Untersuchung (ultra-)diinner Filme und Beschichtungen aus dem
rekombinanten Spinnenseidenprotein eADF4(C16) fiir die

biomedizinische Anwendung

Dissertation

zur Erlangung des akademischen Grades

Doktor der Naturwissenschaften (Dr. rer. nat.)

in der Bayreuther Graduiertenschule fiir Mathematik und Naturwissenschaften
(BayNAT)

der Universitdt Bayreuth

vorgelegt von

Diplom-Chemiker

Christian Bruno Borkner

aus Monchengladbach

Bayreuth 2018



Fiir meine Familie.



Die vorliegende Arbeit wurde in der Zeit von Juli 2012 bis August 2018 in Bayreuth am
Lehrstuhl fiir Biomaterialien, Fakultdt fiir Ingenieurwissenschaften, Universitit
Bayreuth, unter der Betreuung von Herrn Professor Dr. Thomas Scheibel in Bayreuth
angefertigt und bei der Bayreuther Graduiertenschule fiir Mathematik und
Naturwissenschaften (BayNAT) der Universitdt Bayreuth im Promotionsprogramm

Polymerwissenschaft eingereicht.

Vollstindiger Abdruck der von der Bayreuther Graduiertenschule fiir Mathematik und
Naturwissenschaften (BayNAT) der Universitdt Bayreuth genehmigten Dissertation zur
Erlangung des akademischen Grades eines Doktors der Naturwissenschaften (Dr. rer.

nat.).

Dissertation eingereicht am: 03.09.2018
Zulassung durch das Leitungsgremium: 27.09.2018

Wissenschaftliches Kolloquium: 10.05.2019

Amtierender Direktor der BayNAT: Prof. Dr. Dirk Schiiler

Priifungsausschuss:

Prof. Dr. Thomas Scheibel (Gutachter)
Prof. Dr. Georg Papastavrou (Gutachter)
Prof. Dr. Markus Retsch (Vorsitz)

Prof. Dr. Hans-Werner Schmidt






Inhaltsverzeichnis

ZUSAMIMENTASSUNE ...eeeuvvieeiieeeiieeeieeeeieeesteeessaeeessreeassseeessseeasseessseessseessseeessseesssseesnsseenns 1
SUIMIMATY ..ot e e et e e s ettt e e e s tbteeeessataeeeeansaeeeeansaeaesensaeeeanns 4
Lo BINICTIUNG .ottt ettt eeneas 7
L1, Biomaterialien ....cc.eeiiiiiiiiiieiie ettt 7
LI.1. EINfURIUNG (oo 7
1.1.2.  Wasser und Biomaterialien..........ccceeveriiniiiiinieniiienieneeieniceeeesice 10
1.1.3.  Eigenschaften von (polymeren) Biomaterialien ...........c.cccccevveveriincnnnens 10
1.1.3.1.  (Bio-)Abbaubarkeit und Resorption...........ccccceeeeveerieeniieneenireieenee. 10

1.1.3.2.  ProteinadSOrpPtion..........cccueereeeiieriieeieeieeeeeereeereeieeereeeeesveenee e 12
1.1.3.3. Zellinteraktion ...........oceeviieieiieieeieeieeieee et 15

1.1.4.  Polymere Biomaterialien ...........cccceevuieeiieiieniieieecie e 17

1.2, SPINNENSEIAC ....oeevvieiiieiieciieeieecie ettt et ettt sb e et e seaeeteesabeebeessseenseesnseenns 21
1.2.1.  Struktur und Aufbau des Abseilfadens ............cccceriiiiniiiiniiie 22

1.3. Rekombinante Spinnenseidenproteine - Biopolymere.............cccccveeeveeennnennnee. 24
131, HErSteIIUNG....oooeiiieeiieeeee et e 24
1.3.2.  BlOCKCOPOLYMETE .....cueiiiiiiieiiieieetee e e 27
1.3.2.1.  Mikrophasenseparation.............ceeceeeueerieerieenieeneeesiee e e see e 27
1.3.2.2.  (Ultra-) diinne Blockcopolymerfilme.........c.ccooevvieniiiiniinenncnnnnnns 29
1.3.2.3.  Spinnenseide als Multiblockcopolymer ...........cccceeveeviienieniienneennen. 33

1.3.3. Spinnenseide als Biomaterial.............cccceevieriieniiniieiecieeeee e 36

2. ZIRISEIZUNG ...cuvieniieeiteiie ettt ettt ettt et et e et e s et e e bt e s st e enbeeenbeenbeesnseesaens 40
R TN 4 110 013 USSP 42
3.1, SeidenbeschiChtUn@en ..........cc.eoviiiiiiiiieiieie e 44
3.2. Phasenseparation in (ultra-)diinnen Filmen .............cccoeevieiienciienieniieniee, 48
3.3. Eigenschaften diinner Seidenbeschichtungen .............ccccoevieviiienieniieniiennnne, 52

vV



LAteraturVEIZEICHIIIS .. oo 57

Darstellung des Eigenanteils..........ccccccveeciieiiiiiieiieiiieieeeieeeeee et 86
TEIATDEITEI ...ttt ettt st nne e 88
DanKSAGUNG .....cooeviiiiiieiiie ettt e et e e ee e aaeeeareeebeeeebaeeeebeeennreeennns 167
Eidesstattliche Versicherung und Erklarungen...........ccccccoeevivieiiiinciiinieeciee, 169



Zusammenfassung

Obwohl Biomaterialien schon seit langer Zeit genutzt werden, ist die systematische
Biomaterialwissenschaft ein noch recht junger Wissenschaftsbereich mit einer 60- bis 70-
jahrigen Geschichte. Seide wird seit Jahrtausenden fiir Textilien verwenden und
insbesondere Spinnenseide wurde schon vor Jahrhunderten von Polynesiern bei der
Fischerei sowie in der Antike als Wundauflage und als Nahtmaterial verwendet. Aus
heutiger Sicht ist die Biomaterialwissenschaft ein Zusammenwirken verschiedener
Fachbereiche und das Verstindnis der physikalischen und chemischen
Wechselwirkungen zwischen komplexen biologischen Systemen und synthetischen oder
modifizierten natiirlichen Materialien nimmt einen hohen Stellenwert ein. Die
Biokompatibilitit spielt hierbei eine groBe Rolle. Doch es bedarf einer genauen
Betrachtung, die abhdngig vom jeweiligen Anwendungsgebiet (z.B. Hartgewebe,
Weichgewebe, Herz-Kreislauf-System) des Biomaterials ist. Biokompatibilitidt kann in
zwei Bereiche — die Strukturkompatibilitit und die Oberflichenkompatibilitit —
gegliedert werden. Bei der Strukturkompatibilitdt wird z.B. die Struktur, Form und
Mechanik eines Implantats an das Verhalten des Gewebes im Wirtsorganismus
betrachtet. Werden die chemischen, physikalischen, biologischen und morphologischen
Oberflacheneigenschaften eines Materials an das Wirtsgewebe angepasst, spricht man

von Oberflichenkompatibilitt.

Die Oberflicheneigenschaften eines Biomaterials sind somit entscheidend fiir seine
Biokompatibilitit und Wechselwirkung mit dem Wirtssystem. Durch seine gute
Verfligbarkeit und gute Biokompatibilitdt ist das rekombinante Spinnenseidenprotein
eADF4(C16) ein interessantes Material zur Steuerung und Modifizierung der
Oberfldacheneigenschaften von Biomaterialien. Spinnenseide ist nicht hdmolytisch oder
zytotoxisch und auch die beim Abbau der Seidenproteine entstehenden Produkte (Peptide
und Aminosduren) sind nicht toxisch und kénnen vom Korper resorbiert werden. Es tritt
keine Immunantwort auf und Zellen zeigen nur eine geringe Interaktion mit glatten
eADF4(C16)-Filmen und ihren Oberflichen. eADF4(C16) ist daher gut als
Beschichtungsmaterial fiir Implantate (z.B. Silikonbrustimplantate) oder auch Katheter

geeignet.



In der vorliegenden Arbeit wurde ein Prozess entwickelt, um glatte Polymeroberflachen,
wie z.B. von Kathetern (aus Silikon, Polyurethan (PU) und Polytetrafluoroethylen
(PTFE)), mit eADF4(C16) zu beschichten. Die Beschichtungen, die sich durch ihre
Schichtdicke von < 100 nm von bisher untersuchten Silikonimplantatbeschichtungen aus
Spinnenseide mit einer Schichtdicke im Mikrometerbereich unterscheiden, wurden
hinsichtlich ihrer Stabilitidt, Biokompatibilitit und ihrer Zelladhdsionseigenschaften

untersucht.

Die in dieser Arbeit verwendeten polymeren Biomaterialien (PTFE, PU und Silikon)
haben hydrophobe Oberflichen und wurden vor dem Tauchbeschichtungsprozess im
Sauerstoffplasma hydrophilisiert. Um die Haftung der eADF4(C16)-Beschichtung auf
der plasmabehandelten Oberfliche zur erh6hen, wurde eine Vermittlerschicht aus dem
polykationischen Polymer Polyethylenimin (PEI) bzw. dem positiv geladenen
rekombinanten  Spinnenseidenprotein  eADF4(x16) auf die hydrophilisierte
Polymeroberflachen aufgebracht. Die Beschichtungen zeigen keine Delamination bei
Biegebelastung und die Oberfldchenkontaktwinkel liegen fiir diese Beschichtungen

deutlich unter dem fiir gegossene eADF4(C16)-Filme mit einer Dicke von 1 bis 2 um.

Sinkt die Schichtdicke eines Films oder einer Beschichtung, so steigt auch die spezifische
Oberfldche je Volumen. Erreicht ein Material Abmessungen von < 100 nm in mindestens
einer Dimension, so spricht man von Nanomaterialien, die im Vergleich zum bulk-
Material verschiedene Eigenschaften aufweisen. Es konnte gezeigt werden, dass sich die
Oberfliacheneigenschaften (hier: Oberflichenkontaktwinkel) abhéngig von der
Schichtdicke  dndern.  Zusétzlich wurden die strukturellen Eigenschaften
(f-Faltblattanteil) schichtdickenabhéngig untersucht. Betrachtet man die Aminoséure-
sequenz von eADF4(C16), so ldsst sich das Protein als eine sich wiederholende Abfolge
eines alaninreichen hydrophoben und eines glycinreichen hydrophilen Blockes
beschreiben und kann aus polymerwissenschaftlicher Sicht als AB-Multiblockcopolymer
beschrieben = werden. Auf Basis der gesammelten Daten iiber die
Schichtdickenabhdngigkeit des f-Faltblattanteils und der Oberflicheneigenschaften
zusammen mit den bereits beschriebenen Multiblockcopolymereigenschaften des
Proteins wurde ein schichtdickenabhingiges Assemblierungs- und
Phasenseparationsmodell von der nur einige Nanometer dicken Proteinlage bis zum bulk-

Material vorgeschlagen.



Zusitzlich wurde die Bioabbaubarkeit diinner eADF4(C16)-Beschichtungen untersucht.
Die eADF4(x16)/eADF4(C16)-Beschichtungen auf Silikonkathetern zeigten eine sehr
gute Stabilitit in Puffer und wiesen in Wundheilungsumgebung eine langsame
Bioabbaubarkeit sowie eine gute Stabilitit der Beschichtungen gegeniiber mechanischer

Belastung auf.

Neben der Beschichtungsstabilitit spielt auch die Zellinteraktion mit den
Beschichtungsoberflichen eine bedeutende Rolle fiir die Biokompatibilitit des Materials
und seine spezifische Anwendung. Auf mit eADF4(C16) beschichteten Katheter-
oberfldchen war eine geringe Zelladhdsion von BALB/3T3 Fibroblasten, B50 neuronalen
Zellen, HaCaT Keratinocyten sowie C2C12 Myoblasten zu beobachten. Diinne
eADF4(C16) Beschichtungen bieten somit fiir biomedizinische Anwendungen, in denen
keine Wirtsreaktion auftreten soll und Zellen nicht mit der Oberflache interagieren sollen,
eine gute Moglichkeit zur Einstellung der Oberfldcheneigenschaften bei gleichzeitig

geringem Materialeinsatz.

Zusiétzlich wurden mit eADF4(C2) funktionalisierte bakterielle Nanopartikeln
(MamC-C2 Magnetosomen) untersucht. Magnetosomen werden von magnetotaktischen
Bakterien zur Orientierung entlang der Feldlinien des Erdmagnetfeldes gebildet. Im
Modellorganismus Magnetospirillum gryphiswaldense bestehen sie aus einem
Magnetitkern und einer Phospholipid-Doppelschicht (Magnetosomen-Membran). Im Fall
von MamC-C2 Magnetosomen ist eine zweifache Wiederholung des C-Moduls des
Spinnenseidenproteins eADF4(C16) {iber das Ankerprotein MamC in der Biomembran
verankert und bildet mit dieser zusammen eine den Partikel kolloidal stabilisierende
Hiille. QCM-D Experimente haben gezeigt, dass eine intermolekulare Wechselwirkung
zwischen MamC-C2 Magnetosomen und eADF4(C16) besteht und MamC-C2
Magnetosomen als Nukleationskeime fiir die Assemblierung von eADF4(C16)-Fibrillen

dienen konnen.



Summary

Although biomaterials have been used for a long time, systematic biomaterial science is
a relatively young research area with a just 60- to 70-year history. Silk has been used for
textiles for millennia and spider silk was used for centuries by Polynesians for fishing and
in ancient times as wound dressing and even as suture material. From today's perspective,
biomaterials science is a collaboration of different disciplines and the understanding of
the physical and chemical interactions between complex biological systems and synthetic
or modified natural materials is important. Biocompatibility plays an important role, but
careful consideration is needed depending on the particular field of application (e.g., hard
tissue, soft tissue, cardiovascular system) of the biomaterial. Biocompatibility can be
divided into two areas - structural compatibility and surface compatibility. In structural
compatibility structure, shape and mechanics of an implant are adapted to the behavior of
the tissue in the host organism. If the chemical, physical, biological and morphological
surface properties of a material are adapted to the host tissue, it’s called surface

compatibility.

Surface properties of a biomaterial are crucial for its biocompatibility and its interaction
with the host system. Due to its good availability and biocompatibility, the recombinant
spider silk protein eADF4(C16) is a very interesting material to control and modify
surface properties of biomaterials. Spider silk is not hemolytic or cytotoxic, and its
degradation products (peptides and amino acids) are non-toxic and can be body-resorbed.
There is no immune response, and cells show only weak interaction with smooth
eADF4(C16) films and surfaces. eADF4(C16) is well suited as a coating material for

implants (e.g., silicone breast implants) or catheters.

In the present work, a process to coat smooth polymer surfaces like catheters (made of
silicone, polyurethane (PU) and polytetrafluoroethylene (PTFE)) with eADF4(C16) has
been developed. The coatings differ in their thickness from previously published silicone
implant coatings with micron-sized layer thickness. The new nano-coatings were

characterized concerning stability, biocompatibility and cell adsorption properties.

The polymeric biomaterials used in this work have hydrophobic surfaces and were
hydrophilized in oxygen plasma prior to dip-coating with eADF4(C16). To increase the
adhesion of eADF4(C16) to plasma treated surfaces, a layer of the polycationic polymer



polyethyleneimine (PEI) or the positively charged recombinant spider silk protein
eADF4(x16) was applied to the hydrophilized polymeric biomaterial surface. Coatings
show no delamination upon bending load. The surface contact angles of the coatings were
significantly smaller than contact angles determined for eADF4(C16) films with a
thickness of 1 uym to 2 pm.

Therefore, the hypothesis that the surface properties of silk coatings change depending
on layer thickness was investigated. If the layer thickness of a film or a coating decreases,
the specific surface area per volume increases. Materials with dimensions of < 100 nm in
at least one direction in space are called nanomaterial and show different properties
compared to bulk materials. In addition to surface wetting properties, also structural
features (f-sheet fraction) were investigated depending on film thickness. Considering
the amino acid sequence of eADF4(C16), the protein comprises repeats of a polyalanin-
rich hydrophobic and a glycine-rich hydrophilic block. From a polymer science point of
view, this protein therefore can be described as an AB multiblock copolymer. Based on
the data and the polymer-like properties of eADF4(C16), a film-thickness-dependent
assembly and phase separation model from the protein layer of only a few nanometer in

thickness up to the bulk material was proposed and described.

In addition, eADF4(x16)/eADF4(C16) coatings show very good stability in buffer and
slow biodegradability in a wound healing environment. Interaction of cells with the
coating surface also plays a significant role for biocompatibility of the material and its
specific application. BALB/3T3 fibroblasts, B5S0 neuronal cells, HaCaT keratinocytes and
C2C12 myoblasts showed only low cell adhesion on eADF4(C16) coated catheter
surfaces. For biomedical applications, where no host response is supposed to occur and
cells should not interact with the surface, thin eADF4 (C16) coatings are a good option

to adjust surface properties and minimize the materials usage.

In addition, eADF4(C2) functionalized bacterial nanoparticles (MamC-C2
magnetosomes) were investigated. Magnetotactic bacteria form magnetosomes to orient
along the field lines of the Earth’s magnetic field. In the model organism
Magnetospirillum gryphiswaldense they consist of a magnetite core and a phospholipid
bilayer (magnetosome membrane). Spider silk proteins (two times repeat of the C module

in case of MamC-C2) were incorporated in the biomembrane using the anchor protein



MamC and form a shell, which increased colloidal stability of the particles. QCM-D
experiments indicated an intermolecular interaction between MamC-C2 magnetosomes

and eADF4(C16), and MamC-C2 magnetosomes can serve as nucleation site for

eADF4(C16) fibril assembly.



1. Einleitung

1.1. Biomaterialien
1.1.1. Einfithrung

Die Wissenschaft der Biomaterialien ist aus heutiger Sicht ein Zusammenwirken
verschiedener Fachbereiche. Einen hohen Stellenwert in der Biomaterialforschung nimmt
das Verstandnis der physikalischen und chemischen Wechselwirkungen zwischen
komplexen biologischen Systemen und synthetischen oder modifizierten natiirlichen
Materialien ein. Aufgrund ihrer Komplexitit muss die Biomaterialforschung als

multidisziplindres Forschungsfeld betrachtet werden.

Einzelne Fachrichtungen definieren den Begriff Biomaterial unterschiedlich. Von D. F.
Williams wurden 1999 in The Williams Dictionary of Biomaterials verschiedene
Definitionen aus der Biologie und der Biomaterialwissenschaft zusammengefasst.l!) In
der Biologie sind Biomaterialien feste Materialen, wie zum Beispiel Chitin, Fibrin oder
Knochen, die in lebenden Organismen vorkommen und von ihnen hergestellt werden.?!
Um auch synthetische Materialien zu beriicksichtigen, benotigt es im Rahmen der
Materialwissenschaft hingegen einer anderen Formulierung der Definition eines

Biomaterials.
Die European Society of Biomaterials erarbeitete folgende Definition:

Ein Biomaterial ist ein nicht lebensfihiges Material, das in einem Medizinprodukt
verwendet wird und bestimmungsgemdfy in Wechselwirkung mit biologischen

Systemen steht.

(Engl.: A biomaterial is a “nonviable material used in a medical device, intended to

interact with biological systems.” — Williams, 1987)P!

Diese Definition wurde im Rahmen der Veroffentlichung Biomaterial-Tissue Interfaces:
European Conference on Biomaterials iiberarbeitet, um die Beschrinkung auf nicht
lebensfahige Materialien aufzuheben und eine Verbindung zur beabsichtigten Funktion

des Biomaterials herauszustellen:



Ein Biomaterial ist ein Material, das an der Schnittstelle zum biologischen System
den Zweck erfiillt Gewebe, Organe oder Funktionen des Kérpers auszuwerten, zu

behandeln, zu verstdirken oder zu ersetzen.

(Engl.: A Biomaterial is a “‘material intended to interface with biological systems to
evaluate, treat, augment or replace any tissue, organ or function of the body.” —

Doherty, Williams, Williams, Lee, 1992)[%

Diese Formulierung lasst die Anwendung des Begriffes in der Materialwissenschaft von
der Synthese iiber die Charakterisierung von Biomaterialien bis zur Wechselwirkung mit
der Wirtsumgebung in verschiedensten Anwendungsbereichen, wie beispielsweise der
Geweberekonstruktion oder bei kiinstlichen Organen und Implantaten, zu. Durch das
Wirken des Biomaterials an der Schnittstelle zum biologischen System tritt zwangslaufig
auch eine Wirtsantwort auf das Biomaterial auf (Fremdkorperreaktion; Engl.: foreign-
body response). Ein weiterer wichtiger Begriff, der daher einer Definition bedarf, ist die
Biokompatibilitit. Nach Williams (Biomaterial-Tissue Interfaces: European Conference

on Biomaterials; Consensus Conference II) ist Biokompatibilitit wie folgt definiert:

“Biokompatibilitit” ist die Fdhigkeit eines Materials in einer spezifischen

Anwendung mit der zugehorigen Wirtsantwort zu funktionieren.

(Engl.: “Biocompatibility” is the ability of a material to perform with an appropriate
host response in a specific application. — Williams, 1987)"]

Das Verstindnis der Biokompatibilitit eines Materials ist sehr wichtig, doch bedarf es
einer genauen Betrachtung abhidngig vom jeweiligen Anwendungsgebiet (z.B.
Hartgewebe, Weichgewebe, Herz-Kreislauf-System) des Biomaterials. Die
Biokompatibilitit kann in zwei Bereiche — die Strukturkompatibilitit und die
Oberflachenkompatibilitdt — gegliedert werden. Bei der Strukturkompatibilitit wird z.B.
die Struktur, Form und Mechanik eines Implantats an das Verhalten des Gewebes im
Wirtsorganismus angepasst. Werden die chemischen, physikalischen, biologischen und
morphologischen Oberflacheneigenschaften eines Materials an das Wirtsgewebe
angepasst, spricht man von Oberflichenkompatibilitidt. Neben der Biokompatibilitit sind
weitere wesentliche Aspekte in der Biomaterialwissenschaft die Toxikologie (sowie

Pathobiologie und —biochemie) des Materials, die mechanischen und physischen



Anforderungen und Belastungen des Materials abhéngig von der Wirtsumgebung, die
Wechselwirkung in funktioneller Gewebestruktur und die durch das Biomaterial
hervorgerufenen  bzw. beeinflussten  Entziindungs- und  Heilungsvorginge
(physiologisch, pathologisch; Fremdkorperreaktion). Neben diesen Vorgéngen kann es in
der Wirtsumgebung auch zum Abbau beziehungsweise zur chemischen Veridnderung des
Grundmaterials kommen. Wichtig ist hier, dass nicht nur das Grundmaterial, sondern
auch die entstehenden Abbauprodukte biokompatibel, d.h. vor allem nicht toxisch und

nicht immunogen, sind.

Die Eigenschaften des Grundmaterials (Engl.: bulk), vor allem die mechanischen
Eigenschaften, werden nicht nur durch den atomaren Aufbau, sondern auch durch die
Mikrostruktur des Materials bestimmt. So konnen beispielsweise polymere Materialien
durch unterschiedliche Anordnung von Phasen im Material unterschiedliche mechanische
Eigenschaften aufweisen. Weitere Eigenschaften des Grundmaterials sind z. B. die
optischen Eigenschaften (z. B. bei optische Linsen, Hornhautgewebe, Biosensoren) und

elektrische sowie thermische Leitfahigkeit (z. B. bei Bioelektroden, Biosensoren).

Die Art und Weise wie das Biomaterial mit seiner Wirtsumgebung wechselwirkt, hingt
zu einem grofen Teil von den chemischen und physikalischen Eigenschaften der
Biomaterialoberfldche ab. Die Molekiile im Biomaterial wechselwirken miteinander iiber
verschiedene Krifte (u.a. Van-der-Waals Kréfte, ionische Wechselwirkungen,
Wasserstoffbriickenbindungen, metallische Bindungen, kovalente Bindungen). Die
Oberfldchenatome haben jedoch durch ihre Exposition an der Grenzfliche zum
umgebenden Medium weniger Wechselwirkungsmoglichkeiten miteinander und sind nun
asymmetrisch ausgebildet. Oberflachen besitzen daher im Vergleich zum bulk eine
besondere Reaktivitit und besondere Oberfldcheneigenschaften. Diese haben einen
wichtigen Einfluss auf die Biokompatibilitit des Materials. So werden z. B. Protein-
sowie Zelladhdsion auf einem Biomaterial direkt durch die Eigenschaften der Oberflache
beeinflusst. Die Unterschiede zwischen Grundmaterial und Oberfldche lassen sich wie
folgt zusammenfassen: Die Masse, durch die die Oberfliche gebildet wird, ist im
Vergleich zum Grundmaterial sehr klein. Die Oberfliche besitzt eine zum Grundmaterial
verschiedene Reaktivitit und Oberflichenmolekiile weisen eine betrachtliche Mobilitét
im Vergleich zu Molekiilen des Grundmaterials auf. Auflerdem werden Oberflichen

schnell kontaminiert.P!



1.1.2. Wasser und Biomaterialien

Eine bedeutende Rolle in der Interaktion mit Biomaterialien und der Wechselwirkung der
Biomaterialoberfliche mit der Umgebung nimmt Wasser ein. An der Grenzfliche
zwischen Wasser und Luft werden die Wassermolekiile durch die Kohisionskrifte
zusammengehalten. Die Oberflichenspannung ist ein MaB fiir diese Kraft zwischen den
Wassermolekiilen. Neben diesen Eigenschaften ist Wasser ein Losungsmittel fiir
Proteine, Zucker, Salze und viele organische Fliissigkeiten, Lipide und Tenside. Werden
Ionen und Molekiile hydratisiert, umgibt sie eine Schicht Wasser. Diese Wasserschicht
hat im Vergleich zum bulk-Wasser verschiedene Eigenschaften und stort auch die
Eigenschaften des diese hydratisierten Ionen umgebenden Wassers.®!  Auf diesen

Effekten beruht auch die Wirkung der kosmotropen und chaotropen Salze.l-14l

Wasser ist das Molekiil, das noch vor der Adsorption von Proteinen oder Zellen mit der
Biomaterialoberfliche =~ wechselwirkt. =~ Wassermolekiile  adsorbieren auf der
Materialoberflache und strukturieren sich dort unter Optimierung der Energie fiir das
System. Diese Wasserschicht (1-4 Wassermolekiile) ermdoglicht erst den Transport
weiterer Molekiile, wie von Proteinen, und ist die primdre Bedingung fiir die
Wechselwirkung eines Biomaterials mit seiner Wirtsumgebung. Ein Molekiil interagiert
zu allererst mit dem an der Oberfldche gebundenen Wasser. Die Ordnung des Systems ist
durch das an die Oberflache gebundene Wasser hoch (niedrige Entropie). Bindet nun ein
Proteinmolekiil an die Oberfldche, wird Oberflichenwasser freigesetzt und die Entropie
steigt. Das Oberflichenwasser kann jedoch auch so stark an die Oberfliche gebunden
sein, dass keine Verdringung des Wassers und somit auch keine Proteinadsorption

stattfinden kann. Weitere Aspekte der Proteinadsorption werden in Kapitel 1.1.3.2

beschrieben.
1.1.3. Eigenschaften von (polymeren) Biomaterialien
1.1.3.1. (Bio-)Abbaubarkeit und Resorption

Die Biokompatibilitdt eines Biomaterials hiangt, wie schon in Kapitel 1.1.1 beschrieben,
auch von der Biokompatibilitit seiner Zersetzungs- und Abbauprodukte ab. Neben

hochgradig stabilen, nicht-abbaubaren Materialien, die sich nicht in der Zeitspanne ihrer

10



erwarteten Einsatzdauer zersetzen,!'”] werden zunehmend auch abbaubare Materialien,
wie z.B. Polyhydroxyessigsdure als resorbierbares medizinisches Nahtmaterial,

[16-18] Die Zersetzung eines Materials wird nach der American Society of

eingesetzt.
Testing Materials ASTM als ,,Anderung in der chemischen Struktur, den physikalischen
Eigenschaften oder dem Erscheinungsbild eines Materials* definiert.!!! Es treten jedoch
verschiedenste Effekte auf, die unabhingig voneinander zur Freisetzung von
Fremdmolekiilen und Teilen des Biomaterials fithren kdnnen. Man unterscheidet hier
zwischen verschiedenen Zersetzungsarten wie der chemischen Zersetzung, der Erosion,

der Bioabbaubarkeit, der Bioerosion, Oberflichenerosion und der bulk-Erosion.!'”! Diese

Begriffe sind folgendermaflen definiert:

e Chemische Zersetzung: Brechen kovalenter Bindungen, beispielsweise durch
Hydrolyse, Redoxprozesse oder photooxidativen Abbau.['”!

e Erosion: physikalische Anderung von GroBe, Form oder Masse des Materials,
beispielsweise durch Losen, Abtragen, oder mechanischen VerschleiB.[!”]

e Bioerosion: Umwandlung eines in Wasser unldslichen Materials in ein 16sliches
Material unter physiologischen Bedingungen.'”]

e Bulk-Erosion: Die Einwanderung des Wassers in den bulk ist schneller als die
Oberflachenerosion. Das Material erodiert ,,von innen®.['°]

e Bioabbaubarkeit: Abbau durch biologische Systeme (z.B. Enzyme, Zellen,
Mikroorganismen).[!-1°]

o Oberflichenerosion: Erosion eines Polymers von der Oberfliche her. Die
Umwandlung an der Oberflache ist schneller als die Infiltration des bulk mit

Wassermolekiilen.!']

Auch bei Zersetzungs- oder Erosionsvorgéngen, vor allem in der Wirtsumgebung, spielen
Wassermolekiile eine Schliisselrolle. Bei hydrolytischen und auch enzymatischen
Prozessen miissen zuerst Wassermolekiile mit den funktionellen Gruppen des
Biomaterials wechselwirken. Die Hydrophobizitit, die Kristallinitidt und somit die damit
zusammenhidngende mogliche Wasseraufnahme bzw. Mdoglichkeit zur Interaktion mit
Wasser sind entscheidende Faktoren fiir die Abbaubarkeit bzw. Resorbierbarkeit vor

allem von polymeren Biomaterialien.
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Durch die Wirtsumgebung und die auftretenden Zersetzungsmechanismen konnen auch
im Biomaterial vorhandene Verunreinigungen freigesetzt werden. Mogliche
Verunreinigungen des Polymers sind Initiatoren, Monomerriickstinde, Oligomere und
Nebenprodukte, Losungsmittelriickstande oder auch Additive. Neben solchen durch die
Herstellung bedingten Faktoren kann auch die Verarbeitung des Materials, wie z.B.
Sterilisationsmethoden (z.B. Temperatur, Druck, oxidative Prozesse), oder auch nur die
Art der Lagerung (z.B. Feuchtigkeit) zu einer (oberflichlichen) Verdnderung bzw.
Zersetzung des Materials fithren. Diese sind ein nicht zu vernachlédssigender Faktor bei
der Beurteilung der Biokompatibilitit eines Biomaterials, da durch sie auch die

Oberflicheneigenschaften des Materials verdndert werden konnen.

Um die biologische Antwort auf ein Biomaterial zu verstehen, miissen auch
Oberfliacheneigenschaften wie die Morphologie und die Rauigkeit, die
Oberflachenbenetzbarkeit und die Oberflichenchemie (atomar, supramolekular &

makromolekular) im Zusammenhang mit der Wirtsantwort verstanden werden.
1.1.3.2. Proteinadsorption

In vielen Einsatzgebieten kommen Biomaterialien abhéngig von der Anwendung intra-
sowie extrakorporal in direkten Kontakt mit Proteinen aus der Wirtsumgebung. Da kein
Biomaterial mit einer absolut proteinresistenten Oberfliche bekannt ist, ist die
Proteinadsorption auf den exogenen Biomaterialoberflachen als ein wichtiger Faktor bei
der Einschitzung der Biokompatibilitdt des Materials zu betrachten. Zusitzlich ist die
Proteinadsorption unmittelbar mit der Zelladhdsion verkniipft. In der Regel weisen
Oberflachen mit einer hohen Proteinadsorption ebenfalls eine hohe Zelladhision auf und
proteinresistente Oberflichen geringe bis keine Zelladhédsion. Durch das Abschwichen
bzw. Verhindern von unspezifischer Proteinadsorption, z.B. durch Verringerung der
Oberfliachenenergie des Biomaterials, kann die Biokompatibilitdt eines Biomaterials
verbessert werden. Die Oberflichen werden dadurch fiir Korperflissigkeiten
,unsichtbar*.[2%2! Es hat sich jedoch gezeigt, dass es in physiologischer Umgebung auch
bzw. insbesondere auf sehr hydrophoben Oberflichen mit geringer Oberfldchenenergie,
wie beispielsweise Polytetrafluoroethylen (PTFE), zu einer deutlichen oft irreversiblen
Proteinadsorption kommt und diese mit einer Denaturierung des Proteins auf der

Oberfliche einhergehen kann.!?2-%7]

12



Das sogenannte Berg-Gesetz beschreibt anhand der Hydrophilie bzw. Hydrophobizitit

28291 So kdnnen Proteine auf hydrophilen

welche Oberfliche Proteinadsorption fordert.!
Oberflichen (6< 65°) das oberflichengebundene Wasser nicht verdringen und daher
auch nicht adsorbieren. Auf hydrophoben Oberflachen ist das kontrdre Verhalten zu
beobachten, jedoch kann das Berg-Gesetz in der Regel nur auf makroskopische
Oberfldachen und nicht auf nanoskalige Oberfldchen, wie z.B. Nanopartikeloberfldchen,

angewendet werden.’!

Im Allgemeinen tendieren Proteine zur Ausbildung von adsorbierten Monolagen, d.h.
Proteine adsorbieren nicht unspezifisch auf ihren eigenen Monolagen. Der Grund hierfiir
liegt darin, dass das Hydrationswasser der adsorbierten Proteinmolekiile an der
Grenzfliche Monolage/Proteinlosung nicht verdringt wird und keine starke
Wechselwirkung zwischen den bereits adsorbierten Molekiilen und den

Proteinmolekiilen in Losung ausgebildet werden kann.[*!]

Um bioinerte Oberflichen designen und die Biokompatibilitit von Biomaterialien
erhohen und steuern zu kdnnen, ist es essenziell, die Triebkrifte der Proteinadsorption zu
verstehen. Proteinadsorption ist ein kinetischer Vorgang, bei dem sich die Proteinschicht
iber die Zeit verdndert. In einem ersten Schritt binden Proteine lose an die Oberfldchen.
Es folgen diverse De- und Adsorptionsvorginge (Vroman Effekt), bei dem die
urspriinglich adsorbierten Proteine durch Proteine mit einer hoheren Affinitdt zur
Oberfliche ersetzt werden.[***%! Dieser Vorgang ist mdglich, solange die adsorbierten
Proteine erneut hydratisiert werden kodnnen und nicht vollstdndig denaturieren. Neben den
auftretenden kinetischen Effekten ist Proteinadsorption ein thermodynamischer Vorgang
und lésst sich vereinfacht mit der Gibbs-Gleichung beschreiben (Gleichung 1).2! AGas
ist die freie Adsorptionsenthalpie, AH.is die Adsorptionsenthalpie, ASass die

Adsorptionsentropie und 7" die Temperatur.
AGads = AHuds - TASuas Gleichung 1

Die thermodynamischen Effekte der Proteinadsorption sind in Tabelle 1
zusammengefasst. Kommt ein Proteinmolekiil mit der Biomaterialoberfliche in Kontakt,
interagiert es zuerst mit dem an der Oberfliche gebundenen Wasser (vgl. Kapitel 1.1.2).
Die daraus resultierende Triebkraft fiir die Proteinadsorption ist der Entropiegewinn

(ASads > 0) durch die Freisetzung von oberflichengebundenem Wasser. Auch durch die

13



Denaturierung und Dehydratisierung des Proteins kommt es zu einem Entropiegewinn
(ASaas > 0).57 Liegt in Losung eine geringe lonenstirke vor, so binden kationische
Proteine an anionische Oberfldchen und anionische Proteine an kationische Oberflédchen.
Die Triebkraft ist hier die Enthalpie durch die Ausbildung langreichweitiger ionischer
Wechselwirkungen (A4Haas <0) und der Entropiegewinn durch die Freisetzung von
Gegenionen des Proteins (4Sqas > 0). Diese Wechselwirkungen sind bei physiologischen
Bedingungen zu einem groflen Teil vernachléssigbar, da die ionischen Proteingruppen
bei der vorhandenen hohen Ionenstirke abgeschirmt werden.®”) Auch die Ausbildung
kurzreichweitiger Van-der-Waals Wechselwirkungen des Proteins mit der Oberfldche
begiinstigen die Proteinadsorption (AHass < 0). Die Dehydration der Oberfldche und des
Proteins fiihrt zwar zu einem Entropiegewinn, doch durch den positiven Beitrag zur
Adsorptionsenthalpie wirken diese Vorgidnge, ebenso wie die Entfaltung des Proteins, der
Proteinadsorption entgegen. Auch wird die Ordnung des

Systems durch die

Proteinadsorption wieder erhdht (ASaas < 0).

Tabelle 1: Thermodynamik der Proteinadsorption.

Die Proteinadsorption begiinstigend
(AGads < 0)

Der Proteinadsorption entgegenwirkend
(AGads > 0)

AHads < 0 ASads > 0

AHags > 0 ASads < 0

Van-der Waals
Wechselwirkungen

Desorption von
Oberflachenwasser

Dehydration der
Oberflache und des
Proteins

Proteinadsorption

Exponierung
hydrophober Proteine
und
Sequenzbestandteile

Denaturierung und
Dehydration des
Proteins

lonische Wechselwirkungen Proteinentfaltung

Freisetzung von
Gegenionen

In den letzten zwei Jahrzehnten beschéftigten sich verschiedene Forschungsgruppen mit
der Interaktion von Proteinen mit Polymerbeschichtungen und Biomaterialien und der
Herstellung proteinresistenter Oberflichen.*3%3°1 So wurde beschrieben, dass die
physikochemischen Prozesse der Proteinadsorption von einem komplexen
Zusammenspiel der Konformationsfreiheitsgrade der (schaltbaren und auf &duBere
Einfliisse reagierenden) Polymerschichten und von diversen polaren und unpolaren

Interaktionsmechanismen beeinflusst werden.P%* Von Whiteside und Mitarbeitern
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wurden systematische Studien zur Struktur-Eigenschaftsbeziehung durch Vergleich der
chemischen Struktur von selbstassemblierenden Monolagen und ihrem Potential zur
Unterdriickung von Proteinadsorption durchgefiihrt.[*1#?! Aus diesen Studien wurden die
sogenannten  Whiteside-Regeln —aufgestellt, die auf molekularer Ebene die

Charakteristiken proteinresistenter Monolagen beschreiben:

1. Anwesenheit polarer funktionaler Gruppen (z.B. Hydrophilie)
Anwesenheit von Akzeptor-Gruppen fiir Wasserstoftbriickenbindungen

Abwesenheit von Donor-Gruppen fiir Wasserstoffbriickenbindungen

i

Abwesenheit von Nettoladung

Biomaterialien werden trotz der Abwesenheit von biologischen Motiven, auf die das
Immunsystem reagiert, vom Wirtsorganismus erkannt. Dies ist in der Adsorption von
Adhésionsproteinen auf die Biomaterialoberflichen begriindet. Die Integrinrezeptoren
der meisten Zellen erkennen die auf der Biomaterialoberfliche adsorbierten
Adhisionsproteine. Dies fiihrt zu einem biologisch erkennbaren Material.*¥] Im
folgenden Kapitel wird nun nédher auf die Interaktion von Zellen mit Biomaterialien

eingegangen.

1.1.3.3. Zellinteraktion

Die Biokompatibilitéit eines Biomaterials beruht neben den schon beschriebenen Effekten
auch auf der Interaktion der Biomaterialoberflichen mit Zellen.*¥! Die Zellen-
Oberflacheninteraktion wird durch verschiedene Faktoren, wie die Oberflichenchemie,

die Topographie und den Elastizititsmodul bzw. die Steifheit des Substrats beeinflusst.

Zellen adhérieren in vivo iiber Fokale Adhdsionen. Das sind Zellverbindungen, die das
Zytoskelett einer Zelle mechanisch an das Substrat (Extrazellulire Matrix) koppeln.
Kleine Fokale Adhidsionen, wie sie in migrierenden Zellen zu finden sind, bestehen unter
anderem aus transmembranen Integrinen (Zell-Adhisions-Glykoprotein-Rezeptoren) und
binden an extrazellulire Motive der ECM Proteine (z.B. Kollagen, Fibronectin).[*+*)] Die
mechanischen Eigenschaften des Mikromilieus um die Zellen werden ebenfalls durch

Fokale Adhisionen abgetastet.!**”! Die Stimulation der Zellen durch mechanische Reize
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wird heute als wichtiger Einflussfaktor fiir die Zellaktivitét betrachtet. Dies beinhaltet die

Proliferation, Migration und Differenzierung.[*®!

Um die Interaktion von Zellen mit Biomaterialien zu beeinflussen, konnen spezifische
molekulare Erkennungsmotive verwendet werden, welche auf die Biomaterialoberfldche
aufgebracht werden. Typische Beispiele fiir zellbindende Peptide sind beispielsweise
YIGSR (aus Laminin)“°! oder die RGD-Sequenz (z.B. in Fibronectin)l*®!l als minimales
Erkennungsmotiv ~ der  Integrine. Neben  der  Funktionalisierung  der
Biomaterialoberflachen kann die Affinitit zwischen Zellen und Biomaterial auch durch
Beschichtung oder Funktionalisierung der Biomaterialoberflache mit Proteinen aus der
ECM erhoht werden. Ein Problem kann hierbei die schnelle Abbaubarkeit der ECM-
Proteine darstellen. Wird die Beschichtung aus ECM-Proteinen schneller abgebaut, als
die Tragerstruktur, kann es zur AbstoBung oder auch Verkapselung durch den

Wirtsorganismus kommen.[*4!

Bei Abwesenheit dieser spezifischen Wechselwirkungsmechanismen wird die Zell-
Biomaterial-Wechselwirkung durch unspezifisch auf die Biomaterialoberfldche
adsorbierte Proteine vermittelt.5?! Dies beruht auf den physikochemischen Eigenschaften
der Oberfldchen, insbesondere dem Zetapotential bzw. der Ladungsdichte und der
Grenzflichenspannung der Oberfliche (Benetzbarkeit).13! In vitro zeigte sich, dass die
Zelladhdsion durch eine positiv geladene Polymermatrix verbessert wird. Auf negativ
geladenen Oberflichen war die Zelladhision deutlich verringert.!**>*3¢1 Auch durch die
Benetzbarkeit/Hydrophobizitit der Oberfliche wird die Zelladhédsion beeinflusst. Die
Hydrophobizitit hat, wie im vorigen Kapitel beschrieben, einen direkten Einfluss auf die
Proteinadsorption. Auf hydrophoben Oberflichen wird die Konformation der
adsorbierten Proteine geéndert. Durch diese Konformationsanderungen kann es zu einer
verinderten Zuginglichkeit von Zelladhiisionsmotiven kommen.”*8 Auf Oberflichen
mit Wasserkontaktwinkeln € von 55°-60° tritt die maximale Zelladhdsion verschiedener
Zelltypen auf.[*+365859 Neben stark hydrophoben Oberflichen (6> 90 °C) ist die
Zelladhision auch auf stark hydrophilen Oberflichen vermindert (6< 30 °C).153-%

Weitere Faktoren, die die Zelladhédsion beeinflussen, sind die Oberflachentopografie und
Oberfliachenrauigkeit, die auch in direktem Zusammenhang mit der Benetzbarkeit

stehen.[°! In der Literatur wurde bereits der Einfluss der Oberflaichenstruktur auf die
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Migration, Morphologie und die Ausrichtung adhirenter Zellen beschrieben.[44:6263]
Zellen orientieren sich beispielsweise entlang von Fasern (Kontaktfiihrung, Engl.:
contact guidance).[%*%%1 Betrachtet man die Zellinteraktion mit Vliesen, so lisst sich ein
Einfluss des Faserdurchmessers auf die Zelladhiision beobachten.!”l Auf Vliesen wird
die Zelladhdsion hauptsdchlich durch morphologische Wechselwirkung zwischen den

Zellen und der Matrixtopographie vermittelt.

1.1.4. Polymere Biomaterialien

Es gibt verschiedene Arten von Biomaterialien, die in den unterschiedlichsten Gebieten
Anwendung finden (z.B. Polymere, Metalle, Keramiken/Glaser/Glaskeramiken,
Kompositmaterialien). Diese Materialien werden je nach Mdoglichkeit und Anforderung
in unterschiedliche Morphologien, wie z.B. Hydrogele, Schiume, texturierte und pordse
Materialien, Gewebe, Fasern, Vliese, etc. prozessiert. Im Folgenden werden als
Biomaterial gebrduchliche synthetische Polymere vorgestellt: Polydimethylsiloxan
(PDMS; Silikone), Polyurethane (PU) und (expandiertes) Polytetrafluoroethylen
((e)PTFE; z.B. Teflon® & GoreTex®).

) 1
?i—O ?i—O
R CH,
n
1

Polysiloxan Polydimethylsiloxan

Abbildung 1. Grundwiederholungseinheiten von Silikonen. Siloxanriickgrat 1 mit variablem Rest R und
Polydymethylsiloxan 2 mit R = CHs.

Es gibt lineare, cyclische, verzweigte und vernetzte Polysiloxane.!8! Lineare Silikone
(Abbildung 1) sind in der Regel Fliissigkeiten, die durch Quervernetzung (z.B. durch
Alkoxysilane) und Fiillmaterialien (z.B. Silicapartikel) stabilisiert werden miissen.
Silikone haben eine lange Tradition in der Kdorperpflege als auch als Biomaterial in

medizinischen Anwendungen und werden schon seit den 1940er Jahren beispielsweise
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als Tragermaterial in der Kosmetik, in Deodorants, Haarwaschmitteln und Material fiir
medizinische Schlduche sowie Prothesen verwendet. Durch ihre Flexibilitit, die geringen
Ermiidungseigenschaften und die hohe Biokompatibilitdt und Biohaltbarkeit, vor allem
in der Langzeitanwendung, eignen sie sich gut fiir die Verwendung in Fingergelenken,
Herzklappen, als Brustimplantate, zur Ohr-, Kinn- und Nasenrekonstruktion sowie fiir
Katheter (z.B. transurethrale Blasenkatheter, wie der Teleflex® Riisch Brillant
Ballonkatheter). Silikone sind auflerdem nicht toxisch und haben eine hohe chemische
Besténdigkeit und widerstehen tiefen und hohen Temperaturen. Der Glasiibergang liegt
typischerweise bei unter -120 °C. Dies ist fiir Biomaterialien insofern wichtig, dass eine
Sterilisation (hier: Autoklavieren) sowie eine kiithle Lagerung mdglich ist, ohne das
Material und seine Eigenschaften zu verdndern. Aufgrund ihrer hohen Transparenz, der
hohen Gaspermeabilitit und ihrer mechanischen Eigenschaften finden Silikonhydrogele
auch in  ophthalmologischen = Anwendungen, wie zB. als Mehrtages-

Kontaktlinsenmaterial, Anwendung.[®”]

Durch ihre hydrophobe Oberfliche kommt es jedoch zu einer schnellen und starken

Proteinadsorption bei Gewebekontakt.[07!]

Dies kann zu pathophysiologischen
Komplikationen, wie einer schnellen Bildung von Narbengewebe und der Verkapselung
des Materials im Korper, z.B. periprosthetische Kapselfibrosen bei Silikon-
Brustimplantaten, fiihren.[”?) Es gibt verschiedene Ansitze die Proteinadsorption auf
Silikonen zu verringern und so wurden Silikone beispielsweise mit kurzen

Polyethylenglykolen (PEG) versehen.®”]

Ein weiteres in medizinischen Gerdten und Produkten hiufig eingesetztes Material sind
Polyurethane. PU 5 sind robuste Polymere auf Isocyanatbasis mit geringen
Materialermiidungseigenschaften.[>7#! Sie entstehen durch Polyadditionsreaktion von

Polyisocyanaten 3 mit Polyolen 4 (Abbildung 2 A).l>76]
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Abbildung 2. Bildung von Urethanen aus Isocyanaten und Polyolen (A). Die Chemie der Polyurethane
bietet vielfaltige Mdglichkeiten zur Beeinflussung der Polymereigenschaften durch Wahl der Monomere.
Beispielhaft sind verschiedene Monomere fiir (B) Polyole und (C) Isocyanate gezeigt.

Die Eigenschaften (hart, weich, bioabbaubar, etc.) der Polyurethane konnen durch die
Wahl der Monomere auf die Anwendung malBigeschneidert werden und es lassen sich
segmentierte Polyurethane mit alternierenden harten glasartigen bzw. kristallinen und
weichen gummiartigen Blocken herstellen.[”®! Dadurch kann PU als thermoplastisches
Elastomer hergestellt werden.”®! Es wird eine groBe Fiille von Polyolen als Monomer
eingesetzt. Hier bietet sich eine Fiille an Variationsmdéglichkeiten, beispielsweise durch
den Einsatz von Triolen wie 1,1,1-Trimethylolpropan 6 zur Erhohung des
Vernetzungsgrades. Es werden aber auch polymere Polyole wie beispielsweise
Polypropylenglykole 7 und Polyesterpolyole 8 (Abbildung 2 B), aber auch
Polyetherdiole, wie PEG, eingesetzt. Verwendete Isocyanate sind beispielsweise

Diisocyanate wie Hexamethylendiisocyanat 9 und Toluoldiisocyanate 10 oder auch

Triisocyanate wie Triphenylmethantriisocyanat 13 (Abbildung 2 C).
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Von Akutsu et al. wurde schon 1959 iiber die biomedizinische Anwendung von PU als
Herzklappen!””-7® und kurze Zeit spiter iiber PUs als Pumpendiaphragma in kiinstlichen
Herzen berichtet.”*! PUs sind sehr universell einsetzbar und werden beispielsweise als
Leitungsisolierung von Herzschrittmachern, als GefaBersatzmaterial, fiir Wundauflagen
und als Katheter eingesetzt, aber auch eine Verwendung als Kleber, Beschichtung,

Dichtmittel, (harte und weiche) Schaume und Textilfaser ist mdglich.

Die letzte Gruppe an Polymeren, die hier vorgestellt wird, sind hochgradig fluorierte
Kohlenwasserstoffe wie z.B. PTFE 15 und Polyvinylidenfluorid 16 (PVDF; Arkema:
Kynar®).

F H
F H
n
15 16
Polytetrafluoroethylen Polyvinylidenfluorid
PTFE PVDF

Abbildung 3. Grundwiederholungseinheiten von fluorierten Kohlenwasserstoffen. Polytetrafluoroethylen
(PTFE) 15 und Polyvinylidenfluorid (PVDF) 16.

Sie sind anndhernd chemisch inert, extrem hydrophob, 16sungsmittelstabil und besitzen
eine hohe thermische und chemische Stabilitdt. Durch die hohe Ionisierungsenergie und
die geringe Polarisierbarkeit treten nur schwache intermolekulare Krifte auf. Dies fiihrt
zu einer geringen Grenzflachenenergie, was wichtig in Bezug auf die Anwendung dieser
Materialien an Grenzflichen wie z.B. der Implantat/Wirtsorganismus-Grenzflache ist.
Zusétzlich besitzen diese Materialien einen geringen Reibungskoeffizienten und somit
eine hohe Schmierfdhigkeit sowie eine hohe Sauerstoffpermeabilitit. Biomedizinische
Anwendungen von fluorierten Kohlenwasserstoffen sind (kardiovaskulédre, dentale,
okulare, kraniofaziale, urologische und abdominale) Dauerimplantate, luminale Zuginge
(v.a. Katheter in vielfiltigen Formen) und andere medizinische Schliuche &

79-82

biotechnologische Komponenten wie z.B. Membranen.[””-82] Haupteinsatzgebiete von

(e)PTFE sind medizinische Schlduche, Katheter (z.B. Venenverweilkatheter; BD
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Venflon®), GefiBersatzmaterialien, aber auch Netze/Gitter/Gewebe sowie Naht- und

Implantatmaterialien.®*)

Fluorierte Kohlenwasserstoffe sind zwar chemisch anndhernd inert, aber nicht inert
gegeniiber biologischer Wirtsreaktion (v.a. Proteinadsorption und Blutgerinnung). Serum
Albumin und Fibrinogen sowie Blutserumproteine im Allgemeinen zeigen ein sehr
starkes Adsorptionsverhalten an diese Materialoberflichen. Durch die hohe
Adsorptionsneigung von Serum Albumin an die Oberfliche der fluorierten
Kohlenwasserstoffe bildet sich direkt nach dem Kontakt mit Blut eine adsorbierte Schicht
aus Serum Albumin. Diese Schicht blockiert die Adhdsion der meisten Zellen und
Proteine und ist der Grund fiir die gute Resistenz gegen Bio-Fouling.l’%34+881 Soll die
Zelladhdsion verbessert werden, konnen zelladhdsive Proteine wie Kollagen oder
Fibronectin vor dem Kontakt mit der Wirtsumgebung auf die Oberflidche der fluorierten
Kohlenwasserstoffe adsorbiert werden.!®*" Fluorierte Kohlenwasserstoffe sind demnach
nicht biologisch inert, sondern intrinsisch reaktiv. Proteine haben eine hohe
Adsorptionsneigung auf diesen Oberflichen und zeigen eine hohe intrinsische

Blutkoagulation in Serum und Plasma.

1.2. Spinnenseide

Neben den zuvor vorgestellten synthetischen Polymeren gibt es auch natiirliche bzw.
naturidente Polymere, wie Seiden. Diese sind Strukturproteine mit hoch repetitiver
Aminosduresequenz und gehoren einer Klasse von Proteinmaterialien an, die von

9193 Die Seiden der Webspinnen (4Araneae) gehdren, wie

Arthropoden produziert wird.!
die Seide der Raupe des Maulbeerspinners (Bombyx mori) und die Seide aus den
Eierstielen der Florfliegen (Chrysopidae), zu den pS-kristallinen Seiden.®* Weibliche
Radnetzspinnen (4raneodiae), wie beispielsweise Nephila clavipes aus der Gattung der
Seidenspinnen (Nephila) sowie die Araneus gemmoides und die Européische
Gartenkreuzspinne Araneus diadematus aus der Gattung der Kreuzspinnen (Araneus),
konnen in bis zu sieben Seidendriisen verschiedene Seidentypen mit

verwendungsspezifischen Eigenschaften herstellen.”>'% Die unterschiedlichen Seiden

sind nach der Driise benannt, aus der sie gesponnen werden.
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Seidenfdden aus der groBen Ampullendriise (Engl.. major ampullate; MA Seide) werden
von der Spinne als Rahmen des Netzes sowie als Abseilfaden verwendet.!'!! Die Proteine
haben eine GroBe von > 300 kDal'%*!%! und weisen eine hohe Zugfestigkeit, eine
moderate Elastizitit sowie eine sehr hohe Tenazitit (Zihigkeit) auf.”*1%-11% Die Seiden
aus der kleinen Ampullendriise (Engl.: minor ampullate, M1 Seide; > 250 kDal'%l) haben
dhnliche mechanische Eigenschaften wie MA Seide und bilden die Hilfsspirale, die das

Netz wihrend des Baus stabilisiert.!!!-!13]

In der Flagelliform-Driise werden
hochelastische Seidenfiden fiir die Fangspirale hergestellt.!!'*!'”] Um das Netz an den
verschiedensten Substraten (Holz, Stein, Glas, u.v.m.) zu befestigen und verschiedene
Seidenfaden miteinander zu verbinden wird ein hochspezialisiertes Klebeprotein in der

100.118,119] Eine weiteres Klebeprotein wird in der Aggregate-

Pyriform-Driise produziert.!
Driise produziert. Die Aggregate-Seide ist ein Gemisch aus klebrigen Glykoproteinen und
kleinen hochhygroskopischen Peptiden. Mit diesem Gemisch werden die Fiden der
Fangspirale beschichtet, die so ihre guten Klebeeigschaften als auch ihre FElastizitit
erhilt."2%27) Cylindriform- bzw. Tubiliform-Seide bilden die #uBere Schale der
Eihiille!'?13") und Aciniform-Seide wird fiir die weiche innere Eihiille sowie zum

Einwickeln der Beute verwendet.[°7-137-140]

1.2.1. Struktur und Aufbau des Abseilfadens

Es gibt bereits zahlreiche Untersuchungen und systematische Ubersichtsartikel zur
Biologiel! >4 Strykturt'**-143) und den mechanischen Eigenschaften!!0310%:146-148] yopy
Spinnenseiden. Abbildung 4 zeigt den schematischen Aufbau (hierarchisches Modell) des
Abseilfadens der Radnetzspinnen. Ein fibrilldrer Kernbereich aus MA Seide, welche aus
den Proteinen MaSpl (Engl: major ampullate spidroin) und MaSp2 besteht, ist in MI
Seide eingebettet und wird von einer Glykoprotein- sowie einer dulleren Lipidhiille
umschlossen.*+144149-1521 Dje duBere Hiille aus Glykoproteinen dient aufgrund der
hygroskopischen Eigenschaften als Schutz vor Austrocknung, wie schon fiir die
Aggregat-Seide beschrieben wurde und die Lipidschicht dient zum Schutz vor

bakterieller Besiedlung.[!>3]
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Lipide
Glykoproteine MA Seide (MaSp1 & MaSp2)
MI Seide

Kernbereich

Querschnitt i ) L .
kristalliner alaninreicher Bereich

amorpher glycinreicher Bereich

Abbildung 4. Schematischer Aufbau des Abseilfadens der Radnetzspinnen.

Die nano- und submikro-Fibrillen im Kernbereich bestehen aus MA Seide bzw.
Spidroinen (Engl: spider fibroin), welche hauptsidchlich Glycin, Alanin und Prolin
beinhalten. MA Seiden werden abhdngig von ihrem Prolingehalt und ihrer
Hydrophobizitit in zwei Klassen eingeteilt: MaSp1 hat einen niedrigen und MaSp2 einen
hohen Prolingehalt.'>¥ MA Spidroine bestehen grundsitzlich aus einer repetitiven
Kerndoméne. Diese besteht aus Aminosduresequenzen von 20-40 Aminosduren (AS), die
bis zu 100 mal wiederholt werden.”®!3%155] Die Fibrillen im Kernbereich bestehen aus
hochgeordneten nanokristallinen Bereichen mit einer mittleren Groe von mindestens

[152,156-161] Tyiese

2nmx 5nmx 7 nm, die in eine amorphe Matrix eingebettet sind.
kristallinen Bereiche sind entlang der Faserachse ausgerichtet und bestehen aus
antiparallelen S-Faltblittern deren Ausrichtung aufgrund der Scherung und Streckung
wihrend des Spinnprozesses erfolgt.l!?! Der S-Faltblattanteil in MA Seide betrigt 11-
46 % bei N. clavipes,'3191 34-35 % bei A. diadematus"*®! und 46 % bei N. edulis''®"

und ist somit vergleichbar mit dem AFaltblattanteil von B. mori (40-55 %).[105:163.164]
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Antiparallele f-Faltblitter werden durch Polyalanine (An; n =4-12) und Glycin-Alanin
Wiederholungen (GA). sowie benachbarte GGA Blocke gebildet.['%%1%]  Ein
Dreiphasenmodell, in dem eine Interphase aus GXG (X = Q, Y, L, R) die in der amorphen
Matrix eingebetteten /Faltblattkristalle umgibt und als Ubergang zwischen dem
kristallinen und dem amorphen Bereich fungiert, wurde vorgeschlagen.['%>1%8] Die A
Faltblidtter konnen sich inter- sowie intramolekular ausbilden, wirken somit als
Quervernetzer im Faden und sind fiir die hohe Zugfestigkeit des Abseilfadens
verantwortlich.®*!37 Die hohe Zihigkeit wird jedoch erst durch die Dehnbarkeit, welche
durch die amorphe Matrix vermittelt wird, erreicht. Die amorphe Matrix besteht aus /-

Schleifen und -Spiralen (GPGXX; X=Q, G, Y) sowie 3i-Helices (GGX; X=Y, L,
Q).[115143,169,170]

Die repetitive Kerndoméne wird von einer N-terminalen und einer C-terminalen nicht-
repetitiven funktionalen Doméne flankiert. Diese Doménen sind zwischen den Spezies
hoch konserviert und vermitteln die Lagerungs- und Assemblierungseigenschaften der

Spinnenseidenproteine.[123:171-177]

1.3. Rekombinante Spinnenseidenproteine - Biopolymere

Im Gegensatz zur Seide von B. mori, die aus den Kokons der Seidenraube gewonnen
wird, kann die Seide von Radnetzspinnen nicht in ausreichenden Mengen durch
Herstellung in Seidenfarmen gewonnen werden, denn Spinnen zeigen territoriales und
kannibalisches Verhalten®®!37:15317L172178] ynd produzieren in Gefangenschaft Seide von

142,179,180

geringerer Qualitiit.! ' Als eine Alternative zu natiirlichen Quellen wurde die

biotechnologische Spinnenseidenproteinproduktion etabliert.[!81:182]

1.3.1. Herstellung

Eine umfassende systematische Ubersicht iiber natiirliche und synthetische
Spinnenseidengene und die Seidenproteinproduktion wird bei Heidebrecht und Scheibel

gegeben.[!83]

Verschiedene Ansédtze zur rekombinanten Seidenherstellung in verschiedenen

Wirtsorganismen sind aufgrund des repetitiven Charakters der Gensequenz gescheitert.
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Eine erfolgreiche Methode war die Entwicklung von auf natiirlichen Motiven basierender
synthetischer Sequenzen, die an die Kodonverwendung (Engl.: codon usage) des
Wirtssystems wie Bakterien (z.B. Escherichia coli) oder Hefen (z.B. Pichia pastoris)
angepasst sind.!!'!*184185] Abbildung 5 zeigt ein Schema der rekombinanten Herstellung
von Spinnenseide, wie es fiir die Herstellung der auf der Konsensussequenz der MaSp2
Proteine A. diadematus Fibroin 3 und 4 (ADF3, ADF4) der Europédischen
Gartenkreuzspinne basierenden rekombinanten Proteine eADF3 (engineered ADF3) und
eADF4 angewendet wird. Nach Riickiibersetzung und Gendesign, Anpassung des
Molekulargewichts und der Kodonverwendung an die Wirtsorganismen, wird die
Transgen-DNA in die Plasmid-DNA eingefiigt. Diese Konstrukte kdnnen nun in E. coli
exprimiert und anschlieBend gereinigt werden. Damit erlaubt es die biotechnologische
Produktion Seidenproteine mit absoluter Kontrolle iiber die Primérstruktur und das
Molekulargewicht fiir die weitere technische Verarbeitung in ausreichender Menge

herzustellen.

WIW -2 = 2 o

Ruckubersetzung

genetische Information Aminosdure- ~ $©endesion - Transgen-DNA
sequenz
@ = ® ®
— A— e
Protein-
reinigung
gereinigtes Biotechnologische Wirstorganismus Plasmid DNA
rekombinantes Produktion / Fermentation Escherichia coli

Spinnenseidenprotein

Abbildung 5. Schema der rekombinanten Herstellung von Spinnenseide. (1) Gewinnung der genetischen
Information, (2) Entschliisselung der extrahierten DNA, (3) Riickiibersetzung und Gendesign, (4) Ligation
der Transgen-DNA in Plasmid-DNA, (5) Transfer in den Wirtsorganismus, (6) biotechnologische
Produktion / Fermentation, (7) Proteinreinigung. Mit Genehmigung modifiziert und abgedruckt aus C. B.
Borkner, M. B. Elsner, T. Scheibel, Coatings and Films Made of Silk Proteins. ACS Applied Materials &
Interfaces 2014, 6, 15611-15625. Copyright 2014 American Chemical Society.

In dieser Arbeit werden rekombinante Spinnenseidenproteine basierend auf der
Konsensussequenz der repetitiven Kerndomidne von ADF4 verwendet. Diese

Aminosduresequenz wird C-Modul genannt (Abbildung 6). Wird das C-Modul 16 mal
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wiederholt, so erhdlt man das rekombinante Spinnenseidenprotein eADF4(C16)
(M =47,7 kDa). Dieses Protein trigt im Vergleich zum natiirlichen Vorbild keine
funktionalen terminalen Doménen. Die biotechnologische Produktion ermdglicht die
genetische Modifikation der Proteine, wodurch die Ladung des bei physiologischem pH
negativ geladenen eADF4(C16) (pl = 3,48) durch Austausch der Glutaminsiure (E) im
C-Modul mit Lysin (K) E 2 K geédndert werden kann. Durch 16-fache Wiederholung
dieses nun k-Modul genannten Sequenzmotivs erhélt man das bei physiologischem pH

positiv geladene rekombinante Spinnenseidenprotein eADF4(k16) (pI = 9,52).[1%¢]

HoN-@ Repetitive Kerndomane COOH

Araneus diadematus fibroin 4 (ADF4)

|

GSSAAAAAAAAS GPGGY
GPXNQGPS GPGGY GPGGP

X=E X=K
C-Modul k-Modul

+ ++ + + + + + ++ + F+F+++

negativ geladenes eADF4(C16) positiv geladenes eADF4(x16)

Abbildung 6. Schematische Darstellung und Aminosiuresequenz des C-Moduls sowie des k-Moduls und
der rekombinanten Spinnenseidenproteine eADF4(C16) und eADF4(k16). Bei physiologischem pH ist
eADF4(C16) (pI = 3,48) negativ und eADF4(k16) (pl = 9,52) positiv geladen.
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1.3.2. Blockcopolymere

Blockcopolymere sind Copolymere, in denen die verschiedenen Monomere blockformig
angeordnet sind. Je nach Anordnung der Blocke unterscheidet man in Diblockcopolymere
(A)n(B)m, Triblockcopolymere (A)n(B)m(A)p oder (A)n(B)m(C)p und
Multiblockcopolymere —[(A)n(B)m]p—."!

1.3.2.1. Mikrophasenseparation

Weisen die Blocke im Copolymer unterschiedliche Loslichkeiten auf, so versuchen
gleiche Blocke die gegenseitige Wechselwirkung zu maximieren und verschiedene
Blocke diese zu minimieren.'®”! Dies filhrt zur Selbstassemblierung und
Separation/Entmischung von Blockcopolymeren in Mikrodomédnen unter Ausbildung
einer moglichst kleinen Grenzfliche zwischen den Polymerbldcken.!'381%1 Hier muss
zwischen Makro- und Mikrophasenseparation unterschieden werden. In verdiinnter
Losung wechselwirken die Polymere und ihre Blocke mit dem Losungsmittel und es
kommt oberhalb der kritischen Mizellenkonzentration (Engl.: critical micelle
concentration, cmc) zur Makrophasenseparation (Mizellenbildung), vergleichbar mit der
Mizellenbildung, die bei Tensiden beobachtet wird. Steigt die Konzentration weiter an,
so konnen sich auch lyotrop-fliissigkristalline Phasen bilden.!'¥®1°Y  Dieses
Phasenverhalten von Polymermischungen wird thermodynamisch durch Gleichung 2
beschrieben. AGw ist die freie Mischungsenthalpie, AH» die Mischungsenthalpie, ASyx die

Mischungsentropie und 7 die Temperatur.
AGm = AHm - TASm Gleichung 2

Polymere bzw. Blockcopolymerblocke sind nur dann vollstindig mischbar, wenn
AGm negative Werte annimmt (AGm < 0). Da die Blocke in Blockcopolymeren oft
chemisch sehr verschieden sind, sind deren intermolekulare Wechselwirkungen ebenfalls
sehr verschieden, d.h. es treten keine spezifischen Wechselwirkungen, wie z.B.
Wasserstoftbriickenbindungen oder Ladungswechselwirkungen, auf (4H» > 0). Durch
die kovalente Bindung zwischen den unterschiedlichen Blocken kann bei
Blockcopolymeren in hohen Konzentrationen keine Makrophasenseparation wie bei
Tensiden stattfinden. Es kommt wie in der Festphase zu einer Mikrophasenseparation,

bei der gleiche Blocke bevorzugt miteinander interagieren.
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Die Selbstkonsistente Molekularfeldtheorie (Engl.: self-consistent mean field theory;
SCMT) beschreibt das Phasenverhalten von AB-Diblockcopolymeren durch das Produkt
des Flory-Huggins Wechselwirkungsparameters y mit dem Polymerisationsgrad N und
dem relativen Anteil f'eines Blockes. Der relative Anteil eines Blockes, hier fa, ergibt sich
aus fa = Na/N und es gilt fa + f3 = 1.°! Der Flory-Huggins Wechselwirkungsparameter
yaB beschreibt die Wechselwirkung der Wiederholungseinheiten A und B des
Blockcopolymers. Er ist umgekehrt proportional zur Temperatur T (% ~T!), d.h. mit
steigender Temperatur nehmen entropische Effekte zu und y wird kleiner (Gleichung 3).

Ci und C: sind experimentell bestimmbare Konstanten und abhéngig vom bestimmten

Blockcopolymer, d.h. von seiner Blockzusammensetzung.[!92-194]
c, .
XA = T + G, Gleichung 3

Abbildung 7 zeigt ein theoretisches Phasendiagramm eines Blockcopolymers abhédngig

von N und f'eines Blockes.

Es konnen verschiedene Phasen auftreten: kubisch raumzentriert (Engl: body centered
cubic, BCC), kubisch flichenzentriert (Engl.: face-centered cubic, FCC), hexagonal
gepackte Zylinder (HEX), gyroidale Strukturen und lamellare Strukturen
(LAM).[18:195.19] Dje GroBe der Mikrodominen und die charakteristischen Abstéinde der

Wiederholungseinheiten liegen in einem GroBenbereich von 10 nm bis 100 nm. 97198
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Abbildung 7. (A) Theoretisches Phasendiagramm von Blockcopolymeren. BCC: kubisch raumzentriert
(Engl.: body-centered cubic), HEX: hexagonal gepackte Zylinder, LAM: lamellare Strukturen, CPS:
dichteste Kugelpackung (Engl.: closed packed spheres) bzw. kubisch flachenzentriert (Engl.: face centered
cubic, FCC), DIS: ungeordnet (Engl.: disordered). Mit Genehmigung modifiziert und abgedruckt aus M.
W. Matsen, F. S. Bates, Unifying Weak- and Strong-Segregation Block Copolymer Theories.
Macromolecules 1996, 29, 1091-1098. Copyright 2014 American Chemical Society. (B) Schematische
Darstellung thermodynamisch stabiler Diblockcopolymerphasen. Das A-B Diblockcopolymer, wie z.B. das
oben gezeigte PS-b-PMMA Molekiil, ist hier als einfaches Piktogramm eines zweifarbigen Strangs
dargestellt. Die Stringe untergehen Selbstorganisation um den Kontakt zwischen den Blocken zu
minimieren. Die Struktur wird hauptsiachlich durch den Volumenbruch der Blocke (fa) bestimmt. Mit
Genehmigung {iibersetzt und abgedruckt aus S. B. Darling, Directing the Self-Assembly of Block
Copolymers. Progress in Polymer Science 2007, 32, 1152-1204, Copyright 2007 Elsevier Ltd, mit
Genehmigung von Elsevier.

1.3.2.2. (Ultra-) diinne Blockcopolymerfilme

Im bulk wird die Struktur noch hauptsédchlich durch die molekularen Eigenschaften des
Blockcopolymers, wie Kettenlinge, Volumenanteile der Blocke, Mischbarkeit der
Blocke und Temperatur, bestimmt. Geht man von der Polymerschmelze bzw. bulk-
Festphase hin zu diinnen Schichten, so {iberwiegt die Zahl der Molekiile an bzw. nahe
den Grenzflachen im Gegensatz zum bulk. Die Grenzflichen spielen eine zentrale Rolle
bei der Orientierung und Anordnung der Polymermolekiile in Mikrodomiinen!188:198-200]
Die Mikrodoménenstruktur in diinnen Filmen wird also wesentlich von den Grenzflachen
Polymer/Substrat und Polymer/Luft sowie von der Schichtdicke bestimmt. Durch die
Verschiedenheit der Blocke im Blockcopolymerfilm wird sich ein Block bevorzugt an

die Grenzfliche Substrat/Polymer anlagern und so zu einer niedrigeren

Grenzflachenspannung y fiihren. Die Kraft an der Substrat/Polymer-Grenzflidche wird als
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Oberflachenfeld bezeichnet und korreliert mit der Differenz der Grenzflachenspannung
ya — 1 der beiden Blocke A und B. Es lagert sich bevorzugt der Block an die Oberflidche
an, der zur Bildung der niedrigeren Grenzflaichenspannung fiihrt. Gerade im direkten
Bereich der Grenzflichen kann der Abstand der durch die verschiedenen Blocke
gebildeten Layer von dem im bulk abweichen.[?°!l Betrachtet man nun zusitzlich zur
Affinitdt der Blocke A und B zur Substrat/Polymer-Grenzfldche auch die Affinitit zur
Polymer/Luft-Grenzflache, kann es zur Ausbildung sogenannter symmetrischer und
asymmetrischer Systeme kommen (Abbildung 8). In symmetrischen Systemen lagert sich
der gleiche Block (z.B. Block A) bevorzugt an beiden Grenzflachen an. Dies fiihrt im
optimalen Fall zu Filmen mit einer Schichtdicke d, die ein ganzzahliges Vielfaches n der

Mikrodoménengrofle Lo betrigt.

(A) (B) ]
5(Ly/2)
2L,
3(Lo/2)
¥ I wel] ]
symmetrisch: d = nL, asymmetrisch: d = (2n+1)(L,/2)

Abbildung 8. Schematische Darstellung der (A) symmetrischen und (B) asymmetrischen Terrassierung in
diinnen lamellaren Blockcopolymerfilmen. Die Schichtdicke d hdngt von einem ganzzahligen Vielfachen
n und der Mikrodomanengrof3e Ly ab.

Abbildung 8 A zeigt das symmetrische System beispielhaft fiir die lamellare Phase.
Haben die Blocke eine unterschiedliche Affinitit zur Substrat/Polymer- und
Polymer/Luft-Grenzfliche, so kommt es im Idealfall zur Ausbildung eines
asymmetrischen Systems (Abbildung 8 B). Die Quantisierung der Filmdicke wird auch
Terrassierung (Engl.: terracing) genannt.['®31%1 Die Ausbildung dieser Idealstrukturen
wird in der Regel durch Tempern oberhalb der Glastemperatur oder durch Behandlung

mit Losungsmitteln erreicht.
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Es wurde schon iiber verschiedene deutlich vom bulk abweichende Strukturen
berichtet.[2°2205] Im Allgemeinen treten in diinnen Blockcopolymerfilmen verschiedene
Strukturen auf. So konnen lamellare Strukturen, wie liegende (Abbildung 9 A) und
senkrecht zur Oberfliche stehende (Abbildung 9 B) Lamellen, deren Verlaufrichtung
parallel zur Oberflache ist, auftreten. Zylindrische Nanodoménen, die parallel zur
Oberflache verlaufen, sind in Abbildung 9 C gezeigt. Neben stehenden, senkrecht zur
Oberflache ausgerichtete, hexagonal gepackte Zylindern (Abbildung 9 D) treten auch
sphirische Strukturen (Abbildung 9 E) auf.

(A) (B) (©)

(E)

Abbildung 9. Schematische Darstellung verschiedener Mikrophasen und deren Orientierung in diinnen
Filmen relativ zur Substratoberfldche. (A) Liegende Lamellen parallel zum Substrat, (B) senkrecht zum
Substrat stehende Lamellen mit parallel zum Substrat liegender Ausbreitungsrichtung, (C) parallel zum
Substrat liegende Zylinder, (D) senkrecht zum Substrat stehende Zylinder und (E) Kugeln.

Knoll et al. berichteten iiber die Abhdngigkeit der in diinnen Blockcopolymerfilmen
gebildeten Morphologien und Mikrostrukturen von der Schichtdicke und dem
Oberfldachenfeld am Beispiel eines Poly(styrol-b-butadien-b-styrol) Triblockcopolymers
(SBS).[2%] Dieses Polymer bildet im bulk zylindrische Strukturen aus. SBS wurde mittels
Rotationsbeschichtung auf polierte Siliziumsubstrate aufgebracht und anschliefend mit

Chloroformdampf behandelt, um die Mikrostrukturbildung zu erreichen. In einem
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Schichtdickenbereich von null bis 60 nm konnten diverse Mikrostrukturen beobachtet

werden (Abbildung 10 a, b).

Abbildung 10. (a, b) TM-AFM Phasenbilder diinner SBS Filme auf Siliziumsubstraten nach Behandlung
in Chloroformatmosphire. (c) Schematisches Hohenprofil der Phasenbilder aus (a, b). (d) Simulation eines
A3B12A3 Blockcopolymers. Mit Genehmigung abgedruckt aus A. Knoll, A. Horvat, K. S. Lyakhova, G.
Krausch, G. J. A. Sevink, A. V. Zvelindovsky, R. Magerle, Phase Behavior in Thin Films of Cylinder-
Forming Block Copolymers. Physical Review Letterts. 2002, 89, 035501-1 — 035501-4. Copyright 2002 by
the American Physical Society.

Diese wiesen groBe Ubereinstimmung mit dem simulierten Verhalten eines A3Bi2A3
Blockcopolymers auf (Abbildung 10 ¢, d). Fiir sehr diinne Schichten (d < 10 nm; in der
Simulation H = 3 Gittereinheiten) wurde eine unstrukturierte Phase (Engl.: disordered,
dis) beobachtet. Erhoht man die Schichtdicke auf bis zu 30 nm durchlduft man einen
Ubergang von kurzen stehenden Zylindern (Cyi; H =4) iiber parallele Zylinder (Cy,1,
H=15) zu perforierten Lamellen (PL, H=6) und einer Mischphase (H=7) von
perforierten Lamellen (PL) und parallelen Zylindern (Cy,1). Bei weiter ansteigenden
Schichtdicken von d> 30 nm werden weitere Phasen beobachtet. Bei H = § tritt eine
Mischphase von Zylindern und Wellen bzw. Hilsen auf, gefolgt von stehenden Zylindern

(C1; H=9) und zwei aufeinanderliegenden Schichten aus parallelen Zylindern ((Cy,1,
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H =10, 11, 12). Das simulierte Phasendiagramm zeigt eine groBe Ubereinstimmung mit

experimentell ermittelten Daten.[296-207]

Die Ausrichtung von Mikrodoménen kann auf vielfdltige Art und Weise beeinflusst
werden. Haben beispielsweise beide Blocke des Blockcopolymers eine annéhernd gleiche
Affinitdt zu den Grenzflachen, so richten sich die Mikrodoménen des Blockcopolymers
in diinnen Filmen aus entropischen Griinden senkrecht zur Oberfliche aus. Auch durch
kontrolliertes Abdampfen und die Verwendung verschiedener Losungsmittel kann die
Ausrichtung der Mikrodoménen beeinflusst werden. So hat die Abdampfrate sowie die
Loslichkeit der einzelnen Blockcopolymerblocke im gewdhlten Losungsmittel einen

direkten Einfluss auf die Struktur der Mikrodoménen.[200-208]

1.3.2.3. Spinnenseide als Multiblockcopolymer

Im Ampullenbeutel der Spinndriise der Radnetzspinnen liegen die iiber den C-Terminus
mit einer Disulfidbriicke kovalent verbundenen Proteine als Dimere vor. Durch den
hydrophilen Charakter der terminalen Doménen und den im Vergleich hydrophoberen
Charakter des repetitiven Kerns tritt Mikrophasenseparation auf und es bilden sich
mizellenartige Strukturen, bei der die terminalen Doménen an die Grenzfliche
Mizelle/Puffer orientiert sind. Die MA Spidroine sind im Mizelleninneren teilweise
vorstrukturiert und  weisen  fliissigkristalline  Eigenschaften auf.  Diese
Makrophasenseparation ermdglicht die Lagerung der MA Proteine in Konzentrationen
von bis zu 50 % (w/v).l1722%1  Dieser Effekt wird auch fiir die Herstellung
hochkonzentrierter Seidenldsungen aus rekombinanten Spinnenseidenproteinen genutzt,
welche eine C-terminale Doméne tragen. Aus diesen Losungen ist die Herstellung
kiinstlich nassgesponnener Fasern mit einer Zihigkeit im Bereich des natiirlichen

Abseilfadens moglich.[2!"]

Betrachtet man ausschlieBlich die Aminoséuresequenz des auf ADF4 basierenden C-
Moduls, so ldsst sich dieses Modul dhnlich zu einem Blockcopolymer in zwei Blocke mit
unterschiedlichen Eigenschaften unterteilen. Der erste Block ist alaninreich und
hydrophob, der zweite Block glycinreich und hydrophil (Abbildung 11). So kann das

rekombinante Spinnenseidenprotein eADF4(C16) aus polymerwissenschaftlicher Sicht
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auch als AB-Multiblockcopolymer mit einer 16-fachen Wiederholung des hydrophoben

alaninreichen und hydrophilen glycinreichen Blocks beschrieben werden.

C-Modul: @ﬁm

O)GPGGY GPENQGPS GPGGY GPGGP B-Faltblatt

(hydrophob)
hauptsachlich Ag

eADF4(C16)

Abbildung 11. Einteilung des C-Moduls in einen hydrophoben alaninreichen und einem hydrophilen
glycinreichen Block sowie schematische Darstellung von eADF4(C16) als AB-Multiblockcopolymer mit
16-facher Wiederholung der Blockabfolge AB angelehnt an den Multiblockcopolymercharakter des
Proteins. Mit Genehmigung modifiziert und abgedruckt aus C. B. Borkner, S. Lentz, M. Miiller, A. Fery,
T. Scheibel, Ultrathin Spider Silk Films: Insight into Spider Silk Assembly on Surfaces. ACS Applied
Polymer Materials 2019, 1, 3366-3374. Copyright 2019 American Chemical Society.

Mikrophasenseparation, dhnlich zu Blockcopolymeren, konnte schon fiir natiirliche und
gentechnisch konstruierte Seidenproteine,'*'!'?'2l B. mori Seidenfibroin!>'32'4l und auf
Seidenproteinen basierenden (Multi-)Blockcopolymere!?!>21¢] beobachtet werden. Schon
in den 1990er Jahren wurde fiir diinne Filme die Struktur und das
Phasenseparationsverhalten von Seidenprotein der Seidenspinnerraupe B. mori an der

Wasser/Luft-Grenzfliache beschrieben.?!7-21%]

Basierend auf den Primérstrukturelementen von MaSpl wurden von Rabotyagova et al.
blockcopolymerartige rekombinante Spinnenseidenproteine hergestellt. Diese Proteine
(HBAx, x =1, 2, 6) bestehen aus einem Histidin-Tag (H) fiir die Proteinreinigung, einem
hydrophoben kristallinen pAla/Glycin-reichen Block (A), der B-Faltblitter bildet, und
einem weniger kristallinen glycinreichen Block (B).*?°) In Langmuir Blodget Filmen
zeigten diese Proteine eine Separation der hydrophilen und hydrophoben Blocke an der
Luft/Wasser und Luft/Festkorper-Grenzflidche abhiingig vom Oberflichendruck.??!! Die

Untersuchung der Sekundérstruktur in gegossenen Filmen aus HBA3 und HAB3 zeigte
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auBBerdem eine Abhidngigkeit dieser von der Primérstruktur aufgrund der
unterschiedlichen Anzahl an Wiederholungen des polyalaninreichen Blocks A.[?222%] Die
Erhéhung der Anzahl der AB-Wiederholungseinheiten von H(AB)2 auf H(AB):2 fiihrte

zu einer Strukturinderung vom ungeordneten zum lamellaren Zustand.[**

Fiir gegossene eADF4(C16) Filme mit einer Dicke von 1 pm — 2 um wurde von Wohlrab

et al. basierend auf dem Phasenseparationsverhalten von Blockcopolymeren, ein
Mikrophasenseparationsmodell in  Abhidngigkeit von der Substrathydrophilie
(Oberflichenfeld) entwickelt (Abbildung 12).[22%)

B-Faltblatt &\ helikal und unstrukturiert

Abbildung 12. Modell zur Mikrophasenseparation von eADF4(C16) auf Oberflichen und Substrateinfluss
auf die Sekundérstruktur des Proteins. Ein hydrophiles Substrat fithrt zu einem verringerten Anteil an -
Faltbldttern, jedoch werden diese an der Film/Luft-Grenzfliche exponiert, was zu einer hydrophoben
Oberflache fiihrt. Auf hydrophoben Substraten ist die Oberfléche des Films an der Film/Luft-Grenzflache
hydrophiler. Modifiziert und abgedruckt aus S. Wohlrab, K. SpieB, T. Scheibel, Varying Surface
Hydrophobicities of Coatings Made of Recombinant Spider Silk Proteins. Journal of Materials Chemistry
2012, 22,22050-22054. Mit Genehmigung von The Royal Society of Chemistry. Copyright 2012 The Royal
Society of Chemistry.

Der hydrophobe und hydrophile Block des C-Moduls separieren in diesen Filmen. Die
Substrat/eADF4(C16)-Grenzfliche hat einen signifikanten Einfluss auf die
Oberflachenbenetzbarkeit der gegossenen Seidenfilme. Auf Filmen, die auf hydrophilen
Substraten (z.B. Glas) gegossen wurden, wurden im Vergleich zu hydrophoben
Substraten (z.B. Polystyrol (PS), Polytetrafluoroethylen (PTFE)) grofere
Wasserkontaktwinkel  (hydrophober) gemessen. Beispielsweise  haben  aus
Hexafluoroisopropanol (HFIP) auf das hydrophobe Substrat PTFE gegossene Filme
hydrophile Kontaktwinkel von 41,7° £ 6,3°. Diese Filme konnen vom PTFE-Substrat
abgelost werden und zeigen auf der zum Substrat hingewandten Seite einen deutlich
hydrophoberen Wasserkontaktwinkel von 74,4° + 5,8°. Dies spricht ebenfalls fiir eine
blockcopolymerdhnliche Mikrophasenseparation. Auf hydrophilen Oberflichen lagern
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sich hydrophobe -Faltblatt-Doménen in eine amorphe Matrix ein und separieren an die
eADF4(C16)/Luft-Grenzflache, was zu dem hydrophoberen Kontaktwinkel fiihrt
(Abbildung 12 A). Auf hydrophoben Substraten zeigt sich das inverse Verhalten

(Abbildung 12 B). Dieses Modell wurde durch Sekundirstrukturanalyse und selektiven

enzymatischen Abbau der amorphen Bereiche bestitigt.[?2!

Die Gentechnik hat es erlaubt Biopolymere, wie synthetische Spinnenseidenproteine, zu

designen und herzustellen. So wurde ein fundamentales Verstindnis der Struktur-

Funktions-Eigenschaftsbeziehung in Proteinen ermdoglicht.!?2!

1.3.3. Spinnenseide als Biomaterial

Die Menschen nutzen die Seide der Raupe des Maulbeerspinners (B. mori) schon seit
Jahrtausenden fiir Textilien und seit mehreren Jahrzehnten als Nahtmaterial.l??”! Auch

Spinnenseide wurde schon vor Jahrhunderten von Polynesiern bei der Fischerei

228]

verwendet! und als Biomaterial fand Spinnenseide bereits in der Antike als

Wundauflage, Verband und sogar als Nahtmaterial Verwendung.!?2%230]

Diese Nutzung von Seidenraupen- und Spinnenseiden basiert auf den besonderen
mechanischen Eigenschaften und der biologischen Vertriglichkeit.[**"*3?! Auch das

rekombinante Spinnenseidenprotein eADF4(C16) ist nicht toxisch,">?3* 15st eine geringe

[72,233

bis keine Immunantwort im Korper aus Iund weist eine langsame Bioabbaubarkeit

233-235]

aufll Steuerung der Interaktion mit Zellen ist durch Modifikation der

el2361

rekombinanten  Spinnenseidenmolekiil sowie  durch  Anpassung  der

Oberflichenmorphologie!**” méglich (Abbildung 13).

In Zellkultur (in vitro) zeigte sich, dass Spinnenseiden nicht himolytisch oder zytotoxisch
sind.[235238-2401 Aych die beim (enzymatischen) Abbau der Seidenproteine entstehenden
Abbauprodukte (Peptide und Aminoséduren) sind nicht toxisch und kénnen vom Korper
resorbiert werden.!>** Diese Eigenschaften qualifizieren Spinnenseide zum Einsatz als
Biomaterial. Spinnenseidenproteine, wie das rekombinante eADF4(C16), lassen sich in
verschiedene Morphologien wie Fibrillen, Fasern, Vliese, Partikel, Kapseln, Filme und
Hydrogele prozessieren und konnen so in verschiedenen Bereichen Anwendung

finden.®”]
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Nicht toxisch
P. H. Zeplin et al. Adv. Funct. Mater. 2014, 24, 2658.
P. H. Zeplin et al. Handchir. Mikrochir. Plast. Chir. 2014, 46, 336.

Geringe bis keine Inmunantwort
P. H. Zeplin et al. Adv. Funct. Mater. 2014, 24, 2658.
P. H. Zeplin et al. Handchir. Mikrochir. Plast. Chir. 2014, 46, 336.

@° o°« Langsame Bioabbaubarkeit

P. H. Zeplin et al. Handchir. Mikrochir. Plast. Chir. 2014, 46, 336.

S. Muller-Herrmann, T. Scheibel ACS Biomater. Sci. Eng. 2015, 1, 247.
K. Schacht et al. ACS Biomater. Sci. Eng. 2016, 2, 517.

Steuerbare Zellinteraktion

T 2o - Proteinmodifikation
r =4 o S. Wohlrab et al. Biomaterials 2012, 33, 6650.
- Morphologie

A. Leal-Egafa et al. Adv. Eng. Mater. 2012, 14, B67.

Abbildung 13. Darstellung der fiir die biomedizinische Anwendung von (rekombinanten)
Spinnenseidenproteinen qualifizierenden Eigenschaften.

So wurden Spinnenseidenpartikel aus eADF4(C16)-basierten Proteinen als
Wirkstofftransportsystem fiir die Aufnahme in Zellen hergestellt und erfolgreich
charakterisiert.?**?*!) Schiume aus eADF4(C16) und eADF4(C16)-RGD zeigen
Potential als Material in der Geweberekonstruktion**>**?1 yund Vliese wurden fiir

2371 7ur kardialen

Wundabdeckungen Beschichtungen und Geriiststrukturen verwendet.!
Gewebekonstruktion kann das positiv geladene Spinnenseidenprotein eADF4(k16)
verwendet werden.?**) Abbildung 14 zeigt schematisch, wie die Zelladhision durch
unterschiedliche Seidenmorphologien beeinflusst wird. Auf gegossenen glatten
eADF4(C16)-Filmen zeigen BALB/3T3 Fibroblasten nur schwache Zelladhision und
bilden hauptsédchlich kugelige Zellmorphologien und Zellaggregate (Abbildung 14
A).[236237] Eg gibt verschiedene Faktoren, die dieses Verhalten von Zellen hervorrufen.
So ist das Protein eADF4(C16), wie die Zellmembran, unter physiologischen
Bedingungen und in Zellkulturmedium negativ geladen, wodurch es zu elektrostatische

AbstoBung kommt,!28-6%

Zudem sind in eADF4(C16) keine Zellerkennungsmotive
vorhanden. Auf dem rekombinanten Spinnenseidenprotein 4RepCT (positive

Nettoladung) zeigen Fibroblasten Zelladhision vergleichbar mit der Positivkontrolle.!?*4!
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Werden rekombinante Spinnenseidenproteine wie eADF4(C16) und 4RepCT jedoch mit

zellbindenden Peptiden (z.B. eADF4(C16)-RGD) modifiziert (chemisch oder genetisch),

weisen diese Filme eine deutlich verbesserte Zelladhiision und Spreitung auf.[236.243-247]

(A) (B)

Abbildung 14. Zelladhédsion auf unterschiedlichen Seidenmorphologien sowie auf modifizierten
Seidenfilmen. (A) Zellen wurden auf flache eADF4(C16)-Filme ausgesiht und es wurde schwache
Zelladhdsion und kugelige/runde Zellmorphologie der BALB/3T3 Fibroblasten beobachtet. (B) RGD-
modifizierte eADF4(C16)-Filme weisen eine verbesserte Zelladhdsion und Zellspreitung auf. Die
Oberflachentopographie kann durch (C) Musterung oder (D) Herstellung von Vliesen verdndert werden.
Beide Vorgehensweisen haben einen grofen Einfluss auf die Zelladhdsion und Orientierung.
MaBstabsbalken: (A-C) 200 pm; (D) 10 pm.[237244.248-2521 Mit Genehmigung modifiziert und abgedruckt aus
C. B. Borkner, M. B. Elsner, T. Scheibel, Coatings and Films Made of Silk Proteins. ACS Applied Materials
and Interfaces 2014, 6, 15611-15625. Copyright 2014 American Chemical Society.

Eine weitere Moglichkeit die Zelladhdsion auf Filmen aus rekombinanten
Seidenproteinen zu verbessern ist die Funktionalisierung der Filmoberfliche mit
Makromolekiilen aus der ECM. So wurden eADF4(C16)-Filme mit Glycopolymeren
funktionalisiert. Die Glycopolymere binden Proteine aus der ECM und fiihren zur
Ausbildung einer biomimetischen Beschichtung auf den Seidenfilmen, wodurch die

(2531 Auch die Topographie der Oberflichen hat einen

Zelladhdsion verbessert wird.
entscheidenden Einfluss auf die Zelladhésion, Proliferation, Polaritdt und Morphologie
der gebundenen Zellen. Wéhrend Zellen in der Regel auf glatten Seidenfilmen schlecht
adhérieren, konnen durch Strukturierung der Oberfliche diese Eigenschaften verbessert
werden und Zellen lassen sich entlang von Mikrostrukturen ausrichten (Abbildung 14 C).
Eine weitere Moglichkeit die Wechselwirkung mit Zellen zu verbessern ist die
Herstellung von Vliesen. So zeigen BALB/3T3 Fibroblasten auf Vliesen aus
eADF4(C16) und 4RepCT verbesserte Zelladhdision (Abbildung 14 D).[2*724]  Die

Interaktion mit Zellen ist hier abhéngig vom Faserdurchmesser. Fiir eADF4(C16)-Vliese
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wurde gezeigt, dass Adhdsion und Proliferation (BALB/3T3 Fibroblasten) mit
steigendem Faserduchmesser (150 um bis 680 um) steigt.

Durch die hohe Biokompatibilitit von eADF4(C16) und die geringe
Fibroblastenadhision und Proliferation eignet sich das Spinnenseidenprotein gut fiir
Implantatbeschichtungen. Beschichtungen aus eADF4(C16) wurden auf Silikon-
Brustimplantate aufgebracht. Dazu wurden die Implantate mit eADF4(C16) aus
Ameisensdure mehrfach tauchbeschichtet bis eine Schichtdicke von ca. 1 um erreicht
war. Fibroblasten sind im Prozess der Fibrosenbildung involviert und zeigen auf diesen
eADF4(C16) beschichteten Silikonimplantaten deutlich verringerte Proliferationsraten
im Vergleich zu unbeschichteten Implantaten. Die ebenfalls an der Fibrose beteiligten
primdren humanen Monocyten weisen eine signifikante Verringerung der
Differenzierung in CD68-positive Makrophagen (Histocyten) auf.!’?l Die Implantate
wurden fiir 12 Monate in Spraque-Dawley Ratten implantiert und zeigten eine gute
Vertrdglichkeit mit dem Wirtsorganismus. Es traten keine Wundheilungsstorungen auf.
Durch die eADF4(C16)-Beschichtung konnte die Bildung von fibroblastenreichem
periprosthetischem Gewebe und mehrlagig angeordneten Histocyten deutlich reduziert
werden. Zusédtzlich waren die Entziindungsparameter bei Verwendung von eADF4(C16)
beschichteten Implantaten im Vergleich zu unbeschichteten Implantaten verringert. Die
Seidenbeschichtung wird langsam abgebaut, jedoch konnte im Rahmen des Versuches
noch nach 12 Monaten Implantationszeit eine durchgehende Beschichtung auf den

Implantaten nachgewiesen werden.[7>233]
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2. Zielsetzung

Das aus dem Abseilfaden der Europidischen Gartenkreuzspinne (4. diadematus)
abgeleitete rekombinante Spinnenseidenprotein eADF4(C16) ist nicht toxisch, 18st nur
eine geringe Immunantwort aus, ist langsam bioabbaubar und die Zellinteraktion mit dem
Material kann durch Variation der Morphologie bzw. direkte Modifikation des Proteins
gesteuert werden. Filme aus eADF4(C16) sind demnach biokompatibel und eignen sich
Aufgrund der geringen Zelladhdsion und Proliferation fiir die Beschichtung von

Biomaterialien wie z.B. Silikon-Brustimplantaten.!’>23]

Bei der Langzeitanwendung von Implantaten oder auch medizinischen Schlduchen kann
es zu Komplikationen durch eine Wirtsantwort auf das Biomaterial kommen. Solche
pathophysiologischen Komplikationen sind beispielsweise eine schnelle Bildung von
Narbengewebe und die Verkapselung des Materials im Korper, wie z.B. bei einer
periprosthetischen Kapselfibrose (z.B. bei Silikon-Brustimplantaten).  Silikon-
Brustimplantate weisen in der Regel eine schwammartige und raue Oberfldchenstruktur
auf. Daher ist es moglich diese Oberflachen direkt mit Spinnenseide aus Ldsung zu
beschichten und die Seidenbeschichtung haftet in diesem Fall aufgrund von mechanischer
Adhésion auf der Oberfliche des Implantats. Mochte man hydrophobe und glatte
Oberflichen aus waissriger Losung mit rekombinantem Spinnenseidenprotein
beschichten, so muss die schlechte Benetzbarkeit der Oberflache beachtet werden. Auch
ist die mechanische Adhision einer Seidenschicht auf glatten Oberfldchen im Vergleich
zu der schwammartigen Oberflachenstruktur von Silikon-Brustimplantaten deutlich

verringert.

In dieser Arbeit sollte ein Tauchbeschichtungsprozess entwickelt werden, um glatte
Oberflachen, z.B. von medizinischen Schlauchen, mit dem rekombinanten
Spinnenseidenprotein eADF4(C16) zu beschichten. Die daraus resultierenden diinnen
Beschichtungen mit einer Schichtdicke von unter 100 nm wurden hinsichtlich ihrer
Eigenschaften wie Stabilitdt, Homogenitét, Rauigkeit, Benetzungseigenschaften sowie
Zelladhdsion und —proliferation, untersucht und charakterisiert. Fiir Blockcopolymere ist
bekannt, dass ein schichtdickenabhéngiges Assemblierungs- und Phasenseparations-
verhalten in (ultra-)diinnen Schichten auftritt. Von Wohlrab et al. wurde fiir eADF4(C16)

ein substratabhéngiges Phasenseparationsmodell fiir Filme im Mikrometerbereich
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aufgestellt und es konnte gezeigt werden, dass eADF4(C16) Blockcopolymer-
charakteristiken aufweist und sich die Primérstruktur (Aminosduresequenz) von
eADF4(C16) durch den vorhandenen hydrophilen und hydrohoben Block dhnlich einem
AB-Multiblockcopolymer beschreiben ldsst. Eine weitere zu untersuchende Hypothese
war, ob die Phasenseparation von eADF4(C16)-Filmen ebenfalls eine Schichtdicken-
abhédngigkeit aufweist. Diese Hypothese sollte durch Charakterisierung der
Sekundérstruktur und der Oberfldcheneigenschaften von (ultra-) diinnen eADF4(C16)-
Filmen von der Proteinlage mit einer Dicke von nur einigen Nanometern bis zum bulk
untersucht werden. Ein entsprechendes Phasenseparationsmodell von eADF4(C16)
Nanofilmen bis hin zu den von Wohlrab et al. beschriebenen bulk-Filmen mit einer

Schichtdicke im Mikrometerbereich sollte erstellt, vorgeschlagen und diskutiert werden.
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3. Synopsis

Obwohl vielfiltige Prozessierungsmoglichkeiten fiir (Bio-) Polymere bekannt sind und
einige Methoden wie FilmgieBen, Rotationsbeschichtung und nanolithographische
Techniken auch fiir verschiedene Seidenproteine (Fibroin, Spinnenseiden) angewendet
wurden, sind kaum  Informationen iiber das  Assemblierungs-  und
Phasenseparationsverhalten von rekombinanten Spinnenseidenproteinen vorhanden, die
in (ultra-) diinne Filme prozessiert wurden. Die vorliegende Arbeit umfasst vier
Publikationen (Teilarbeiten), welche sich mit der Prozessierung von Spinnenseide, v.a.
des rekombinanten Spinnenseidenproteins eADF4(C16), in diinne Filme und
Beschichtungen fiir die biomedizinische Anwendung und den Eigenschaften dieser
diinnen Filme beschiftigen. Abbildung 15 zeigt eine schematische Ubersicht iiber den
Inhalt der Dissertationsschrift und gibt einen ersten Uberblick iiber den Zusammenhang

der Teilarbeiten (siche Kapitel 6).

Der erste Teil der Dissertation (Kapitel 6, Teilarbeit I, Coatings and Films Made of Silk
Proteins) ist ein systematischer Ubersichtsartikel, der den Stand der Forschung iiber die
Prozessierungsmoglichkeiten von verschiedenen natiirlichen und rekombinanten A
kristallinen Seidenproteinen in unterschiedliche Morphologien aufzeigt. Der Fokus wird
hier auf Filme und Beschichtungen und ihre biomedizinische sowie optische und (bio-)

sensorische Anwendung gelegt.

Der zweite Teil der Dissertation (Kapitel 6, Teilarbeit II, Surface Modification of
Polymeric Biomaterials Using Recombinant Spider Silk Proteins) befasst sich mit der
Entwicklung eines Beschichtungsprozesses, um glatte polymere Biomaterialoberflaichen
fiir die medizinische Anwendung mit eADF4(C16) zu beschichten. Die Beschichtungen
wurden hinsichtlich ithrer Stabilitét, Biokompatibilitit und ihrer
Zelladhdsionseigenschaften untersucht und unterscheiden sich von  vorher
verOffentlichten  Silikonimplantatbeschichtungen mit einer  Schichtdicke im

Mikrometerbereich!’>?*1 vor allem durch ihre geringere Dicke von unter 100 nm.
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(A) Stand der Forschung

Prozessierung in Filme
und Beschichtungen

eADF4(C16)

(B) Inhalt der Arbeit

Struktur- und
Phasenseparationsmodell

2um

Makro- & Mikroskala
(bulk)
Teilarbeit |

<f1um

Submikroskala
diinne Filme
Teilarbeit 1,1l
Enzymatischer
Abbau und
Beschichtungs-
» S X stabiltat <200
— Nanoskala
ultradiinne Filme
neg. geladenes pos. geladenes neg. geladenes 40 - 50 nm T Teilarbeit Ii, Il
Polymer Spinnenseidenprotein
Biomedizinische
Anwendung
Teilarbeit Il
eADF4(C2) Magnetosom
Adsorption 6-8nm
Nanoskala
4.6 ultradiinne Filme
-onm Teilarbeit I, lll
Interaktion von o Eﬂx&w
eADF4(C16) &l
Filmen mit Nanoskala
eADF4(C2) diinnster hergestellter Film
Magnetosomen Teilarbeit Il

Teilarbeit IV

Abbildung 15. Struktur der Arbeit aufgeteilt in (A) Stand der Forschung vom natiirlichen Vorbild des
Abseilfadens und Prozessierung und Charakterisierung des multiblockcopolymerdhnlichen rekombinanten
Spinnenseidenproteins eADF4(C16) in bulk-Filmen sowie (B) Entwicklung eines schichtdickenabhéngigen
Phasenseparations- und Strukturmodells von der Makro- bzw. Mikroskala bis zur Nanoskala und in dieser
Arbeit untersuchte Anwendungsbeispiele entsprechender Filme. In Teilen mit Genehmigung modifiziert
und abgedruckt aus: C. B. Borkner, M. B. Elsner, T. Scheibel, Coatings and Films Made of Silk Proteins.
ACS Applied Materials and Interfaces 2014, 6, 15611-15625. Copyright 2014 American Chemical Society.
C. B. Borkner, S. Wohlrab, E. Moller, G. Lang, T. Scheibel, Surface Modification of Polymeric
Biomaterials Using Recombinant Spider Silk Proteins. ACS Biomaterials Science & Engineering 2017, 3,
767-775. Copyright 2016 American Chemical Society.

Der Dritte Teil der Arbeit (Kapitel 6, Teilarbeit III: Ultrathin Spider Silk Films: Insights
into Spider Silk Assembly on Surfaces) beschiftigt sich mit den strukturellen
Eigenschaften sowie den Oberflicheneigenschaften von nano- und submikroskaligen
eADF4(C16)-Filmen und schlieBt somit die Liicke zum bulk-Material sowie
mikroskaligen Filmen. Es wurden Filme in einem Bereich von 3-4 nm Schichtdicke bis
hin zum Mikrometerbereich hergestellt und die Separation der hydrophilen und

hydrophoben Sequenzblocke schichtdickenabhidngig untersucht. Aus den auf der
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Phasenseparation dieser Sequenzbldcke basierenden Oberflichenkontaktwinkeln und den
schichtdickenabhéngigen Daten zur Sekundirstrukturbildung (insbesondere dem
relativen f-Faltblatt Anteil) wurde ein schichtdickenabhéngiges Phasenseparations-

modell entwickelt.

Der vierte Teil der Arbeit (Kapitel 6, Teilarbeit IV: In Vivo Coating of Bacterial Magnetic
Nanoparticles by Magnetosome Expression of Spider Silk-Inspired Peptides) beschreibt
die Expression von Spinnenseidenmotiven in M. gryphiswaldense, die Charakterisierung
der Magnetosomen sowie die Untersuchung der Adsorptionseigenschaften der mit
eADF4(C2) modifizierten Nanopartikel auf eADF4(C16) Filmen. Die Wechselwirkung
von eADF4(C2) mit eADF4(C16) wurde genutzt, um gezielt eADF4(C16) Fibrillen auf

den eADF4(C2) modifizierten Magnetosomen zu assemblieren.

In den folgenden Abschnitten werden die wichtigsten Ergebnisse und Schlussfolgerungen
der in Kapitel 6 dargestellten Publikationen dargestellt und diskutiert. Weiterfiihrende
Ergebnisse und detaillierte experimentelle Informationen sind den Publikationen zu

entnehmen.

3.1. Seidenbeschichtungen

Bei der biomedizinischen Anwendung polymerer Biomaterialien (vgl. Kapitel 1.1.4) kann
es aufgrund der Oberflicheneigenschaften dieser Materialien zu je nach
Anwendungsgebiet unerwiinschten Nebeneffekten durch Proteinadsorption (vgl. Kapitel

1.1.3.2) und Zellinteraktion (vgl. Kapitel 1.1.3.3) kommen.

Seidenproteine konnen entweder aus natiirlichen Quellen oder biotechnologisch
gewonnen werden. So wird B. mori Seide aus Kokons des Maulbeerspinners durch
Degummierung mit 0,02 M Na2COs und Denaturierung mittels stark chaotroper
Reagenzien (z.B. 9 M LiBr) gewonnen. Die biotechnologische Herstellung von
Spinnenseiden in E. coli (vgl. Kapitel 1.3.1) hingegen ermoglicht die direkte
Modifizierung der Proteine auf genetischer Ebene, um gewiinschte Materialeigenschaften
zu erzielen und auf verschiedene Anwendungen maBzuschneidern./>>#! Das rekombinante
Spinnenseidenprotein kann nun auf verschiedene Weise prozessiert werden (Kapitel 6,
Teilarbeit I, Figure 2). Dazu muss das gereinigte und getrocknete rekombinante

Seidenprotein in Losung iiberfithrt werden. Als Ldsungs- bzw. Denaturierungsmittel
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finden unterschiedliche Stoffe wie ionische Fliissigkeiten, starke Sduren, organische
(fluorierte) Losungsmittel sowie chaotrope Salze Anwendung. In den in dieser Arbeit
beschriebenen Anwendungen findet Ameisensdure als Losungsmittel zur Herstellung
(ultra-) diinner Filme mittels Rotationsbeschichtungen (Teilarbeit III) und 6 M
Guanidinthiocyanat (GdnSCN) als Denaturierungsreagenz zur Herstellung von
Proteinlosungen in verschiedenen Puffern fiir die Tauchbeschichtung Verwendung

(Teilarbeit II).

Bei der Beschichtung von polymeren Oberfldchen mit wiéssrigen Spinnenseidenldsungen
treten verschiedene Probleme auf. Die in dieser Arbeit verwendeten polymeren
Biomaterialien PTFE, PU und Silikon haben hydrophobe, d.h. mit wéssrigen
Beschichtungslosungen und auch Ameisensdure schlecht benetzbare Oberflichen
(Kapitel 6, Teilarbeit II, Figure 2). Eine Moglichkeit Polymeroberflichen zu
hydrophilisieren, d.h. die Benetzbarkeit mit Wasser zu erhoéhen, ist die Behandlung der
Oberflachen im Sauerstoffplasma. Hierbei werden hochenergetische funktionelle
Gruppen durch die Reaktion der Polymeroberfliche mit der reaktiven Plasmaspezies
erzeugt. Der Hydrophilisierungseffekt kann zusétzlich durch Topographiednderung
aufgrund der Plasmabehandlung verstirkt werden.>>*71 Die so hydrophilisierte
Oberflache kann in einem Tauchbeschichtungsprozess mit Spinnenseidenproteinen
beschichtet werden. Da die hydrophilisierte Oberflache mit der Zeit ihre Hydrophilie
verliert,>’ muss die Beschichtung unmittelbar nach der Plasmabehandlung der
Polymeroberfldchen erfolgen. Die Plasmabehandlung der Oberflichen fiihrt zu einer

stirker negativen Oberfldchenladung des Polymers.!>>®!

Die wissrige eADF4(C16)-Beschichtungslosung wurde durch Dialyse des denaturierten
Proteins gegen Ammoniumhydrogencarbonat-Puffer (20 mM, pH 9) hergestellt. Bei
direkter Beschichtung der plasmabehandelten Polymere mit eADF4(C16) (in
Ammoniumhydrogencarbonat-Puffer, pH 9) kommt es aufgrund des pl(eADF4(C16))
von 3,48 und der daraus in NH4HCOs-Puffer (pH 9) resultierenden negativen Ladung des
Proteins zu elektrostatischer AbstoBung zwischen der Oberfliche und eADF4(C16). Die
Seidenbeschichtungen sind inhomogen und delaminieren bei geringster mechanischer
Belastung. Wird konzentrierte Ameisensdure als Losungsmittel fiir eADF4(C16)
verwendet, erhdlt man homogenere aber ebenso gegeniiber mechanischer Belastung

instabile Filme.
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Um die Adhédsion zwischen der Polymeroberfliche und dem Spinnenseidenprotein
eADF4(C16) zu verbessern, wurde eine positiv geladene Vermittlerschicht aus dem
polykationischen Polymer Polyethylenimin (PEI) auf die im Sauerstoffplasma
hydrophilisierte polymere Biomaterialoberflichen aufgebracht. Hierzu wird das zu
beschichtende Objekt unmittelbar nach der Plasmabehandlung in wissriger PEI-Losung
(1 % w/v) inkubiert. Durch die -elektrostatische Wechselwirkung zwischen der
Oberflache und PEI bildet sich eine positiv geladene Schicht des Polyelektrolyts auf dem
zu beschichtenden Material. Diese Schicht vermittelt nun die Adhésion des negativ
geladenen Spinnenseidenproteins eADF4(C16) auf den Oberflichen. Da PEI ein die
Zellmembran penetrierendes Polymer ist und toxisch auf Zellen wirken kann, wurde PEI
durch das positiv geladene Spinnenseidenprotein eADF4(x16) ersetzt. Diese
eADF4(x16)/eADF4(C16)-Beschichtungen wurden auf Silikonoberflachen aufgebracht
(Kapitel 6, Teilarbeit II, Figure 1 & S1) und zeigen keine Delamination bei
Biegebelastung (Kapitel 6, Teilarbeit II, Figure 3 & S3). Die Schichtdicke liegt fiir

Proteinbeschichtungen auf Silikon bei dpereanrscic) =43,1 nm+9,7nm  bzw.

deADF4(x16)/e4DF4(C16) = 46,0 nm £ 11,4 nm. Die Rauigkeiten lagen mit
Ra=135nm=*25nm fiir PEI/eADF4(C16) und R.=13,7nm+29nm fiir
eADF4(x16)/eADF4(C16) (Kapitel 6, Teilarbeit II, Figure S2) in der gleichen
GroBenordnung wie fiir bei Wohlrab et al.!**) beschriebene gegossene Filme und wiesen
mittlere Oberflichenkontaktwinkel von 66° bis 69° auf. Wohlrab et al. untersuchten die
Oberflachenkontaktwinkel von aus Ameisensdure gegossenen eADF4(C16) Filme auf
Glas, PTFE und PS. Da Vergleichswerte von auf PDMS gegossenen eADF4(C16)-Filmen
nicht vorhanden sind, werden die Oberflachenkontaktwinkel der Seidenbeschichtungen
mit auf Glas gegossenen eADF4(C16)-Filmen verglichen. Die in dieser Arbeit ermittelten
Oberflachenkontaktwinkel liegen deutlich unter dem fiir auf Glas gegossene
eADF4(C16) Mikrofilme ermittelten Oberflichenkontaktwinkel von ca. 90° ( Wohlrab et
al.).??]

Eine mogliche Erkldrung fiir die unterschiedlichen Kontaktwinkel auf diinnen
Seidenbeschichtungen der Polymerschlduche und gegossenen Filmen kann wie von
Wohlrab et al. beschrieben das verwendete Substrat sein. Betrachtet man jedoch auch die
Schichtdickenunterschiede der durch Tauchbeschichtung und Filmgieen hergestellten

Filme, so ldsst sich ebenfalls die Hypothese aufstellen, dass sich die
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Oberflacheneigenschaften schichtdickenabhingig verdndern. Sinkt die Schichtdicke, so
steigt auch die spezifische Oberflache je Volumen. Erreicht ein Material Abmessungen
von < 100 nm in mindestens einer Dimension, so spricht man von Nanomaterialien, die

im Vergleich zum bulk-Material verschiedene Eigenschaften aufweisen.

Abbildung 16 zeigt die auf beschichteten Kathetern ermittelten Oberfldchen-
kontaktwinkel (Kapitel 6, Teilarbeit II) im Vergleich zu (ultra-) diinnen eADF4(C16)-
Filmen (auf Si-Wafern) (Kapitel 6, Teilarbeit III). Die Seidenfilme wurden mittels
Rotationsbeschichtung (eADF4(C16) geldst in konz. Ameisensdure) auf die Si-Wafer-
Substrate aufgebracht und weisen schichtdickenunabhingig eine mittlere Rauigkeit von

Ra < 1,0 nm auf (Kapitel 6, Teilarbeit 11, Figure 2).

Teilarbeit 1l - Katheterbeschichtungen:

— 120+ Rohmaterial
= rl nach O,-Plasma
< - [+ PEI + eADF4(C16)
< 100- B + eADF4(x16)
E ] = [ + eADF4(x16) + eADF4(C16)
X
£ 80+ —hﬁ i Teilarbeit Il - Dunne Filme:
o ] 1 T eADF4(C16) Multilage, d = 625 nm
o 60 - =1 L Lo —— eADF4(C16) Multilage, d = 33 nm
f_é -eADF4(C16) ,Bilage”, d = 8 nm
T
8 401
o
I ' I ' 1
PTFE PU Silikon

Abbildung 16. Oberflichenkontaktwinkel von in einem Tauchbeschichtungsprozess mit einer
Seidenbeschichtung versehenen Polymerschldauchen im Vergleich zum Rohmaterial (Teilarbeit II) und
durch Rotationsbeschichtung hergestellten diinnen eADF4(C16)-Filmen (Teilarbeit III). Es wurde der
Wasserkontaktwinkel (Methode des liegenden Tropfens) ermittelt. Der Kontaktwinkel auf
plasmabehandelten Oberflichen wurde unmittelbar nach der Plasmabehandlung ermittelt. Alle
Seidenbeschichtungen zeigen unabhingig vom verwendeten Haftvermittler (PEI oder eADF4(ik16))
vergleichbare Kontaktwinkel. PEI: Polyethylenimin, PU: Polyurethan, PTFE: Polytetrafluoroethylen. Mit
Genehmigung abgedruckt und modifiziert aus C. B. Borkner, S. Wohlrab, E. Méller, G. Lang, T. Scheibel,
Surface Modification of Polymeric Biomaterials Using Recombinant Spider Silk Proteins. ACS
Biomaterials Science & Engineering 2017, 3, 767-775. Copyright 2016 American Chemical Society.

Die Nomenklatur der Filme Anhand ihrer Dicke/Anzahl der Proteinlagen
(;,Monolage*“/,,Bilage*/Multilage) der hergestellten Beschichtungen bezieht sich in dieser
Arbeit auf die Referenzgrofle der Beschichtung mit einer Schichtdicke von 3-4 nm. Sie

liegt im GroBenbereich zwischen der Hohe eines f~sheet Nanokristalls (d = 5 nm), wie er

47



fiir B. mori Fibroin beschrieben wurde, und seiner Nanofibrillen (d = 2 nm)** bzw. der
molekularer Monolage (d = 1,5 nm).[?*"! Diese Beschichtung war die diinnste homogene
mittels Rotationsbeschichtung herstellbare Beschichtung und wird in dieser Arbeit als
»Monolage* bezeichnet und darf nicht mit molekularen Monolagen wie beispielsweise
Selbstassemblierenden Monolagen (SAMs) verwechselt werden, da sie aus mehreren

Molekiillagen besteht.

Der Kontaktwinkel liegt fiir Schichten mit einer Dicke von ca. 8§ nm (,,Bilage*) bei
i =63°+£2° und somit geringfiigig unter dem  Kontaktwinkel —der
Katheterbeschichtungen. Mit steigender Schichtdicke steigt der Kontaktwinkel an
(Ga=33mm = T4° £ 4°; Oa=625nm = 91° £ 6°) und erreicht die GroBenordnung wie fiir auf
Glassubstraten aus Ameisensiure gegossener eADF4(C16) Filme (Wohlrab et al.***).
Der Kontaktwinkel zeigt eine deutliche Abhidngigkeit von der Schichtdicke des
Seidenfilms. Der Vergleich dieser Daten beriicksichtigt jedoch nicht den Einfluss der
verschiedenen Substrate, Losungsmittel und Unterschiede in der Oberflaichenrauigkeit
auf den Oberflichenkontaktwinkel der Beschichtungen auf polymeren Kathetern im
Vergleich zu (ultra-) diinnen Filmen auf Silizium. Dies erklart den Unterschied in den
absoluten Kontaktwinkeln fiir gleiche Schichtdicken zwischen aus wissriger Losung
hergestellten Katheterbeschichtungen und den aus Ameisensdure hergestellten (ultra-)

diinnen Schichten.

3.2. Phasenseparation in (ultra-)diinnen Filmen

Neben den schichtdickenabhingigen Oberflaicheneigenschaften (Kontaktwinkel) wurden
die strukturellen Eigenschaften schichtdickenabhidngig untersucht. Dazu wurde der
relative f-Faltblattanteil (B) von eADF4(C16) Filmen im Schichtdickenbereich von 3-
4 nm (,,Monolage*) bis hin zum Mikrometerbereich vor (Engl.: before post treatment,
bpt) und nach Nachbehandlung (Engl.: after post treatment, apt) mit Methanol untersucht
(Kapitel 6, Teilarbeit III). Filme bis 600 nm Schichtdicke wurden durch
Rotationsbeschichtung und Mikrofilme durch Gie3en hergestellt.

B wird aus der Amid I-Bande eines FTIR-Spektrum des Proteins ermittelt. Die Amid I-

Bande ist hauptsichlich eine Superposition von C=0O Streckschwingungen des
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Proteinriickgrats unterschiedlicher Schwingungsenergien.[?®!2*1 Sie wird in ihrer
Vibrationsenergie durch die chemische und strukturelle Umgebung der jeweiligen
Carbonylgruppe der Peptidbindung beeinflusst, d.h. sie hingt direkt von der
Sekundérstruktur des Proteinriickgrats ab und kann daher zur quantitativen Analyse der
verschiedenen Sekundirstrukturen verwendet werden. Durch Fourier-Selbstentfaltung
und anschlieBende Peakanpassung an die entfaltete Amid-I Bande koénnen die relativen

Sekundirstrukturanteile bestimmt werden (vgl. Kapitel 6, Teilarbeit III, Figure 3).[26!-
263,265]

eADF4(C16) ,,Monolagen* (d = 3-4 nm) haben ein Byy: von 14,2 % + 2,7 %. Erhoht man
die Schichtdicke auf eine ,,Bilage®, so sinkt By leicht auf 12,7 % £ 1,8 % und steigt
anschlieBend wieder mit steigender Schichtdicke an, bis ein Sittigungswert von
Bipr =18 % bis 21 % im Bereich d > 65 nm erreicht ist. Obwohl die Signifikanz dieses
Unterschieds zwischen ,,Mono-“ und ,,Bilage* gering ist, soll trotzdem Augenmerk auf
diese leichte Abnahme von By von der ,,Mono-* zur ,,Bilage* gelegt werden, die einen
Hinweis auf ein Minimum in By gibt, das sich durch die intra- und intermolekularen
Wechselwirkungen des Proteins mit Proteinmolekiilen und der Oberflache erkliren lieBe.
Wiéhrend der Rotationsbeschichtung bildet sich ein diinner Film der Spinnenseidenldsung
auf dem Substrat. Das Losungsmittel (hier: konz. Ameisensdure) dampft ab und es bildet
sich ein fester, jedoch aufgrund der schnellen Trocknung vorwiegend unstrukturierter
Spinnenseidenfilm (geringer Bip:). Ein moglicher Erklédrungsansatz fiir ein hoheres B
der ,,Monolage* im Vergleich zur ,,Bilage® ist, dass die erste adsorbierte vorwiegend
unstrukturierte Schicht hydrophobe Wechselwirkungen mit der Oberflache des Substrates
ausbildet. Solch eine Wechselwirkung beruht auf der Verdrangung von Wasser von der
Protein- und Substratoberfliche. Dadurch kdnnen Carbonylgruppen des Proteinriickgrats
mit der Siliziumoxidschicht der Oberfliche interagieren, was zu einer moglichen
Verdnderung der Schwingungsenergie der C=O Bindung fiihren kann. In der ,,Bilage*
wird dieser aufgrund der hydrophoben Substrat-Protein Interaktion hoéhergeordneten
ersten Proteinschicht eine vorwiegend unstrukturierte zweite Schicht hinzugefiigt, was zu
einer Abnahme in By fiihrt. Bei steigender Schichtdicke steigt wiederum die
Wahrscheinlichkeit flir inter- und intramolekulare Wechselwirkung der Molekiile, da
diese (bis auf die Molekiile an den Grenzflichen) nun in alle drei Raumrichtungen

interagieren konnen und By steigt mit steigender Schichtdicke wieder an. Durch
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Nachbehandlung der Seidenfilme in Methanolatmosphire wird -Faltblattbildung
induziert und By steigt kontinuierlich mit steigender Schichtdicke. Basierend auf der
alternierenden Abfolge hydrophober und hydrophiler Sequenzblocke kann das
rekombinante  Spinnenseidenprotein eADF4(C16) als AB-Multiblockcopolymer
beschrieben werden (vgl. Kapitel 1.3.2.3). Auf Basis der Oberflicheneigenschaften
(Kontaktwinkelanalyse) und der ermittelten relativen S-Faltblattanteile vor und nach
Nachbehandlung wurde unter Beriicksichtigung der Proteineigenschaften und der
Theorie der Phasenseparation von Blockcopolymeren (vgl. Kapitel 1.3.2.1) ein
schichtdickenabhéngiges Phasenseparationsmodell fiir eADF4(C16) vorgeschlagen und
diskutiert (vgl. Kapitel 6, Teilarbeit III, Figure 4). Die Benetzungseigenschaften von
nachbehandelten eADF4(C16)-Filmen sind ein Indikator fiir die Struktureigenschaften
des Proteins an der Protein/Luft-Grenzflache. Abbildung 17 zeigt eine schematische
Darstellung des schichtdickenabhidngigen Phasenseparationsverhaltens von eADF4(C16)
in nachbehandelten Filmen und verdeutlicht den Zusammenhang mit den
Oberflachenbenetzungseigenschaften (Kontaktwinkel). Fiir Details wird auf Teilarbeit I11

(Kapitel 6) verwiesen.

| — | hydrophaobe kristalline
O B-Faltbatt reiche Phase

E=m  hydrophile amorphe Phase

91°

Zunahme von 0

Einlagiger Nanofilm Zweilagiger Nanofilm Mehrlagiger Nanofilm Mikrofilm >

Abbildung 17. Schematische Darstellung des schichtdickenabhingigen Phasenseparationsverhaltens und
der zugehorigen Oberfldchenkontaktwinkel. Einlagige Nanofilme weisen eine 2D-Separation der
hydrophilen und hydrophoben Phase auf. ,Bilagige* Nanofilme zeigen eine Ala-reiche Phase an der
Substrat/Protein-Grenzfliche, was zu einer Exposition der hydrophilen Phase an der Protein/Luft-
Grenzfliche und somit einem niedrigeren Kontaktwinkel im Vergleich zur ,,Monolage* fiihrt. Mit
steigender Zahl an Proteinlagen nimmt der Kontaktwinkel wieder zu. In solchen multilagigen Nanofilmen
steigt die Wahrscheinlichkeit der Interaktion der Seidenmolekiile in alle drei Raumrichtungen und die
hydrophoben Ala reichen Bereiche separieren zunechmend an der Protein/Luft-Grenzflache. Mikrofilme
zeigen Phasenseparationsverhalten wie von Wohlrab et al. berichtet. Mit Genehmigung modifiziert und
abgedruckt aus C. B. Borkner, S. Lentz, M. Miiller, A. Fery, T. Scheibel, Ultrathin Spider Silk Films:
Insight into Spider Silk Assembly on Surfaces. ACS Applied Polymer Materials 2019, 7/, 3366-3374.
Copyright 2019 American Chemical Society.
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In der ,Monolage” sind die vorwiegend unstrukturierten hydrophilen und die
hydrophoben Blocke statistisch verteilt. Die hydrophoben pAla-Bereiche interagieren
vorwiegend mit dem Substrat und werden von der hydrophilen Phase umgeben.
Phasenseparation kann in der ,,Monolage* nur in der xy-Ebene auftreten, wodurch die
Wechselwirkungsmoglichkeiten der pAla-Blocke begrenzt werden. Fiir die ,,Monolage*
konnte ein Kontaktwinkel von 72° + 6° ermittelt werden. Fiir die ,,Bilage* sinkt der
Oberflichenkontaktwinkel auf 63° +2° Hier sei nochmal auf die bereits erwihnte
geringe Signifikanz der Abnahme von By von der ,,Mono-* zur ,,Bilage* (bei alleiniger
Betrachtung) verwiesen. Betrachtet man jedoch die Abnahme von By im
Zusammenhang mit der Abnahme des Kontaktwinkels von der ,,Mono-* zur ,,Bilage*, so
ergibt sich folgende Erklarung: Durch die grof3ere Affinitit des hydrophoben Blocks zur
Substratoberflache und der nun mdglichen Bildung dichter pAla-pAla Interaktionen in
z-Richtung zwischen den einzelnen Lagen in der ,Bilage* kommt es zu einer
Anreicherung des hydrophoben Blocks an der Substratoberfldche und des hydrophilen
Blocks an der Protein/Luft-Grenzfliche von der ,,Mono-“ zur ,,Bilage®, wodurch der

Oberflachenkontaktwinkel sinkt.

Das Maximum in By ist bereits bei einer Schichtdicke zwischen 90 nm und 250 nm
erreicht. Ist der maximale A-Faltblattanteil erreicht, konnen sich jedoch mit steigender
Schichtdicke immer noch groflere kristalline Bereiche ausbilden, deren mizellarer
Charakter mit steigender Schichtdicke ansteigt.”?*! Durch die mit der Schichtdicke
zunehmende Mikrophasenseparation kommt es in mehrlagigen eADF4(C16)-Filmen mit
steigender Schichtdicke zu einer erneuten Zunahme des Oberfldchenkontaktwinkels, bis
ein Maximalwert von 91 + 6° bei einer Schichtdicke von ~600 nm erreicht ist. Der
Kontaktwinkel liegt hier in der gleichen Grofenordnung wie fiir auf Glassubstraten aus
Ameisensiure gegossene eADF4(C16) Filme (Wohlrab et al.'***"). Der hydrophobe pAla-
reiche Block separiert bevorzugt an die Substrat/Protein- sowie Protein/Luft-
Grenzflichen und bildet mizellenartige Strukturen eingebettet in die hydrophile amorphe

Matrix.

Dieses schichtdickenabhingige eADF4(C16)-Phasenseparationsmodell schlie8t somit
die Liicke zum bulk-Material, dessen Phasenseparationsverhalten in mikrometerdicken

Filmen von Wohlrab et al.'***! (vgl. 1.3.2.3, Abbildung 12) beschrieben wurde.
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3.3. Eigenschaften diinner Seidenbeschichtungen

Seide findet aufgrund ihrer Eigenschaften als Biomaterial (z.B. als
Implantatbeschichtung) Anwendung (vgl. Kapitel 1.3.3). Neben der Stabilitit solcher
Beschichtungen gegeniiber mechanischer Belastung, ist die Bioabbaubarkeit eine
wichtige Eigenschaft von Biomaterialien (vgl. Kapitel 1.1.3.1). Bisher wurde die
Bioabbaubarkeit von eADF4(C16) in Losung, als Mikro-Filme, Partikel und Vliese!?*#!

sowie von Hydrogelen'?**) untersucht.

In dieser Arbeit wurde die Bioabbaubarkeit diinner eADF4(C16) Beschichtungen
untersucht. Dazu wurden eADF4(x16)/eADF4(C16)-Beschichtungen auf
Silikonkathetern analog zu dem von Miiller-Herrmann und Scheibel®*! fiir eADF4(C16)
etablierten Modellsystem mit Protease Typ XIV (PXIV, Streptomyces griseus; Modell
fiir Verdauumgebung) und Kollagenase Typ [A (Engl.: collagenase type 1A, CHC,
Clostridium  histolyticum; Modellenzym fiir Wundheilungsumgebung) verdaut
(Kapitel 6, Teilarbeit II, Figure 4). PXIV, eine Mischung aus mindestens 10 Proteasen,
ist im pH-Bereich von pH 5,0 bis 9,0 stabil und zeigt seine optimale Aktivitdt bei pH 7
bis 8.2 Durch die geringe Spezifitit wird beispielsweise Casein zu mehr als 70 % in
einzelne Aminoséduren verdaut und PXIV ist dabei deutlich effektiver als Trypsin oder

2662671 CHC ist eine Kollagenase, deren optimaler pH-Bereich bei pH 6,3

Chymotrypsin.|
bis 8,8 liegt. Sie wird bei pH 7,4 verwendet und hat eine hohe Spezifitiit.[*682%] Die
Erkennungssequenz ist R-PX | GP-R, in der X meistens eine neutrale Aminoséure ist. Die
Schnittstelle liegt zwischen X und G.[**®! Die Spinnenseidenbeschichtungen auf
Silikonkathetern zeigten eine sehr gute Stabilitdt in Puffer. Durch PXIV wurde
eADF4(C16) nach 6 Tagen und eADF4(x16) nach 4 Tagen vollstindig abgebaut. Beide
Proteine zeigen jedoch eine hohere Stabilitit in  Wundheilungsumgebung.
Zusammengefasst weisen eADF4(k16)/eADF4(C16)-Beschichtungen demnach eine
langsame Bioabbaubarkeit in Wundheilungsumgebung sowie eine gute Stabilitét

gegeniiber mechanischer Belastung, wie sie bei der biomedizinischen Anwendung

polymerer Schlduche auftritt, auf.

Neben der Beschichtungsstabilitét spielt auch die Proteinadsorption sowie Zellinteraktion
mit den Beschichtungsoberfldchen eine bedeutende Rolle fiir die Biokompatibilitit des
Materials und seine spezifische Anwendung. Die Interaktion von um-dicken

eADF4(C16)-Filmen mit Zellen wurde in den letzten Jahren detailliert untersucht
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(vgl. Kapitel 1.3.3). Im Rahmen von Teilarbeit II wurde die Adhédsion von BALB/3T3
Fibroblasten auf seidenbeschichtetem PTFE, PU und Silikon nach 24 h Inkubation
untersucht. Auf den Rohmaterialien zeigen Fibroblasten eine schlechte Zelladhision.
Wird eine Haftvermittlerschicht aus Polyethylenimin (PEI) aufgebracht steigt die
Zelladhédsion. Auf eADF4(C16) beschichteten Katheteroberfldchen ist eine geringe
Zelladhdsion im 24 h Versuch im Vergleich mit der nichtbehandelten Zellkulturplatte
(Engl.. non-treated cellculture plate, NTCP) zu beobachten und eADF4(C16)-RGD
vermittelt eine bessere Zelladhdsion im Vergleich zu eADF4(C16) (Kapitel 6,
Teilarbeit II, Figure 5). Auch im 6-Tage Adhésionsexperiment zeigte sich eine geringe
Zelladhdsion auf der eADF4(x16)/eADF4(C16) beschichteten Silikonkatheteroberfliche.
Auf der Haftvermittlerschicht (eADF4(x16) & PEI) hingegen zeigen BALB/3T3
Fibroblasten eine hohere Zelladhésion (Kapitel 6, Teilarbeit II, Figure 6). Dies konnte auf
PDMS-Modelloberflichen fiir die Proliferation (6 d) von BALB/3T3 Fibroblasten
bestétigt (Kapitel 6, Teilarbeit II, Table 1) und reproduziert werden (Abbildung 18).
Neben der Adhdsion von BALB/3T3 Fibroblasten wurde die Adhdsion von B50
neuronalen Zellen (Kapitel 6, Teilarbeit I, Figure S5), HaCaT Keratinocyten (Kapitel 6,
Teilarbeit II, Figure S6) sowie C2C12 Myoblasten (Kapitel 6, Teilarbeit II, Figure S7)
untersucht. Alle Zelltypen zeigen ein zu Fibroblasten analoges Adhdsionsverhalten.
Solche durch Tauchbeschichtung hergestellten Seidenbeschichtungen, wie sie auf
Katheter aufgebracht wurden, zeigen mit gegossenen Mikrofilmen vergleichbare
Zelladhisionseigenschaften (vgl. Kapitel 1.3.3).[232236237.248] Diinne eADF4(C16)
Beschichtungen bieten somit fiir biomedizinische Anwendungen, in denen keine
Wirtsreaktion auftreten soll und Zellen nicht mit der Oberfldche interagieren sollen, eine
gute Moglichkeit zur Einstellung der Oberflacheneigenschaften bei gleichzeitig geringem

Materialeinsatz.
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Abbildung 18. Proliferation von BALB/3T3 Fibroblasten (5000 Zellen/cm?) auf Seidenbeschichtungen
und Referenzsubstraten iiber 6 Tage. Die Beschichtungen (PEI; eADF4(x16),PEl/eADF4(C16),
eADF4(k16)/eADF4(C16)) wurden auf plasmabehandeltes PDMS aufgebracht. TCP: behandelte
Zellkulturplatte (Engl.. treated cell culture plate); NTCP: unbehandelte Zellkulturplatte (Engl.: non-treated
cell culture plate); PEI: Polyethylenimin, PDMS: Polydimethylsiloxan.

Zusétzlich zu den Eigenschaften diinner Filme wurde die Interaktion von eADF4(C2)
funktionalisierten bakteriellen Nanopartikeln (MamC-C2 Magnetosomen) mit
ultradiinnen eADF4(C16) Filmen untersucht (Kapitel 6, Teilarbeit IV). Magnetosomen
werden von magnetotaktischen Bakterien zur Orientierung entlang der Feldlinien des
Erdmagnetfeldes  gebildet.?’%?’'l  Im  Modellorganismus  Magnetospirillum
gryphiswaldense bestehen sie aus einem Magnetitkern und einer Phospholipid-
Doppelschicht, der sogenannten Magnetosomen-Membran. Letztere enthidlt einen
GroBteil der fiir die Magnetosomen-Biosynthese relevanten Proteinkomponenten.!?’?!
Magnetosomen-Membran (Mam-) Proteine erlauben die Darstellung von Fremdproteinen
auf der Magnetosomen-Oberfliche, welche als Hybridproteine (bestehend aus Mam-

Protein und Fremdprotein) als translationelle Fusion exprimiert werden kénnen.[273-27°]

Im Falle von MamC-C2 Magnetosomen ist das Spinnenseidenprotein iiber das
Ankerprotein MamC in der Biomembran verankert und bildet mit ihr zusammen eine den
Partikel kolloidal stabilisierende Hiille. Im Rahmen dieser Arbeit wurde eine Methode
zur qualitativen empirischen Kontrolle von Magnetosomsuspensionen entwickelt. Im

FTIR Spektrum kann man zwei charakteristische Bereiche erkennen. Im
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Wellenzahlbereich von ca. 1750 cm™ bis 1710 cm™! liegt der fiir Carbonsiuren und ihre
Ester, wie sie in Phospholipiden vorkommen, charakteristische Absorptionsbereich.[?7!
eADF4(C16) zeigt seine Amid I Bande im Bereich von ca. 1690 cm™ bis 1600 cm™. Aus
im Wellenzahlbereich von 1765 cm™ bis 1585 cm™ auf die maximale Absorption
normierten FTIR-Spektren der Magnetosomen lédsst sich das Intensititsverhdltnis der
maximalen Absorption der Proteinabsorption und der Phospholipidmembran ermitteln
(Kapitel 6, Teilarbeit IV, Figure S9). Im Zusammenhang mit SDS-PAGE und Western-
Blot Analyse der Membranbestandteile konnte gezeigt werden, dass die FTIR-Analyse

der Magnetosomen einen guten Hinweis auf die Batchqualitdt, d.h. das Vorhandensein

einer intakten Magnetosomenmembran, geben kann.

In QCM-D Messungen wurden MamC-C2 Magnetosomen {iiber eADF4(C16)-
Beschichtungen geleitet und die Interaktion der Partikel mit der Oberfldche untersucht
(Abbildung 19 A). Dazu wurden Wildtyp (wf) Magnetosomen bzw. MamC-C2
Magnetosomen in 10 mM 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethansulfonsiure
(HEPES) mit 1 mM Ethylendiamintetraessigsdure (EDTA) iiber eADF4(C16)
Oberfldchen geleitet. Es zeigte sich, dass die Adsorptionsraten von MamC-C2 gegeniiber
wt Magnetosomen erhdht waren. Dies ldsst auf eine intermolekulare Wechselwirkung von
in der Magnetosomenmembran verankertem eADF4(C2) und eADF4(C16) auf der
QCM-D Chipoberflache schlieBBen.

Humenik et al. beschrieben den Einfluss chaotroper und kosmotroper Salze auf die
Fibrillisierung von eADF4(C16).77] Die Nukleation konnte durch Impfen mit
vorstrukturierten Fibrillen deutlich beschleunigt werden und die Verwendung von
Submikro-Partikeln, die ebenfalls als Nukleationskeime wirken, fithrte zu

2 Humenik et al. zeigten,

Fibrillienwachstum ausgehend von der Partikeloberfliche.!
dass die Assemblierung der eADF4(C16)-Fibrillen an diversen C-Modul basierten
Oberflachen wie z.B. eADF4(C16)-Partikeln oder eADF4(C)n-Keimen (n =2 bis 16),
moglich ist.*’®! Basierend auf dieser Schlussfolgerung und der nachgewiesenen
Interaktion von MamC-C2 Magnetosomen mit eADF4(C16)-Oberflichen, konnen
MamC-C2 Magnetosomen als Nukleationskeime fiir eADF4(C16)-Fibrillisierung

verwendet werden (Abbildung 19 B).
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(A)
eADF4(C2) Magnetosomen
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&:ﬂ“‘eADF4(C16) @ Magnetitkern (Fe3Oy) Magnetosomenmembran w eADF4(C2) jMamC

Abbildung 19. Schematische Darstellung der (A) Adsorption eADF4(C2)-Magnetosompartikeln auf
eADF4(C16) beschichteten QCM-D Resonatoren (in 10 mM HEPES, | mM EDTA) und (B) Fibrillisierung
von eADF4(C16) auf eADF4(C2) Magnetosomen in Anwesenheit von 100 mM Kaliumphosphat.

Dazu wurden die MamC-C2 bzw. wt Magnetosomen in einer eADF4(C16)-Losung in
Anwesenheit von 100 mM Phosphat inkubiert. Im Gegensatz zu wt Magnetosomen, bei
denen die Fibrillisierung nur in der die wf Magnetosomen umgebenden Seidenldsung
stattfand, konnte bei den MamC-C2 Magnetosomen Fibrillenbildung ausgehend von der
Partikeloberfliche nachgewiesen werden. Das Fibrillenwachstum schien dabei
gleichermaflen von einzelnen Partikeln als auch von in Ketten angeordneten

Magnetosomen auszugehen.
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ABSTRACT: Silks are a class of proteinaceous materials
produced by arthropods for various purposes. Spider dragline
silk is known for its outstanding mechanical properties, and it
shows high biocompatibility, good biodegradability, and a lack
of immunogenicity and allergenicity. The silk produced by the
mulberry silkworm B. mori has been used as a textile fiber and
in medical devices for a long time. Here, recent progress in the
processing of different silk materials into highly tailored
isotropic and anisotropic coatings for biomedical applications
such as tissue engineering, cell adhesion, and implant coatings
as well as for optics and biosensors is reviewed.
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KEYWORDS: spider silk, silkworm silk, processing, biomedical application, biosensor, optics

1. INTRODUCTION

Silks, like keratins and collagens,l_3 are based on a class of
structural proteins with highly repetitive amino acid sequences.
The proteins are stored in a soluble state and are assembled
into solid extracorporeal fibers when sheared or “spun”.
Humans have exploited silkworm silk (from Bombyx mori)
for millennia, primarily for textiles. Silks produced by spiders
have also been used for centuries, for example by Polynesians
for ﬁshing and by Romans and Greeks as wound dressing and
sutures.”” Because of the outstanding mechanical properties of
spider silk compared to other synthetic and natural fibers,®” "
their biocompatibility and good biodegradability and lack of
immunogenicity and allergenicity, many more technical and
biomedical applications are conceivable. Importantly, unlike in
nature, spider silk proteins (either regenerated from silk fibers
or recombinantly produced) can also be technically processed
into nonfibrous morphologies. Here, we highlight recent work
on the processing and applications of proteins derived from
spider silk (e.g., Araneus diadematus, Nephila clavipes), mulberry
silkworm (B. mori), and lacewing silk (e.g, Chrysopa carnea,
Mallada signata, and Chrysopa flava) into f-sheet-rich coatings
and films.

1.1. -Crystalline Silks. Almost all arthropods can produce
silk, each with a specific structural feature (e.g., helical, coiled-
coil, B-sheet, etc.) tailored to specific purposes. This review
focuses on f-crystalline silks, which are produced by larvae of
mulberry silkworms (B. mori), lacewings (Chrysopidae), and orb
weaving spiders (Araneae).

1.1.1. Silkworm Silk. B. mori silk has been well characterized,
and there exist numerous reviews on its properties”'’ and
applications.””™'* During metamorphosis, silkworms produce
silk cocoons for protection. The silk fibers are composed of two
silk fibroins (SF), the heavy chain (325 kDa) and the light
chain (25 kDa), which are connected by a disulfide bond'® and

-4 ACS Publications  © 2014 American Chemical Society

15611

complexed by the small glycoprotein P25 (30 kDa).'s The
proteins have been thoroughly investigated and reviewed.'’ "
The main structural elements of this material are repeats of the
GAGAGS motif, which forms antiparallel f-sheet structures
because of intra- and intermolecular hydrogen bonding.”® The
fibers are coated with the glue-like glycoprotein sericin, which
has to be removed (degumming)*'~>* prior to processing for
use in medical applications because it can cause immuno-
reactions.”* ™7 It is advantageous that silkworms can be reared
in captivity, and the silk can be obtained in great quantities.

1.1.2. Lacewing Silk. To protect their eggs from predators,
female lacewings lay their eggs on the ends of silk stalks
attached to substrates such as the lower side of leaves. These
fibers show unusual bending stiffness based on the structural
features of the underlying silk proteins (see also section
1.1.4.).>® The amino acid composition29 and the cross-f-
structure® of egg stalk silk were first described in the 1950s.
Fifty years later, researchers from Tara Sutherland’s group
analyzed the lacewing silk of M. signata and identified two
proteins: MalXB1 (109 kDa) and MalXB2 (67 kDa). MalXB1
is the main component of egg stalk silk and comprises a serine-,
alanine- and glycine-rich tandem repeat.*’ In another lacewing
species (C. carnea), at least five individual proteins were
identified in the egg stalk silk dope.*

1.1.3. Spider Silk. Web spinning spiders (Araneae) are
probably the best-evolved fS-crystalline silk producers with the
most specialized silk fibers. Female orb-weaving spiders, such as
Nephila clavipes and the European garden spider Araneus
diadematus, can produce up to seven different types of silk with
task dependent properties.”> There exist numerous reviews and
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translation and gene engineering; step 4, ligation of insert DNA into the plasmid DNA; step S, transfer of plasmid into host organism; step 6,

fermentation; step 7, purification.

11,34,35 36,37
articles summarlzlng the biology, """ structure and

mechanical properties®**™*° of spider silk. Here, we focus on
major ampullate (MA) silk, which is produced in the MA gland.
This MA silk is used as the outer frame and radii of a spider’s
web and as its lifeline.* MA silk has a very high tensile strength
and the highest tou§hness of all known natural as well as
synthetic fibers.*****~* MA silk is mainly composed of
spidroins (spider fibroin) and is divided into two classes
(MaSp1 and MaSp2) according to its proline content. MaSpl
has a low proline content and MaSp2 is proline-rich. The
physical and related mechanical properties, such as breaking
strain, of MA silk are directly influenced by the proline
content.*> MA spidroins generally contain a repetitive core with
individual amino acid motifs repeated up to 100 times
accounting for over 90% of the sequences.*® The core domain
is flanked by nonrepetitive amino- and carboxy-terminal
domains, which are highly conserved between different silks
and between spider species. These terminal domains mediate
the storage and assembly of the spider silk proteins.*”*® MA
silk fibers are coated with a very thin shell of glycosylated
proteins, lipids, minor ampullate spidroins and other
proteins.*”*® However, these shell compounds are, in contrast
to sericin from B. mori,>" not immunogenic, making MA silk an
interesting biomaterial for biomedical applications.

1.1.4. Comparison of p-Crystallinity in Silkworm, Lace-
wing, and Spider MA Silk. The f-sheet content of MA silk
(11-46% N. clavipes,”*>>>> 34—35% A. diadematus,>* 46%
Nephila edulis®®) is similar to that of B. mori silk (40—55%).>%>*
Both silk materials form antiparallel S-sheets aligned along the
thread axis. The p-sheets form crystalline-like regions
embedded in an amorphous matrix, but also the presence of
a so-called interphase was proposed. In contrast to B. mori and
MA silk, Lacewing egg stalk silk shows an unusual p-sheet
structure (content: 20—40%)***> called cross-f} structure,
where f-strands are aligned perpendicular to the fiber axis.*’
The evidence for two different types of f-sheets in N. clavipes
MA silk and B. mori silk was shown by hydrogen—deuterium
exchange experiments. Crystalline f-sheets are D,O-inacces-
sible and the pf-sheets building the interphase are D,O-

accessible. The water-accessible interphase consists of weaker
hydrogen bonded f-sheets. MA and B. mori silk differ in the
fraction of the interphase which is significantly higher in case of
MA silk (27 + 3%) than in B. mori silk (8 + 3%).>* In the case
of B. mori silk, crystalline as well as interphase f-sheets are
likely formed by GAGAGS motifs. In MA silk, crystalline f-
sheets are formed by polyalanine (A,) regions, and AG and
GGA blocks flanking the A, regions are suggested to be present
in B-sheets also.””>* The interphase probably contains GXG (X
= Q, Y, L, R) motifs. A three-phase model was postulated
where the crystalline regions are flanked by an interphase which
is assumed to act as a transition zone between crystalline f-
sheets and the surrounding amorphous phase.’**® The
structural organization allows to describe the properties of
spider silk using a hierarchical model.>”

1.2. Natural vs Recombinant Silk Production. To
exploit the manifold properties of silk, it can be advantageous
to investigate the isolated underlying proteins. Silks can be
harvested from their natural sources (i.e., for example of B. mori
cocoons). The silk is degummed by boiling the cocoons in 0.02
M Na,COj;, and the degummed fibers are dissolved in strong
chaotropic agents (e.g, 9.3 M LiBr), yielding soluble silk
fibroins called regenerated silk fibroin (RSF). Because B. mori
silk has been produced by sericulture (silk farming) for
centuries, RSF has been available for investigations for decades.

In contrast, spiders cannot be farmed because they are
typically territorial and cannibalistic'**"~*° and produce silk of
lower quality when held in captivity.****® Although lacewings
are bred commercially (they are used as pest control), the
quantity of silk produced by each individual is too small for
practical applications. In both cases, as an alternative to
obtaining silk proteins from natural sources, recombinant
strategies for producing silk proteins have been developed, but
only a short overview is given here. For more detailed
information on natural and synthetic spider silk genes, the
reader is referred to Heidebrecht and Scheibel and references
therein.* Different approaches for producing silk proteins in
different host organisms have failed mainly because of the
repetitive character of the gene sequences rich in guanine and
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Figure 2. Schematic overview of silk processing. After (I) preparing the silk solutions, the materials properties can be controlled (II) before and (IV)

after (III) further processing steps.

cytosine. A successful approach was the construction of
synthetic sequences based on natural motifs (Figure 1, step
1-2) and adapting the gene sequences to the codon usage of
different host systems like bacteria (e.g., Escherichia coli) or
yeast (e.g,, Pichia pastoris) (Figure 1, step 3—5).57% A similar
strategy was performed for a recombinant egg stalk protein
(RESP).** The biotechnological production (Figure 1, step 6)
yields silk proteins as primary material for further processing
(Figure 1, step 7), but also allows the modification of proteins
genetically. Synthetic analogues can be produced with targeted
modifications to get desired material characteristics,** giving

access to a broad range of applications.
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2. PROCESSING OF SILK PROTEINS

The processing of silk proteins includes preparation of silk
protein solutions (Figure 2 (I)), controlling materials proper-
ties (Figure 2 (II) & (IV)) and processing methods (Figure 2
(1I1)). Regenerated silk fibroin (RSF), recombinant egg stalk
proteins (RESP) and recombinant spider silk proteins (RSSP)
can be easily processed into different morphologies like
nonwoven mats, films and coatings.

2.1. Preparation of Silk Solutions. At first, silk proteins
are dissolved in a denaturating agent to prepare processable silk
protein solutions (Figure 2 (I)). Such denaturating agents are
chaotropic salts like lithium bromide (LiBr), lithium
thiocyanate (LiSCN), guanidinium thiocyanate (GdmSCN),
or guanidinium hydrochloride (GdmHCI). Chaotropic salts can
easily be exchanged via dialysis (Figure 2 (Ii)). Alternatively,
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Table 1. Overview of Synthetic Polymers, Biopolymers and Inorganic Materials for Silk-Based Composite Materials and

Blends”
synthetic polymer biopolymers inorganic materials
nonbiodegradable biodegradable proteins polysaccharides particles biominerals
carbon nanotubes poly(aspartic acid) collagen alginate silver nanoparticles calcium
carbonate
nylon66 poly(e-caprolactone) enzymes cellulose gold nanoparticles calcium
phosphate
polyacrylamide poly(e-caprolactone-co-p,L- fibroins cellulose xanthate transition metal oxides and silica
lactide) (viscose) sulfides
polyacrylonitrile poly(carbonate-urethane) gelatin chitin
polyallylamine poly(lactic-co-glycolic acid) green fluorescent chitosan
protein
polyepoxide poly(lactic acid) growth factors hyaluronic acid
poly(ethylene polyurethane keratin
glycol)
polypyrrole sericin
polystyrene spidroins

poly(vinyl alcohol)

“For details about silk composite materials, the reader is referred to Hardy et al.”

silk proteins can be dissolved in fluorinated organic solvents
like hexafluoroisopropanol (HFIP) and hexafluoroacetone
(HFA) (Figure 2 (Lii)) or acids like formic acid (FA) (Figure
2 (Liii)). Also, ionic liquids like 1-butyl-3-methylimidazolium
chloride (BMIM Cl), 1-ethyl-3-methylimidazolium chloride
(EMIM Cl), and 1-butyl-2,3-dimethylimidazolium chloride
(DMBIM Cl) can act as denaturating agents (Figure 2
(I,iV)).65'66

2.2. Additives for Controlling Silk Properties. After
preparing the initial silk protein solution, additional substances
like plasticizers (e.g., glycerol =), polymers or proteins can
be added before or during processing the silk materials (Figure
2 (ILi)). A broad range of material blends and composite
materials containing silk proteins have been analyzed in the
past, including synthetic polymers, biopolymers, and inorganic
materials as additives. An overview on additives is given in
Table 1. For details concerning composite materials based on
silk the reader is referred to Hardy et al.”’

2.3. Processing Methods of Silk and Silk Blends. Silk
proteins and blended silk materials can be processed into films
and coatings using various processing techniques (Figure 2
(1I)) resulting in different morphologies. Films can be cast or
printed e.g. using lithography”" yielding 2D and 3D structured
isotropic or anisotropic micro- or nanopatterned surfaces.””
Thin coatings can easily be prepared by dip or spin coating.”>”*
Using spin coating, the silk proteins can self-assemble due to
shear-forces as described for native SE.”® Zeplin and co-workers
used dip coating to modify the surface of breast implants using
RSSP (for details see part 3.1).”° Other methods for generating
thin silk films are for example the Langmuir—Blodgett (LB)
technique”” and layer-by-layer (LbL) techniques.”®

Nonwoven mats represent a completely different type of silk
coating which can be produced e.g. by electrospinning”®®* out
of different solvents.*' ~* The silk protein solution or material
blend is extruded from a syringe, and an electric field between
the syringe and the collector plate accelerates the solution and
the solvent evaporates. The resulting fibers can be deposited
directly on any kind of substrate that is placed on the collector
plate. Particles, too, can be deposited on substrates by
electrophoretic deposition.®>™®’

Besides homogeneous films and coatings, materials with
gradually changing properties, as found in biological systems

15614

(e.g, mussel byssus), are useful for various applications.*®
Fibroin/gelatin blends show a wide range of Young’s moduli
depending on the mixing ratio.'””° Gradient films were cast
using glycerol-plasticized gelatin and 0—40% RSF, leading to a
gradient material on a centimeter scale with a highly
reproducible and smooth mechanical gradient with moduli
from 160 to S50 MPa.”

2.3.1. Influence of Solvent and Post-Treatment on Silk
Film Properties. Films can be cast from different solvents such
as aqueous buffers, organic or ionic liquids (Figure 2 (IILi))
and obtained through simple solvent evaporation. The
secondary structure of the silk proteins is dependent on the
initial solvent and is, therefore, controllable. Fluorinated
solvents induce a-helical structure in silk proteins. Films cast
out of HFIP show a high amount of a-helical structures (RSF;”°
RSSP”' %), whereas films cast out of formic acid or water show
higher f-sheet content.”””*~” RESP dissolved in HFA also has
primarily a-helical structure, and therefore, films cast from
these solutions have to be post-treated to yield more stable
structures.>” In case of RSSP, the initial solvent has no influence
on the thermal stability of films made of a recombinantly
produced engineered A. diadematus fibroin (eADF4(C16)%),
where thermal decomposition starts around 270 °C. In
contrast, the initial solvent showed a clear impact on the
mechanical properties of the films.”®

Furthermore, surface hydrophobicity can be controlled by
casting conditions as shown in the following experiments with
films made of RSSP. eADF4(C16) films with a thickness of 9—
11 pum were cast out of aqueous buffer (10 mM NH,HCO,),
HFIP, and FA on poly(tetrafluoroethylene) (PTFE; Teflon),
polystyrene (PS) and glass at 30% relative humidity and 20 °C.
The films showed different surface hydrophobicities depending
on the hydrophobicity of the substrate used to cast the films on.
After post-treatment with methanol, the surface hydrophobicity
was analyzed by contact angle measurements at the film—air
interface. Films cast on hydrophilic glass substrates were more
hydrophobic at that surface in comparison to films cast on
hydrophobic PS and PTFE substrates (Figure 3A). A structural
model of microphase separation of silk proteins based on the
amphiphilic nature of the silk protein was generated, in which
nonhydrophilic polyalanine stretches are arranged into packed
P-sheet crystallites causing water exclusion, and hydrophilic
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Figure 3. (A) Surface hydrophobicity of eADF4(C16) films
dependent on the substrate and the solvent used, determined by
water contact angle measurements. Uncoated substrates (u.s.) were
measured as reference. (B) Influence of the template on the secondary
structure of eADF4(C16). Reproduced with permission from ref 99.
Copyright 2012 The Royal Society of Chemistry.

glycine-rich motifs remain in unstructured or helical con-
formations (Figure 3B).” On hydrophilic templates like glass,
hydrophilic silk regions are oriented toward the substrate, and
the hydrophobic polyalanine stretches are organized into
micellar-like structures or oriented away from the hydrophilic
bulk to the silk-air interface, inducing a hydrophobic film
surface. On hydrophobic templates, e.g, PTFE, the hydro-
phobic silk regions are oriented toward the substrate, and the
hydrophilic blocks are organized into micellar-like structures or
oriented away from the hydrophobic bulk to the silk-air
interface.” Microphase separation is a common effect of block
copolymers, and RSF can also be described as multiblock
polymer composed of crystallizable and uncrystallizable blocks.
P-sheet crystallization is therefore spatially limited by micro-
phase separation of the two different blocks.'® Furthermore,
Cebe et al. performed fast scanning chip calorimetry with RSF
and reported the first reversible melting of f-sheet crystals
similar to the behavior of lamellar crystals composed of
synthetic polymers.'*!

In the case of RSF, Lawrence and co-workers demonstrated
the influence of RSF film hydration on material properties
depending on the processing technique. Methanol treated RSF
films showed a less-ordered secondary structure arrangement
than water annealed RSF films. The methanol treated films had
a higher water absorbing capacity and reached higher oxygen
permeability rates.'®

2.3.2. Processing Techniques for Adopting Different
Surface Topographies. 1t is possible to produce structured
micro- and nanopatterned silk protein surfaces by common
micro- and nanopatterning methods. For example, RSF

microstructures have been assembled by rapid transfer-based
micropatterning and dry etching'®® and RSSP microstructures
by solvent-assisted microcontact molding and capillary transfer
lithography.'®* Micropatterned films made of RSF were cast on
poly(dimethylsiloxane) PDMS replica molds to transfer surface
structures of patterned surfaces to silk films,'°>'*® and
micropatterned films made of RSSP and RESP have also
been processed for controllable cell adhesion, cell growth and
cell orientation (for details, see section 3.1.1).” The RSSP/
RESP patterns were made using photolithographically
produced silicon templates to generate a microstructured
PDMS negative which was placed on a smooth cast silk protein
film (RSSP or RESP). Then, the second silk solution was
soaked into the molds by capillary forces. After evaporation of
the solvent, the PDMS stamp was removed yielding a patterned
silk film.”

2.3.3. Influencing Silk Film Properties Using Chemical
Modifications. Various coupling reactions can be used for
chemical modification (Figure 2 (ILii) & (IV,i)) of silk proteins
depending on their amino acid composition i.e. the number and
type of functional groups. In the case of B. mori SF, the most
abundant reactive amino acid residues of the heavy chain are
threonine, serine, tyrosine, aspartic acid and glutamic acid.
Common coupling reactions used for chemical modification of
these amino acids are cyanuric chloride-activated coupling,
carbiodiimide coupling, and reaction with glutaraldehyde.
Further, amino acids can be modified by arginine masking
and sulfation and azo-modification of tyrosine. For details about
these chemical modifications the reader is referred to Murphy
and Kaplan and references therein.""’

Huemmerich and co-workers modified films made of the
RSSP eADF4(C16) by carbodiimide activation of the carboxy
groups of glutamate residues and the carboxy-terminus (overall
17 reactive sites) for reaction with amines in solution. The
coupling of fluorophores and of the enzyme f-galactosidase was
successfully shown with RSSP.”> For biomedical applications
cell binding properties can be influenced by cell binding
peptides like RGD-motifs which were coupled by thiol
chemistry to RSSP (eADF4(C16)) films and by carbodiimide
couplin% to RSF films to improve cell adhesion (see section
3.1.1.)."971% In the case of RSSPs, like eADF4(C16) which do
not have cysteine residues in their sequence, the protein can be
genetically modified during production (see chapter 1.2), for
example, with a cysteine-containing tag at the amino-terminus.
The eADF4(C16)"*8<"*film surfaces expose the thiol groups of
the cysteines, allowing controlled and specific modification with
reagents containing a maleimido function.”* Maleimido-
fluorescein, biotin maleimide, RGD-motifs, p-galactosidase
and monomaleimido-nanogold (d = 1.4 nm) could be
successfully coupled to the silk film surface.”* It was also
possible to covalently attach sulfonic acid groups to tyrosine of
RSF using diazonium coupling. The negatively charged and
hydrophilic sulfonic acid groups can selectively promote pyrrole
absorption to sulfonic acid modified RSF films, yielding
conductive polypyrrole patterns on silk surfaces by printing
or stamping inks made of sulfonic acid-modified RSF on RSF
films. Pyrrole adheres selectively to the acid modified RSF and
sets up conductive structures out of polypyrrole after
polymerization.'®

2.4. Post-Treatment. Post-treatment of processed silk
proteins (Figure 2 (IV,ii)) can be used to increase the f-sheet
content of a silk material resulting in more stable and water
insoluble protein materials.*”"'”'"" The structural change from
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a-helical and random coil structures to f-sheets and can be
induced by temperature,112 alcohols (e.g., methanol, ethanol, 2-
propanol),”****>!! humidity and water vapor,'"® high
114 . . 115 .
pressure, ~ mechanical stretching, > and cosmotropic salt
solutions (e.g, 1 M potassium phosphate).”>''¢ Anisotropic
materials can also be produced by post-treatment leading to
alignment of the underlying structural elements. Both types of
processin% influence the mechanical properties of the resulting
. 1. 13,20,117
materials.

3. APPLICATIONS OF SILK FILMS, COATINGS, AND
NONWOVEN MATS

3.1. Tissue Engineering and Medical Applications. Silk
shows interesting features such as biodegradability and
biocompatibility (reviewed in Leal-Egafia and

Figure 4. Cell adhesion on different silk morphologies and on
modified silk films. (A) Cells were seeded on flat RSSP (eADF4(C16)
films cast from HFIP). Low cell adhesion and round-shaped cell
morphologies of BALB/3T3 fibroblasts are detected. (B) RGD-
modified eADF4(C16) films show improved cell adhesion and cell
spreading. The surface topography can be altered (C) with patterning
or (D) by creating nonwoven meshes. Both approaches have a large
impact on cell adhesion and orientation,”!?%!20139 146151152 gqle
bars: (A—C) 200 um; (D) 10 um.

Scheibel'*),'"®'" and nothing has been reported concerning
allergies against pure silk materials, probably based on low or
no inflammatory responses when in contact with animals and
humans."'” Nonwoven mats have been applied as wound
dressings, coatings, or scaffolds,'?”'?! and silk films have been
investigated as coatings and wound dressings as well as drug
delivery systems.'*”

B. mori silk has been reported to cause allergic reactions and
immune responses when using so-called “virgin silk” (silk
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Figure 5. Optical elements made of silk. (a) silk lens, (b) 12 X 12 silk
lens array, (c) scheme showing the approach for generating images, (d,
e) different projected patterns obtained from propagation of a white
light laser source through 2D, 64 phase level diffraction patterns. The
images are taken in the far field at a distance of 10 cm from the silk
optical element. (Masters from Digital Optics Inc., Tessera
Corporation). Reproduced with permission from ref 168. Copyright
2008 American Chemical Society.

directly obtained from the silkworm), whereas removing sericin
from the silk fibers (i.e., degumming) yields a material that
causes no allergic reaction and/or immune
response.”*~>”'**7127 MA spider silk is not coated with glue,
therefore, MA silk causes no allergic reactions/immune
response like virgin silk. In the case of lacewing egg stalk silk,
it is currently not known if it causes allergic reactions and/or
immune responses because not all the proteins have been
identified and tested yet.

The properties of silk films (hydrophobicity, water-contact-
angle, secondary structure, etc.) differ because of the protein
used, the solvent, template surface, post-treatment, and film
thickness as mentioned above, ®%2113128129 ith  dramatic
impact on cell organization, adhesion, and proliferation when
used as a scaffold. Cell interactions with surfaces or other cells
are mainly mediated by the integrin protein family."** Binding
motifs recognized by integrins are present in proteins of the
extracellular matrix (ECM) (e.g, laminin, collagen, fibronec-
tin)."**~"3* Therefore, it is also of great importance how such
ECM proteins interact with a “technical” surface (such as in silk
scaffolds). Below we will give an overview of general aspects of
cell-silk surface interactions followed by a more detailed
description of recent results (from the last 10 years) concerning
putative medical applications of silk scaffolds.

3.1.1. Cell-silk Surface Interactions and Silk Surface
Modifications for Improved Cell Binding. Generally, weak cell
attachment has been detected on RSF, RSSP, and RESP films
(Figure 4A), such as for osteoblast-like cells SaOs-2 on RSF'*?
or BALB/3T3 fibroblasts on eADF4(C16) RSSP and RESP
films.”'%®"2% Cells on these silk films are round and form cell
aggregates (ie., cell—cell interactions instead of cell-matrix
interactions).'®"*%'** §a0s-2 cells up-regulated the produc-
tion of ECM proteins (100%) such as collagen type I-a or
alkaline phosphatase on RSF films, whereas fibroblasts up-
regulated collagen-I on RSSP (eADF4(C16)) films as a result
of weak attachment."”*"** Weak cell attachment can be partly
explained by the absence of cell recognition motifs.'*®
Furthermore, RSF and RSSP (eADF4(C16)) are negatively
charged proteins under cell culture conditions, which is also not
conducive for cell attachment because cell surfaces are also
negatively charged."*”’*® In contrast, films made of the
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Figure 6. Schematic representation of five-layer LbL film of SF/NSSA-1 (1) and RSF (2) assembled onto carbon screen-printed electrodes.

Reproduced with permission from ref 176.
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Figure 7. SEM images of transfer imprinted plasmonic nanodot arrays on doped silk fibroin films: (a) Periodic pattern of a = 400 nm and (b) bow
tie structures with gaps of 40 nm. SEM images of transfer imprinted plasmonic nanohole arrays on doped silk fibrion films: (c) Periodic pattern of a

= 600 nm and (d) a, spiral array with a

ave

= 308 nm. Reproduced with permission from ref 182. Copyright 2012 Wiley—VCH.

positively charged RSSP (4RepCT) allowed cell attachment
similar to control plates.'*® But on RESP (N[AS],C) films, also
consisting of a positively charged protein, cell adhesion is quite
low and the few cells detected on these films show a round
morphology.”

One strategy to improve poor cell—silk surface interactions is
to modify silk surfaces with recognition motifs (i.e.,, peptides)
like the integrin binding motif RGD from fibronectin (Figure
4B) #1313 IO Gl proteins can be modified genetically (in
case of recombinant versions) or coupled chemically in all cases
with RGD motifs. Here, a few examples will highlight the
usability of such experimental set-ups. RGD-modified silk
surfaces showed improved cell adhesion properties, and this
effect could be detected for films made of negatively as well as
for positively charged silk proteins.'®'** In this context,
researchers have created different blended RSF films with a
synthetic RGD-containing spidroin for the analysis of
osteoblastic differentiation,'* analyzing the adhesion, prolifer-
ation and differentiation of an osteoblast precursor cell line
(MC3T3-E1) on blended films (different RGD content
accompanied by a different crystallinity). Increased crystallinity

stabilizes the film and results in increased numbers of adherent
cells, but no dependency of cellular differentiation was noted
due to the f-sheet content. A ratio of 90:10 RSF to RGD-
spidroin was optimal for the increased film stability and cell
attachment. Another strategy to improve cell binding can be the
coupling of macromolecules from the ECM (e.g, glycopol-
ymers) to silk films."**'* RSSP films (e.g, eADF4(C16))
modified this way showed improved cell adhesion, and the
morphology of the cells changed from round (unmodified
films) to spread (modified films)."**

Other peptides can be also suitable for increasing cell
interactions with scaffolds and can lead to bone regeneration.
Foo et al."*® for example, modified the surface of RSSP 15mer
films and electrospun fibers (nonwoven meshes) with the cell
recognition motif RGD or a RS peptide (a silicification
inducing domain), which could be beneficial in the field of
bone regeneration. Silicification could be only detected in the
presence of the RS peptide. Mieszawska and co-workers'*>'%?
were interested in silk-silica composite films and the behavior of
human mesenchymal stem cells (hMSCs) seeded thereon. The
RSF solution and silica solution (containing silica particles of
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Figure 8. Schematics of fabrication processes for passive silk sensors.
(a) Inkjet printing of functional components directly on the silk
substrate. (b) Shadow-mask transfer. c) Casting-lift-off process.
Functional components are fabricated directly on silanized silicon
wafers. Silk is cast directly onto the silicon substrate, and the functional
components are transferred onto the silk surface after drying under
ambient conditions. (d) Direct transfer. Functionalized surfaces are
applied to the silk substrate along with heat and pressure. Removal of
the original substrate leaves the functional components on the surface
of the silk substrate. (e) Example of a GHz resonant coil on silk,
fabricated using the silk transfer applied micropatterning process
(STAMP). (f) THz resonant silk metamaterial array, fabricated via
shadow mask deposition. (g) Au nanoparticle array on silk, fabricated
using direct transfer. Reproduced with permission from ref 184.
Copyright 2012 Wiley—VCH.

24 nm, 500 nm, or 2 um in diameter) were cast together on a
cell culture plate and post-treated with methanol, yielding good
proliferation rates of hMSCs as well as high cell densities.
Osteogenic markers were up-regulated, and an increased
formation of collagen/calcium phosphate was detected in the
ECM, indicating osteoinductive properties of RSF/silica
films, 147148

Cell attachment and proliferation, the polarity, morphology
and cytoskeleton reorganization of bound cells, can be
influenced by cell rec 9gmtxon motifs and the topography of a
silk film’s surface."*'*® On flat films made of RSSP
(eADF4(C16)) or RESP (N[AS];C), BALB/3T3 fibroblast
adhesion was very weak.”'®® BALB/3T3 fibroblasts as well as
C2C12 myoblasts seeded on patterned films of eADF4(C16)/
N[AS]sC, with eADF4(C16) being the bottom layer, adhered
in the grooves and proliferated better than on films of each
individual protein. The cells aligned within the grooves and
myoblasts even started to form myotubes, which is an
important first step toward skeletal muscle regeneration (Figure
4C). Surprisingly, RGD-modified RSSP (eADF4(C16)) films
as a ground layer did not result in significantly increased cell
binding.’

An alternative to changing surface topography of silk films is
the production of silk nonwoven meshes as a coating of
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Figure 9. Rapid transfer of silk antennas onto curved substrates. (1)
Water vapor is applied to the back of noncrystalline functionalized silk
films, yielding (2) a functionalized film of which the back surface of the
film has been partially molten. (3) The quasi-molten surface is
conformally applied to arbitrary surfaces, yielding (4, S) functional
sensors thereon. Reproduced with permission from ref 184. Copyright
2012 Wiley—VCH.

substrates (Figure 4D). Nonwoven meshes with fiber diameters
of 10—70 um of RSSP (4RepCT) did not show improved cell
adhesion and proliferation compared to smooth films."*
However, hybrid matrices made of a bottom film layer on
which a nonwoven mesh (diameter of fibers: 10—70 um) was
applied showed improved cell adhesion compared to smooth
films or nonwoven meshes alone."* Cells like the vascular cell
line HAECs or HCASMC:s as well as endothelian cell line PIEC
grew better on RSF nonwoven meshes (fiber diameter: 1016
nm™' and 377 nm +77 nm'?) than on smooth RSF
films."*"'** Similar results were obtained by seeding BALB/
3T3 fibroblasts on RSSP (eADF4(C16)) nonwoven meshes.'*
Nonwoven meshes with different fiber diameters (between 150
and 680 nm) were produced, and fibroblasts seeded thereon.
The adhesion and proliferation rate of the cells increased with
increasing fiber diameter likely due to the relation of
cytoskeleton organization and space between the fibers of the
mesh.

Patterned RSF films of different widths and depths were also
used to orient mesenchymal stem cells (MSC) for compact
bone regenerauon One pattern in particular (3500 nm
width/500 nm depth) induced osteogenic differentiation, a
robust cell alignment and also ECM production similar to
native cortical bone.

Neural stem cells were also cultured on films made of the
positively charged RSSP (4RepCT). Cell adhesion and
proliferation was comparable to the positive control (cell
culture plates specifically treated for nerve cell cultivation).">?
Patterned films of negatively charged RSF with electrodes
incorporated for axon ahgnment and outgrowth stimulation
yielded varying results.'>* Stimulating the cells and monitoring
over 3—5 days showed that the neural stem cells (P19) were
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growing, orientating along the grooves, and their axons aligned
and grew out. However, after several days, the cells started to
detach from the RSF surfaces. Not only RSF films but also
fibers were used for nerve regeneration, which are not discussed
further here. However, RSF fibers with a quite small diameter
(400 nm) are more favorable to the development and
maturation of neurons.'®

3.1.2. Implants Made of or Coated with Silk. Animals with
implants coated with silk generall_;f show low levels of
inflammation markers like cytokines.”*''*'>% Zeplin and co-
workers coated silicone breast implants with RSSP with the aim
of reducing the risk of capsular fibrosis.”® Fibroblasts, which are
critically involved in fibrosis, show decreased proliferation rates
on spider silk coated silicone implants in comparison to
uncoated ones. Primary human monocytes involved in fibrosis
showed a significantly reduced differentiation into CD68-
positive macrophages (histiocytes). Upon implantation into
subcutaneous pockets of Spraque-Dawley rats, the coated
implants were well-tolerated, and no wound healing disorders
were detectable. Importantly, no liver granulomas and
alterations of lymph nodes were detected, excluding the
presence of infections or epitopic inflammation. After
explantation, histological examinations of the uncoated im-
plants showed periprosthetic tissue rich in fibroblasts and
histiocytes organized in multiple cell layers, whereas silk-coated
implants were surrounded by significantly fewer cells organized
in only two layers. Additionally, the expression levels of several
other fibrosis/inflammatory markers were significantly reduced.

For specific biomedical applications, enzymes and proteins
can be coupled to silk films. Several specific proteins can be
used for bone or dentin regeneration and some selected
examples are explained in detail. The bone morphogenetic
protein 2 (BMP-2) stimulates osteogenesis and was covalently
bound to RSF films. BMP-2 silk films were more efficient in
inducing osteogenic differentiation of bMSCs (bone mesen-
chymal stem cells) than free BMP-2 or a control silk film
without BMP-2."%® The dentin matrix protein 1 (DMP-1) is
involved in nucleation and orients crystallization of hydrox-
yapatite within teeth, which is a prerequisite for their
remarkable toughness and hardness.*>” Recently, RSSP/DMP-
1 hybrids were analyzed versus plain RSSP films concerning
biomineralization, ie., the growth of hydroxyapatite crystals on
the film surfaces. Films containing the DMP-1 protein were
biomineralized, whereas films without DMP-1 did not induce
biomineralization. Biomineralized RSF scaffolds were also used
as bone grafts to repair canine inferior mandibular border
defects.">® The combination of bMSCs and apatite silk scaffolds
led to fully repaired mandible defects in large animals, whereas
the scaffold or bMSC alone showed incomplete bone repair 6
months after implantation. Furthermore, RSF can be processed
directly into bone screws for fixation devices.”>” For better
bone ingrowth into these implants or healing regulation, the
RSF screws could be easily modified with BMP-2 protein or
antibiotics to prevent infections.

For peripheral nerve repair Gu and co-workers fabricated a
chitosan/RSF based scaffold.>> For creation of a Schwann cell
(SCs)-derived coating they were seeded on RSF/chitosan
conduits for 14 days. By implanting the SC-derived ECM
chitosan/RSF scaffold into rats the scaffold supported axonal
outgrowth at an early regenerative stage and nerve regener-
ation. Although the new composite scaffold was not better than
the acellular scaffold, it provided several advantages like
pathogen-free production.

For application of silk scaffolds or coatings of implants in
vivo, sometimes antibiotics or an antibacterial surface are
required. Therefore, silver ions, known to be antimicrobial,
were bound through a silver binding peptide to RSSP to yield
antimicrobial silk surfaces.'® In another series of experiments,
antibiotics were loaded into RSF films which were incubated
with E. coli and Staphylococcus aureus."®" The antibiotic-loaded
RSF films suppressed bacterial growth completely. RSSP films
coupled with antimicrobial peptides also showed antimicrobial
properties in tests with E. coli and S. aureus, whereas the
simultaneously tested cell line (SaOs-2) was not affected.'®”

3.2. Silk Optics and Biosensors. Silk films and coatings
can also be used in optical devices or biosensors and various
applications mainly using B. mori fibroin have been reported,
and some of them are highlighted herein. The oxygen
permeability of RSF membranes is similar to that of hydrogel
membranes which are used for soft contact lenses. Due to its
biocompatibility, optical properties (e.g., high transparency)
and oxygen permeability, RSF membranes are applicable as
contact lens material.' 7' Silk materials can also be
processed into morphologies (e.g, by nanoimprinting, casting,
spinning) useful in optical, photonic, electronic, and optoelec-
tronic applications.'®® By nano- and micropatterning of
optically transparent biocompatible RSF films, 3D diffraction
patterns with a high fidelity were obtained.'®’” Lawrence and co-
workers used RSF to produce highly tailored structures and
morphologies for optical devices (Figure 5).'%®

Curved rodlike optical waveguides have been produced by
direct ink writing using RSF “ink” containing 28—38% RSF,
followed by methanol post-treatment showing controlled
structure and composition.'® Photoactivation of drugs in silk
structures is also possible, because silk biomaterials provide a
perfect matrix for stabilizing enzymes because of their thermal,
chemical, and mechanical robustness. Different approaches for
immobilizing enzymes in silk protein materials were successful,
conserving enzyme activity over months to years e.g. for their
use in biosensors.'”™"”* Lu and co-workers blended glucose
oxidase (GOx), horseradish peroxidase (HRP) or lipase with
RSF and cast the blended material into films."”> Demura'”" and
Asakura and co-workers'”* immobilized glucose oxidase (GOx)
for biosensing of glucose. HRP or lipase immobilized in RSF
films were used for the determination of hydrogen peroxide and
uric acid in a flow injection system.'”* Tao and co-workers used
a microstructured multifunctional RSF optical element for
simultaneous drug delivery and feedback response.'”®

Antigens as disease detecting biosensors were also
immobilized on RSF membranes.'”*'”” The peptide NSSA-1
(PPLLESWKDPDYVPPWHG) derived from the hepatitis C
virus (HCV) was immobilized on RSF films coating carbon
screen-printed electrodes using a layer-by-layer technique
(Figure 6).1" Although plain RSF films showed no significant
response, the immunosensor made of SF/NSS5A-1 LbL-films
showed a signal in presence of the anti-HCV (1 pg/mL), thus
establishing a highly sensitive immunosensor.

Other types of sustainable sensors made of silk are photonic
crystals.'”®'”? Three-dimensional photonic crystals were
fabricated by pouring RSF solution over a mask of a close
packed self-assembled colloidal crystal of poly(methyl meth-
acrylate) (PMMA) spheres. After a drying step, PMMA is
dissolved and the silk inverse opal (SIO) is obtained. The color
can be controlled by changing the size of the PMMA spheres
and by filling the voids with liquids like acetone. Because of
their intrinsic structural color and biocompatibility, these silk
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materials are suitable for microscale implantable biosensing and
targeted therapeutics.'’®'”® Further work generated silk-protein
based hybrid photonic-plasmonic crystals (HPPC), incorporat-
ing a 3D SIO and a 2D plasmonic crystal formed on top of the
SIO to combine the properties of these two structures (2D SIO
& 3D pseudophotonic band gap) making it suitable as a
multispectral refractive index sensor."*® Diao et al. produced
SIOs with bistructural colors at UV and visible, UV and IR, and
visible and IR wavelengths. The SIOs showed a linear relation
between humidity and the wavelength of the reflected light,
which gives rise to optical humidity sensors.'®"

Lin and co-workers demonstrated a direct transfer of
subwavelength plasmonic nanostructures on bioactive RSF
films, overcoming problems of integratin§ plasmonic metallic
nanostructures into biopolymeric ones.'®> A direct transfer
nanofabrication technique (based on nanotransfer printing)
was used for the fabrication of large-scale metallic nanoparticles
(plasmonic nanodots) and perforated metallic films (plasmonic
nanoholes) on RSF films, obtaining a high fidelity sequential
transfer of plasmonic nanoparticles, optical bow tie nano-
antennas, and nanohole arrays with periodic and nonperiodic
geometries, preserving the functionality of the imprinted
biopolymer. Some examples of the structures obtained are
shown in Figure 7.

Silk films also can be used to produce curvilinear electronics
for different applications like biointegrated electronics for
diagnosin%, treating disease, or improving brain/machine
interfaces;'®> adhesive and edible food sensors;'** and to
attach graphene-based biosensors onto biomaterials like tooth
enamel as fully biointerfaced nanosensors.'® Silk-based
conformal, adhesive, and edible food sensors made of RSF
described by Tao et al. are also a good example for such
sensors.'®* Different methods can be used to produce/transfer
micro- and nanopatterns onto silk substrates, and Figure 8a—d
shows the most common methods used by Tao and co-
workers. Examples of the fabricated structures are GHz
resonators, THz metamaterials and nanopatterned Au-nano-
particle plasmonic arrays on silk (Figure 8e—g).

To attach the structures to surfaces for biosensing
applications, the noncrystalline (not post-treated) carrier RSF
film is exposed to water vapor to be softened. The adhesive thin
layer of silk acts as “glue” and can be used to adhere the
antenna to the target surface without damaging the antennas.
The attachment process is shown in Figure 9.

An interesting application of this technology is the
monitoring of the fruit ripening process. The resonant
frequency of a banana’s surface was measuered over 9 days
while ripening, showing an initial resonance at day 0 of 36.1
MHz, which increased constantly to higher frequencies (up to
42.6 MHz at day 9) during ripening.

4. CONCLUSION AND FUTURE PERSPECTIVES

Silks are proteinaceous materials with a long history of use by
humans. In recent decades, the structure and composition of
several silk proteins of different animals have been charac-
terized, and biotechnological protein production strategies give
rise to high yields of pure proteins. The silk protein materials
are biocompatible and biodegradable, but are not immuno-
genic, allergenic, or toxic. There are various possibilities to
control the properties of silk materials, and though various
processing methods (e.g., casting, printing, electrospinning, dip
coating, etc.) result in a broad range of structures (e.g., films,
nonwoven mats, coatings, etc.). The properties of the fabricated

materials, like material stability, surface hydrophobicity, oxygen
permeability and optical properties, vary depending on the silk
protein used, the processing method and the processing
conditions (e.g, solvents, additives, post-treatments). Cell
binding properties can be improved by modifying the surface
topographies and introducing cell binding motifs. Other
proteins and enzymes can be coupled to or immobilized in
silk materials by chemical and genetic modification or blending.
Enzymes, for instance, show high long-time stability when
incorporated in silk materials. Understanding the structure—
function relationship of silk proteins allows the design of
sustainable and more complex and highly tailored silk-based
structures like photonic nanostructures, silk inverse opals
(SIO), LbL films, curvilinear electronics, optoelectronics, and
biosensors.
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ABSTRACT: The performance of biomaterials largely depe

on the materials biocompatibility, which is directly related to
unwanted side effects like foreign body responses and inflamma-
tion, and the potential of interaction of cells with its surface, for
example, cell adhesion. In the distinct application of catheters, low
or even no cell adhesion is eligible. To influence the properties of
existing and commonly used biomaterials and to further increase
their biocompatibility, a coating with a recombinantly produced
spider silk protein as outer layer was applied on three selected
catheter polymers (polyurethane, polytetrafluoroethylene, silicone)

enzymatic
Cell adhesion degradation

neg. charged pos. charged neg. charged
polymer spider silk proteins

and evaluated based on cell adhesion. The tested cell types, HaCaT keratinocytes (epidermal cells), BSO neuronal cells, C2C12
myoblasts (muscle cells) and BALB/3T3 fibroblasts (connective tissue), exhibited low or no adhesion on the silk-coated
materials. In combination with the lack of toxicity, the good biocompatibility, and the low body response, it could be shown that
silk coatings have a high potential as a biomedical coating material, e.g., for catheters.

KEYWORDS: recombinant spider silk proteins, biomaterial coating,

1. INTRODUCTION

Various synthetic polymeric materials, especially polyurethanes
(PU), fluorinated hydrocarbons like polytetrafluoroethylene
(PTEE), and silicones, are used as biomaterials. Common fields
of application for PU are artificial pacemaker lead insulation,
catheters, vascular grafts, heart assist balloon pimps, artificial
heart bladders, and wound dressings; for PTFE catheters,
ligament replacement and sutures; and for silicone, membranes
and tubings (extracorporeal equipment), orthopedic implants
like foot and hand joints, catheters, drains and shunts, as well as
aesthetic and reconstructive implants.' > Unwanted side effects
include foreign body responses and inflammation as a reaction
to the implanted biomaterial, for example, during long-term
application of silicone implants. Further, it is reported that the
biocompatibility of the implanted material plays a significant
role for encapsulation, whereas infections, postoperative
hematomas or seromas can be attributed to clinical
malpractice.” The most prominent and specific complication
is periprostetic capsular fibrosis, which occurs most frequently
within the first year after surgery.”® Thrombosis is another
common complication that is typically linked to the use of
central venous catheters in long-term application.”"’
Recombinantly produced spider silk has been shown to be a
promising material for implant coatings because of its
biocompatibility,'" as well as the low/none inflammatory
response of both animals and human hosts.'” The here used

-4 ACS Publications  © 2016 American Chemical Society 767

cell adhesion, biodegradation, catheter

recombinant spider silk protein eADF4(C16) is based on the
consensus sequence of the core domain of Araneus diadematus
fibroin 4 (ADF4) of the dragline silk of the European garden
spider A. diadematus. The amino acid consensus motif is called
C-module (GSSAAAAAAAAS GPGGY GPENQGPS GPGGY
GPGGP) and it is repeated 16 times in the engineered A.
diadematus fibroin 4 (eADF4(C16)). eADF4(C16) is f-sheet
rich with the f-sheets mainly formed by polyalanine (A,)
regions embedded in a glycine-rich amorphous matrix. If all
glutamate residues of the negatively charged eADF4(C16) are
exchanged with lysine residues (E — K) the positively charged
eADF4(k16) is obtained."”” It has been shown that both
recombinant silk proteins can be processed into different
morphologies like films, coatings, and nonwoven mats."* Spider
silk films, relevant for this study, made out of aqueous solution
show an average roughness (R,) of 827—27.50 nm."” In
general, only weak attachment of mouse fibroblasts (BALB/
3T3) but good cell vitality has been detected on eADF4(C16)
films, and, as a consequence, cells were round shaped and
formed cell aggregates. In contrast, films made of the
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engineered variant eADF4(C16)-RGD additionally comprising
the cell-binding peptide RGD showed a significantly increased
fibroblast adhesion compared to that of eADF4(C16)
films."*™"* Importantly, cells do not proliferate on eADF4-
(C16) films,"” which have already been used as coating material
for silicone breast implants to reduce capsular fibrosis. The
efficiency thereof could be shown in Sprague—Dawley rats in
vivo. Acting as a bioshield, the eADF4(C16) coating improved
the biocompatibility of the implant and significantly decreased
the foreign body response and reduced the periprostetic fibrous
capsule formation.'”** Up to 12 months after implantation, an
eADF4(C16) coating was detectable on the explanted silicone
implants.”® In another study, it has been shown that silk
materials provide good blood compatibility.*'

Here, eADF4(C16) films were evaluated regarding, e.g,
biodegradability and cell adhesion as coating material of
different polymeric biomaterials, e.g.,, for use as catheters to
enable new applications.

2. MATERIALS AND METHODS

2.1. Materials. If not stated otherwise, all chemicals were
purchased from Roth (Karlsruhe, Germany) in analytical grade.
eADF4(C16) was purchased from AMSilk GmbH (Planegg/
Miinchen, Germany). Polydimethylsiloxane (Sylgard 184 Silicone
Elastomer) was purchased from Dow Corning (Wiesbaden, Germany).
Polyethylenimine (PEL branched, MW ~ 25 000 by LS, M, 10 000 by
GPC), protease mixture (PXIV) from Streptomyces griseus (type XIV)
and collagenase (CHC) from Clostridium histolyticum (type IA) were
purchased from Sigma-Aldrich (Munich, Germany). $/6-carboxy-
tetramethyl-rhodamine succinimidyl ester (NHS-rhodamine) and 5/6-
carboxyfluorescein succinimidyl ester (NHS-fluoresceine) was pur-
chased from ThermoFischer Scientific (Darmstadt, Germany).
CellTiter-Blue reagent was purchased from Promega (Madison,
USA). Polytetrafluoroethylene catheters BD Venflon G14 (d = 2.0
mm) were purchased from BD (Heidelberg, Germany), polyurethane
catheters Cavafix Certo 375 (d = 1.7 mm) were purchased from
BBraun (Melsungen, Germany), and silicone catheters Riisch Brillant
(silicone, CH22, d = 7.3 mm) were purchased from Teleflex Medical
(Kernen, Germany). Dimethylformamide and ethanol were purchased
from VWR (Darmstadt, Germany). The used water was ultrapure
(Milli-Q) and obtained by using a Merck Millipore system (Billerica,
MA, USA).

2.2. Production of eADF4(x16) and eADF4(C16)-RGD. Silk
proteins were expressed in Escherichia coli (BL21 gold) and cells were
grown in a fermenter using the fed batch technique.”” The proteins
were purified using a heat step and ammonium sulfate precipitation as
described previously.”” The genetically modified recombinant spider
silk protein eADF4(C16)-RGD consists of eADF4(C16) and the
additional C-terminal GGAGGRGDSPG sequence and was produced
as reported previously.'” Further, eADF4(x16), in which the glutamic
acid residues of eADF4(C16) are replaced by lysine residues, was
produced as reported before.'?

2.3. Protein Labeling. eADF4(x16) and eADF4(C16) were
denatured in 6 M GdnSCN and dialyzed against 20 mM HEPES (pH
7.1). A 10-fold molar excess of the NHS-fluorophore (NHS-
rhodamine, NHS-fluorescein) was dissolved in DMF and added to
the protein solution (1 h, rt). The labeled proteins were precipitated in
the presence of 1 M phosphate (K-Pi, pH 7.0) overnight (4 °C) and
then thoroughly washed with Milli-Q/DMF (1:1, v/v) and Milli-Q
followed by freeze-drying. Labeling was confirmed by UV/Vis analysis
(Nanodrop ND 1000, ThermoScientific, Waltham, MA, USA), and the
degree of labeling n(fluorophore)/n(protein) was in a range of 1.0—
1.2 for fluorescein-labeled eADF4(C16) and 1.2—1.6 for rhodamine-
labeled eADF4(x16).

2.4. Preparation of Protein Solutions and Coating Process.
All proteins were denatured in 6 M GdnSCN. eADF4(C16) was
dialyzed against ammonium bicarbonate buffer (20 mM, pH 9.0).
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Ammonium bicarbonate was chosen as it decomposes into the volatile
components NH;, CO,, and H,0. eADF4(kx16) was dialyzed against
Tris/HCl buffer (20 mM, pH 7.5) due to the higher protein stability of
eADF4(k16) at pH 7.5. Catheter samples were cut in four segments (6
mm in length). The samples were cleaned with ethanol p.a. in an
ultrasonic bath for S min, dried in air and then treated with an oxygen
plasma (S min, 100 W, 0.2 mbar) (MiniFlecto, plasma technology,
Herrenberg-Giiltstein, Germany). The plasma-treated samples were
directly immersed in 1% (w/v) PEI or 1 mg/mL eADF4(x16) for 1 h
and then thoroughly washed with Milli-Q water. To stabilize the
coatings, we immersed the samples in 75% (v/v) ethanol to induce f-
sheet structure as reported previously.”> PEI and eADF4(x16) coated
samples were then dip-coated in a 10 mg/mL eADF4(C16) solution
for 2 min using an automatic dip-coating device (WPTLS—0.01, MIT,
Richmond, CA, USA). After drying, the coated samples were dipped
into 75% (v/v) ethanol for 2 min and dried in air. Fluorophore-labeled
samples were analyzed by fluorescence microscopy (DMI 3000B,
Leica, Wetzlar, Germany). The coating thickness was evaluated by
ellipsometry (SE850 Ellipsometer, Sentech Instruments GmbH,
Berlin, Germany) on flat silicone surfaces (Sylgard 184 Silicone
Elastomer, Dow Corning, Wiesbaden, Germany).

2.5. Atomic Force Microscopy. For surface morphology
characterization the coated catheter surfaces were analyzed in tapping
mode using a Dimension 3100 Nanoscope V (Bruker, Karlsruhe,
Germany). Si;N, cantilevers (Olympus, Tokyo, Japan) were used with
a force constant of 42 N m™". The average roughness R, was calculated
in an area of 25 um>

2.6. Water Contact Angle. To analyze wettability, we measured
static contact angles of water on catheter materials using the OCA
contact angle system (DataPhysics Instruments GmbH, Filderstadt,
Germany). Contact angles were determined using the SCA20 software
(DataPhysics Instruments GmbH, Filderstadt, Germany) and a
Laplace Young fit.

2.7. Bending Stability Test. The general mechanical stability
during a putative application of the eADF4(x16)/eADF4(C16)
coatings on silicone catheters was tested by bending the samples
along their longitudinal axis up to 180° for three times by hand to
simulate the stress of material handling during application. The test
was performed under ambient conditions. The surface was then
investigated by SEM regarding damage to the coating like cracks and
delamination.

2.8. Enzymatic Degradation. Degradation experiments were
performed according to Miiller-Herrmann and Scheibel.”* Experi-
ments were performed in TCNB buffer (50 mM Tris/HCI, 10 mM
CaCl,, 150 mM NaCl, 0.05% Brij 35S, pH 7.5) at room temperature,
and the eADF4(x16)-rhodamine/eADF4(C16)-fluorescein coated
silicone catheter samples were incubated in 200 uL of PXIV or
CHC solution (175 pg/mL in TCNB buffer) for 15 days. Control
experiments without enzymes were conducted in 200 uL TCNB
buffer. Buffers and enzyme solutions were changed every 24 h. The
experiments were performed in sextuplicates, and the fluorescence
intensity of the supernatant was measured every day using a Mithras
LB940 plate reader system (Berthold Technologies, Bad Wildbad,
Germany) (Fluorescein: ., = 485 nm, 4, = 535 nm; rhodamine: A,
= 530 nm, 4., = 600 nm). To calculate the protein concentration in
the supernatant and to determine the degraded mass of the protein a
calibration curve of the labeled proteins was calculated. Samples were
evaluated after 1, 3, 6, 10, and 1S days. Samples were washed with
TCNB buffer twice and with Milli-Q water three times, air-dried and
analyzed by SEM.

2.9. Cell Culture Experiments. BALB/3T3 mouse fibroblasts,
C2C12 mouse myoblasts, HaCaT human adult low-calcium, high-
temperature keratinocytes, and B50 neuroblastoma rat cells were
cultured in DMEM media (Biochrom, Berlin, Germany) supple-
mented with 10% fetal bovine serum (Biochrom, Berlin, Germany),
1% (v/v) GlutaMAX (Gibco, Grand Island, USA) and 0.1% (v/v)
gentamicin sulfate (Sigma-Aldrich, Seelze, Germany) at a controlled
atmosphere (5% CO,, 95% humidity). Catheter samples were placed
in nontreated cell culture plates (48 well, polystyrene, Nunc,
Langenselbold, Germany). In control experiments cells were seeded
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Figure 1. Schematic illustration of the layer-by-layer (Ibl) strategy to coat polymeric biomaterial tubes with recombinant spider silk proteins.
Scanning electron microscopy (SEM) and fluorescence microscopy images of processed silicone surfaces are shown according to the processing
steps. (A) silicone surface, (B) eADF4(k16) coating, (C) PEI coating, (D) eADF4(x16)/eADF4(C16) coating, and (E) PEI/eADF4(C16) coating.
For fluorescence imaging eADF4(kx16) was labeled with NHS-rhodamine (red fluorescence) and eADF4(C16) was labeled with NHS-fluorescein
(green fluorescence). Fluorescence images B and D are of the same sample region. Scale bars: 1 ym (SEM pictures), 100 ym (fluorescence
microscopy pictures).

on nontreated (weak adhesion, NTCP) and treated (strong adhesion, 3. RESULTS AND DISCUSSION
TCP) cell culture plates (Nunc, Langenselbold, Germany). For 24 h of

cell culture experiments 100000 cells/well and for 6 days of cel Different polymeric biomaterials typically used in catheters such

as polyurethane (PU), polytetrafluoroethylene (PTFE) and
silicone were coated with recombinantly produced engineered
(polyanionic) spider silk protein eADF4(C16) using a dip-
coating process. Since first direct coating attempts were not
fully satisfactory the hydrophobic polymeric tubes were oxygen
plasma treated to increase the surface wettability and to gain a
homogeneous and complete coverage with coating solution
during the dip coating process (Figure 1). Because of the
plasma treatment, the hydrophobic surfaces turned hydrophilic
but also negatively charged. Therefore, a polycationic adhesion
promoter had to be introduced on the polymer surfaces to

culture experiments 5000 cells/well were seeded (A, = 1 cm?).
Medium was changed every 2 days. Samples were analyzed by bright
field microscopy after one, three, and 6 days. For the metabolic cell
proliferation assay cell culture plates (NTCP, 48 well, polystyrene,
Nunc, Langenselbold, Germany) were coated with PDMS (Sylgard
184 Silicone Elastomer). For adhesion promoter deposition surfaces
were incubated with 1% (w/v) PEI or 1 mg/mL eADF4(x16) directly
after plasma treatment for 1 h and washed with 200 yL Milli-Q water
three times. eADF4(k16) was post-treated with 75% (v/v) ethanol.
For eADF4(C16) deposition 200 uL eADF4(C16) solution (10 mg/

mL) were added into the well plates, incubated for 2 min, then the silk allow eADF4(C16) adhesion, otherwise the coating was again
solution was removed with a pipet and the coatings were air-dried. not satisfactory due to electrostatic repulsion. In order to show
After drying, the coatings were post-treated with 75% (v/v) ethanol. the feasibility of such process polyethylenimine (PEI) was used
Cell proliferation was measured for 6 days with an initial cell density of as a model substance. PEI is commonly used as gene carrier or
5000 cells/em* (BALB/3T3 mouse fibroblasts. To measure the to improve cell adhesion to surfaces. However, PEI shows
metabolic activity, we washed cells with phosphate buffered saline increasing toxicity and cytotoxicity with increasing molecular
(PBS) (Sigma-Aldrich, St. Louis, USA) two times to remove non weight.”>~*” To circumvent toxicity problems and to increase
adherent or dead fibroblasts, followed by addition of fresh medium. the biocompatibility of the coating, the recently developed
After incubation for 2.5 h in the presence of 10% (V/V) CellTiter-Blue polycationic spider silk protein eADF4(K16) was used as novel
reagent (Promega, Madison, USA), the transformation of the blue alternative to PEL. SEM and fluorescence microscopy analysis
nonfluorescent dye resazurin into the red fluorescent resorufin (4, = showed the successful coating of a silicone surface (Figure 1A—
530 nm; A, = S90 nm) was measured spectroscopically using a E). The surface became significantly smoother upon coating
Mithras LB940 plate reader system (Berthold Technologies, Bad with eADF4(x16) (Figure 1B) or PEI (Figure 1C), both of
Wildbad, Germany) (4, = 530 nm, 4, = 600 nm). which worked equally well. If the sample is only dipped partially
2.10. Scanning Electron Microscopy (SEM). Scanning electron into eADF4(C16) solution the border can be clearly seen
microscopy was performed using a Leo 1530 Gemini (Zeiss, between the coated and uncoated surface area (Figure SIA).
Oberkochen, Germany) at an accelerating voltage of 3 kV. Samples Fluorescence microscopy images of rhodamine labeled eADF4-
were dried and then sputtered with 1.3 nm platinum. (x16) on the silicone surface indicate a complete coverage of
769 DOI: 10.1021/acsbiomaterials.6b00306
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the surface (Figure 1B, Figure S1B). The adsorbed fluorescein-
coupled eADF4(C16) layer can be seen on top of the
eADF4(x16)-layer by green fluorescence, and occurring
eADF4(x16) aggregates are covered by the eADF4(C16)
layer (Figure 1D, and Figure S1C). The flat and homogeneous
protein coatings (dPEI/eADF4(C16) = 431 nm *+ 9.7 nm;
deaDE4(x16)/eADE4(C16) = 46.0 nm + 11.4 nm) completely masked
the silicone structure. The surface roughness (R,) was R, = 13.5
nm =+ 2.5 nm for PEI/eADF4(C16) coatings and R, = 13.7 nm
+ 2.9 nm for eADF4(x16)/eADF4(C16) coatings as evaluated
by atomic force microscopy (Figure S2) in agreement with
previously published results of spider silk films prepared from
aqueous solutions.'

Water contact angle measurements showed that all eADF4-
(C16)-coated surfaces had the same surface properties
independent of the polymer or adhesion promoter in the
used setup (Figure 2). Water contact angles of the cleaned

raw material
] O,-plasma treated
1+ PEI + eADF4(C16)
[ + cADF4(ic16)
+ eADF4(k16) + eADF4(C16)

1204

1004

©
o
i 1 "
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Figure 2. Wettability of silk-coated polymeric tubes in contrast to
uncoated tubes determined by water contact angle measurements.
Plasma-treated samples were measured directly after plasma treatment.
All silk-coated tubes showed comparable water contact angles,
independent of the tube material and adhesion promoter used. PEI,
polyethylenimine; PU, polyurethane; PTFE, polytetrafluoroethylene.

polymer surfaces of the catheters (Oppp; = 110.6 & 1.9°, Oy =
93.4 % 0.7°, Ogjcone = 104.1 £ 0.5°) were in the same range as
reported in literature (@prgg, . = 112°, Opy 1. = 90°, Oppuss, 1. =
105°).”*7*! Upon oxygen plasma treatment the surface contact
angles significantly decreased (@preg, plasma = 790 £ 2.3°
ePU, plasma = 429 + 2'10) esilicone, plasma = 535 =+ 5'50)' POIar
functional groups were introduced, and the surfaces were made
hydrophilic. After PEI/eADF4(C16) coating the water contact
angle on all surfaces had mean values between 66° and 68°.
Additionally, eADF4(x16) and eADF4(x16)/eADF4(C16)
coatings were tested on silicone, resulting in contact angles of
66.5 + 4.0° and 69.2 + 6.2° respectively, in agreement with
previous results.'® By evaluating the surface roughness and the
surface wetting properties it could be shown that the surface
properties of the silk coatings were independent of the used
polymeric substrate as well as the adhesion promoter in the
chosen setup.

Because all silk surfaces showed indistinguishable properties
independent of the polymer material, all further experiments
were performed with coatings on silicone. First, to investigate
the bending stability of the silk-coated samples, the surface
integrity of bended samples was analyzed by SEM (Figure 3,
Figure S3). After bending in the dry state, raw silicone tubing
had no defects (Figure 3A, Figure S3A). On eADF4(x16)-
coated surfaces, only a few nanocracks could be observed
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gure 3. Representative SEM pictures of a (A) silicone tube surface
(control), (B) PEI/eADF4(C16) on silicone tube, (C) eADF4(x16)
on silicone tube, and (D) eADF4(x16)/eADF4(C16) on silicone tube
after bending. All coatings showed good adhesion, and no
delamination of the coatings could be detected. The insert in A
illustrates the bending procedure. SEM scale bar: 2 um.

(Figure 3C, Figure S3C). The PEI/eADF4(Cl6) coatings
shown in Figure 3B and Figure S3B, as well as eADF4(x16)/
eADF4(C16) coatings shown in Figure 3D and Figure S3D,
revealed submicrometer cracks and no delamination, indicating
a stable, well-adhered protein coating on the polymer surface/
adhesion promoter.

To investigate the coating stability and biodegradation of
eADF4(x16)/eADF4(C16) coatings, we incubated the samples
for 15 days in TCNB buffer or in TCNB buffer with the model
enzymes collagenase type IA (CHC, Clostridium histolyticum)
or protease mix XIV (PXIV, Streptomyces griseus) as previously
used for degradation studies of silk scaffolds.”**” It has been
shown that these model enzymes are well-suited to analyze
eADF4(C16) degradation. PXIV is acting as model protease
mix for digestive enzymes, and CHC as model protease mix for
a wound healing environment.”*** Coatings made of both
proteins, eADF4(x16) and eADF4(C16), had good stability
over 15 days in buffer. SEM pictures indicated that incubation
in the presence of TCNB had a negligible effect on the coating,
and the surfaces showed nearly no changes in morphology
besides some aggregate formation (Figure 4E). Further, no
significant protein loss was detectable. The degradation of
eADF4(C16) in the presence of PXIV was finished within the
first 6 days (Figure 4A), and that of eADF4(x16) by day four
(Figure 4B), but in the latter case it has to be taken into
account that also the detection limit was reached faster due to
the smaller amount of protein on the surface. SEM images
illustrate the time dependent proteolysis (Figure 4C). After 1
day of incubation in PXIV solution holes in the coating could
be detected (Figure 4C-i). At day six, when the plateau was
reached, only small silk protein patches remained on the
polymeric biomaterials surface, and the initial silicone structure
could be visualized again (Figure 4C-ii). At day 10, only a few
protein aggregates/structures were left on the surface (Figure
4C+ii), and at day 15 the initial silicone surface was seen again
by SEM (Figure 4C-iv) leading to the assumption that 100%
degradation was achieved in the presence of PXIV after 15 days.
The degradation of eADF4(C16) in the presence of CHC was
significantly slower than in the presence of PXIV, and after 15
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Figure 4. Enzymatic degradation of eADF4(x16)/eADF4(C16) coatings on silicone catheters in the presence of the model enzymes protease-mix
XIV (PXIV, Streptomyces grieseus) and collagenase type IA (CHC, Clostridium histolyticum) over 1S days. Time-dependent degradation of (A)
eADF4(C16) and (B) eADF4(k16) (black squares, PXIV; red circles, CHC; blue triangles, TCNB). SEM pictures of eADF4(k16)/eADF4(C16)
coatings on silicone degraded in the presence of (C) PXIV, (D) CHC, and (D) TCNB buffer after (i) 1 day, (ii) 6 days, (iii) 10 days, and (iv) 15

days of incubation. Scale bar: 1 ym.

days only approximately 60% of the coating was degraded
(Figure 4A—D), which is in agreement with previous findings.”
After one day, small submicrometer-sized holes appeared in the
coating (Figure 4D-i). The size of these holes increased over
time, and at day 10 the surface became spongy in appearance
(Figure 4D-ii). After 15 days (Figure 4D-iv), the surface
looked similar to the surface degraded in the presence of PXIV
after 1 day. In contrast, eADF4(x16) showed no apparent
degradation in the presence of CHC within the first 15 days.
Altogether, these results indicated a good stability and
compatibility in biological environments in combination with
a time-dependent biodegradation.

Nonfouling surfaces exhibit weak protein adsorption proper-
ties as well as weak to no cell adhesion properties (which
actually depends on protein adsorption), thus being an
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important prerequisite for certain biomedical applications.
Here, the adhesion of BALB/3T3 mouse fibroblast on all
silk-coated materials (PTFE, PU and silicone tubes) was
characterized. In a first experiment, cell adhesion was analyzed
after 24 h of incubation (Figure S). On PTFE, fibroblasts did
not adhere and exhibited a round morphology and formed cell
aggregates (Figure SA) similar to cells on nontreated cell
culture plates (NTCP) (Figure SL). On PEI/eADF4(C16)
coated PTFE fibroblasts showed a similar adhesion behavior as
on raw PTFE with cell aggregates and no spreading (Figure
5C). On raw PU most cells were found at the bottom of the cell
culture plate. Only some cells adhered to the PU surface, but in
such case they were well-spread (Figure SD), and good
adhesion and cell spreading was observed on the treated cell
culture plates (TCP) (Figure SK). On PEI/eADF4(C16)
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Figure S. Fibroblast (BALB/3T3) adhesion on PTFE (A) raw material, (B) PEI, and (C) PEI/eADF4(C16)-coated PTFE; on PU (D) raw material,
(E) PEL and (F) PEI/eADF4(Cl16)-coated PU; on silicone (G) raw material, (H) PEI, (I) PEI/eADF4(C16)-coated silicone; (J) PEI/
eADF4(C16)-RGD-coated silicone. (K) TCP (treated cell culture plate) control (good adhesion); (L) NTCP (nontreated cell culture plate) control
(bad adhesion). Fibroblasts (100 000 cells/cm?) were cultivated for 24 h in all cases. PEI, polyethylenimine, PTFE, polytetrafluoroethylene, PU,

polyurethane. Scale bars: 250 pm.

coated PU, more cells than on raw PU were detected, but these
cells were less spread (Figure SF). On raw silicone, cells formed
mainly cell aggregates with few adherent cells (Figure 5SG). On
PEI/eADF4(C16) coated silicone, fibroblasts did not adhere to
the tube surface and formed small cell aggregates (Figure SI
and Figure S4). To evaluate the influence of PEI on the cells we
coated all materials with PEI only to obtain a reference surface.
Not surprisingly, the cells adhered much better on such PEI
coating due to its positive charge (Figure SB, E, H). In case of
an additional silk layer on top of PEI the influence of PEI was
diminished in the PEI/eADF4(C16) coatings (Figure SC, F, I).
The microscopy picture (Figure S4) shows a PEI/eADF4-
(C16)-rthodamine coating, and the difference in cell behavior
on a PEI and a silk surface can be compared on the same
sample, because the sample was completely covered with PEI
and then partly dip-coated with eADF4(C16) (Figure S4A). At
the resulting border (green dotted line) between the eADF4-
(C16) area (left) and the PEI coating (right) (Figure S4B) the
fibroblasts only adhered at the PEI-coated area but not on the
PEI/eADF4(C16) coated area (Figure S4C, D). To confirm
that cells adhere less because of the surface properties of
eADF4(C16), we used the genetically modified eADF4(C16)-
RGD as an additional coating material with indistinguishable
physicochemical properties but comprising an engineered cell
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binding motif (RGD-peptide). On such coatings, cell adhesion
and spreading was significantly increased, and the cells built
pseuio%(s)dia (Figure SJ) in accordance to previous find-
ings.

zC:Icn a further experiment, adhesion of BALB/3T3 fibroblasts
(Figure 6), BSO neuronal cells (Figure SS), HaCaT
keratinocytes (Figure S6), and C2C12 myoblasts (Figure S7)
was analyzed on silicone surfaces coated with eADF4(kx16) or
eADF4(x16)/eADF4(C16) over 6 days of incubation. As seen
previously, fibroblasts did not adhere to the uncoated silicone
surface. On eADF4(x16), cell adhesion was improved as
indicated by cell spreading. On eADF4(x16)/eADF4(C16)
coatings low cell adhesion could be detected. Only a small
number of round shaped fibroblasts in cell aggregates were
found at the surface. The same behavior was observed by light
microscopy for B5S0, HaCaT, and C2C12 cells, confirming that
different cell types, i.e., epidermal cells, neuronal cells, muscle
cells, and connective tissue cells, showed low or no adhesion on
the eADF4(C16) surface. These results are in agreement with
the metabolic cell proliferation assay (Alamar Blue) (Table 1),
which shows an increased cell proliferation (BALB/3T3 mouse
fibroblasts) on PEI and eADF4(x16)-coated PDMS surfaces
compared to proliferation on raw PDMS and a much lower cell
proliferation on eADF4(C16) coatings.
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Figure 6. Fibroblast (BALB/3T3) adhesion (5000 cells/cm? seeded) on silicone catheters after 1, 3, and 6 days. Bright-field microscopy pictures of
cells on (A—C) silicone; (D—F) eADF4(x16)-coated silicone; (G—I) eADF4(x16)/eADF4(C16)-coated silicone; (J—L) TCP, treated cell culture
plate (“good adhesion” control); (M—O) NTCP, nontreated cell culture plate (“bad adhesion” control). Scale bar: 250 pm.

Table 1. Proliferation of BALB/3T3 Fibroblasts (5000 cells/
cm’ seeded) on Silk Coatings and Reference Surfaces after 6
days in Relation to the Treated Cell Culture Plate (TCP £
100%)

entry surface proliferation (% of TCP)
1 PDMS 0.3
2 PEL 49.0
3 eADF4(x16) 57.5
4 PEI/eADF4(C16) 21.4
s eADF4(x16)/eADF4(C16) 27.5

4. CONCLUSION AND OUTLOOK

The aim of this study was to provide a surface coating for
different polymeric biomaterials (PTFE, PU, silicone) made of
the recombinant polyanionic spider silk protein (eADF4-
(C16)). Independent of the coated polymer material, the
surface characteristics of such silk coatings were almost
indistinguishable. The coatings showed good stability in a
wound-like environment, and in combination with low cell
adhesion such coatings might show beneficial effects upon
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exposure to living tissue (i.e., in catheter applications), because
none of the tested cell types (HaCaT keratinocytes, BALB/3T3
fibroblasts, C2C12 myoblasts, BS0 neuronal cells) significantly
adhered to the polyanionic silk surface. In addition to the
previously described in vitro blood stability and compatibility of
silks,”' eADF4(C16) was the first reported coating material
which could effectively reduce critical side effects such as
postoperative inflammation and body response especially in the
critical time period in which fibrosis on implant surfaces
occurs.'”?® Nevertheless, depending on the possible fields of
application and the related physiological environment of
different types of catheters further studies have to be performed
in vivo, for example studies of urinary catheters considering the
development of an urinary calculus and detailed studies of such
coatings exposed to blood flow.
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Figure S1. Schematic illustration of fluorophore coupling to proteins (A) and fluorescence

microscopy images of coated silicone catheters (B-D). Catheters were coated with (B)
PEI/eADF4(C16) and (C, D) eADF4(x16)/eADF4(C16). The sample in (B) was not completely
dipped into eADF4(C16) so that a sharp coating border can be seen on the right hand side (arrow).
(C) and (D) show the same area on one sample. eADF4(kx16) forms the first coating layer (C). The
top layer made of eADF4(C16) covers the initial eADF4(x16) structures (D). The
eADF4(x16)/eADF4(C16) coated sample was completely dipped into eADF4(C16) solution, and
only the area on the left hand side was covered by the holding clamp of the dip coater (D).
eADF4(x16) is labeled with NHS-rhodamine (red fluorescence) and eADF4(C16) is labeled with
NHS-fluorescein (green fluorescence). The NHS fluorophores bind to amino groups present in the

protein. Scale bar: 750 um. PEIL: polyethyleneimine.
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Figure S2. Tapping mode atomic force microscopy images showing the topography of silicone
catheter surfaces coated with (A) PEL (B) PEI/eADF4(C16), (C) eADF4(x16) and (D)
eADF4(x16)/eADF4(C16). The average surface roughness R, was calculated at an area of 25 um?
(E). Scale bar: 5 um, height bars: 120 nm. PEI: polyethyleneimine.
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Figure S3. SEM pictures of (A) silicone (control), (B) PEI/eADF4(C16) coating, (C) eADF4(k16)
coating and (D) eADF4(k16)/eADF4(C16) coating on silicone after bending tests (n = 3). (A-i, ii,
ii1) showing zoom-in pictures of the same sample area. (B-i) and (B-ii, B-iii), (C-i) and (C-ii, C-
ii1), (D-1) and (D-ii, D-iii) showing two different areas with (B-iii, C-iii, D-iii) being a zoom-in of

(B-i1, C-ii, D-i1). PEI: polyethyleneimine.
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Figure S4. Fibroblast (BALB/3T3) adhesion on PEI/e ADF4(C16)-coated silicone tubes illustrated
by (A) a schematic of the coating procedure pointing out the border (green dotted line) between
the PEI- and eADF4(C16)-coated area, (B) fluorescence microscopy image showing red
fluorescence of the eADF4(C16)-rhodamine-coated area, while the PEI-coated area shows no
fluorescence, and (C) light microscopy image of fibroblasts at the same area. (D) shows a 200%
zoom-in of a fibroblast agglomerate at the eADF4(C16)-coated area (left) and adherent fibroblasts
at the PEI-coated area (right). Fibroblasts (100,000 cells/cm?) were cultivated for 24 h. Scale bars:
100 um. PEI: polyethyleneimine.
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Figure SS. Neuronal cell (B50) adhesion (5,000 cells/cm? seeded) on silicone catheters after 1 d,
3 d and 6 d. Bright field microscopy pictures of cells on silicone (A-C), eADF4(k16)-coated
silicone (D-F), eADF4(x16)/eADF4(C16)-coated silicone (G-I). TCP: treated cell culture plate
(“good adhesion” control) (J-L), NTCP: non treated cell culture plate (“bad adhesion” control) (M-
O). Scale bar: 250 pm.
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Figure S6. Keratinocyte (HaCaT) adhesion (5,000 cells/cm? seeded) on silicone catheters after
1 d, 3 d and 6 d. Bright field microscopy pictures of cells on silicone (A-C), eADF4(k16)-coated
silicone (D-F), eADF4(kx16)/eADF4(C16)-coated silicone (G-I). TCP: treated cell culture plate
(“good adhesion” control) (J-L), NTCP: non treated cell culture plate (“bad adhesion” control) (M-
O). Scale bar: 250 pm.
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Figure S7. Myoblast (C2C12) adhesion (5,000 cells/cm? seeded) on silicone catheters after 1 d,
3 d and 6 d. Bright field microscopy pictures of cells on silicone (A-C), eADF4(k16)-coated
silicone (D-F), eADF4(x16)/eADF4(C16)-coated silicone (G-I). TCP: treated cell culture plate
(“good adhesion” control) (J-L), NTCP: non treated cell culture plate (“bad adhesion” control) (M-
O). Scale bar: 250 pm.
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ABSTRACT: pS-Sheets in natural spider dragline silk proteins are typically formed
by polyalanine (A,) as well as alanine-glycine (AG) and GGA sequences flanking
these A, regions. The hydrophobic pS-sheet-rich regions are embedded in a
hydrophilic amorphous matrix, and this phenomenon can be reflected as microphase
separation, similar to that of block copolymers. Microphase separation occurs not
only in fibers but also in cast spider silk films. Micellar-like structures form within the
bulk of the film, while substrate surface as well as the film/air interface trigger
explicit secondary structure formation in these layers. So far, only limited
information is available concerning the mechanism of film assembly and microphase
separation of spider silk proteins on surfaces. In this work, self-assembly and folding
of eADF4(C16) was analyzed on steady silicon surfaces, dependent on the spider
silk layer number and thickness. Based on the results, a model for structural features
of spider silk films is proposed, combining block copolymer microphase separation
theory with folding properties of recombinant eADF4(C16).

\ surface analysis

~

structure analysis

KEYWORDS: spider silk, protein structure, self-assembly, spin-coating, microphase separation

1. INTRODUCTION

Silks, like keratin and collagen,l_3 are protein fibers, and the
underlying proteins have highly repetitive amino acid
sequences. Among silk producers, web-spinning spiders
(Araneae) have probably the highest variety of specialized
silk materials. Female orb-weaving spiders such as the
European garden spider Araneus diadematus can produce up
to seven different types of silk with task-dependent properties,
up to five of which are utilized in their webs.”*

The engineered spider silk protein eADF4(C16) is based on
the consensus sequence of the core domain of A. diadematus
fibroin 4 (ADF4), which belongs to the class of major
ampullate spidroin 2 (MaSp2), characterized by proline-rich
sequences. Figure 1 illustrates the key elements of the primary
structure of amphiphilic eADF4(C16) and the related
secondary structure elements upon processing.5 The amino
acid consensus motif of the core domain of ADF4 is called C-
module (sequence: GSSAAAAAAAAS GPGGY GPENQGPS
GPGGY GPGGP) and is repeated 16 times in the recombinant
protein.6 eADF4(C16) is an amphiphilic protein with

-4 ACS Publications  © 2019 American Chemical Society
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polyalanine stretches reflecting hydrophobic and glycine-rich
regions reflecting hydrophilic blocks. These polyalanine
stretches (pAla; A,) fold into S-sheets upon fiber assembly.”*
Therein, antiparallel $-sheets are formed by assembly of several
individual pAla J-strands. The surrounding elastin-like
sequences (GPGGX, X = Y, P) and glutamic acid containing
motifs (GPENQGPS) form an amorphous phase.””"* From a
polymer perspective, recombinant spider silk can be regarded
as a semicrystalline material where p-sheets from several
protein chains form f-sheet crystallites, which are embedded in
an amorphous matrix.">'® Micrometer-thick films cast of
eADF4(C16) show a secondary structure similar to that of
natural spider silk fibers and have a f-sheet content (B)
between 34 and 52% depending on parameters like solvent,
post-lt7rfza(’§ment, and substrate material on which the films are
cast.
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Figure 1. Primary structure (amino acid sequence) of the amphiphilic
C-module and corresponding secondary structure elements in
recombinant spider silk protein eADF4(C16). The two-color code
indicates the block-copolymer-like structure where the hydrophobic
part of the amino acid sequence is shown in yellow and the
hydrophilic part is shown in blue.

Unlike synthetic polymers, recombinant proteins have a
polydispersity index of 1.0. eADF4(C16) can be considered as
a block copolymer with the motif (AB);s, where block A is
hydrophobic and block B is hydrophilic (illustrated in Figure 1
by a two-color code of sequence stretches, A: yellow, B:
blue).'® Block copolymers can in principle undergo micro-
phase separation. Therein, similar blocks try to maximize and
dissimilar blocks try to minimize their interaction, yielding
separation into microdomains.” ~>* Such microphase separa-
tion behavior has indeed been greviously reported for silk
proteins, including eADF4(C16),"****® Bombyx mori silkworm
silk fibroin,””** multiblock copolymers based on B. mori and
other spider silk proteins,””*" as well as other protein-based
block copolymers.*’ Microphase separation occurs in diluted
solutions, lyotropic liquid crystalline phases, and in the solid
phase.”””* Phase separation and the structure of silk proteins
were first described in the 1990s for the silk of the domestic
silkworm B. mori at the water/air interface.”*™>*

Recently, recombinant spider silk proteins based on primary
structure elements of spider silk proteins of the MaSpl class
(having a low proline content) were analyzed concerning their
behavior when processed into films. The used proteins, named
HBA, (x = 1, 2, 6), comprised a histidine-tag (H) for
purification, a pAla/glycine-rich block (A) forming hydro-
phobic fB-sheets, and a noncrystalline glycine-rich block (B).*
The proteins were processed into Langmuir Blodget films
showing microphase separation of the hydrophilic and
hydrophobic blocks at the air/silk and silk/substrate interfaces
depending on the surface pressure*® and a sequence-dependent
secondary structure formation (f-sheets) in cast films of HBA,
and HAB, due to the varying number of blocks.””*"*"

When eADF4(C16) was cast into microfilms with a
thickness of 1-2 um, microphase separation occurred
depending on the hydrophobicity of the substrate and the
film thickness. On hydrophilic substrates, the hydrophilic
blocks were oriented toward the substrate and hydrophobic
pAla patches toward the film/air interface. Within the bulk of
the film, pAla f-sheets formed f-sheet crystallites embedded in
a hydrophilic Gly-rich matrix."®
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Here, spider silk films of eADF4(C16) were produced by
spin-coating, yielding homogeneous thin silk films with low
surface roughness.’”~*" The aim of this study was to identify
the influence of the increasing number of silk layers (starting
with a monolayer) on protein structure and surface properties
of respective spider silk films. The term monolayer refers to the
thinnest possible homogeneous layer of spider silk protein (3—
4 nm). This film thickness matches with the previously
reported monolayer thickness of B.mori silk fibroin films.*” Lee
et al. investigated the colorimetric fingerprints of aperiodic
nanopattternd silk fibroin monolayers with the dimensions for
P-sheets of 5 nm and corresponding f-strands of 2 nm.”” Zha
et al. assembled eADF4(C16) into nanofibers using simulta-
neous supramolecular assembly and adsorption in a one-pot
approach.*”** The thinnest possible coating with nanofibrils
was observed with dimensions of 2—3 nm thickness and 10 nm
width. "

The present study enabled a deeper insight into structure
formation and microphase separation properties of spider silk
layers starting at the nanoscale, passing the mesoscale, and
reaching the bulk (i.e., the microscale).

2. RESULTS

2.1. Processing of Ultrathin Spider Silk Films.
Homogenous thin eADF4(C16) films were prepared using
spin-coating.”**® Figure 2A shows exemplary atomic force
microscopy (AFM) images (topography) of eADF4(C16)
films made of 1, 2, 10, and S0 mg/mL eADF4(C16) solutions.

(B)

800 0.6

600 _
e £ 04
£.,400 TEU.
©

200 X 02
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Figure 2. (A) AFM height images of thin eADF4(C16) films made
using spin-coating exemplarily shown for solutions containing (i) 1,
(i) 2, (iii) S, (iv) 10, (v) SO, and (vi) 100 mg/mL eADF4(C16)
(height bar: 2 nm) on a silicon wafer. (B) Protein concentration
dependency (1, S, 10, 50, and 100 mg/mL) of the film thickness using
constant spin-coating parameters. (C) Average roughness (R,) of
films prepared at protein concentrations of 1, S, 10, 50, and 100 mg/
mL (3—800 nm, respectively) on silicon measured in an area of 2§
pm’,
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Additional AFM images are shown in the Supporting
Information (Figure S1). Figure 2B illustrates the concen-
tration dependence of the coating thickness in a range of 1—
100 mg/mL, leading to film thicknesses from 3 to 800 nm with
an average surface roughness (R,) of <1.0 nm for all prepared
films (Figure 2C). Thus, spin-coating allowed controlled
processing of ultrathin silk films by simply varying the silk
concentration in solution. Observation of microphase separa-
tion in thin silk films by AFM was limited by the small size of
hydrophilic (23 amino acids) and hydrophobic (12 amino
acids) blocks combined with the similar physical properties
(stiffness/softness; adhesion between tip and surface) of the
two different blocks in the C-module. The spider silk film
processed from 1 mg/mL protein solution showed vertically
aligned segments (Figure 2A-i), whereas the 2 mg/mL film
showed mesophasic features and a smooth surface (Figure 2A-
ii). Through further increase of the protein concentration to 10
and S0 mg/mL eADF4(C16), the structural features of the
films became more blurred and cloudier (Figure 2A-iii and A-
iv).

2.2. Secondary Structure and Contact Angle Analysis.
In the following, nanofilms are depicted as films with a
thickness of 1 to ~100 nm; films in the range of 100 nm to
~999 nm are called submicrofilms, and films thicker than 1 ym
are called microfilms. The relative S-sheet content (B) of spin-
coated nano- and (sub)microfilms (d = 3—800 nm) after spin-
coating and before (bpt) or after (apt) post-treatment with
methanol vapor was determined using grazing angle attenuated
total reflectance (GATR)-Fourier transform infrared (FTIR)
spectroscopy measurements and data treatment using Fourier
self-deconvolution (FSD) and curve fitting of the amide I
band, yielding the f-sheet content shown in Figure 3A (see
Supporting Information, Figure S3 and S4). The amide I band
is mainly a superposition of C=0O stretching vibrations from
the amide groups of the protein backbone, and they are
influenced considering their vibration energy by intra- and
intermolecular coupling due to their specific/defined secon-
dary structural surroundings.””*® In eADF4(C16) nanofilms
(d = 3—4 nm), a relative fB-sheet content of By, = 14.2 £ 2.7%
was obtained before post-treatment. The thickness of the
thinnest prepared eADF4(C16) nanofilm was similar to the
thickness of f-sheet platelets and nanofilaments reported for
silkworm silk fibroin and eADF4 nanofibrils (d = 2-5
nm).""** When the film thickness was increased, By, also
increased. A steady increase in By, could be observed with an
increasing film thickness of nano- and (sub)microfilms until a
saturation was reached with a relative ff-sheet content of By, =
18—21% at d > 65 nm.

The steady increase of By, from mono- to bilayered
nanofilms to (sub)microfilms can be explained by the intra-
and intermolecular interactions of the protein and the
interaction of eADF4(C16) molecules with the silicon wafer
surface. Due to the fast evaporation of formic acid, which was
used as solvent for eADF4(C16), the silk molecules were
frozen in a metastable partially unstructured state and did not
have time for folding into secondary structures like -sheets. In
the thinnest produced nanofilm, the silk molecules had no
protein neighbor in the z-direction, and interactions with other
molecules were only possible in the xy-plane. The By,
determined in the films when d < 10 nm can be explained
by interactions of the protein backbone with the surface of the
substrate. If the molecules were forced to the surface in a
monolayer, the carbonyl group (C=O0) could only interact
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Figure 3. (A) f-sheet content B of spin-coated eADF4(C16) films
before (bpt) and after post-treatment (apt, gray) in methanol
atmosphere dependent on film thickness d (red). (B) Ratio of the
relative average ff-sheet content after (B,,) and before post-treatment
(Bbpt) reflects the increase in B due to post-treatment in a methanol
atmosphere. Connecting lines are auxiliary lines to guide the eye.
Microfilms with a thickness of ~2 pm were prepared by drop-casting.
(C) B-sheet content B before (bpt, red) and after post-treatment (apt,
gray) in a methanol atmosphere measured using three different FTIR
techniques, namely GATR, ATR, and transmission. (D) Schematic
representation of different FTIR techniques: (i) shows the GATR
setup, where the film is measured on the surface facing the air. (ii)
The complementary measurement setup. There, the substrate/film
interface is measured using attenuated total reflection with the ATR
mode. (iii) Representation of a transmission measurement, where
parts of the IR beam penetrate the entire sample. Signals derived from
the spin-coated eADF4(C16) films depended on the used FTIR
technique.

with the silicon oxide (SiO,) layer, which covered the silicon
wafer surface. However, the probability to form pAla—pAla
interactions increased in a multilayer. The increase in layer
thickness raised the probability (gain in the degree of freedom
of translation) to form inter- and intramolecular interactions
(pAla—pAla; f-sheets), leading to a rise of By The volume
phase also increased with the layer thickness. An increasing
volume phase caused a higher degree of the amorphous silk
phase, in which fB-crystallites could more readily grow with less
confinement from the silicon/silk and the silk/air interface.
Post-treatment of spider silk films in methanol atmosphere
led to an increasing f-sheet content (rearrangement of pAla
stretches into f-sheets) due to dehydration (Figure 3A and
Supporting Information, Figures S3 and $4)).””°°~* The
post-treatment in methanol vapor led to temporary swelling of
the spider silk films.”® Here, we assume that the differences in
B¢ in nano and (sub-)microfilms occur from the limited
diffusion of methanol vapor to the bulk of the microfilm
because the conversion of pAla-patches to f-sheet starts at the
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Figure 4. Structural assembly model for eADF4(C16) films dependent on the film thickness from the nano- to microscale. A detailed structural
model for films (A) directly after spin-coating and drying and (B) after post-treatment with methanol. (C) Static water contact angle on post-
treated spider silk films with simplified separation scheme and illustrated wetting behavior. In all panels (A—C): (i) monolayered nanofilms showed
2D separation of the hydrophilic and hydrophobic phases, (ii) bilayered nanofilms showed a pAla-enriched phase at the silicon substrate surface
leading to exposition of the hydrophilic phase at the protein/air interface, (iii) multilayered nanofilms yielded pAla-rich surface/protein interfaces
and f-sheet-rich protein/air interfaces, which are hydrophobic,'® and (iv) microfilms showed microphase separation in the bulk film as previously
reported by Wohlrab et al,, in which f-sheet crystallites are separated at the protein/air interface as well as embedded as micelle-like inclusions in

the amorphous matrix.'®

interface and therefore limits the diffusion of the methanol
vapor to the deeper layers of the film. After the post-treatment
in methanol, the films were stored in air to allow the methanol
to evaporate completely. B, was always measured with dry
films. The film thickness was only temporarily influenced by
the post-treatment.”” At the beginning, Hu et al. stated that
structural water can act as a “mobility enhancer” and increases
the flexibility and the extensibility, but exposure to nonaqueous
solvents yields in f-sheet formation. In all cases, post-treatment
led to an increase in B. Figure 3B shows the ratio (Byy/Byy) of
the f-sheet content after (Bapt) and before post-treatment
(Bppy)- The lowest rise in B upon post-treatment was observed
for spider silk monolayers (d & 4 nm) (B,y,/Byy = 1.8 £ 0.4).
The error of B,,/By, was calculated using GauB law of
propagation. If the layer thickness was doubled (d ~ 8 nm),
Bt/ By increased to 1.9 + 0.3 and reached 2.3 + 0.4 at d = 13
nm. In the case of the monolayer (d < S nm), the S-sheet
content increased from 14.2 + 2.7 to 25.2 + 3.4% upon post-
treatment, which was only half of the B, for eADF4(C16)
microfilms because the number of pAla/pAla interactions was
limited in the monolayer. Intra- and intermolecular pAla
interactions could be formed only in the xy-direction, which
significantly decreased the probability for these interactions. In

3369

comparison, By, and B, of drop-cast eADF4(C16) films with
a thickness of ~2 ym on silicon were also investigated (Figure
S2), where B increased from Bype = 19.0 + 2.2% to B, = 51.6
+ 0.7% with B,,;/By,, = 2.7 £ 0.3. This reflects the maximum
relative f-sheet content By, of post-treated eADF4(C16)
films reported in literature (on glass: 35.7 + 1.7%;'° on
polystyrene: 41.0 + 0.3%,"® 45.2%'” by post-treatment with
methanol, and 52.1%° by post-treatment with K,H;_.PO,).
As stated above, in the case of films before post-treatment, the
carbonyl group (C=O0) could interact only with the silicon
oxide layer. When the film thickness was increased, the
conformational freedom, increasing volume phase, and the
probability for each molecule/pAla stretch to form S-sheets
increased due to the increasing number of interaction partners
in each layer (z-direction). This led to an increase in B with
increasing film thickness until the maximum in By, and B
was reached at a film thickness of about 90—220 nm.

The high B, of microfilms on silicon indicates the
separation of the hydrophobic f-sheet structures at the
protein/air interface, considering the theoretical penetration
depth d, of the IR-irradiation during GATR-ATR measure-
ments of 313 nm at 1590 cm™ and 292 nm at 1705 cm ! (see

apt
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Supporting Information, Table S1 and FTIR spectra Figures S3
and S$4)).

Due to the limited penetration depth of the IR beam, two
additional FTIR methods were used besides GATR-FTIR to
gain a deeper insight into the distribution of S-sheet structures
in eADF4(C16) nano- (d = 10 nm) and microfilms (d = 1
um). Schematic setups of the three different measuring modes
are shown in Figure 3C. With the GATR-FTIR setup, the air/
silk interface was measured (Figure 3D-i). With the ATR-FTIR
setup, it was possible to measure the spider silk film structure
at the silicon/silk interface (Figure 3D-ii). The third setup
measured the transmission of the FTIR beam through the
whole silk film (Figure 3D-iii, Supporting Information Table
S2). The results from these three setups showed that,
depending on which interface (silicon/silk or silk/air) was
investigated, different f-sheet contents were observed. By
showed in all three setups similar values for nano- and
(sub)microfilms as shown in detail for the GATR setup
(Figure 3A, see FTIR spectra Supporting Information, GATR
Figures S3 and S4, ATR Figure S5, and transmission Figure
S$6). In contrast to By, the proportions of signals at the
silicon/silk interface (ATR-FTIR) resulted in different values
for B,,. Nano- and microfilms contained the same amount of
P-sheets (Bjgm= 352 £ 0.7%; By, = 35.2 £ 0.5%). This could
be explained by limited diffusion of methanol during the post-
treatment process for the (sub-) microfilms because the f-
sheets on the interface air/film formed a more compact layer
through which the methanol vapor could no longer diffuse
freely. Therefore, the bulk (middle) and lower part of the film
showed less f-sheet content (see Supporting Information,
Figure S7).

Transmission FTIR provided the overall S-sheet content of
the films. Interestingly, B of the nanofilms doubled (By, = 15.1
+0.3% to By, =312 £ 0.6%) upon methanol post-treatment,
whereas By, in microfilms was already 21.1 + 0.4% and only
slightly increased to B, = 29.6 + 0.2% after methanol post-
treatment.

apt

3. DISCUSSION

Structural Assembly of Spider Silk Proteins on
Surfaces Depends on the Number of Layers/Film
Thickness. An interesting observation was the increase in B
until saturation by increasing the spider silk film thickness.
Analysis of B combined with the surface wetting properties of
the spin-coated thin spider silk films led to a structural
assembly model for eADF4(C16) films depending on the
number of protein layers (Figure 4).

Blocks in polymers (here: hydrophobic and hydrophilic
sequence motifs of the C-module) are only miscible if they
interact through specific interactions such as hydrogen bonds,
charge—charge, and hydrophobic interactions, which yields
structuring/folding of the protein. In eADF4(C16), the
hydrophilic Gly-rich blocks do not significantly interact with
the more hydrophobic pAla blocks, and therefore, interactions
between identical blocks are preferred. Due to the covalent
connection (i.e., the polypeptide backbone) of the hydrophilic
and the hydrophobic block, the molecules could not undergo
macroscopic phase separation in the solid-state, i.e., in contact
with a substrate’s surface. If one considers eADF4(C16) an
amphiphilic block copolymer with the architecture (AB)s, it is
possible to calculate the volume fraction ¢, for the
hydrophobic block and ¢y for the hydrophilic block. The

amino acid sequence of the C-module (Figure 1) is divided
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into 12 amino acids which correspond to the hydrophobic
block A and 23 amino acids which correspond to the
amorphous, hydrophilic block B. For (AB),¢ polymers, the
ratio of block A to the total number of aa in the sequence is a
value for the expected type of microphase formation. It results
in ¢, = 0.34 for the hydrophobic block, which is also the
theoretical f-sheet content of eADF4(C16). At ¢, = 0.35—
0.65, alternating lamellar structures for A and B would be
observed.”* In contrast, at 02 < ¢, < 0.35, cylindrical
structures would be observed for the hydrophobic block.>*
These theoretical volume fractions fit very well with the
observed B as obtained from the transmission FTIR measure-
ments (Figure 3D). There, the overall B was 31.2 & 0.6% for
the 8 nm nanofilm and 29.6 + 0.2% for the 2 ym microfilm.
Interestingly, B,, of the 2 um eADF4(C16) film was
significantly higher when measuring in the GATR mode.
These led to the assumption that microphase separation is the
driving force for the increase of f-sheet content after post-
treatment. The methanol cannot diffuse deeply into the film,
and therefore, the bulk phase of the (sub)microfilm has less -
sheet content than the surface where the methanol can convert
the pAla patches into f-sheets.

In contrast to cast films, where the silk molecules formed
bigger f-sheet crystallites during the drying process, spin-
coating of eADF4(C16) out of formic acid led to metastable
and mainly unstructured silk films due to the fast evaporation
of the solvent during the spin-coating process. In thin films, the
microstructure was also influenced by the protein/substrate
(surface field) and protein/air interface as well as the thickness
(i.e., the number of layers) of the protein film.”>~>’

Surface wetting properties of post-treated eADF4(C16)
films were analyzed as an indicator of the structural properties
of the protein/air interphase. Due to the low crystallinity (low
P-sheet content) of the metastable silk films, it was not possible
to determine the water contact angle before post-treatment.
The eADF4(C16) monolayer was composed of statistically
distributed and mainly unfolded hydrophilic and hydrophobic
blocks (Figure 4A-i). Upon post-treatment, the -sheet content
was increased, and the films turned water-stable because
methanol induced refolding and restructuring at the surface.
The hydrophobic pAla stretches further interacted with the
substrate and were surrounded by the hydrophilic phase, but
microphase separation could only occur in the xy-direction
(Figure 4B-i). Figure 4C shows the static water contact angle 6
of post-treated eADF4(C16) films, dependent on the film
thickness. Water contact angle measurements of as-cast films
(bpt) are not possible due to their water solubility.”” The
statistical distribution of hydrophobic and hydrophilic blocks
at the protein/air interface in monolayers yielded an
“intermediate” contact angle of 72 + 6° and Figure 4C-i
illustrates the contact angle dependence on the statistical
distribution of hydrophilic and hydrophobic blocks in the
monolayer. At S < d < 10 nm, the protein layer at the
substrate/protein interface could interact with the substrate in
a monolayer-like manner, and the protein layer at the protein/
air interface was mainly unstructured Figure 4A-ii. Upon post-
treatment, -sheets also formed in the z-direction between the
layers. The morphology of thin block copolymer films, in
general, depends on the influence of the surface field on the
biopolymer/protein and the film thickness. The morphology
and the microstructure in thin films can significantly differ
from the structure in the bulk, which explains the observed
results.”® The silk system changed its properties upon
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increasing the film thickness due to the interplay of folding and
microphase separation. At 5 < d < 10 nm, microphase
separation was mainly influenced by the surface field, while in
thicker films, additional protein folding processes took place
independent of the surface. For as-spin-coated films, the
probability of forming S-sheets further increased with thick-
ness/number of layers (Figure 4A-iii). Accordingly, the f-sheet
content increased with increasing film thickness before as well
as after post-treatment. In post-treated multilayered films, the
hydrophilic and hydrophobic blocks could also form bigger
volumes of individual blocks during microphase separation
(Figure 4B-iii). The hydrophobic f-sheets oriented toward the
protein/air interface with increasing film thickness (Figure 4C-
iii). On top of the initial pAla-rich layer at the substrate/
protein interface, a hydrophilic phase was formed in which
hydrophobic patches were embedded if a critical film thickness
between 90 and 250 nm was reached. In the latter, the f-sheet
amount before (Bbpt) and after (Bapt) post-treatment reached
its maximum. In this film thickness range, the S-sheet content
was more or less constant, but the surface water contact angle
at the protein/air interface still increased until a film thickness
of 600 nm was reached. This can be explained by the formation
of hydrophobic p-sheet-rich patches (increasing micellar
character'®) with increasing film thickness. Before post-
treatment, only smaller hydrophobic patches were formed
(Figure 4A-iii), and post-treatment led to the formation of
bigger -sheet crystallites as well as to increased separation of
hydrophobic blocks at the protein/air interface (Figure 4B-iii).
A more distinct separation of hydrophilic and hydrophobic
blocks occurred in thick films (~2 ym produced by drop
casting) as previously reported by Wohlrab et al.'® Exposition
of hydrophobic B-crystallites at the protein/air interface led to
a hydrophobic surface (Figure 4A-iv, B-iv, C-iv). The GATR
measurements (Figure 3D-i) as well as the ATR-FTIR
measurements indicated that the 2 ym film showed a very
high f-sheet content at the protein/air interface (Bapt =516 +
0.7%, d, ~ 300 nm), which confirmed the proposed
microphase separation model (Figure 4A-iv, B-iv, C-iv).
More than 85% of the overall -sheet content (29.6 + 0.2%)
was oriented toward both surfaces (silicon/protein and
protein/air). Hence, in the center of the films, only
approximately 15% of the formed p-sheets were located and
generated a micellar-like phase, as detected previously. For the
8 nm film, where all three FTIR setups can detect the entire
signal of the film, B, was nearly identical for all setups (B, ~
32%), which fits very well to the theoretically calculated
maximum f-sheet content (¢, = 0.35, B = 35%).

apt,max

4. CONCLUSION

Spin-coating of eADF4(C16) allowed controlling film thick-
ness by simply varying the concentration of the protein in
solution while keeping all other spin-coating parameters
constant. The resulting films showed low average surface
roughness (R, < 1 nm). Secondary structure and surface
properties (surface hydrophilicity) of eADF4(C16) films
changed upon varying the number of silk layers/film thickness
and post-treatment. In eADF4(C16) films, different physical
properties of the hydrophilic and hydrophobic amino acid
sequence blocks led to microphase separation. [-Sheet
structures mainly occurred at the substrate/protein interface,
especially in very thin films. When the film thickness was
increased (and more protein layers were added), the proteins
could interact in all three directions. The f-sheet content (Bbpt,
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B,,) reached its maximum for spin-coated eADF4(C16) films
at a film thickness of ~100 nm, but the surface properties
(protein/air interface) of silk films changed until a film
thickness of d > 600 nm, where the water contact angle was
identical to that of cast bulk silk films.

5. EXPERIMENTAL SECTION

Materials. If not stated otherwise, all chemicals were purchased
from Roth (Karlsruhe, Germany) in analytical grade. eADF4(C16)
(salt-free) was purchased from AMSilk GmbH (Planegg/Miinchen,
Germany). The used water was ultrapure and obtained by using a
Merck Millipore system (Billerica, MA, United States).

Processing of eADF4(C16) into Nano- and (Sub)microfilms.
Polished (111) silicon wafers (CrysTec GmbH, Berlin, Germany)
were cut into 1 X 1 cm pieces and cleaned by rinsing with acetone and
heating using snow-jetting prior to coating. eADF4(C16) was
dissolved in formic acid at desired concentrations. Silk solutions (V
=20 uL) were placed in the center of the substrate and spin-coated
(feor = 4000 rpm, a,, = 1800 rpm/s, t = 30 s) using a 1-EC 101 DT-
19456 Spin-Coater (Headway Research Inc., Garland, United States).
Silk microfilms with a thickness of d ~ 2 ym were prepared by casting.
The silk solution was cast on silicon wafers at 1 mg/ cm? and dried
overnight at ambient conditions. For post-treatment, samples were
placed in a desiccator with 20 mL methanol at the bottom. The
desiccator was evacuated (p = 10—1 mbar) to generate a saturated
methanol atmosphere, and samples were incubated overnight.

Atomic Force Microscopy. For surface morphology character-
ization film, surfaces were analyzed in tapping mode using a
Dimension 3100 Nanoscope V (Bruker, Karlsruhe, Germany) with
a resolution of 512 by 512 data points at 0.5 to 1 Hz. Silicon
cantilevers (OTESPA-R3, Bruker, Karlsruhe, Germany) were used
with a force constant of 26 N m™". The average roughness R, was
calculated in an area of 25 ym>

Film Thickness Measurements. For thickness measurements of
spin-coated films, samples were scratched using a sharp tweezer, and
the scratched area was measured perpendicular to the direction of the
scratch. For analysis of the film thickness, STEP and DEPTH routine
of Nanoscope Analysis 1.5 Software (Bruker, Karlsruhe, Germany)
was used. Silk microfilms were cast on the polished side (top) of
silicon wafers. To generate a sharp breaking edge, the silicon wafer
substrate was scratched underneath and broken afterward. The
defined breaking edge was analyzed by scanning electron microscopy
(SEM) using a Leo 1530 Gemini (Zeiss, Oberkochen, Germany) at
an accelerating voltage of 3 kV. Samples were sputtered with 1.3 nm
platinum.

GATR-FTIR. Fourier transform infrared spectroscopy was per-
formed using the VariGATR grazing angle attenuated total reflection
accessory (Harrick Scientific Products Inc., Pleasantville, United
States) using a Bruker Tensor 27 FTIR-spectrometer with an MCT
detector (Bruker, Rheinstetten, Germany). For absorbance measure-
ments, a grazing angle of 62° was used. One-hundred and forty scans
from 4000 cm™ to 800 nm™' were averaged at a resolution of 2 cm™".
The penetration depth d,, of the evanescent wave depends on the
refractive indices of the germanium crystal (n,) and of the sample (n,,
silk film at the silicon wafer), angle of incidence (a), and the
wavelength of the incident light (4;), as shown in eq 1.?

_ A

P \1/2
Znnl(sinz(a) - (:Tf) ] )

For a = 62° (1,0821 rad), n, = 4 of germanium crystal (T = 20 °C, A
= 6 um),*® and n, = 1.5 of silk proteins,”’ the penetration depth d,
was calculated in the amide I region (v = 1705 to 1590 cm™) to be d,
= 293—313 nm (Supporting Information Table S1).

The relative error oy’/ BS (with BS = Bt/ By 6% absolute error of

BY) for specific film thicknesses d was calculated using the Gauf} law of
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error propagation using eq 2. oy, (x = apt, bpt) is the standard
deviation of B, 4 (x = apt, bpt) for a specific film thicknesses d.

2 2
GB‘? O-Bapt,d
[ 5 ) [Bapna ) @

Preparation of Films for ATR and Transmission FTIR
Measurements. eADF4(C16) was dissolved in formic acid at
desired concentrations. Thin spider silk films (<1 pm) were prepared
by spin coating. Therefore, diluted silk solutions (V = 200 uL, ¢ > 1
mg/mL) were placed in the center of trapezoidal silicon (Si) internal
reflection elements (IRE, 50 X 20 X 2 mm? see below) and spin-
coated (f,,, = 4500 rpm, t = 30 s) using a commercial Spin-Coater
(SCT-10, LOT ORIEL, Darmstadt, Germany). The Spin-coater was
equipped with a home-built rotating plate (Al), in which a mount
(deepening) for fixation of the IRE was milled. After spin-coating, the
total area of Si IRE and the lower half area of the silicon crystal (50 X
10 mm?®) was cleaned with water using a tissue. Thick silk films (~2
um) were prepared by casting, i.e., placing a concentrated silk solution
(V=10 uL, c > 50 mg/mL) as spot in the middle of the upper half
area (50 X 10 mm?) of Si IRE followed by drying under gentle N, gas
stream optionally using a heatable metal support at T = S0 °C. For
post-treatment (vapor phase), samples (silk coated IREs) were placed
on a base in a closed crystallizing dish filled with 250 yL of methanol
not directly contacting the sample. Samples were incubated overnight.

ATR and Transmission FTIR Spectroscopy. An FTIR
spectrometer (Tensor II, BRUKER-Optics GmbH, Ettlingen,
Germany) equipped with globar source and either deuterated
triglycine sulfate (DTGS) or a mercurium—cadmium—telluride
(MCT) detector was used in the mid-IR range. FTIR spectra were
recorded in the wavenumber range between 4000—400 cm™' at 2
em™ spectral resolution, and S0 scans were done. Both modes,
transmission (TRANS) FTIR and attenuated total reflection (ATR)
FTIR, were used.

TRANS-FTIR was applied at silicon (Si) internal reflection
elements (IRE), which were fixed in constructed sample holders
(M. Ulrich, M.M., IPF Dresden). The IR beam transmitted the Si IRE
at minimum focal area (<S mm) in the FTIR sample chamber.
TRANS FTIR absorbance spectra A(v) were recorded from spider
silk coated (spin coated or cast) Si IREs as the sample intensity I,
and clean (plasma cleaner, Harrick, Ossining, NY, United States)
uncoated Si IREs as the reference intensity Iz(v) and processed
according to A(v) = —log [I5(v)/Ix(v)].

ATR-FTIR was applied at trapezoidal Si IREs (50 X 20 X 2 mm®,
see above) allowing an incident and leaving angle of 45°. Si IREs were
fixed in sample holders (M. Ulrich, M.M., IPF Dresden) located in a
commercial pseudodouble-beam-ATR device (OPTISPEC, Neerach,
Switzerland) operated according to the single-beam-sample-reference
(SBSR) concept of Fringeli.’" In principle, the (spin-coated or cast)
silk film was located at the upper half area (50 X 10 mm?) of the front
side of Si IRE, which was achieved by cleaning the lower half area (50
X 10 mm?) from silk material. Sample Ig(v) and reference Is(v)
intensities were measured by alternately shuttling the upper and lower
half of the Si IRE into the IR beam using a lift, and absorbance spectra
were computed similar to that of TRANS-FTIR according to A(v) =
“log [15(0)/I(»)].

Fourier Self-Deconvolution and Curve Fitting. To determine
the fractions of individual secondary structures, the amide I region
(1595 ecm™' to 1705 cm™') was analyzed by Fourier self-
deconvolution (FSD) with subsequent curve fitting according to Hu
et al. using the Software Opus 6.5 (Bruker Optics Corp., Billerica,
MA, United States)."’

Water Contact Angle. To analyze surface wettability, static water
contact angles on surfaces were analyzed using the OCA contact angle
system (DataPhysics Instruments GmbH, Filderstadt, Germany). A
water droplet of 2 uL was placed on the surface, and the contact
angles were determined using the SCA 20 software (DataPhysics
Instruments GmbH, Filderstadt, Germany) and a Laplace—Young fit.

Bppt,d

N

B bpt,d
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Figure S1. AFM topography images of eADF4(C16) films spin-coated with (A) 1 mg/ml, (B)
2 mg/ml, (C) 8 mg/ml, (D) 10 mg/ml, (E) 20 mg/ml, (F) 50 mg/ml and (G) 100 mg/ml
eADF4(C16). Image size of (i) 1 pm x 1 um, (i1) 3 um x 3 pum and (iii) 15 um x 15 pm.
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Figure S2. Exemplary SEM picture of a breaking edge of a cast eADF4(C16)-microfilm on a
silicon wafer surface used for film thickness measurement.
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Table S1. Calculated values of penetration depth d, of the germanium ATR-crystal for the wave
numbers v of the amide I band.

v, cm? dp, nm | u,cm? dp, nm | v, cm? dp, nm | v, cm? dp, nm
1590 313 1619 307 1648 302 1677 296
1591 312 1620 307 1649 301 1678 296
1592 312 1621 307 1650 301 1679 296
1593 312 1622 306 1651 301 1680 296
1594 312 1623 306 1652 301 1681 296
1595 312 1624 306 1653 301 1682 295
1596 311 1625 306 1654 300 1683 295
1597 311 1626 306 1655 300 1684 295
1598 311 1627 305 1656 300 1685 295
1599 311 1628 305 1657 300 1686 295
1600 311 1629 305 1658 300 1687 295
1601 310 1630 305 1659 300 1688 294
1602 310 1631 305 1660 299 1689 294
1603 310 1632 305 1661 299 1690 294
1604 310 1633 304 1662 299 1691 294
1605 310 1634 304 1663 299 1692 294
1606 309 1635 304 1664 299 1693 294
1607 309 1636 304 1665 299 1694 293
1608 309 1637 304 1666 298 1695 293
1609 309 1638 303 1667 298 1696 293
1610 309 1639 303 1668 298 1697 293
1611 309 1640 303 1669 298 1698 293
1612 308 1641 303 1670 298 1699 293
1613 308 1642 303 1671 297 1700 292
1614 308 1643 303 1672 297 1701 292
1615 308 1644 302 1673 297 1702 292
1616 308 1645 302 1674 297 1703 292
1617 307 1646 302 1675 297 1704 292
1618 307 1647 302 1676 297 1705 291
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Figure S3: Averaged (n =3) and normalized (to maximum) full spectra of GATR measurements
of recombinant spider silk protein films with concentrations of (1, 5, 10, 20, 50, 100) mg/ml. The
black lines are the GATR-FTIR spectra before post-treatment (bpt) and the red lines represent
the spectra of recombinant spider silk films after post-treatment (apt). In the interest of clarity
only 150 error bars per curve are shown.
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Figure S4: Averaged (n =3) and normalized (to maximum) spectra of GATR measurements of
the amide I band of recombinant spider silk protein films with concentrations of (1, 5, 10, 20, 50,
100) mg/ml. The black lines are the GATR-FTIR spectra before post-treatment (bpt) and the red
lines represent the spectra of recombinant spider silk films after post-treatment (apt). In the interest

of clarity, only 150 error bars per curve are shown.
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Table S2. By, and B,y with corresponding standard derivations (SD) of nano- and microfilms of
eADF4(C16) measured using three different FTIR-setups (GATR, SBSR, and Transmission-

FTIR)

10 nm film 1 um film
FTIR Bopt, % SD, % | Bapt, % | SD, % | Bppt, % SD, % | Bapt, % | SD, %
GATR 13.3 1.9 30.5 2.7 19.0 2.2 51.6 0.7
SBSR 12.3 0.2 35.2 0.7 21.1 0.7 35.2 0.5
Transmission | 15.1 0.3 31.2 0.6 21.1 0.4 29.6 0.2
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Figure S5: Normalized SBSR FTIR spectra of recombinant spider silk films with concentrations
of 10 mg/ml and 50 mg/ml before (bpt) and after (apt) post-treatment with methanol.
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Figure S6: Normalized Transmission FTIR spectra of recombinant spider silk films with
concentrations of 10 mg/ml and 50 mg/ml before (bpt) and after (apt) post-treatment with
methanol.
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Figure S7: GATR FTIR in comparison to SBSR FTIR yields different B for nano- (A) and (sub)

microfilms (B).

Seitenzahl Dissertation: 142

S10



Teilarbeit IV

Die Ergebnisse dieses Kapitels wurden bereits in Biomacromolecules verdftentlich als:

In Vivo Coating of Bacterial Magnetic Nanoparticles by Magnetosome

Expression of Spider Silk-Inspired Peptides.

Frank Mickoleit, Christian B. Borkner, Mauricio Toro-Nahuelpan, Heike M. Herold,
Denis S. Maier, Thomas Scheibel und Dirk Schiiler

Mit Genehmigung abgedruckt aus F. Mickoleit, C. B. Borkner, M. Toro-Nahuelpan, H.
M. Herold, D. S. Maier, J. M. Plitzko, T. Scheibel, D. Schiiler, /n Vivo Coating of
Bacterial Magnetic Nanoparticles by Magnetosome Expression of Spider Silk-Inspired
Peptides. Biomacromolecules 2018, 19, 962-972. Copyright 2018 American Chemical
Society.

Reprinted with permission from F. Mickoleit, C. B. Borkner, M. Toro-Nahuelpan, H. M.
Herold, D. S. Maier, J. M. Plitzko, T. Scheibel, D. Schiiler, /n Vivo Coating of Bacterial
Magnetic Nanoparticles by Magnetosome Expression of Spider Silk-Inspired Peptides.
Biomacromolecules 2018, 19, 962-972. Copyright 2018 American Chemical Society.

143



,l @& Cite This: Biomacromolecules 2018, 19, 962—972

pubs.acs.org/Biomac

In Vivo Coating of Bacterial Magnetic Nanoparticles by
Magnetosome Expression of Spider Silk-Inspired Peptides

Frank Mickoleit,”® Christian B. Borkner,” Mauricio Toro-Nahuelpan,T’O Heike M. Herold,*
Denis S. Maier,T Jiirgen M. Plitzko,” Thomas Scheibel,i’g}’”’l’#’v and Dirk Schiiler* "

"Department of Microbiology, *Department of Biomaterials, *Bayerisches Polymerinstitut (BPI), ”Bayreuther Zentrum fiir Kolloide
und Grenzflichen (BZKG), “Institut fiir Bio-Makromolekiile (bio-mac), #Bayreuther Zentrum fiir Molekulare Biowissenschaften
(BZMB), VBayreuther Materialzentrum (BayMAT), University of Bayreuth, D-95447 Bayreuth, Germany

ODepartment of Molecular Structural Biology, Max Planck Institute of Biochemistry, D-82152 Martinsried, Germany

© Supporting Information

ABSTRACT: Magnetosomes are natural magnetic nano-
particles with exceptional properties that are synthesized in
magnetotactic bacteria by a highly regulated biomineralization
process. Their usability in many applications could be further
improved by encapsulation in biocompatible polymers. In this
study, we explored the production of spider silk-inspired
peptides on magnetosomes of the alphaproteobacterium
Magnetospirillum gryphiswaldense. Genetic fusion of different
silk sequence-like variants to abundant magnetosome mem-
brane proteins enhanced magnetite biomineralization and
caused the formation of a proteinaceous capsule, which
increased the colloidal stability of isolated particles. Fur-

Magnetosome expression
of spider silk-inspired
sequences

Surface display of c2
silk-like peptides

Lz |
N St

‘ mamC I

thermore, we show that spider silk peptides fused to a magnetosome membrane protein can be used as seeds for silk fibril growth
on the magnetosome surface. In summary, we demonstrate that the combination of two different biogenic materials generates a
genetically encoded hybrid composite with engineerable new properties and enhanced potential for various applications.

B INTRODUCTION

Magnetosomes are membrane-enveloped magnetic nanopar-
ticles (MNPs) biomineralized by magnetotactic bacteria, in
which they serve as geomagnetic field sensors.”” In the
alphaproteobacterium Magnetospirillum gryphiswaldense they are
composed of a monocrystalline magnetite (Fe;O,) core
enveloped by the magnetosome membrane, which consists of
phospholipids and a set of specific proteins.” Due to their
highly regulated biosynthesis, magnetosomes exhibit unprece-
dented characteristics such as high crystallinity, strong magnet-
ization, as well as uniform shapes and sizes. » These features
make them ideal for numerous biomedical and biotechnological
applications, for instance magnetic capturing of soluble
analytes,” magnetosome-based immunoassays,” as nanocarriers
for magnetic drug targeting,8 magnetic hyperthermia,g’10 and as
reporters for magnetic resonance imaging (MRI)”’12 and
magnetic particle imaging (MPI)."> For many of these
applications magnetosomes have to be further functionalized
by the introduction of additional moieties to the surface, or by
encapsulation of the particles, especially if they are intended for
the use as theranostics. As one of the most attractive features of
magnetosomes both their crystal morphologies and the
composition of the enveloping membrane can be engineered
in vivo by genetic means. Abundant magnetosome membrane
(Mam) proteins can be used as fusion anchors for surface
display of foreign proteins and peptides. For example, both the

-4 ACS Publications  © 2018 American Chemical Society 962

N- and C-terminus of the 12.4-kDa MamC protein that has
only a minor function in magnetite biomineralization'*~"®
provide sites for covalent and highly specific attachment of
foreign proteins to the magnetosome surface by genetic
fusion."’ ™" MamC has been used for the magnetosome
expression of the ﬂuoroghore (e)GEP,"”"® camelid antibody
fragments (nanobodies),””” and enzymes such as luciferase,”'
the multisubunit chimeric bacterial RNase P,** or the
paraoxonase Opd.23 Using an improved expression system18
and a recombination-impaired bacterial strain,”* even arrays of
up to five copies of the enzyme glucuronidase (GusA) fused to
a terminal, codon-optimized eGFP (mEGFP) as additional
reporter could be expressed on the magnetosome surface.” In
the latter study, MamC, GusA monomers, and mEGFP were
stitched together by flexible Gly,, linkers, which are known to
allow proper folding of recombinant proteins and thus, ensure
biological activity.”® In addition, Borg and co-workers generated
hybrid core—shell nanoparticles, consisting of the fluorescent
magnetosome core (expressing eGFP) enclosed by a ZnO or
silica shell,”” which improved colloidal stability.

A further intriguing material suitable for coatings could be
spider silk, which exhibits extraordinary properties such as a
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high toughness combined with good biocompatibility
desirable for future in vivo applications of bacterial magneto-
somes. Spider silk proteins (so-called spidroins) consist of
nonrepetitive terminal domains that flank the highly repetltlve
core domain and often exceed a molecular weight of 150 kDa.””
However, recombinant expression of spider silk proteins in
bacteria so far has been confined to only few well-established
systems such as Escherichia coli, Salmonella, and Bacillus sp.
species.”' ™

In this study, we explored the expression of spider silk
sequences on the magnetosome surface of the magnetotactic
alphaproteobacterium M. gryphiswaldense. The recombinant
engineered spider silk protein eADF4 (engineered Araneus
diadematus fibroin 4) is based on the consensus sequence of the
highly repetitive primary structure of ADF4,°%>> and the
number of repeat units can be adjusted allowmg the production
of spidroins with various molecular weights.*® The engineered
consensus sequence is called module C consisting of 35 amino
acids (GSSAAAAAAAASGPGGYGPENQGPSG-
PGGYGPGGP).”*"*® We show that silk motifs (based on
module C) can be conjugated to a single MamC anchor by
genetic fusion. Silk expression enhanced magnetosome biosyn-
thesis and caused the formation of a proteinaceous capsule,
which increased the colloidal stability of isolated particles.
Overall, this demonstrates that two different biogenic materials,
spider silk and magnetosomes, can be genetically combined,
thereby generating a new hybrid composite with novel
properties and enhanced application potential.

B MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Cultivation Conditions.
Bacterial strains and plasmids that were used in this study are listed
in Tables SI and S2, respectively. M. gryphiswaldense strains were
grown microaerobically in modified flask standard medium (FSM) at
30 °C according to Heyen and Schiiler.”” Magnetite formation was
ensured by applying a headspace-to-liquid ratio of approximately 1:4
with air in the headspace. Oxygen concentrations declined from high
initial levels in the medium with increasing cell numbers, eventually
reaching low dissolved oxygen concentrations, permitting magnetite
synthesis.'” E. coli strains were grown as previously described.”® For
the cultivation of E. coli WM3064 p,L-a,&-diaminopimelic acid (DAP)
was added to lysogeny broth (LB) medium at a final concentration of
1 mM. Strains were routinely cultured as previously described.'® For
the cultivation on solid medium 1.5% (w/v) agar was added. For
strains carrying recombinant plasmids, media were supplemented with
25 pg/mL kanamycin (Km) for E. coli and S ug/mL for M.
gryphiswaldense strains.

Molecular and Genetic Techniques. Oligonucleotides (see
Table S3) were purchased from Sigma-Aldrich (Steinheim, Germany).
Plasmids were constructed by standard recombinant techniques as
described in detail below. All constructs were sequenced by Macrogen
Europe (Amsterdam, Netherlands). Sequence data were analyzed with
Geneious 8.0.5 (Biomatters Ltd.) and ApE 2.0.47 (M. Wayne Davis,
2009).

Construction of MamC Fusion Proteins. The c2 sequence was
amplified from pCS-eADF4(C2) using the primers linker1-sps fwd and
sps rev. The resulting fragment was subsequently inserted into the
Ncol and BamHI restriction sites of pSB9, thereby generating pFM-
C2. For construction of pFM1 and pFM2, first the ¢I2 and cI32
sequences were generated via several PCR steps (Figure S1—S3). The
primer combinations linker1-sps fwd and sps-linker2 rev, or linker2-sps
fwd and sps rev were used to amplify the c-module, with pCS-
eADF4(C16) serving as template. Due to the repetitive c16 sequence,
in both reactions fragments of different sizes (ranging from 10S to
10 500 bp) were obtained. The cI fragments (105 bp) were chosen
and fused via overlap PCR, resulting in the 276 bp sequence gly10-cI-

963

gly10-c1, referred to as cl2. After restriction with Ncol and BamHI, cl2
was cloned into pSBY9, thereby replacing gusA and generating pFMI.
For the construction of cI32, the cl2 sequence was amplified using
primer combinations linkerl-sps fwd/sps-linker3 rev or linker3-sps
fwd/sps-linker4 rev. The resulting fragments were subjected to overlap
PCR as described above, thereby generating a cl4 fragment. The cI32
sequence (glyl0-cl);, was obtained by overlap PCR using c/4 as
template. Due to the repetitive cl4 structure, cl6, cI8, cl16 and cI32
sequences were obtained. ¢[32 was chosen and amplified using the
primers linkerl-sps fwd and sps rev to generate Ncol and BamHI
restriction sites. After digestion, cI32 was cloned into pSB9, thereby
replacing gusA and generating pFM2.

pFM-C2, pFM1, or pFM2 were transferred to M. gryphiswaldense
strains by conjugation, with the expression cassettes being
chromosomally inserted by TnS$ transposition.

Determination of Iron. Iron content of cells and isolated
magnetosomes were determined by flame atomic absorption spec-
troscopy. Magnetosomes or cells (suspensions with equal optical
densities) were pelleted, resuspended in 0.5 mL 69% nitric acid and
incubated at 98 °C for 3 h. The measurements were conducted with a
PerkinElmer Atomic Absorption Spectrometer 1100 B (Uberlingen,
Germany) using the following conditions: wavelength 248 nm, gap
width 0.2 nm, lamp current 20 mA.

UV/Vis Spectroscopy. Optical density (OD) and magnetic
response (C,,,) of late exponentially phase cells were measured
photometrically at 565 nm as previously reported.*' Briefly, for Cinsg
measurements, cells were aligned parallel to the field lines of a
magnetic field, resulting in a change in light scattering. The ratio of
scattering intensities at different field angles relative to the light beam
was used to characterize the average magnetic orientation of the cells.
Crnag is well correlated to the average number of magnetosomes in
magnetic cell populations and, thus, can be used for semiquantitative
estimations of magnetosome contents.

Transmission Electron Microscopy (TEM). For TEM of whole
cells and isolated magnetosomes, specimens were directly deposited
onto carbon-coated copper grids. Magnetosomes were stained with 1%
uranyl acetate. Transmission electron microscopy was performed on a
CEM 902A (Zeiss, Oberkochen, Germany) with an acceleration
voltage of 80 kV. Images were taken with a Gata Erlangshen ESS00W
CCD camera. Sizes of crystals were measured with ImageJ software.

Analysis of Sedimentation Behavior/Colloidal Stability.
Sedimentation analyses of isolated magnetosomes were performed as
previously described.*”** Nanoparticle dispersions were fractioned by
gravity and allowed to settle for 60 min. During this incubation time,
agglomerates (e.g., particles that have accidently lost their membrane)
formed pellets at the bottom of the tube. The supernatants were
collected and subjected to the sedimentation assay. Assuming that the
dispersions contained particles with equal size distributions (at the
beginning of the experiment), the sedimentation rates depended only
on the aggregation process. Sedimentation profiles were obtained by
measuring the optical density as a function of time at a wavelength of
508 nm. Absorption values were normalized with the absorption at the
initial time of the experiment, thus allowing direct comparisons of the
different dispersions.

Zetasizer Measurements. Zeta potential (ZP) values and particle
sizes were determined with a Zetasizer Nano (Malvern, U.K.).
Suspensions of isolated magnetosomes (wild-type or spider silk
decorated particles) were pelleted and resuspended in 10 mM Hepes
+1 mM EDTA buffer, pH 7.2. For ZP measurements DTS1070 folded
capillary cells (Malvern, U.K.) were used. Measurements were made in
triplicates.

Biochemical Methods. Isolation of bacterial magnetosomes from
M. gryphiswaldense was performed as previously described."””’
Denaturing polyacrylamlde gels were prepared accordmg to the
method of Laemmli,** modified after Fling and Gregerson.” Samples
of isolated magnetosomes contained 32 ug Fe, and the solubilized
magnetosome membrane proteins were separated by electrophoresis
and subsequently transferred onto polyvinylidene difluoride (PVDF)
membranes (Roth, Germany). For immunological detection, mem-
branes were blocked/equilibrated in AP-T buffer (0.1 M Tris; 0.1 M
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NaCl; $ mM MgCl, X 6 H,0; 0.05% (v/v) Tween 20; pH 7.4) for 2 h.
Primary rabbit anti-MamC IgG antibody was added at a 1:3000 ratio
and incubated for 2 h at room temperature. Membranes were
subsequently washed 4-times with AP-T buffer for S min and
incubated with a secondary goat antirabbit IgG antibody (1:30 000;
antirabbit IgG with conjugated alkaline phosphatase [Sigma-Aldrich,
Steinheim, Germany]) for 1 h. Membranes were again washed 4-times
with AP-T buffer for S min, and finally 1S min in AP buffer (0.1 M
Tris; 0.1 M NaCl; S mM MgCly; pH 9.5). For staining/detection, the
membrane was transferred to a BCIP/NBT substrate solution and
incubated until violet bands appeared. The reaction was stopped with
acidified water.

Cryo-Electron Tomography (CET). Plunge-Freezing Vitrifica-
tion. Five microliters of MSR culture mixed with 2 yL of 15 nm BSA-
coated colloidal gold clusters (Sigma-Aldrich, Steinheim, Germany)
was used for subsequent alignment purposes. The mixture was added
on glow-discharged Quantifoil R 2/1 holey carbon molybdenum grids
(Quantifoil Micro Tools GmbH, Jena, Germany), blotted, and
embedded in vitreous ice by plunge freezing into liquid ethane
(<=170 °C). The grids were stored in sealed boxes in liquid nitrogen
until used.

CET. Tomography was performed under low-dose conditions using
a Tecnai G2 Polara transmission electron microscope (FEI) equipped
with a 300 kV field emission gun, and a Gatan GIF 2002 postcolumn
energy filter. A 3838 X 3710 Gatan K2 Summit Direct Detection
Camera operated in counting and dose-fractionation mode was used
for imaging. Data collection was performed at 300 kV, with the energy
filter operated in the zero-loss mode (slit width of 20 eV). Tilt series
were acquired using Serial EM software.*® The specimen was tilted
about one axis with 1.5° increments over a typical total angular range
of +60°. The cumulative electron dose during the tilt series was kept
below 150 e~ A7 To account for the increased specimen thickness at
high tilt angles, the exposure time was multiplied by a factor of 1/cos
a. Pixel size at the specimen level was 4.27 A at an EFTEM
magnification of 27500X. Images were recorded at nominal —6 um
defocus.

Tomogram Reconstruction and Segmentation. Tomograms were
reconstructed in the IMOD package.”” Tomographic reconstructions
from tilt series were performed with the weighted back-projection with
IMOD software using particles as a fiducial marker. Aligned images
were binned to the final pixel size of 17.08 A for WT (9 tomograms),
mamC-cl2 (8 tomograms) and mamC-cl32 (11 tomograms) non-
magnetic cells treated under low iron conditions and 25.62 A for the
mamC-cl32 strain grown in FSM media (10 tomograms from 10 cells).
For tomographic reconstruction, the radial filter options were cut off:
0.5 and fall off: 0.0S. The data set for this study consisted of 38
tomograms from 38 cells. Tomograms were treated with an
anisotropic nonlinear diffusion denoising algorithm to improve
signal-to-noise ratio.

Segmentation of the tomogram was done with Amira software on
binned volumes of magnetic cells of the mamC-cI32 strain with a voxel
size of 25.62 A. Membrane segmentation was done using the software
TomoSegMemTV and a complementary package, SynapSegTools,
both for Matlab.*® Tomograms visualization and membrane thickness
measurements were performed in 3dmod software from the IMOD
package.

Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIR). Magnetosome samples were dispersed
in water at a concentration of 1.5 mg/mL, and 2 uL magnetosome
dispersion were placed on the Ge crystal. The samples were dried and
ATR-FTIR spectra were measured on a Ge crystal using a MIRacle
Single Reflection ATR accessory (PIKE Technologies, Madison, USA)
with a Bruker Tensor 27 spectrometer (Bruker, Germany) between
4000 and 800 cm™'. Each measurement reflects 120 scans at a
resolution of 2 cm™'. Spectra are focused between 1770 and 1580
cm™" to highlight relevant and significant differences in the absorbance
region of C = O stretching vibrations of lipids and proteins. A baseline
correction was applied using OPUS software (Bruker Optics Corp.,
USA) and spectra were normalized (A/A,,). The relation of the

absorption maxima of the phospholipid/lipid band (~1750 cm™ —
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1710 cm™") and amide I band of proteins (~1690 cm™' — 1600 cm™")
was calculated by A, (amide I)/A,... (phospholipids).

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). Sensor Chip Coating with eADF4(C16). QCM-D
resonators (S MHz, AT-cut, Cr/Au; Quartz Pro Sweden AB, Jirfilla,
Sweden) were cleaned by a 10 min UV/ozone treatment (PSD-Pro
Series, Novascan, Ames, USA) followed by spin coating (4000 rpm,
1800 rpm/s, 30s; 1-EC 101 DT 8-19456 Spin-Coater, Headway
Research Inc, Garland, USA) with 30 uL eADF4(C16) (AMSilk
GmbH, Planegg/Miinchen, Germany) solution (1 mg/mL) in formic
acid (Sigma-Aldrich, Steinheim, Germany). The eADF4(C16)-coated
sensor chips were post treated in methanol atmosphere overnight, and
mounted in the standard Q-Sense flow module (QFM 401, Biolin
Scientific, Vistra Frolunda, Sweden).

Magnetosome Adsorption Study. All equilibration and adsorption
steps were performed in Hepes buffer (10 mM Hepes, 1 mM EDTA,
pH 7.2) at a volume flow of 70 mL/min at 21 °C with a Q-Sense E4
(Biolin Scientific, Vistra Frolunda, Sweden). The coated sensor chips
(eADF4(C16)) were equilibrated in buffer, flushed with 100 ug/mL
magnetosomes (wild-type and mamC-c2) for 40 min followed by a SO
min buffer flow again. Frequency and dissipation data are monitored
for the third overtone. The change in areal mass density Ap, for a
specific overtone n is proportional to the change in frequency Af and
described by Sauerbrey eq (eq 1).*

_Akaar _cA
fon n (1)

The mass sensitivity constant C depends on the density (p), the
thickness (h,) and the fundamental frequency (fo) of the quartz
crystal.>

Fibrillization Experiments. eADF4(C16) protein was produced
as published previously.”* Aqueous eADF4(C16) solutions were
prepared by dissolving lyophilized protein in 6 M guanidinium
thiocyanate (GdmSCN) followed by dialysis against 10 mM Tris/HC],
pH 7.5, with three buffer changes: twice after 2 h and once after 16 h.
The protein concentration was determined using a Varian Cary 50 Bio
UV—Vis spectrometer after centrifugation in a Beckman Optima
ultracentrifuge at 55 000 rpm for 45 min at 20 °C. Isolated MamC-C2
or wild-type magnetosomes (0.5 mg/mL Fe) were used as seeds in
fibrillization experiments and added to an eADF4(C16) solution (1
mg/mL) in the presence of 100 mM potassium phosphate (pH 7.4).

Ap, =

B RESULTS AND DISCUSSION

Construction of Spider Silk Motif Expressing M.
gryphiswaldense strains. An engineered version of adf4
(codon-optimized for recombinant expression in E. coli)***>!
was used as a template for the generation of repetitive spider
silk sequences. By designing engineered spider silk motifs for
expression on magnetosomes, two strategies were explored: (i)
Glycine linkers could improve folding of recombinant fusion
proteins and also reduce sterical hindrance,”® and therefore
spider silk-like constructs containing Gly,, linkers were
designed. Single C motifs were connected by Gly,, , and the
resulting arrays with two or 32 silk units (referred to as CL2 or
CL32, respectively) were genetically fused to the magnetosome
membrane protein MamC. On the other hand, previous
computational analysis and in vitro measurements have shown
that the structural properties of silks (like their unique pattern
of extreme solubility inside the spider glands and complete
insolubility outside) depend on their highly repetitive,
uninterrupted hydrophobic regions and that their character-
istics might be affected by very small changes in the protein
sequence.”” We (ii) also generated a construct with the
established C2 peptide®® connected to MamC. Translational
fusions of ¢2 or cI2/32 to mamC were designed as mamC-c2 or
mamC-cl2/32 constructs (Figure 1) under control of the
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Figure 1. (A) Schematic representation showing the genetic
organization of the expression cassettes for magnetosome display of
spider silk motifs (MamC-C2, MamC-CL2, and MamC-CL32). (B)
Schematic of spider silk motifs C2, CL2, and CL32 produced as
hybrid-proteins fused to a single MamC membrane anchor. For more
details, refer to the methods section (size of particle and proteins not
to scale).

constitutive, optimized P, pc4s promotor and the optimized
ribosome binding site (oRBS), which allow high-level
expression of foreign proteins.'® mamC-c2 or mamC-cl2/32
cassettes were inserted via TnS transposition at random
chromosomal positions and expressed in RecA-deficient strain
M. gryphiswaldense IK-1 to avoid homologous recombination
between identical sequences.”

Expression of Linker-Modified, Silk-Like Constructs in
M. gryphiswaldense Impairs Cell Division and Increases
Magnetosome Biomineralization. M. gryphiswaldense
strains mamC-c2 and mamC-cl2/32 grew slightly slower
compared to the parental strain IK-1 (doubling times: mamC-
2, 6.1 h; mamC-cl2, 6.2 h; mamC-cl32, 6.5 h; IK-1, 5.9 h). The
magnetic response (Cmag) of mamC-c2 cells was comparable to
that of IK-1 (mamC-c2: 091 + 0.07; IK-1:0.94 + 0.05);
however, for strains mamC-cl2 and mamC-cl32, C,,, values
decreased with the number of spider silk motifs (mamC-cl2:
0.83 + 0.02; mamC-cl32: 0.64 + 0.09). Iron contents and total
particle numbers per cell were increased for mamC-cl2 and
mamC-cI32 by 66% and 71%, respectively, with up to 60
magnetosomes per cell on average. One can speculate that the
observed reduced growth rates favor an increased magneto-
some production. Nearly 40% of the cells (mamC-cl2: 36.2%;
mamC-cl32: 38.3%) contained less than 20 particles, whereas
more than 50% (mamC-cl2: 51.7%; mamC-cl32: 53.0%)
contained more than 80 particles (mamC-cl2: 97 + 14;
mamC-cl32: 104 + 13) partially resembling overproducer
strains engineered before.”® Only a low number of cells (6%)
produced wild-type-like particle amounts (Figure 2 and Figure
SS). By contrast, strain mamC-c2 showed a wild-type-like
particle number distribution and synthesized wild-type-like
amounts of magnetosomes (32 = 11 particles per cell; Figure 2
and Figure S4) arranged in one or two chains positioned at
midcell.

The spatial stochastic resonance in the sequence hydro-
phobicities of spider silk proteins®>>* is highly sequence
dependent. Even small changes in the spider silk protein
sequence, like the Gly,, linker introduction into constructs
MamC-CL2 and MamC-CL32, might affect these resonance
properties, which could be experimentally confirmed here for
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the first time. The Gly,, linkers seem to affect the properties of
the resulting artificial proteins, cell division, magnetosome
production and protein expression. Therefore, seamless
cloning™ of the highly repetitive sequences is essential for
spider silk proteins and their properties, even if expressed in a
complex system like M. gryphiswaldense.

Intrigued by the perturbed cell separation phenotype, we
studied the mamC-cl32 cell division sites by cryo-electron
tomography, a powerful technique to investigate the subcellular
ultrastructure in a near-native state. Cells of mamC-ci32 tended
to form minicell-like structures at the division sites, before
becoming eventually separated. Parts of the magnetosome
chains were frequently trapped in and traversing the minicells
(Figure 3A—D and Figures S6 and S7), and the separation of
individual cells was impaired. Hydrophobic interactions of the
silk peptides might largely contribute to the forces to maintain
the magnetosomes together in addition to the magnetostatic
forces. The sum of both factors, the hydrophobic surface
interaction and the magnetic forces, may likely lead to
impairment for the cell in splitting the magnetosome chain
properly, in turn generating the cell division defect, where cells
seem to be caught in cytokinesis or forming minicell bridges
with magnetosome chains confined inside. Even with the aid of
the dynamic MamK filaments contributing to pole-to-midcell
motion of the magnetosome chain,*® the magnetosome surface
hydrophobic forces are such that the cells cannot separate
properly the magnetosome chain, and higher forces might be
required to overcome the magnetic and other noncovalent
interactions between particles. Furthermore, binding of Mam]
to the MamK filament might be impaired by the silk peptides
displayed on the magnetosome surface, and it can be assumed
that Mam] is inaccessible due to the proteinaceous spider silk
capsule.

Magnetosome Expression of Spider Silk Motifs
Generates a Proteinaceous Capsule. In SDS gels,
MamC-C2 magnetosomes displayed an additional band of 20
kDa (Figure 4, red boxes), equivalent to the predicted
molecular weight of the MamC-C2 hybrid protein. For
mamC-cl2, an expected band of 21 kDa (predicted molecular
weight of the MamC-CL2 fusion) was absent; instead, an
additional 150 kDa band could be detected. A protein of similar
electrophoretic mobility was visible for mamC-cl32, correspond-
ing to the predicted molecular weight of the MamC-CL32
fusion (156 kDa). In Western blots, for the wild-type and
MamC-mEGFP (=control construct) bands with the expected
molecular weight were detected (wild-type: 13 kDa, MamC-
mEGFP: 39 kDa). For MamC-C2 particles, two bands with
equal intensities but different electrophoretic mobilities (21 and
13 kDa) were obtained, corresponding to the expected
molecular weight of the MamC-C2 hybrid protein and the
unfused MamC (20 and 12 kDa, respectively) (Table 1). For
MamC-CL32, two bands of high molecular weight (156 kDa
and 144 kDa) with different intensities were detected (with the
predominant band of 156 kDa corresponding to the predicted
size of the MamC-CL32 fusion protein), while for the MamC-
CL2 fusion, the expected band of 21 kDa was absent, and high
molecular weight bands of 154 kDa, 142 kDa and 83 kDa were
detected instead (Table 1). This unexpected behavior might be
partly caused by an altered binding behavior of SDS to the
linker-modified proteins due to the Gly,, sequences.

Due to their highly hydrophobic character, it is not unlikely
that the produced hybrid proteins (consisting of MamC and
spider silk peptides) might interact with each other. However,
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Figure 2. Transmission electron micrographs of cells and isolated, negatively stained particles from M. gryphiswaldense strains mamC-c2, mamC-cl2,
mamC-cl32, and from the wild-type. The spider silk motif expressing strains mamC-cI2 and mamC-cI32 showed a magnetosome misdistribution with
more than 50% of the cells containing 70—120 particles per cell (see also Figures S4 and SS). Furthermore, high ratios of nearly particle-free cells
were visible. Arrows indicate cells overproducing magnetosomes. In contrast, mamC-c2 cells formed wild-type-like particle amounts (about 32
particles per cell, arranged in one or two chains positioned at midcell). For all particles displaying spider silk motifs, a capsule of up to 15 nm in
thickness was visible.
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Figure 3. Cryo-electron tomography of selected strains. (A) Cryo-electron microscopy image of a mamC-cl32 cell (n = 10) selected for tomography.
Scale bar: 500 nm. (B) A 12.8 nm thick tomographic slice (average of S slices) displaying the division site of the cell shown in “A”. Cells display
impairment in cytokinesis generating bridges of minicells due to improper cell division. Division sites are indicated by red arrows. M: magnetite
crystal, IM: inner membrane, OM: outer membrane, V: vesicle, PHB: polyhydroxybutyrate granule. Scale bar: 200 nm. (C) CET 3D rendering of the
selected cell division site. Magnetite crystals: red, vesicles (magnetosome membrane): yellow, and MamK filament: green. The cellular envelope
inner and outer membranes are depicted in blue. (D—F) Magnetosome vesicle visualization by cryo-electron tomograms. An 8.5 nm thick
tomographic slice (average of S slices) of nonmagnetic cells of (D) wild-type (n = 9), (E) mamC-cl2 (n = 8) and (F) mamC-cI32 (n = 11) cultivated
in low-iron medium for vesicle (magnetosome membrane) thickness comparison. V: vesicle (magnetosome membrane). M: magnetite crystal, OM:
outer membrane, IM: inner membrane. Arrowheads indicate vesicle thickness. Scale bars: 20 nm.

the overall high abundance of magnetosome membrane
proteins suggests an unusually crowded protein composition
of the magnetosome membrane.’® Therefore, we assume that
the tight packing with transmembrane domains of integral
proteins would interfere with the formation of specific patches
in the magnetosome membrane.

Proteomics analysis of polyacrylamide gel slices (Proteomics
Service, Ludwig-Maximilians-University of Munich, Planegg-
Martinsried, Germany) revealed a variety of cellular (enzyme)
proteins and peptides (including MamC) present in the 150
and 140 kDa region of lanes “MamC-CL2” and “MamC-CL32”.
However, distinct proteins with a molecular mass of 150 or 140
kDa could not be detected. An almost identical protein/peptide
content pattern was obtained for gel slices from the “wild-type”
lane. Thus, in particular for the MamC-CL2 fusion, these
findings might argue for the presence of chimeric proteins on
the particle surface, with increased molecular masses that also
involve other cellular proteins and peptides. Furthermore, for
both CL fusions, no unfused MamC was detectable, indicating
that the latter might be incorporated in mixed assemblies with
(chimeric) MamC-CL fusion proteins.

967

TEM micrographs revealed that magnetosomes isolated from
spider silk-expressing strains were surrounded by an organic
capsule of low electron density (Figure 2, Table S4). For
MamC-C2, MamC-CL2, and MamC-CL32, the thickness of
this layer was about 11 nm, with overall particle diameters of
52.6 and 56.8 nm, respectively. The expression of silk motifs
with 32 repetitive units (MamC-CL32) also resulted in a layer
of 11 nm, and therefore in similar particle sizes. Thus, particle
diameters were considerably increased compared to wild-type
magnetosomes (38.1 nm in diameter) or MamC-mEGFP
particles (39.7 nm in diameter), which were used as an
additional control because the latter display up to 200 mEGFP
copies on the surface.'® For spider silk magnetosomes, neither
the presence of Gly,, linkers nor the number of spider silk
motifs did affect layer thickness and particle diameters. A
possible explanation is that linker constructs may closely adhere
(in a flat layer) to the magnetosome surface and by that the
surface is blocked by a protein layer. Increased particle sizes
were essentially confirmed by zetasizer measurements revealing
diameters of up to 63.5 + 5.8 nm (for strain mamC-cl32)
(Table S4).
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Figure 4. Magnetosome expression of spider silk motifs as translational fusions to MamC. (A) Solubilized protein fractions of isolated
magnetosomes (32 ug Fe/lane) from the mutant strains mamC-c2, mamC-cl2, and mamC-cl32 of M. gryphiswaldense were subjected to denaturing
PAGE. Fractions from wild-type magnetosomes and from a AmamC::mamC-megfp transposon mutant (MamC-mEGFP)'® were used as control. In
the Coomassie-stained gel, similar patterns were obtained for all strains. However, depending on the proteins displayed on the magnetosome surface,
additional bands (compared to the wild-type) were detected (red boxes). For AmamC::mamC-megfp, an extra band of 39 kDa was visible, which
corresponds to the MamC-mEGFP fusion. (B) Western blot analysis employing an IgG antibody directed against MamC was used for the detection
of MamC fusion proteins. Degradation products potentially caused by the sample preparation were detected to only minor extents. M, protein
molecular weight marker. (C) Electrophoretic mobilities (and the corresponding R; values) of the marker proteins were taken to draw a calibration

curve and to estimate the molecular weight of MamC hybrid proteins.

Table 1. Molecular Weight of MamC-C2, MamC-CL2, and
MamC-CL32 Hybrid Proteins on the Magnetosome Surface”

MamC- MamC- MamC-
MamC mEGFP C2 MamC-CL2 CL32
predicted molecular 12 39 20 21 160
weight (kDa)
apparent molecular 13 39 21 154/142/83 156/144

weight, estimated

from Western blot

(kDa)
“Denaturing PAGE with subsequent Western blotting (Figure 4) was
used to estimate the molecular weight of the fusions according to their
electrophoretic mobility. The obtained values are compared with the
theoretical weights based on amino acid composition.

By contrast, cryo-electron tomography of iron-starved cells
(mostly devoid of magnetite crystals) of the wild-type, mamC-
cl2 and mamC-cl32 strains ( Cinag = 042,02 0r 0.2, respectively)
revealed no apparent differences in vesicle features in situ (i.e.,
same electron density, shape, diameter), with membrane
thickness determined as 6.1 + 0.1 (SEM) and 6.0 + 0.1
(SEM) for the wild-type and mamC-cl32, respectively (Figure 3
and Figure S8). This can be explained as the protein layers
residing on the magnetosome membrane are not sufficiently
electron-dense to be detected.

Effects of the displayed silk peptides on magnetosome
biosynthesis by potential misorganization of magnetosome
membrane proteins (like, e.g, MamA) and/or impaired
interactions with other (magnetosome) proteins are rather
unlikely since it has been shown that even the magnetosome
expression of large enzyme arrays (with up to 90% coverage of
the particle surface) has no influence on magnetosome
biomineralization.”

Fourier transform infrared spectroscopy (FTIR) was used to
obtain further information on the organic layer on the
magnetosome surface (Figure S9). Of particular interest were
bands in the C=O stretch vibration regime (1780—1585
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cm™), which contain information on the phospholipid portion
(esters, acids: ~1750—1710 cm™") and protein portion (amide
I: ~1690—1600 cm™'). Protein to phospholipid ratios
calculated from phospholipid and amide I band maxima
(Aporm (amide I)/A,,... (phospholipids)) were 3.54 for wild-
type and 341 for MamC-mEGFP particles, indicating the
presence of proteins on the surface as expected. Similar values
were obtained for particles of MamC-CL2 and MamC-CL32
magnetosomes, with ratios of 3.77 and 3.02, respectively. By
contrast, for magnetosome preparations in which the native
enveloping membrane was partially lost (for instance during
preparation), we observed reduced protein to phospholipid
ratios (MamC-CL2:0.11, MamC-CL32:0.10 and 0.41; Figure
S9) revealing low protein amounts on the magnetosome
surface. Therefore, ATR-FTIR can be used as qualitative
method for examination of protein expression and the proper
preservation of the magnetosomes membrane. For MamC-C2,
a protein-to-phospholipid ratio of 6.19 was measured,
indicating a high C2-expression on the magnetosome surface
in agreement with the detection of this construct by Western
blot and the improved compatibility with the expression system
(indicated by reduced effects on cell growth and division). The
amide I band is a superposition of C=0O stretching vibrations
of the protein backbone (peptide bond), which are influenced
in their vibrational energy depending on the chemical
environment. Secondary structures were assigned to specific
wavenumber regions of the amide I band based on secondary
structure assignment of recombinant spider silk protein
eADF4(C16).”” All samples (wild-type, MamC-mEGFP,
MamC-C2, MamC-CL2 and MamC-CL32) showed a max-
imum in the a-helical regime (1656—1653 cm™). For MamC-
mEGFP and in particular for MamC-CL2/32 constructs, an
increase of the shoulder in the region from 1640—1625 cm™
was visible (Figure S9). These spectra therefore indicate
differences in secondary structure elements (for instance, f-
sheet content). mEGFP forms f-barrel-like structures,”®*’ and
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Figure S. Assembly of nanofibrils in the presence of MamC-C2 magnetosomes. TEM micrographs of isolated wild-type particles (A) or MamC-C2
magnetosomes (B) that were incubated with 20 uM freshly dialyzed eADF4(C16) monomers in potassium phosphate buffer. For wild-type
magnetosomes no indications for directed fibril growth from the particle surfaces were detectable, whereas for MamC-C2 magnetosomes fibril-like
structures were visible at the particle surface (indicated by arrows), suggesting C2 triggered docking of further eADF4(16) monomers and fibril
formation on the magnetosome surface (C) as it has been observed for silk particles by Humenik and co-workers.®” Insets: During incubation with
eADF4(C16) monomers, in the presence of MamC-C2 magnetosomes fibrous, network-like structures were visible in the reaction tube. These

structures were not observed for wild-type magnetosomes.

compared to wild-type magnetosomes MamC-mEGEFP particles
exhibited a slight increase of the shoulder in the -sheet regime.
By contrast, for the MamC-C2 construct spectra were
comparable to those of wild-type magnetosomes (no shoulder
in the region from 1640—1625 cm™"), indicating the absence of
P-sheets, which is consistent with the assumption that MamC-
C2 only forms a minor f-sheet portion due to the small size of
the fusion and the low number of C-module repeats.

Physicochemical Characteristics of MamC-C2, MamC-
CL2, and MamC-CL32 Magnetosomes. Next, we inves-
tigated the sedimentation behavior of MamC-C2, MamC-CL2,
and MamC-CL32 magnetosomes (Figure S10). For wild-type
magnetosomes linear sedimentation profiles were observed,
reflected by absorption ratios that significantly decreased with
time. MamC-C2 and MamC-CL2/32 particles also showed
linear sedimentation patterns; however, absorption ratios only
slightly decreased, and MamC-CL32 particle suspensions
remained nearly stable (i.e., did not sediment) for more than
200 min. Although MamC-C2 and MamC-CL2 magnetosomes
exhibited a higher tendency to settle down, absorption ratios
were still significantly higher compared to that of wild-type
particles (up to 30% for MamC-C2). Furthermore, the zeta
potential (ZP) of silk motif-expressing particles shifted to more
negative values (wild-type: —34.8 + 5.3 mV; MamC-C2: —37.2
+ 3.9 mV; MamC-CL2: —37.2 + 4.0 mV; MamC-CL32: —45.2
+ 4.5 mV). An ANOVA test confirmed that the overall
difference between the means was significant (P < 0.001). The
observed shift in the ZP values might be attributed to negatively
charged amino acid residues (e.g.,, glutamate residues) of the
silk motifs or (in case of MamC-CL2/32 linker constructs)
additional unspecifically bound protein compounds. These
residues would add an additional charge to the particle surface
when exposed to the solvent. The theoretical pI values of C2,
CL2, and CL32 were calculated® to be 3.79, 3.79, and 2.87 and
indicate negatively charged protein species at a given pH of 7.2.
Therefore, decreased sedimentation rates might be explained by
electrostatic repulsion, and increased spacing between the
magnetite cores (caused by the silk capsule) might lead to
reduced magnetic interactions. Thus, the presence of the spider
silk capsule reduced sedimentation and increased colloidal
stability of the suspensions.
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MamC-C2 Magnetosomes Act as Seeds for Spider Silk
Fibril Growth. Although nucleation is a thermodynamically
disfavored process and the rate limiting step®’ of eADF4(C16)
fibril formation, it can be surpassed upon the addition of
preformed seeds, which enable docking of monomers and thus,
trigger fibril formation.”***> Humenik et al. showed that silk
particles can interact with monomeric eADF4(C16),%” resulting
in fibril growth from their surface. In order to analyze potential
interactions of MamC-C2 or wild-type magnetosomes with
material surfaces made of eADF4(C16), QCM-D measure-
ments were performed. MamC-C2 magnetosomes exhibited
adsorption rates on eADF4(C16) films that were increased
compared to that of wild-type particles. Furthermore, for
MamC-C2 particles, a more linear adsorption behavior was
observed, and one can assume that MamC-C2 magnetosomes
interacted with eADF4(C16) by intermolecular interactions.
Due to shown interaction of MamC-C2 with eADF4(C16), we
further investigated whether MamC-C2 magnetosomes enabled
docking of soluble eADF4(C16) on the magnetosome surface
and triggered fibril formation. Therefore, MamC-C2 magneto-
somes were incubated with freshly dialyzed eADF4(C16). TEM
micrographs revealed the formation of fibrillar structures arising
from single magnetosomes or magnetosome chains at similar
rates (Figure SB and Figure S11). By contrast, on wild-type
particles no indications for directed fibril growth from the
particle surfaces were detectable (Figure SA). These findings
suggest that magnetosome surface exposed spider silk peptides
can function as fibrillization seeds, and thus can trigger fibril
growth by recruiting eADF4(C16) out of solution (Figure SC).

B CONCLUSIONS

We for the first time demonstrated that recombinant spider silk
peptides (MamC-C2) can be expressed in a magnetotactic
bacterium. The need of a seamless cloning strategy”* preservin

the highly repetitive hydrophobic character of silk proteins®>°

was experimentally confirmed as disturbances in the sequence,
like the introduced Gly,, linkers (MamC-CL2, MamC-CL32),
affect the silk properties and even lead to affection of cell
division, magnetosome production, and protein expression. By
contrast, magnetosome display of a (linker-less) C2 silk motif
as hybrid protein fused to an abundant magnetosome
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membrane anchor in M. gryphiswaldense caused the formation
of a proteinaceous coat with exposed spider silk features
(specific interaction with materials made of eADF4(C16) as
well as seeding/nucleating fibrillar growth from the surface)
and thus provides a promising route for encapsulation and
functionalization of bacterial nanoparticles. Since spider silk is
nonimmunogenic,” in future applications such building blocks
might improve the biocompatibility of bacterial magnetosomes
and mask immunogenic compounds displayed on the particle
surface. Our strategy demonstrates that the surface properties
of magnetic nanoparticles can be further tuned, as particle
agglomeration was reduced and the colloidal stability increased.
Magnetosome expression of spider silk-inspired peptides could
be used in future approaches to generate multifunctional
nanoparticles combining those features with further function-
alities, such as catalytic activities, and to produce magnetic silk
composites that can be oriented and manipulated by an external
magnetic field®* In summary, our results provide a route
toward the generation of fully genetically encoded, function-
alized hybrid composites that might be useful as novel
biomaterials with enhanced properties in biotechnological and
biomedical applications.
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Figure S1. Scheme illustrating the construction of the cl2 spider silk gene fusion.
cl units were generated by PCR and fused via overlap splicing, with a glyio linker
(composed of ten glycine residues) connecting both units.
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Figure S2. Scheme illustrating the generation of the cl4 spider silk gene. cl2 units
were amplified by PCR and fused via overlap splicing, with a glyio linker (composed
of ten glycine residues) connecting both units.
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Figure S3. Construction of the cl32 spider silk gene fusion. cl4 units were fused via overlap
splicing thereby generating fragments of different sizes, including the cl32 gene fusion.

A 140 B 12
120 s
—.F f 10
— 100 4 - T
8 =) T = -
5 g ° L
a 804 =
f >
2 S .
E 60 1 ® (=) N
2 T L] E
@ [}
o 40 T s
£ 4
i == :
20 - l -
2 -
0- . re -
. ‘ ‘ 0 r r r .
&Q\Qﬁ 6\0‘(‘} GG\‘}, s (,\%q' R \‘\Qe' ((\0,(;{1' o'o\q’ o O\'Bq/
& 1 & &
& <@ @@6‘ &”‘0 K\ ® @ 6"‘@

Figure S4. (A) Box plot illustrating magnetosome numbers per cell (n = 285) for the
indicated M. gryphiswaldense strains. The boundary of each box closest to zero indicates the
25th percentile, a black line within the boxes mark the median, and the boundary of the boxes
farthest from zero indicates the 75th percentile (50% central data). Whiskers above and below
the boxes indicate the 90th and 10th percentiles. Outlying points represent the 95th and 5th
percentiles, blue lines indicate the mean value. Whereas mamC-c2 synthesized wild type-like
amounts of magnetosomes (mamC-c2: 32 + 11; wild type: 35 £ 16) arranged in one or two
chains positioned ad midcell, total particle numbers were increased for mamC-cl2 and
mamC-cl32 by 66% and 71%, respectively, with up to 60 magnetosomes per cell on average.
(B) Iron contents (given as pg Fe per mg cell dry weight) of strains mamC-c2, mamC-cl2,
mamC-cl32, and the wild type of M. gryphiswaldense. For cells of the wild type and strain
mamC-c2, similar iron contents were obtained, whereas for mamC-cl2 and mamC-cl32 cells
the number of synthesized particles and the iron contents were significantly increased (10%
for mamC-cl2 and 32% for mamC-cl32), which is in accordance with the particle
(mis)distribution visible by transmission electron microscopy.
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Figure S5. Magnetosome distribution of the spider silk motif expressing strains mamC-c2,
mamC-cl2 and mamC-cl32, and the wild type. The particle numbers per cell are given as
percentage of the total amount of cells that were analyzed (n = 285). The bar charts visualize
the particle misdistribution in strains mamC-cl2 and mamC-cl32, with about 40% of the cells
containing less than 20 particles, and about 50% containing more than 70 magnetosomes per
cell. In contrast, cells of strain mamC-c2 exhibit a wild type-like particle distribution.
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Figure S6. Cryo-electron tomography of mamC-cl32 cells. (A-H) 12.8 nm thick slices
(average of 5 slices) through the tomograms of cells undergoing cell division (n = 11). Cells
display impairment in cytokinesis generating bridges of minicells due to improper cell
division. (E) and (H) show slices from tomograms of bridging minicells. CA: chemoreceptor
array, M: magnetite crystal, OM: outer membrane, IM: inner membrane, V: vesicle.
Arrowheads indicate the presence of MamK filaments. Scale bars: 200 nm.
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Figure S7. Overview of mamC-cl32 strain by cryo-electron microscopy. (A-E) Cryo-electron
micrographs depicting a conspicuous cell division defect present in the mamC-cl32 strain.
Scale bars: 1 um.
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Figure S8. Magnetosome membrane thickness determined by cryo-electron tomography.
Non-magnetic cells of the wild type (n = 9) and mamC-cl32 (n = 11) were cultivated in low-
iron medium to evaluate magnetosome vesicle (magnetosome membrane) thickness.

(A) Dot plot of magnetosome membrane thickness of the wild type and mamC-cl32 strains.
The line represents the average and the bars the standard deviation. (B) The thickness of the
magnetosome membrane as well as the inner (cytoplasmic) and outer membranes were
quantified in the wild type and mamC-cl32 strains. The boxes encompass from the 25th to
75th percentiles (50% central data). The line inside the box represents the median and the
cross the average. The whiskers display the minimum and maximum values.

MM: magnetosome membrane (vesicle), IM: inner membrane, OM: outer membrane.
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2 mamC-C2 (+) 6.19
3 mamC-CL2 (+) 3.77
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74 mamC-CL32 (-) 0.10
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Figure S9. Representative normalized FTIR absorption spectra of magnetosome samples
showing bands in the C=0 stretch vibration regime. (A) C=0 stretch vibration adsorption
bands of phospholipid portion (esters, acids; ~1750-1710 cm™) and protein portion (amide I;
~1690-1600 cm™) of MamC-CL2 and MamC-CL32 magnetosomes for quality control
measurements. (B) Protein-to-phospholipid ratios of different fermentation batches and

constructs calculated from phospholipid and amide | band maxima

(Anorm.(@amide 1)/Anorm.(phospholipids)) can be used for qualitative and empirical batch
characterization. (+) high protein-to-phospholipid ratio (> 3); (+/-) intermediate protein-to-

phospholipid ratio (0.2 - 3); (-) low protein-to-phospholipid ratio (< 0.2).
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Figure S10. Normalized absorption values reflecting the sedimentation behavior of spider silk
coated magnetosomes. Isolated particles of spider silk motif expressing strains mamC-c2,
mamC-cl2 and mamC-cl32 and from the wild type were subjected to sedimentation assays.
Sedimentation profiles are given as function of time and were normalized with the absorption
at the initial time of the experiment. Standard deviations are based on at least three
independent measurements.
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Figure S11. Assembly of nanofibrils in the presence of MamC-C2 magnetosomes. Isolated
particles were incubated with 20 uM freshly dialyzed eADF4(C16) monomers in potassium
phosphate buffer. In TEM micrographs, fibril-like structure were visible at the particle surface
(indicated by arrows), suggesting directed fibril growth by C2 triggered docking of further
eADF4(16) monomers.
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Table S1. Strains used in this study

Strain

Description

Source or reference

Escherichia coli

DH5a

WM3064

F supE44 AlacU169 (@80
lacZDM15) hsdR17 recAl
endAl gyrA96 thi-1 relAl

thrB1004 pro thi rpsL hsdS
lacZAM15 RP4-1360
A(araBAD)567
AdapA1341::[erm pir]

Magnetospirillum gryphiswaldense

M. gryphiswaldense MSR-1 R3/S1 Rif?, SmR spontaneous

mutant, lab strain

M. gryphiswaldense mamC-megfp R3/S1 KmR, transposon mutant
with inserted mamC-megfp from
Pmambcas

M. gryphiswaldense MSR-1 IK-1 R3/S1 ArecA

M. gryphiswaldense mamC-c2 R3/S1 ArecA, KmR, transposon

mutant with inserted mamC-c2
from PmamDC45

M. gryphiswaldense mamC-cl2 R3/S1 ArecA, KmR, transposon

mutant with inserted mamC-cl2
from Pmampcas

M. gryphiswaldense mamC-cl32 R3/S1 ArecA, KmR, transposon

mutant with inserted mamC-cl32

from Pmampcas

Invitrogen

Metcalf, unpublished

Schultheiss and Schiiler 2003

Borg et al. 2014

Kolinko et al. 2011

this study

this study

this study

Table S2. Plasmids used in this study

Plasmid name

Description

Source or reference

pCS-eADF4(C2)
pCS-eADF4(C16)
pBAM1

pSB9

pFM-C2

pFM1

pFM2

AmpR, f1_origin, pPBR322_origin, c2 sequence
AmpR, f1_origin, pBR322_origin, c16 sequence
KmR, AmpR, oriR6K, tnpA

pBAM1 with Pmampcss, mamC-gusA, KmR, AmpR
pPBAM1 with Prmampcas, mamC-c2, KmR, AmpR
pPBAM1 with Prmampcas, mamC-cl2, KmR, AmpR
pPBAM1 with Prampcss, mamC-cl32, KmR, AmpR

Huemmerich et al. 2004
Huemmerich et al. 2004
Martinez-Garcia et al. 2011
Borg, unpublished

this study

this study

this study
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Table S3. Primers and oligonucleotides used in this study. Restriction sites indicated in bold.

Primer name

Sequence (5’ - 3°)

Restriction site

linker1-sps fwd

sps-linker2 rev

linker2-sps fwd

sps-linker3 rev

linker3-sps fwd

sps-linker4 rev

sps rev

GAATTGGC CCATGG AGGCGGAGGCGGTGGCGGAGGTGG  Ncol / Clal

CGGA ATCGAT GGTTCTAGCGCGGCTGCAGCCGCGGC

GCCGCGCTAGAACCGCCACCGCCACCTCCGCCGCCACCTC
CACCGCCCGGACCGCCAGGACCGTAGCC

CCGGGCGGTGGAGGTGGCGGCGGAGGTGGCGGTGGCGGT

TCTAGCGCGGCTGCAGCCGCGGCAGCTGCGTCCGGCC

GCCGCGCTAGAACCACCTCCTCCGCCACCTCCTCCGCCAC
CGCCGCCCGGACCGCCAGGACCGTAGCC

CCGGGCGGCGGTGGCGGAGGAGGTGGCGGAGGAGGTGGT

TCTAGCGCGGCTGCAGCCGCGGCAGCTGCGTCCGGCC

GCCGCGCTAGAACCACCTCCTCCGCCACCTCCTCCGCCAC
CGCCGCCCGGACCGCCAGGACCGTAGCC

GGGACCC GGATCC TTAGCCCGGACCGCCAGGACCGT

AGCC

SanDI / BamHI

Table S4. Particle size and layer thickness of magnetosomes isolated from mamcC-c2,
mamC-cl2 and mamC-cl32 mutant strains. Wild type and MamC-mEGFP magnetosomes
(Borg et al. 2014) were used as controls. Particle diameters were determined by TEM

(n =150) and zetasizer measurements. For the latter, the theory of Smoluchowski was used to
calculate overall diameters (Spiess et al. 2010). Particle sizes were analyzed in 10 mM Hepes/
1 mM EDTA at pH 7.2. A one-way ANOVA test and a post-hoc Tukey test (using the wild
type as control) confirmed that the overall difference between overall diameter means is
statistically significant (P < 0.05).

Strain Overall diameter (nm) Diameter magnetite core Thickness of capsule
TEM Zetasizer (TEM) (nm) (TEM) (nm)
wild type 38.1+7.3 40.7+4.1 349+57 52+14
mamC-megfp 39.7+8.1 412+7.2 38.4+6.2 43+21
mamC-c2 52.6+6.4 59.8+6.9 40.1+7.3 11.2+38
mamC-cl2 56.8+9.6 61.9+5.7 459+7.1 109+25
mamC-cl32 50.6 +9.4 63.5+5.8 39.4+43 11.2+43
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