
siureseitenketten und DMSO, unabhiingig von der DMSO-
Konzentration, waren in diesem Fall wahrscheinlich die Ur-
sache fiir die gesteigerte Gelstabilitdt. Im Gegensatz dazu
wurden die e ADF4(Q16)-Gele erst mit ansteigender DMSO-
Konzentration stabiler, was ebenfalls auf Wasserstoffbriicken,
dieses Mal aber zwischen DMSO und Glutaminseitenketten,
basiert. Die Stabilitit der gelartigen e ADF4(x16)-Morpho-
logien nahm dagegen mit steigender Konzentration von
DMSO ab, welches offenbar mit Lysinseilenketten weniger
Wasserstoffbriicken bildet.

Da sich ¢eADF4(C16) als am besten kontrollierbar er-
wiesen hat, wurden wissrige Losungen aus 3% (w/v)
eADF4(C16) mit Wasser und, im Vergleich dazu, mit weniger
polarem DMF und dem am wenigsten polaren DMSO ver-
setzt, um den Einfluss der Losemittelpolaritidt weiter zu un-
tersuchen. Um auch einen graduellen Anstieg der DMSO-
Konzentration zu ermoglichen, wurden wissrige 3% (w/v)
eADF4(C16)-Losungen gegen DMSO dialysiert. Diese so
genannte ,,Organo-Dialyse” erlaubte einen schnellen Aus-
tausch des Losungsmittels und lieferte gleichzeitigz hoch
transparente Gele,

Der Einfluss auf Proteinstrukturbildung wurde mittels
ATR-FTIR-Spektroskopie untersucht. Die Sekundirstruk-
turanteile in den Gelen wurden anhand der Amid-I- und -II-
Banden zwischen 1720 und 1490 cm™' abgeleitet (Abbil-
dung 2A) und iiber Fourier-Selbstdekonvolution quantifi-
ziert. Den groften Anteil an f-Faltblattstrukturen (39 +1%)
wiesen Tris-Hydrogele und Gele mit DMSO-Anteil auf. Tris/
DMSO-Gele, welche durch Organo-Dialyse hergestellt
wurden, zeigten mit 28 £5% geringere Anteile an [3-Falt-
blattstrukturen, was auf eine schnellere Gelierung zuriickzu-
fithren sein konnte. Deutlich weniger p-Faltblitter wurden
bei Mischverhiiltnissen mit Wasser (24 +5 %) oder mit DMF
(22+4%) gefunden. Die Ausbildung fibrillirer Netzwerke
war in Gegenwart von DMSO stark ausgeprigt und wurde
durch verschlungene Fibrillen in TEM-Aufnahmen sichtbar
(Abbildung 2B). In Gegenwart von DMF oder Wasser
wurden dagegen signifikant kiirzere Fibrillen gebildet. REM-
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Abbildung 2. Einfluss organischer Additive auf Spinnenseidengele:
Gele aus einer 3% (w/v) eADF4(C16)-Spinnenseiden-Ausgangslésung
in 10 mm Tris pH 7,5 (Tris,o) stehen im Vergleich zu Gelen, bei denen
die Ausgangslosung zu einem Volumendrittel aus Wasser (Trisg;),
DMF (Trisg;/DMF,;) oder DMSO (Trisg;/DMSO;;) bestand, sowie zu
Gelen nach Dialyse gegen DMSO (DMSO,q,_,/Tris,). A) Gemittelte
ATR-FTIR-Spektren der Mischphasengele. B) TEM-Aufnahmen der Sei-
denfibrillen in Mischphasengelen. C) REM-Aufnahmen der entspre-
chenden Mischphasengele in gefriergetrocknetem Zustand. D) Gemit-
telte Rheologiemessungen mittels Amplitudenscan der Mischphasen-
gele. E) Normierte, kumulative Freisetzungsmessungen fiir 6-Mercap-
topurin aus 2% (w/v) eADF4(C16)-Triso-Gelen (griine Messpunkte)
und aus 2% (w/v) eADF4(C16)-Tris;;/DMSO;;-Gelen (blaue Mess-
punkte) bei 37°C. F) Foto einer 3D-gedruckten Tarantel aus einem
DMSO-Mischphasengel (Trisg;/DMSO;;). Mafdstibe wie angegeben.

Aufnahmen hingegen offenbarten schichtartige Strukturen in
Iyophilisierten DMF-Mischphasen. Nach Wasserzugabe bil-
deten sich fusionierte Porenstrukturen aus. Fiir die Gelpro-
ben mit DMSO wurden unerwarteterweise hoch fibrilliire,
aber gleichzeitig pordse Strukturen sichtbar. Vor allem bei
hoherer Vergroferung zeigten sich in Gelen aus der Organo-
Dialyse fibrillire Unterstrukturen an den Porenwinden
(Abbildung 2C). In Tris-Gelen hingegen zeigte sich der be-
reits bekannte schichtartige Aufbau mit scharf definierten
Poren und glatten Wiinden.™ Ein Grund dafiir konnte das
Kollabieren der Fibrillen in diese Schichtstrukturen wihrend
des Gefriertrocknens sein.

Eine rheologische Charakterisierung (Abbildung 2D)
zeigte leicht erhihte Speicher- und Verlustmoduln fiir 2%
(wiv) eADF4(C16)-Tris/DMSO-Gele im Vergleich zu 3%
(wlv) e ADF4(C16)-Tris-Hydrogelen. Nichtsdestotrotz lagen
die Modulwerte fir Tris/DMSO-Gele und Tris-Hydrogele in
derselben Grofienordnung. Ferner wurden auch idhnliche
FlieBpunkte erreicht, wodurch sich vergleichbare viskoelas-
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tische Eigenschaften ergaben. Gele aus 3% (w/v) e ADF4-
(C16)-Tris/DMSO, die mittels Organo-Dialyse hergestellt
wurden, zeigten dabei die hochsten Werte fiir den Speicher-
modul und gleichzeitig eine Verschiebung der FlieBgrenze hin
zu hoheren Oszillationen, was als eine hohere Materialstei-
figkeit interpretiert werden kann. Die neuen Gele zeigten die
fiir Spinnenseidenhydrogele typische Scherverdiinnung und
Stabilitdt (Abbildung SIA.B). Dementsprechend konnten
mehrlagige Geriiste mit hoher Formstabilitit aus DMSO-
Mischphasengelen mit einem RegenHU Bioplotter gedruckt
werden (Abbildung 2F, Abbildung S3 und Video S4).

Um die Anwendung solcher Gele als Wirkstoffdepot zu
testen, wurde zunichst Fluorescein (FITC) als Modellsub-
stanz in Tris/yDMSO-Gele eingebracht und hinsichtlich seiner
Beladung und Freisetzung daraus mit Tris-Hydrogelen bei
37°C verglichen. Beide Gel-Typen zeigten ein nahezu iden-
tisches Freisetzungsprofil (Abbildung S2), was die Mdaglich-
keit einer Anwendung fiir injizierbare oder transdermale
Wirkstoffdepots in Gel-Form eréffnet.

Weiterhin konnte der klinisch relevante, jedoch gering
wasserlosliche Wirkstoff 6-Mercaptopurin iiber die DMSO-
Phase in 2% (w/v) eADF4(C16)-Mischphasengele einge-
bracht werden. Der Wirkstoff wurde hier mittels nicht-ko-
valenter Wechselwirkungen eingebunden. Wiire hingegen
eine reversible, kovalente Kupplung nétig, konnte diese iiber
eine andere, kiirzlich verdffentlichte Spinnenseidenvariante
erfolgen.™

Da der wasserunlosliche Wirkstoff nicht-kovalent in Tris-
Hydrogele eingebracht wurde, aggregierte er withrend der
Gelierung und sammelte sich am Boden des GefiBes. Im
DMSO-Mischphasengel war eine Beladung und Freisetzung
hingegen erfolgreich. Diese Ergebnisse bestitigten, dass
Spinnenseidengele aus wiissrig-organischen Mischphasen mit
klinisch relevanten Substanzen als injizierbare und sogar 3D-
druckbare Geldepots genutzt werden kénnen.

Letztendlich sollte auch die Triebkraft hinter der As-
semblierung von Spinnenseide in Gegenwart von Co-Lo-
sungsmitteln aufgedeckt werden. Die hier beschriebene
Route zur Bildung von Spinnenseidengelen in wiissrig-orga-
nischen, bindren Mischungen wird zum Teil durch Struktur-
bildung an der organisch-wissrigen Grenzfliche vorange-
triecben (Schema 1). Es wurde bereits beobachtet, dass
eADF4(C16) durch Adsorption an wiissrig-organischen
Grenzflichen wasserunldsliche 3-Faltblattstrukturen in Form
von Mikrokapseln® mit Barrierefunktion™ ausbildet. Im
Fall von wissrig-organischen, bindren Mischungen kénnen
sich durch die Anwesenheit von organischen Co-Losungs-
mitteln, wie DMSOM™! oder DME!! Mikroemulsionen
bilden, da diese mit Wasser mischbar sind.

Die gebildeten Mischphasen sind mikro-heterogener
Natur™ und basieren auf der Wechselwirkung von Molekii-
len, die Wasserstoffbriicken®’ ausbilden. Diese Mischphasen
zeigen somit ein gemeinsames Arrangieren beider Losungs-
mittel in molekularen Clustern.”) DMSO und DMF kénnen
als amphiphile Molekiile Wasserstoffbriicken z. B. mit Wasser
bilden, ermoglichen aber auch hydrophobe Interaktionen
untereinander oder mit anderen Molekiilen, wie Proteinen.
Auch eADF4-Proteine weisen aufgrund ihrer Aminosiure-
sequenz® amphiphile Eigenschaften auf und kénnen dem-
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Schema 1. |llustration der verschiedenen Herstellungsrouten fiir Wirk-
stoffdepots aus rekombinanten Spinnenseidenproteinen. A) Kalium-
phosphat-induzierte Cofillung von Mikropartikeln mit jeglicher Art von
Wirkstoffen. B) Hydrogele kénnen hydrophile, aber keine hydrophoben
Wirkstoffe wihrend der Gelierung einschlieRen. C) Neue Gelbildungs-
route, die das Einbringen von sowohl hydrophilen als auch hydropho-
ben Wirkstoffen erméglicht. D) Mikrokapseln kénnen sowohl hydrophi-
le als auch hydrophobe und amphiphile Wirkstoffe an der wassrig-or-
ganischen Grenzfliche einschlieRen. Wissrig-organische, binire Mi-
schungen, wie in (C) gezeigt, stellen Zwischenbedingungen zwischen
einer Hydrogel-Bildung in vollstandig wissriger Phase (B) und Phasen-
separations-induzierter p-Faltblattbildung an der Wasser-Ol-Grenzfli-
che (D) dar. X=ausgewihlte Aminosiure in den Spinnenseidenvarian-
ten, z.B. Glutaminséure, Glutamin oder Lysin.

entsprechend sowohl mit hydrophoben als auch mit hydro-
philen Wirkstoffen oder Molekiilen interagieren. Geladene
Aminosidureseitenketten konnen Wasserstoffbriicken mit
DMSO in unterschiedlichem Ausmal} bilden, wobei negativ
geladene Aminosiureseitenketten gegeniiber positiv gelade-
nen oder gar ungeladenen bevorzugt sind.”’!
Spinnenseidengele aus wiissrig-organischen Mischungen
erweitern das Anwendungsspektrum der Spinnenseidenma-
terialien, da ihre Materialeigenschaften durch die Wahl des
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Co-Losungsmittels und der Spinnenseidenvariante gesteuert
werden konnen. DMSO ist von der FDAP in topischen
Formulierungen mit bis zu ca. 30% (v/v) zugelassen. Durch
die vorliegenden Ergebnisse konnen Spinnenseidengele nun
in pharmazeutischen Formulierungen z.B. fiir transdermale
Anwendungen verwendet werden. Diese Gele erlauben die
Formulierung wasserunloslicher Wirkstoffe bei gleichzeitiger
Kontrolle iiber den Gehalt des organischen Losungsmittels,
um letztlich biokompatible, bioabbaubare, nicht-toxische,
nicht entziindliche, transdermale, injizierbare oder sogar 3D-
druckbare Wirkstoffdepots zu erhalten. Von der jeweiligen
Anwendung abhingig, kann ebenfalls die Wechselwirkung
zwischen Seide und Wirkstoff z. B. iiber reversible, kovalente
Bindungen®®! gesteuert werden.

Experimentelles
Das rekombinante Spinnenseidenprotein e ADF4(C16) enthilt
16 Wiederholeinhei der Kc GSSAAAAAAAA
SGPGGYGPENQGPSGPGGYGPGGP (das so genannte C-
Modul). Dem C-Modul liegt die Konsensussequenz der repetitiven
Kerndomine des GroBen Ampullendriisen-Spidroins 2 des Abseil-
fadenfibroins 4 der Europiischen Gartenkreuzspinne Araneus dia-
dematus zugrunde.” eADF4(C16) wurde von AMSilk GmbH
(Planegg, Deutschland) bezogen. In der eADF4(x16)-Variante!'”
wurden alle Glutaminsdurereste gegen Lysin ausgetauscht, in
eADF4(Q16)" dagegen mit Glutamin ersetzt. Beide Proteine
wurden wie bereits veroffentlicht hergestellt und gereinigt.™'™* Die
Spinnenseidenproteine wurden in 6 M Guanidiniumthiocyanat (Carl
Roth. Karlsruhe, Deutschland) gelost und gegen 10 mm Tris-Puffer,
pH7.5 fir mehrere Stunden dialysiert, wobei die Dialyse der
eADF4(€216)-Variante bei 4°C durchgefiihrt wurde. Die Konzen-
trationen wurden, falls notwendig, durch eine anschlieBende Dialyse
gegen 20% (w/v) Polyethylenglykol (PEG, 20 kDa, Carl Roth,
Karlsruhe, Deutschland), wie bereits bekannt,™ angepasst oder im
Hochvakuum aufkonzentriert (Speedvac, Eppendorf). Fiir Zwei-
phasengele wurden 3% (w/v) Spinnenseidenlosungen mit Co-Lo-
itteln oder Salzl$ versetzt und bei 37°C geliert. Zur
Organo-Dialyse wurden 3% (w/v) Spinnenseidenlosungen gegen
geringe Mengen (1:100 Volumenverhiltnis) an DMSO (Carl Roth,
Karlsruhe, Deutschland) bei RT fiir 4 h ohne weitere thermische
Behandlung dialysiert.
Anderungen in der Triibung bei 570 nm wurden genutzt, um Gelie-
rungskinetiken fiir die Spinnenseidenproteine mittels Mikroplatten-
leser (Mithras LB 940, Berthold Technologies, Deutschland) zu ver-
folgen. Es wurden Triplikatmessungen mit 100 pL Aliquots fiir alle
Seidenlésungen (3% (w/v) eADF4(C16),2 % (w/v) eADF4(x16) und
1% (w/v) eADF4(Q16)) durchgefithrt. Die Spinnenseidenlésungen
wurden durch Zugabe unterschiedlicher Volumina an DMSO ver-
diinnt, um Endkonzentrationen von 5, 15 und 30% (v/v) DMSO zu
erhalten. Als Kontrolle und als Ausloser der Fibrillisierung diente
Kaliumphosphat-Puffer (150 mm) pH 8,0; daher wurden die anderen
Messkurven auf diesen Endwert normiert.
Fiir stereomikroskopische Aufnahmen der Gele mittels eines Leica-
M205C-Stereomikroskops (Wetzlar, Deutschland) und zugehoriger
Software wurden Proben auf Glasobjekttriger iibertragen und im
Dunkelfeld betrachtet, um Reflexionen zu vermeiden. Das Mikro-
skop war mit einem Polfilter und einem 0,63 x-Objektiv ausgestattet.
Fiir die Rasterelektronenmikroskopie (REM) wurden die Gelproben
lyophilisiert und mit Platin (2 nm) beschichtet. Die Bilder wurden mit
einem . Thermo Scientific (FEI) Apreo VS“-Geriit mit einer Elek-
tronenquelle mit 2 kV und einem SE2-Detektor aufgenommen. Fiir
i ikroskopische  (TEM-)Aufnahmen  an
einem JEM-2100 TEM (JEOL, Japan) wurden Spinnenseidenfibrillen
auf Pioloform-beschichteten 100er Kupfer-Netztrigerchen (Plano

ool
tr nselektrc
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GmbH, Deutschland) immobilisiert und mit 2% Uranylacetat ange-
farbt. Die Bildgebung erfolgte bei 80 kV mit einer 4000 x 4000 la-
dungsabhiingigen, geriiteinternen Kamera (UltraScan 4000, Gatan,
USA) und der Gatan Digital Micrograph Software (Version
1.83.842).

Das rheologische Verhalten wurde mit einem Discovery Hybrid
Rheometer 3 (TA, USA) mit einer Platte-Platte-Geometrie (Durch-
messer 25 mm}) bei 25°C untersucht. Um Trocknungseffekte der Gele
zu vermeiden, wurden Adapter mit nassen Schwidmmen angebracht.
Amplitudenscan-Messungen (r=3) wurden als Triplikate bei
31,4 rads™" und Scherung von 0,1-1000% durchgefiihrt.
Attenuated-Total-Reflectance-Fourier-Transformations-Infrarot-
Spektroskopie (ATR-FTIR) wurde an lyophilisierten Gelproben
durchgefiihrt. Die Spektren (n=3) wurden mit einem Bruker
Tensor 27 (Ettlingen, Deutschland) auf einem Germaniumkristall mit
einer spektralen Auflésung von 2em " und 100 Durchléufen aufge-
nommen. Eine Kompensation des atmosphirischen Hintergrunds
wurde in der OPUS-8.0-Software aktiviert, um Wasserdampf- und
Kohlendioxid-Schwankungen wihrend der Messung zu korrigieren.
Eine Fourier-Selbstdekonvolution, wie bereits beschrieben ™ diente
der Bandenzuordnung, um die Anteile der Sekundérstrukturen zu
bestimmen !

Die Freisetzungsstudie von 6-Mercaptopurin (Sigma, USA) aus 2%
(wiv) Trisyg- und 2% (wiv) Trisg/DMSO5-e ADF4(C16)-Gelen er-
folgte, indem der Wirkstoff zuniichst in 20 pL. DMSO geldst und
entweder zur Spinnenseidenldsung oder der DMSO-Phase zugegeben
wurde. Dann wurden Triplikat-Messungen der Freisetzung in 1:1-
Mischungen aus MilliQ-Wasser:DMSO durchgefiihrt. Die UV-Ab-
sorption wurde mit einem UV-Spektrometer (Genesys 10S UV-Vis,
Thermo Scientific) verfolgt. Die Spektren wurden zwischen 200 und
600 nm aufgenommen, und das Kurvenmaximum bei 328 nm wurde
genutzt, um kumulative Freisetzungskurven zu bestimmen.

Der 3D-Dispensdruck wurde mit einem ..RegenHU 3D Discovery
Genl“-Bioplotter (Schweiz) mit 3cc-Kartuschen und zugehorigen
Stopfen durchgefiihrt. Die Druckgeschwindigkeit wurde auf
10mms™' voreingestellt. 2% (wiv) Tris/DMSO.;-e ADF4(C16)-
Gele wurden mit Luer-lock-Plastiknadeln  (Innendurchmesser
(.41 mm) und einem angelegten Druck von 0,3 bar verdruckt.
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Experimental section

Rheological characterization of the co-solvent spider silk gels

Rheological behaviour was investigated using a Discovery Hybrid Rheometer 3 (TA, USA) with a plate-
plate geometry (diameter 25 mm) at 25 °C. To prevent drying effects, a wet sponge adapter was used.
Frequency sweep experiments (n=3) were recorded at angular frequencies between 0.1-100 rad/s and
100-0.1 radfs for recovery at 50 % strain. Time sweep experiments (n=3) were recorded at angular
frequencies of 31.4 rad/s and 0.5 % strain for 120 s.

Release studies of FITC as model substance from co-solvent spider silk gels

To study the release of 5(6)-Carboxy-fluorescein (FITC, Thermo Scientific, Germany) from 2 % wfv Tris-
and 2 % wiv Trise/DMSOs3 eADF4(C16) gels, FITC was dissolved in 20 uL DMSO and added to the
spider silk solutions. Samples without FITC loading served as reference. Triplicate release
measurements were done in 1:1 blends of MilliQ water DMSQO. Flucrescence detection was conducted
using a fluorescence spectrometer FP-6300 (JASCO, Germany) at an excitation wavelength of 495 nm.
Spectra were recorded between 500 and 600 nm, and peak maxima at 517 nm were used to determine
release curves. Error bars were calculated according to the law of error propagation.

3D dispense plotting of co-solvent spider silk gels

For 3D dispense plotting, the printing speed of the RegenHu Bioplotter was pre-set to 20 mm/s. 2 % wiv
Triser/DMSOss e ADF4(C16) gels were printed with Luer lock plastic and blunt steel needles with an inner
diameter of 0.41 mm and an applied pressure of 0.3 - 0.5 bar. 3 % w/v Tris/DMSO-gels after organc-
dialysis were printed using Luer lock steel blunt needles with 0.51 mm inner diameter and an applied
pressure of 1.06 bar.
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Figure S$1: Gels from initial 3 % w/v eADF4(C16) silk solutions in 10 mM Tris pH 7.5 (Tris100, green),
diluted with 33% v/v of the co-solvent DMSO (Triss7/DMSOQs3s, blue), and gels made upon dialysis against
DMSO (DMSO100x/Trisx, orange) were tested concerning the impact of organic additives. A) Mean
frequency sweep rheological measurements of co-solvent gels showed shear-thinning behaviour and
recovery properties of the gels. B) Mean time sweep rheological measurements of co-solvent gels
showed gel stability over time.
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Figure $2: Normalized release of the model drug 5(6)-Carboxy-fluorescein (FITC) from gels at 37 °C:

Cels from 2 % w/v e ADF4(C16) silk solutions in 10 mM Tris pH 7.5 (Tris100, green) and in presence of
the co-solvent DMSQ (Triser/DMSQas, blue).
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Figure S3: Images of 3D printed scaffolds of A) 2 % w/v Triss7/DMSO33 eADF4(C16) gels printed using
a conical needle (0.41 mm diameter) on a RegenHU Bioplotter (left) and stereomicroscopic image of
one single strand (right); B) 2 % w/v Trise7/DMSO33 eADF4(C16) gels printed using a steel needle (0.41
mm diameter); C) 3 % w/v Tris/DMSO-gels from organo-dialysis printed using a steel needle (0.51 mm
diameter) and larger line spacing. Scale bars as indicated.
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A Video of 3D dispense plotting of a tarantula scaffold is available as Supporting Information Video
S84,
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Experimentalteil

Rheologische Charakterisierung der Spinnenseiden-Mischgele

Das rheologische Verhalten wurde mit einem Discovery Hybrid Rheometer 3 (TA, USA) mit einer Platte-
Platte-Geometrie (Durchmesser 25 mm) bei 25 °C untersucht. Um Trocknungseffekte der Gele zu
vermeiden, wurden Adapter mit nassen Schwammen angebracht. Frequenzscan-Messungen (n=3)
wurden als Triplikate bei Winkelfrequenzen von 0,1-100 rad/s und 100-0,1 rad/s fur die gegenlaufige
Wiederherstellungsmessung je mit einer 0,5 %-igen Scherung fur 120 s durchgefuhrt.

Freisetzungsstudie von FITC als Modellsubstanz aus Spinnenseiden-Mischgelen

Eine Freisetzungsstudie bezuglich 5(6)-Carboxyfluorescein (FITC, Thermo Scientific, Deutschland) aus
2 % wiv Tris1oo und 2 % wiv Triser/DMSOas eADF4(C16)-Gelen erfolgte, indem FITC in 20 L DMSO
geldst und entweder zur Spinnenseidenlosung oder der DMSO-Phase zugegeben wurde. Proben chne
FITC dienten als Referenz. Dann wurden Triplikat-Messungen der Freisetzung in 1.1 Mischungen aus
MilliQ Wasser.DMSQO durchgefuhrt. Fluoreszenzsignale wurde mit einem Flucreszenzspektrometer FP-
6300 (JASCO, Deutschland) bei einer Anregungswellenlange von 495 nm detektiert. Spektren wurden
zwischen 500 und 600 nm aufgenommen und das Kurvenmaximum bei 517 nm genutzt, um kumulative
Freisetzungskurven zu bestimmen. Die Fehlerbalken wurden mittels Fehlerfortpflanzung ermittelt.

3D Dispensdruck von Spinnenseiden-Mischgelen

Fur den 3D Dispensdruck mit einem RegenHU 3D Discovery Gen1 (Schweiz) Bioplotter wurde die
Druckgeschwindigkeit auf 20 mm/s voreingestellt. 2 % w/v Trisez/DMSQOas e ADF4(C16)-Gele wurden mit
Luer-lock Plastik- und stumpfen Stahlnadeln (Innendurchmesser je 0,41 mm) und einem angelegten
Druck von 0,3-0,5 bar verdruckt. 3 % w/v Tris'fDMSO-Gele nach der Organo-Dialyse wurden mit
stumpfen Luer-lock Stahlnadeln mit einem Innendurchmesser von 0,51 mm und einem angelegten
Druck von 1,06 bar verdruckt.
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Abbildung 81: Einfluss organischer Additive auf Spinnenseidengele: Gele aus einer 3 % wiv
eADF4(C16) Spinnenseiden-Ausgangslésung in 10 mM Tris pH 7,5 (Tris100, griin) stehen im Vergleich
zu Gelen, bei denen die Ausgangslésung zu einem Volumendrittel mit DMSO (Triss7/DMSOz3, blau)
versetzt wurde, sowie Gele aus Organo-Dialysen gegen DMSO (DMSO100x/Trisx, orange). A) Gemittelte
Rheologiemessungen mittels Frequenzscan der Mischphasengele zeigten scherverdiinnendes
Verhalten der Gele. B) Gemittelte Rheologiemessungen mittels Zeitscan der Mischphasengele zeigten
die zeitliche Stabilitat der Gele.
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Abbildung $2: Normalisierte kummulative Freisetzung des Modellwirkstoffes 5(6)-Carboxyfluorescein
(FITC) aus Gelen bei 37 °C: Gele aus 2 % wiv eADF4(C16) Seidenlésungen in 10 mM Tris pH 7,5
(Trision, gran) und in Gegenwart von DMSO als Co-Ldsungsmittel (Trisez/DMSOs3, blau).
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Abbildung $3: Aufnahmen der 3D gedruckten Gerlste aus A) 2 % whA Trise7/DMSQa3 eADF4(C16)
Gelen, welche mit einer konischen Plastiknadel (Innendurchmesser 0,41 mm) mit einem RegenHU
Bioplotter gedruckt wurden (links) und dazugehérige stereomikroskopische Aufnahmen eines
Einzelstrangs (rechts); B) 2 % wiv Trise7/DMSO3z: eADF4(C16) Gele, welche mit einer Stahinadel
(0,41 mm Innendurchmesser) gedruckt wurden; C) 3 % whi TrissfDMSO-Gele aus Organo-Dialysen,
welche mit einer Stahlnadel (0,51 mm Innendurchmesser) und gréRerem Druckabstand gedruckt
wurden. MaBstébe wie angegeben.
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Das Video des 3D Dispensdrucks in Form einer Vogelspinne ist als Supporting Information Video
S4 erhaltlich.

10
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