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Two roads diverged in a wood, and I —
1 took the one less traveled by,
And that has made all the difference.

Robert Frost (1874-1963).
Mountain Interval, 1920
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

In den letzten Jahrzehnten waren vor allem Kunststoffe aus synthetischen
Polymeren flir den enormen technischen und medizinischen Fortschritt der Menschheit
verantwortlich. Dabei zeigte sich aber schon bald nach ihrer Kommerzialisierung auch die
Kehrseite dieser vielseitigen und kostengiinstigen Materialien. Das Auffinden von
Plastikteilen in verendeten Seevogeln und Mikroplastik in marinen Habitaten, sowie den
damit verbundenen Folgen bewegte Wissenschaftler dazu, Alternativen zu petrochemisch
hergestellten und nicht bioabbaubaren Stoffen zu finden. In diesem Zusammenhang
riickten bioabbaubare Materialien aus nachwachsenden Rohstoffen zwar bereits in den
Fokus der Wissenschaft, konnten jedoch bisher nur wenige kommerzielle Anwendungen
finden. Die Griinde dafiir waren meist die teure Produktion und nur geringe Verfiigbarkeit

in ausreichender Qualitit.

Eine Materialklasse, die als Ersatz fiir synthetische Polymere fungieren kann, sind
Proteine. Sie sind bioabbaubar und stellen eine Vielzahl an funktionellen Gruppen zur
Modifikation zur Verfligung. Rekombinante Spinnenseidenproteine bieten aufgrund
biotechnologischer Herstellung eine einfache Moglichkeit zur Modifikation der
Primérstruktur auf Basis einer Anderung der Gensequenz und gewihrleisten zusitzlich
hohe Reinheit. Spinnenseidenproteine sind auflerdem nur wenig immunogen, nicht toxisch
und Materialien daraus weisen eine gute mechanische Belastbarkeit auf. In den letzten
Jahren wurde daher vor allem das anionische, rekombinante Spinnenseidenprotein
eADF4(C16) aus der Konsensussequenz der repetitiven Kerndoméne des Dragline-
Seidenproteins ADF4 (Araneus diadematus Fibroin) der europdischen Gartenkreuzspinne
abgeleitet und etabliert. Dieses eignete sich aufgrund seiner negativen Nettoladung vor
allem fiir Wechselwirkungen mit positiv geladenen Substanzen, sowie fiir Anwendungen
in denen nur geringe Interaktion zwischen Zellen und Proteinoberfliche gewiinscht ist
(z.B. Beschichtungen fiir Implantate). Um eine Erweiterung der Anwendbarkeit von
rekombinanten Spinnenseidenproteinen zu erreichen, lag der Fokus der vorliegenden
Dissertation in  der  Entwicklung eines  polykationischen, rekombinanten
Spinnenseidenproteins, eADF4(x16) genannt. Hierflr wurde die Aminosdure L-
Glutaminsdure (bei pH 7 negativ geladen) in jedem C-Modul von eADF4(C16), gegen die

Aminosdure L-Lysin (bei pH 7 positiv geladen) ausgetauscht. Nach erfolgreicher
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Herstellung und Reinigung dieses Proteins wurde dessen Anwendung in Form zweier

verschiedener Assemblierungsmorphologien getestet.

Im ersten Teil konnte gezeigt werden, dass aus eADF4(x16) sphédrische Partikel
durch Prézipitation mittels kosmotroper Salze hergestellt werden konnten, die als
Wirkstofftransportsysteme Anwendung finden. Analysen der Interaktion der eADF4(x16)
Partikel mit niedermolekularen Modellwirkstoffen ergaben darauthin, dass zwar negativ
geladene Modellwirkstoffe in den Spinnenseidenproteinpartikeln aufgenommen werden
konnten, diese aber nur eine geringe elektrostatische Interaktion zwischen den
Modellsubstanzen und der Proteinmatrix aufwiesen. So fiihrte eine Inkubation der
beladenen Partikel unter physiologischen Bedingungen zur Freisetzung der Modellsubstanz
innerhalb von einigen Minuten. Ein anschlieBender Versuch durch Einkapseln der
Modellsubstanz mittels Layer-by-Layer-Technik, bei der das entgegengesetzt geladene
Spinnenseidenprotein eADF4(C16) fiir die Hiille verwendet wurde, flihrte entgegen der

Erwartungen nicht zu einer Verzogerung der Substanzfreisetzung.

Im Gegensatz zu niedermolekularen Modellsubstanzen zeigten groBere Molekiile
mit negativer Ladung, wie zum Beispiel kurze DNA-Strdange, die als Modell fiir siRNA
fungieren konnen, eine verlangsamte Diffusion unter physiologischen Bedingungen. So
konnte eine retardierte Freisetzung beobachtet werden, wodurch sich Partikel aus
eADF4(x16) als potentielles Transportsystem zur systemischen Applikation von
gentherapeutischen Medikationen unter Nutzung des EPR (engl. enhanced permeability

and retention = erhohte Permeabilitit und Retention) -Effekts qualifizierten.

Da gentherapeutische Medikamente nach Erreichen des Zielgewebes vor allem
intrazelluldr wirken, wurde in einem zweiten Teil dieser Arbeit die Auswirkung der
Beladung der eADF4(x16) Partikel mit kurzen DNA-Stringen auf die Aufnahme in
eukaryotischen Zellen analysiert. Wéhrend die Partikel ohne Cargo aufgrund guter
elektrostatischer Wechselwirkungen zwischen Zellwand und Partikel in hohem Mal3 von
HeLa-Zellen aufgenommen wurden, fiihrte die Beladung der Partikel mit einzelstrangigen,
fluoreszenz-markierten DNA-Molekiilen zu einer stark verringerten Aufnahme. Die
Annahme einer verdnderten zelluliren Aufnahme aufgrund einer Verdnderung der
elektroosmotischen Eigenschaften der Partikel durch Ablage der DNA-Molekiile auf der
Partikeloberfliche konnte jedoch nicht experimentell bestdtigt werden, wodurch die

Ursache ungeklirt blieb. Eine erneute Beschichtung durch Inkubation der beladenen
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Partikel in einer eADF4(x16)-Losung konnte den Effekt auf die Aufnahme der Partikel

durch die Beladung revidieren.

Um aus rekombinanten Spinnenseidenproteinen hergestellte Partikel industriell fiir
Arzneimittelformulierungen produzieren zu konnen, miissen Kontrollmethoden fiir eine
gleichbleibende Qualitét etabliert werden. Hierfiir wurde in dieser Arbeit die Kombination
aus elektroosmotischen und kolloidalen Eigenschaften der Partikel analysiert. Dabei
konnte gezeigt werden, dass sich die betreffenden Materialparameter in den
unterschiedlichen Herstellungschargen innerhalb der gleichen Partikelart stark
unterscheiden. Abweichungen sind wahrscheinlich auf Unterschiede in den Dichteprofilen
der Partikel zuriickzufiihren, die aus geringen Modifikationen der Produktionsparameter
bei manueller Herstellung der Partikel mittels Salzfallung resultieren. Die Bestimmung der
elektrophoretischen Mobilitdt von Partikeln aus rekombinanten Spinnenseidenproteinen
bei niedrigen Salzkonzentrationen bietet daher eine direkte Moglichkeit die Oberfldche der
Partikel effektiv zu analysieren und somit die Gleichheit verschiedener Partikelchargen zu

garantieren.

In einem zweiten Teil der vorliegenden Dissertation wurde die Verwendung von
Filmen des neu entwickelten rekombinanten Spinnenseidenproteins im technischen
Anwendungsbereich analysiert. Dabei wurde beispielhaft ein Nanokomposit aus dem
synthetischen Schichtsilikat Natrium-Hektorit und dem Spinnenseidenprotein eADF4(x16)
entwickelt, welches durch Aufbringen auf eine PET (Polyethylentherephthalat)-Folie deren
Permeabilitit um das 600-fache verringern konnte. Diese Werte iibersteigen die
Leistungsfahigkeit héiufig verwendeter Verpackungsmaterialien in der
Lebensmittelindustrie, wie z.B. PVDC (Polyvinylidenchlorid), um das 60-fache. Die
Herstellung der genannten Beschichtung verlief dabei in einem einfachen, wasserbasierten
Prozess ohne Additive und unter Verwendung von umweltfreundlichen, bioabbaubaren
und nachhaltigen Materialien. Eine einzigartige Kombination von chemischer und
mechanischer Stabilitdt mit hoher Sauerstoff- und Wasserdampfbarriere sowie einer
wasserbasierten Herstellung machen die hier gezeigte Beschichtung geeignet fiir die

Verwendung in Lebensmittelverpackungen.
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Over the last few decades, plastics made of synthetic polymers were in the focus of
scientific research and their use resulted in enormous medical and technical advances of
mankind. However, shortly after industrial production of plastics, negative influences of
this material on nature became apparent: Plastic fragments were found in perished sea
birds and micro plastic was spotted in remote marine habitats. These occurrences and the
consequences thereof encouraged scientists to look for non-petrochemical and
biodegradable materials which can still be used in a great variety of applications. One class
of material that can be used as a substitute for synthetic polymers is the class of proteins.
Protein materials are biodegradable and provide a large variety of functional groups for
modification. In contrast to most other proteins, recombinantly produced spider silk
proteins offer the possibility for modification of the primary structure as well as high
purity, due to their biotechnological production. Recombinant spider silk proteins,
furthermore, have low-immunogenicity, are non-toxic and morphologies made of these
proteins exhibit high mechanical stability. Recently, the anionic recombinant spider silk
protein eADF4(C16) was designed based on the repetitive core of the natural spider silk
protein ADF4 (Araneus diadematus fibroin 4) which can be found in the dragline silk of
the European garden spider. Due to its negative net charge eADF4(C16) is especially
suitable for applications in which good interactions with positively charged substances, as
well as no interactions between cells and protein surfaces are required. For an extended
application range of recombinant spider silk proteins, this work focused on the
development of a new and positively charged variant of eADF4 and its medical and
technical applications. Therefore, every codon for L-glutamic acid (negatively charged at
pH 7) of in the DNA template of eADF4(C16) was exchanged by a codon for L-lysine
(positively charged at pH 7). The resulting protein was named eADF4(x16) and exhibits 16
positive net charges. After successful production and purification, this protein was tested

for its possible applications in two different assembly morphologies.

In a first part of this work, spherical particles made of eADF4(x16) were produced
and analyzed for their suitability as drug delivery vehicles. The resulting cationic particles
were loaded with negatively charged small model substances by electrostatic interactions

in a salt-free environment. However, the interactions of the particle matrix and the model
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substances were weak, and a rapid release of the cargo (in the range of a few minutes) was
observed under physiological conditions. A layer-by-layer approach to encapsulate the
loaded particles with the oppositely charged eADF4(C16) did not lead to a retardation of

the model substance release.

Unlike small model substances, larger molecules with a high negative net charge,
like short DNA strands that can be used as model for siRNA, showed a slower release
profile. In this case, continuous, retarded release could be detected. These findings
qualified eADF4(x16) particles as suitable carriers to be used in gene therapy utilizing the
EPR (enhanced permeability and retention)-Effect.

Since drugs used in gene therapy operate in an intracellular environment after
reaching the target tissue, the cellular uptake efficiency of eADF4(x16) particles carrying
DNA cargo were tested in a further study. Therein it was shown that eADF4(x16) particles
without cargo were taken up by HeLa cells with high efficiency, whereas DNA loaded
particles were not. It is possible that the decreased uptake was due to changed
electroosmotic properties, because of deposition of the DNA strands on the particle’s
surface, however, this could not be proofed. Therefore, the mechanism behind the obtained
decreased uptake remained unclear. By coating the loaded eADF4(k16) particles, the
uptake rate was returned to a value similar to unloaded particles and the particles were
again proven suitable to carry large negatively charged model substances into eukaryotic

cells.

To wuse the described particles made of recombinant spider silk protein
commercially in drug formulations, their consistent quality must be guaranteed. Therefore,
analysis of electroosmotic and colloidal properties was established to examine the
similarity of different particle batches. From this analysis, it could be shown that there is a
large variability between the single batches. This could be due to divergence of production
parameters, due to a manually performed production process. Nevertheless, this study
showed that analysis of the electroosmotic and colloidal properties of the particles provide

the opportunity to validate the similarity of different particle batches.

In a second part of this dissertation, the use of the newly developed cationic
recombinant spider silk protein eADF4(x16) in technical applications was tested. As an
example, a nanocomposite made of the synthetic layered silicate sodium hectorite as filler
and the biodegradable biopolymer e¢ADF4(x16) matrix was developed. This

nanocomposite was produced in a fully aqueous process without any additives by a simple
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drop casting method. Drop casting of this composite on a PET-foil resulted in a 600-fold
reduction of the permeability of the foil. Surprisingly, this nanocomposite coating was,
though produced in an all aqueous process, completely water insoluble, which is yet to be
accomplished by any other biodegradable, water-based barrier nanocomposite developed in
the past. Additionally, the resulting coated PET-foil permeability performance even
surpassed other commercially used packaging materials in food industry a 60-fold (e.g.
PVDC (Polyvinylidenchlorid)). This unique combination of chemical and mechanical
stability with high oxygen and water vapor barrier properties, produced in a fully aqueous

production process, makes the coating suitable to develop sustainable packaging materials.
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1 Einleitung

1.1 Kunststoffe

Die Entwicklung von synthetischen Polymeren trug im letzten Jahrhundert stark
zum technischen und medizinischen Fortschritt der modernen Welt bei. Sie dienen zur
Verbesserung der Lebensqualitit in sehr unterschiedlichen Bereichen, von
Verpackungsmaterialien, die Nahrungsmittel ldnger frisch halten, bis hin zu
Wirkstofftransportsystemen,  die  therapeutische = Vorteile  durch  kontrollierte
Wirkstofffreisetzung liefern (/, 2). Die ersten Kunststoffe wurden zwar bereits Mitte des
19. Jahrhunderts entdeckt, doch erst ihre industrielle Herstellung in den 40er Jahren des
20. Jahrhunderts fiihrte zu einem exponentiellen Anstieg der Kunststoffproduktion und
Verwertung (Abbildung 1) (3, 4).

300
Gesetzgebung

Bedenken aufgrund Beeintrachtigug der Gesundheit
200

Bedenken aufgrund Beeinflussung der Tierwelt

Akkumulation in nattirlichen Lebensrdumen

Jahrliche Kusntstoffkproduktion global [108 t]

100 Y4
Diversifikation der Polymere
1 Entdeckung/Weiterentwicklung von Polymeren Biopolymere
0 —
T T T T >
1900 1950 2000

Zeit [Jahren]

Entwicklung von Polymeren zur Kunststoffproduktion
I Kunststoffe als Umweltproblematik
I Losungen zur Vermeidung der Umweltproblematik

Abbildung 1: Zeitliche Einordnung der Kunststoffproduktion und ihre Folgen auf Mensch und Umwelt.
Modifiziert nach (4-6).

Durch fortwahrende Weiterentwicklung und Neuentdeckungen von Polymeren sind
heute iiber 20 verschiedene Arten von synthetischen Polymeren im Einsatz, die
kostengiinstig zu leichten, stabilen und korrosionsresistenten Kunststoffen mit hoher
elektrischer und thermischer Isolationseffizienz verarbeitet werden konnen (7). Kunststoffe

sind daher vielseitige Materialien, die je nach Zusammensetzung und Verarbeitung
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unterschiedliche mechanische, optische oder haptische Eigenschaften aufweisen konnen
und in fast allen Bereichen unseres Lebens ,,von der Wiege bis zur Bahre® Anwendung
finden (8). So niitzlich Kunststoffe fiir die Entwicklung der Menschheit waren und immer
noch sind, so kurzfristig nach ihrer Kommerzialisierung konnten auch erste negative
Aspekte festgestellt werden. Bereits 1960 wurden Kunststoffteile in den Eingeweiden von
verendeten Seevogeln und Anfang der 1970er Jahre grole Mengen an nicht biologisch
abbaubaren Kunststofffragmenten in marinen Habitaten gefunden (9, /0). Kunststoffe
bestehen auBerdem nur selten aus reinem Polymer; bei der Herstellung werden in der
Regel Additive und Weichmacher beigemischt, um ein geeignetes Materialverhalten fiir
eine gezielte Anwendung zu erreichen. In diesem Zusammenhang wurden bereits 1972
erste Bedenken laut, dass die beigefligten Chemikalien aus den Kunststoffen ausbluten und

der Gesundheit des Okosystems, sowie dem menschlichen Kérper schaden kénnten (1, 11).

Im Jahr 2014 wurden weltweit insgesamt 311 Millionen Tonnen Kunststoff aus
synthetischen Polymeren produziert, wobei in etwa die doppelte Menge an Rohdl
verbraucht wird (6, 12). Alleine 40 % der jéhrlich produzierten synthetischen Polymere
wurden fiir die Herstellung von Verpackungsmaterialien verwendet (6), die iiberwiegend
Einwegwaren darstellen und somit nach Gebrauch in weniger als einem Jahr nach
Produktion bereits entsorgt werden. Dabei bildet die Entsorgung von Kunststoffen einen
grolen umweltbelastenden Faktor. Etwa ein Drittel des kommunalen Feststoffabfalls
besteht aus extrem haltbaren Verpackungskunststoffen, wobei Polyethylen (PE),
Polypropylen (PP), Polyvinylchlorid (PVC), Polystyrol (PS) und Polyethylentherephthalat
(PET) den grofiten Anteil ausmachen (/3, 74). Diese klassischen synthetischen Polymere
haben meist ein sehr hohes Molekulargewicht und sind nicht bioabbaubar. Fiir sie gibt es
drei verschiedene Entsorgungswege: 29,7 % des Kunststoffmiills werden recycelt, 39,5 %
zur Energiegewinnung verbrannt, und 30,8 % landen auf Miilldeponien (6). Jeder dieser
Entsorgungswege birgt dabei jedoch seine Nachteile. So gibt es nur wenige Anwendungen
fiir recycelte Kunststoffe, da durch die urspriingliche Verarbeitung die verschiedenen
Arten an Polymeren nur schlecht voneinander und von den darin enthaltenen Additiven
getrennt werden konnen. Es kommt folglich bei einer Wiederverwertung zu
Verunreinigungen und zu geringerer Leistungsfahigkeit des resultierenden Kunststoffs (7).
Durch Verbrennung konnen neben groBBen Mengen CO, auch kanzerogene und toxische

Gase, wie Dioxine, entstehen, die bei unsachgemifBer Filterung in die Umwelt gelangen
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(15). Die Lagerung des Kunststoffmiills auf Deponien ist ebenfalls schwierig, da so sehr

leicht Teile davon in die Umwelt gelangen und das Okosystem belasten.

Heute sind synthetische Polymere auch in der medizinischen Anwendung die am
meisten verwendete Materialklasse. Sie werden auf Grund ihrer iiberwiegend bioinerten
Eigenschaften und ihrer Langlebigkeit fiir die Herstellung von chirurgischen Instrumenten,
Kathetern, Stents, Herzschrittmachern oder Prothesen eingesetzt. Ein kleinerer Anteil an
synthetischen Polymeren wird zudem als Triger von Wirkstoffen fiir Transport und
kontrollierte Freisetzung im menschlichen Koérper verwendet. Dabei spielen vor allem die
bioabbaubaren Eigenschaften und die biologische Vertraglichkeit des Materials eine grof3e
Rolle. Daher sind hier iiberwiegend bioabbaubare Polymere im Einsatz, um als mobile
Wirkstofftransportsysteme zur systemischen Verteilung von Wirkstoffen iiber den
Blutkreislauf zu fungieren. Die dafiir eingesetzten Polymerpartikel haben bei intravendser
Verabreichung jedoch nur eine sehr geringe Zirkulationsdauer, da in den meisten Féllen
eine schnelle Anlagerung von Opsoninen (Proteine des Immunsystems) oder
Apolipoproteinen (Protein-Anteil der Lipoproteine im Blut) stattfindet, die dann zu einer
schnellen Ausscheidung oder Akkumulation der Partikel in der Leber fithren (/6). Die am
hdufigsten fiir Wirkstofftransportsysteme verwendeten synthetischen Polymere kommen
aus der Materialklasse der Polyester, Polyorthoester und Polyanhydride. Diese Polymere
sind bioabbaubar und werden in wissrigem Milieu zu Carbonsduren gespalten, was zu
einem lokalen Ansduern der Umgebung und daraus resultierenden Entziindungen im
menschlichen Ko&rper filhren kann (/7). Um einer schnellen Ausscheidung
entgegenzuwirken kann durch Modifikation von Polymerpartikeln mit Poly(ethylenglycol)
(PEQG) eine ,,Tarnung* der Partikel stattfinden, die Zirkulationszeit verldngert und der so
genannte EPR-Effekt zur Therapie genutzt werden (genauer siehe Kapitel 1.3) (/6). Durch
die Verwendung des synthetischen Polymers PEG konnen jedoch weitere Komplikationen
beobachtet werden: So ist es moglich, dass der Kérper PEG-spezifische Antikorper bildet,
was zu einer Sensibilisierung und bei erneuter Verabreichung zu einer schnellen
Ausscheidung der PEG-modifizierten Wirkstofftransporter fiihrt (/8, 79). Eine weitere
Problematik bei der Verwendung von PEG ist der bislang kaum aufgeklirte biologische
Abbauweg dieses Polymers. Kleinere PEG-Molekiile (<400 Da) konnen mit Hilfe der
Alkoholdehydrogenase zu toxischen Disdure- und Hydroxycarbonsidure-Metaboliten
oxidiert werden, wohingegen grofle PEG-Molekiile vor allem durch die Niere

ausgeschieden werden miissen (Molecular Weight Cutoff: 30-50 kDa) (20, 2I). Der
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Verbleib noch groferer PEG-Molekiile und die daraus resultierenden Folgen sind bis heute

nicht vollstindig belegt.

Ein groBer Teil der weltweit hergestellten Kunststoffe aus synthetischen Polymeren
findet Anwendung in Verpackungen von Lebensmitteln, wobei ein groBer Bedarf an
Materialien mit guter Barrierewirkung gegen Sauerstoff und Wasserdampf vorherrscht.
Etwa ein Drittel der industriell hergestellten Lebensmittel fiir den menschlichen Verzehr
werden bereits auf dem Weg zum Verbraucher entsorgt. Dies entspricht 1,3 Milliarden
Tonnen an Nahrungsmitteln jdhrlich. Beim Endverbraucher landen davon weitere 95 —
115 kg pro Jahr im Miill und sogar 13 % davon ohne tiberhaupt gedffnet zu werden, was
in Deutschland einem Wert von etwa 300 € pro Kopf und Jahr bedeutet (22, 23). Die
Ursache fiir diese enorme Verschwendung von Lebensmitteln und Ressourcen, die bei der
Herstellung der Lebensmittel verwendet werden, liegt in der geringen Haltbarkeit einiger
Produkte. Dabei konnte eine Verldngerung des Mindesthaltbarkeitsdatums der
Lebensmittel zur Losung dieses Problems beitragen. Die Haltbarkeit von Lebensmitteln
wird im Grunde von der atmosphérischen Umgebung der Lebensmittel bestimmt.
Sauerstoff und Wasserdampf fiihren darin zu Oxidation von Fettsduren und

Wassereinlagerungen, die das Produkt ungenie3bar machen (24, 235).

Durch die Verwendung von Kunststoffen aus synthetischen Polymeren, wird den
verpackten Lebensmitteln vor allem mechanischer, chemischer und mikrobieller Schutz
gegeniiber der Umgebung geboten und liefert zusitzlich fiir den Produzenten den Vorteil
ausreichender Transparenz, um den Inhalt zu prasentieren. Die am haufigsten verwendeten
Polymere sind dabei Polyethylen (PE, HD-PE: Milchflaschen und Tiiten, LD-PE:
Tabletts), Polypropylen (PP, Verpackungen geeignet zum Einfiillen heiller Fliissigkeiten),
Polystyrol (PS, Styroporverpackungen), Polyvinylchlorid (PVCO) und
Polyethylentherephthalat (PET, Flaschen fiir Getrinke mit Kohlensdure), die fiir
verschiedenste Anwendungen geeignete Eigenschaften vorweisen (Abbildung 2: nicht
abbaubare petrochemisch hergestellte Kunststoffe) (26). Dabei handelt es sich
ausschlieflich um langlebige Materialien, deren Einsatz fiir die kurzfristige Anwendung
als Lebensmittelverpackung aufgrund der bereits beschriebenen Miillproblematik nur
bedingt gerechtfertigt werden kann. Des Weiteren werden regelméBig Studien
verdffentlicht, die belegen, dass Additive und Nebenprodukte der Kunststoffherstellung
aus den Verpackungsmaterialien in die Lebensmittel {ibergehen konnen (27). Der grofite

limitierende Faktor bei der Verwendung von synthetischen Polymeren zur Herstellung von

10



1 Einleitung 1.1 Kunststoffe

Lebensmittelverpackungen ist jedoch deren inhdrente Durchlédssigkeit (Permeabilitit) fiir
Gase und Diampfe, wie zum Beispiel Sauerstoff, Kohlenstoffdioxid oder organische
Molekiile (z.B. Aromastoffe) (28). Um die Permeabilitit der Verpackungen zu verringern
und geeignete Barriere-Eigenschaften zu erreichen, werden verschiedene Strategien
angewendet. Am hdufigsten sind dabei die Verwendung von Polymermischungen,
Beschichtungen bestehender Verpackungsfolien mit Hochbarrierematerialien, wie zum
Beispiel Aluminium, oder die Moglichkeit, Polymere mit Fiillstoffen zu versehen und
somit Komposite zu gestalten. Von besonderer Relevanz fiir industrielle Anwendungen
sind dabei einfach durchzufiihrende Beschichtungsverfahren, d.h. das Veredeln eines

preisgiinstigen Substrats (29).

Nachwachsende
Rohstoffe

Polymilchsaure (PLA)
Polyhydroxy-
alkanoate (PHA)

Celluloseacetat

Kautschuk
Bio-PE, Bio-PA, Bio-PUR, P°'y§9ﬁ?a§:dg§”"ate
Bio-PP, BioPVC ShaEios
Celluloseregenerate
Proteine
Nicht
Abbaubar
Polyethylen (PE) Poly(e-caprolacton) (PCL)
Polypropylen (PP) Polyvinylalkohole (PVA)
Polystyrol (PS) Polyester
Polyethylen- Polybutylenadipat-
terephthalat (PET) terephthalat (PBA/T)

Polyvinylchlorid (PVC) Polybutylensuccinat (PBS)

Petrochemische
Rohstoffe

abbaubare Materialien aus

Biokunststoffe nachwachsenden Rohstoffen

Abbildung 2: Einteilung von Kunststoffen anhand Ausgansmaterial und Abbaubarkeit (29, 30). Modifiziert
nach (30) mit freundlicher Genehmigung aus H.-J. Endres, A. Siebert-Raths, Technische Biopolymere.
Rahmenbedingungen, Marktsituation, Herstellung, Aufbau und Eigenschaften. Ist ed. Miinchen: Hanser,
(2009).
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1 Einleitung 1.1 Kunststoffe

Die Barrierebeschichtung mit Nanokompositen bietet hierfiir alle Voraussetzungen.
Dabei werden als nanopartikulédrer Fiillstoff hdufig Schichtsilikate (sieche Abschnitt 1.4)
verwendet, wobei das Einbringen dieser Partikel in eine Polymermatrix neben verbesserten
Mechanik- und Hitzeschutz-Eigenschaften zu erhohter Gasbarriere fiihren kann (37).
Schichtsilikatplédttchen selbst sind undurchlédssig fiir jegliche Art von Gasen. Bei der
Herstellung von Nanokomposit-Beschichtungen legen sich im optimalen Fall einzelne
Pléttchen wie eine Art Labyrinth in der Matrix ab und stellen so nur einen geschlingelten
Pfad zur Diffusion von Gasmolekiilen durch die Matrix zur Verfiigung. Dabei wird die
Zeit, die Gasmolekiile fiir die Diffusion bendtigen, stark verldngert und somit linger vom
Kontakt mit Lebensmitteln abgehalten (Abbildung 3) (32). Durch Laminieren von
Verpackungsfolien mit diesen Nanokomposit-Beschichtungen entsteht die Moglichkeit,
das Volumen der urspriinglichen Verpackungsmaterialien zu verringern und dabei eine
gleichbleibende oder sogar erhohte Barriere zu erreichen. Problematisch ist jedoch, dass
als Matrix fiir die Herstellung solcher Nanokomposit-Beschichtung meist ebenfalls
langlebige synthetische Polymere Verwendung finden, die nach Gebrauch nicht von den
urspriinglichen Verpackungsfolien getrennt werden konnen und somit ein Recyceln der

laminierten Verpackungsmaterialien unmoglich machen.

Hohe Konzentration o © ® .0 ®
der durchdringenden o ¢ e ® oo0%? '.
<]
Substanz °©0°,° 06 * Vo ,iimion
3 8
° o .
]
Polymerkérper ° e o Diffusion
®
o oI
» C e L Desorption
Niedrige Konzentration ° g ° b ‘ P ‘
der durchdringenden & ) . ° ®
Substanz ° ¢

Abbildung 3: Anderung des Diffusionswegs einer polymerdurchdringenden Substanz durch Einbringen von
Nanopartikeln.

Es gibt verschiedene Ansitze, fiir die beschriebene Problematik gut vertrdgliche
und umweltfreundliche Losungen zu finden. Dabei liegt ein groer Fokus der Forschung
auch in der Verpackungsindustrie auf bioabbaubaren Materialien, wie Polymilchsdure
(PLA =engl. Poly lactic acid), Polyfettsduren (PHA = engl. polyhydroxyalkanoate), Stirke
und Zellulose, die als Matrix fiir Nanokomposite dienen kénnen. Jedoch ist die Nachfrage

nach diesen Rohstoffen in der Kunststoffindustrie bisher aufgrund von hohen Preisen und
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1 Einleitung 1.1 Kunststoffe

geringer Verfiigbarkeit noch sehr verhalten. Zusitzlich stellen die hohe Wasserdampf- und
Sauerstoffdurchldssigkeit eine groe Herausforderung bei der Verarbeitung zu
Verpackungen fiir Nahrungsmittel dar. Die Sensibilitdt von Stirke- und Cellulosefilmen
gegeniiber hohen Luftfeuchten bilden zudem einen groBlen Nachteil und limitieren die

Haltbarkeit der Materialien (33-35).
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1  Einleitung 1.2 Nachhaltige Losungswege

1.2 Nachhaltige Losungswege fiir den Ersatz synthetischer Polymere

In den 80er Jahren des 20. Jahrhunderts begann aufgrund der beschriebenen
Problematik im technischen und medizinischen Anwendungsfeld die Suche nach
Alternativen zu rohdlbasierten Kunststoffen, die zusitzlich zur Uberwindung der
Rohstoftknappheit eine Losung fiir das bestehende Miillproblem bieten (Abbildung 1). Das
nachhaltige Ergebnis dieser Suche waren bioabbaubare Kunststoffe, hergestellt aus
erneuerbaren Rohstoffquellen, wie sie aus Land- und Forstwirtschaft oder biogenen
Abfallprodukten entstehen (abbaubare Materialien aus nachhaltigen Rohstoffen, Abbildung
2) (14).

1.2.1 Proteinmaterialien

Eine Materialklasse, die seit den 1980er Jahren zur Herstellung von Biokunststoff
immer mehr Beachtung findet, ist die Gruppe der Proteine (Abbildung 2) (36). Sie zeigen
bei der Verarbeitung dhnliche Eigenschaften wie Polysaccharide, bieten allerdings eine
erhohte Diversitidt an funktionellen Gruppen und somit verschiedene Moglichkeiten zur
Modifikation der Kunststoffoberfliche (37). Im Allgemeinen sind Proteine
Heteropolymere, die aus 20 natiirlichen Aminosduren, mit unpolaren, ungeladenen polaren,
positiv geladenen oder negativ geladenen (bei pH 7) Aminosdureresten, zusammengesetzt
sind. Sie werden je nach Herkunft in pflanzliche (z.B. Soja- oder Weizenprotein,
Tabelle 1) oder tierische Proteine (z.B. Gelatine, Casein oder Keratin, Tabelle 2) eingeteilt
(38). Die meisten Proteine enthalten 100 bis 500 Aminosduren (Primérstruktur), die durch
intramolekulare Wechselwirkungen der Aminosdurereste elektrostatische, hydrophobe
oder kovalente Wechselwirkungen/Bindungen eingehen konnen. Die so gebildeten
Sekundirstrukturelemente konnen sich  wiederum durch intramolekulare
Wechselwirkungen zu einer Tertidrstruktur zusammenlagern, wihrend intermolekulare
Interaktionen von einzelnen Proteinmolekiilen zur Quartédrstruktur fithren. Die
makroskopischen Eigenschaften von proteinbasierten Materialien werden durch das
Zusammenspiel dieser einzelnen hierarchischen Ebenen bestimmt (39). Bei der
Verwendung von Proteinen als Biokunstoff spielt, wie bei klassischen Polymeren, die
Verarbeitung des Materials eine grofle Rolle. So kdnnen einzelne Strukturelemente durch
Beifiigen von Chemikalien (Additiven), wie Glycerol oder Fettsduren, oder durch
Behandlung mit Hitze, mechanischer Beanspruchung oder Sduren und Basen variiert und
somit Einfluss auf die makroskopischen Eigenschaften und die Haltbarkeit des

resultierenden Kunststoffs genommen werden (Tabellel und Tabelle 2). Durch die
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1  Einleitung 1.2 Nachhaltige Losungswege

mogliche Verdnderung der Kunststoffeigenschaften ergibt sich auch fiir Proteinmaterialien
eine grofe Vielfalt an Anwendungsmdglichkeiten (38, 39), wie zum Beispiel als
Oberfliche  zur  Enzym-Immobilisierung,  kontrollierbare =~ Wirkstofftransporter,
Absorptionsmaterialien fiir Fliissigkeiten oder Verpackungsmaterialien (Tabelle 1 und
Tabelle 2) (40, 41). Der Abbau von Proteinen findet zwar im Gegensatz zu synthetischen
Polymeren sehr schnell statt, fiihrt jedoch zu Abbauprodukten, die der Korper

wiederverwerten kann und sind somit besser vertraglich (42, 43).

Die meisten zur Herstellung von Biokunststoffen untersuchten Proteine finden
bisher nur wenig kommerzielle Anwendung, da eine petrochemische Herstellung von
Kunststoffen bis heute kostengiinstigere und stabilere Materialien liefert. Zusétzlich stellt
vor allem die Gewinnung der Proteine ein grofles Problem fiir die Leistungsfahigkeit der
resultierenden Kunststoffe dar. Die meisten tierischen und pflanzlichen Proteine, die aus
natiirlichen Ressourcen gewonnen werden, bestehen aus einer Mischung von
Proteinmolekiilen verschiedener Linge und unterschiedlicher Loslichkeit. Eigenschaften,
die sich mit jeder neuen Produktionscharge unterscheiden kénnen. Eine Isolation eines
definierten Molekiils aus dieser Mischung ist nur schwer mdglich und sehr aufwéndig,
wodurch nur wenig Kontrolle {iber gleichbleibende Qualitdt des Rohstoffs und konstantes
Materialverhalten bei der Verarbeitung verschiedener Rohstoff-Chargen ermoglicht wird
(44, 45). Die meisten Proteinmaterialien sind zudem sehr sprode, weshalb bei ihrer
Verarbeitung umweltschddliche Additive beigefiigt werden miissen, um gewiinschte
Materialeigenschaften zu erreichen. Einige der pflanzlichen Proteine, wie z. B. Zein oder
Gluten, konnen zusdtzlich Allergien auslosen, wihrend manche tierische
Proteinmaterialien, die aus Schlachtabfillen stammen, die Gefahr beinhalten, virale
Krankheiten zu iibertragen, was auch die Anwendung in Wirkstofftransportsystemen
negativ beeinflusst. Die am héufigsten verwendeten Proteine zur Biokunststoffherstellung,
ihre potentiellen Anwendungen, beigefiigte Additive und die Problematik bei der

Verwendung der einzelnen Proteine sind in Tabelle 1 und Tabelle 2 zusammengefasst.
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Tabelle 1: Ubersicht pflanzlicher Proteine, die als grundlegendes Material zur Herstellung von Biokunststoffen geeignet sind.

- Beschichtungen von
Implantaten

Jute, Flachs, Chinagras,
etc.)

- Halloysit Nanoroéhrchen

- Schichtsilikate

- Nano- und Microcellulose

Protein- . . . Verarbeitungs- . .
. Potentielle Anwendung Additive/Fiillstoffe Vorteile Nachteile Quellen
material methoden
Soja- Technisch: Weichmacher: Formteile: Technisch: Technisch: (46-61)
Protein - Klebstoff - Glycerol - Formpressen - Weltweit Verfligbar - Feuchtigkeits-
- Beschichtungen - Giinstig empfindlich
- Kompositmaterialien Quervernetzer: Partikel: - Komposite sind - Sprode
- Konstruktionswerkstoff - Glutaraldehyd - Emulsions- weniger entflammbar - Stabil nur nach
- Ballistik fallung als Epoxide und Quervernetzung
- Feuerhemmendes Mischungen: Vinylester
Material - Polyvinylalkohol
- Verpackungen - Phytagel®
- Gellan
- Fettsduren
- Polyphosphate
- Zein
Medizinisch: Kompositfiillstoffe: Medizinisch:
- Wundverbénde - Natiirliche Fasern (z.B. - Immunogen
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Protein- . . . Verarbeitungs- . .
. Potentielle Anwendung Additive/Fiillstoffe Vorteile Nachteile Quellen
material methoden
Weizen- Technisch: Weichmacher: Formteile: Technisch: Technisch: (14, 41,
Gluten - Klebstoff - Glycerol - Extrusion - Glinstig - Geringe 55, 62-
- Losliche Verpackungen - Polyole - Spritzguss - Flexibel Wasserbarriere- 72)
- Lebensmittel- - Oligosaccharide - Thermoformen - Widerstandsfahig Eigenschaften
verpackungen - Milchséure - HeiBsiegelfdhig - Sprode
- Papierbeschichtungen Film/Beschichtung: | - Gute viscoelastische
- Beschichtungen Cysteinmodifikation: - FilmgieBen Eigenschaften
- TCEP-HC1 - Rollpressen - Transparent
Medizinisch: - N-Ethylenmaleimid - Laminieren - Relativ undurchléssig Medizinisch:
- Partikel fiir fir O, und CO, - Allergien auslésend
Wirkstofftransport Quervernetzer: Partikel: - Gut zugénglich - Nicht Wasserloslich
- Geriist fir - Polyvinylalkohol - Emulsionsfallung | - Natiirliche
Gewebeziichtung kombiniert mit 3- Quervernetzung
Mercaptopropionsiure Fasern: aufgrund hohem
- Polyacrylat - Elektrostatisches Cysteinanteil
Spinnen - Antibakteriell
Mischungen: - Nassspinnen

- Polyphenole

Kompositfiillstoffe:
- Naturfasern

- Chitin

- Cellulose

- Lignin
- Nanoclays
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Protein- . . . Verarbeitungs- . .
. Potentielle Anwendung Additive/Fiillstoffe Vorteile Nachteile Quellen
material methoden
Zein Technisch: Weichmacher: Formteile: Technisch: Technisch: (44, 61,
- Celluloid-dhnliche - Glycerol (in Kombi- - Formpressen - Fett- und - Verarbeitung in 68, 72-
Materialien nation mit Polypropylen- Loésungsmittel- organischen 83)
- Ersatz fur Schellack glycol) Faserherstellung: bestindig Losungsmitteln
- Bodenlacke - Polyethylenglycol - Trockenspinnen - Mikrobielle Resistenz - Hygroskopisch
- Schutzbeschichtungen - Nassspinnen - Relativ undurchléssig - Feuchtigkeits-
- Beschichtungen fiir Quervernetzer: - Elektrostatisches fir O, und CO, empfindlich
quick-service- - Formaldehyd Spinnen - Langsam aushirtend - Schnelle Féulnis
Verpackung - Dialdehydstirke - Leichter Insektenbefall
- Textilfasern (Vicara) Film/Beschichtung: - Forminstabil bei hoher
- Tinte Mischungen: - Rollenpresse Luftfeuchte
- Holzkleber - Wachse - Gief3en
- Kolofonium - Ausrollen
Medizinisch: - Sojaprotein Medizinisch: Medizinisch:
- Beschichtungen von Partikel: - Hamokompatibel - Allergien auslésend
Tabletten Komposit: - Emulsionsféllung
- Kardiovaskulare Stents - Pektin - Phasenseparation
- Geriist fiir Gewebe- - Hydroxyapatit

zlichtung (2D und 3D)

- Hydrogele fiir Colon-
spezifische
Wirkstofffreisetzung

- Mikro- und Nanopartikel
fiir Wirkstofftransport

- Wundauflagen

TECEP-HCI = tris(2-Carboxyethyl)phosphinhydrochlorid
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Tabelle 2: Ubersicht tierischer Proteine, die als grundlegendes Material zur Herstellung von Biokunststoffen geeignet sind.

- Carbon-Nanor6éhrchen

Protein- . . . Verarbeitungs- . .
. Potentielle Anwendung Additive/Fiillstoffe Vorteile Nachteile Quellen
material methoden
Kollagen/ Technisch: Weichmacher: Formteile: Technisch: Technisch: (30, 60,
Gelatine - Halogensilber- - Glycerol - Formpressen - Gute optische - Wasserloslich 84-98)
Emulsionen fiir - Sorbit Eigenschaften - Geringe mechanische
Fotografie Faserherstellung: Stabilitét
Quervernetzer: - Trockenspinnen
- Glutaraldehyd - Nassspinnen
- Poly-L-Glutaminséure - Elektrostatisches Medizinisch: Medizinisch:
Medizinisch: - Diisocyanat Spinnen - Nicht immunogen - Risiko viraler tierischer
- Partikel fiir - Carbodiimid - In vivo resorbierbar Kontamination
Wirkstofftransport - Carbonsiureazide Film/Beschichtung: - Allergien auslosend
- Kapseln fiir - Polyepoxide - Rollenpresse - Kollagen toxisch bei
Wirkstofftransport - Genipin - Gie3en intravenoser Applikation
- Verdichtung von - Ausrollen
GefaBprothesen Mischungen:
- (Hamostatische) - Polycaprolacton Partikel:
Wundauflagen - Emulsionsfallung
- Geriist fiir Gewebe- Kompositfiillstoffe: - Phasenseparation
ziichtung (3D) - Chitosan
- Hydroxyapatit Hydrogele:
- Gypsum (Calciumsulfat- - Gelieren in
Dihydrat) wassrigen
- Tricalciumphosphat Loésungen
- Stirke
- Seidenfasern
- Cellulose

19



1

Einleitung

1.2 Nachhaltige Losungswege

Protein- . . . Verarbeitungs- . .
. Potentielle Anwendung Additive/Fiillstoffe Vorteile Nachteile Quellen
material methoden
Keratin Technisch: Weichmacher: Formteile: Technisch: Technisch: (99-
- Verpackungen - Glycerol - Formpressen - Mechanisch stabil - Schwierige Verarbeitung | /17)
- Essbare Filme - FilmgieBen (hohe Festigkeit und aufgrund eines hohen
- Papierbeschichtungen Quervernetzer: Steifigkeit) Cysteinanteils
- Wasserfilter - Formaldehyd Faserherstellung: - Thermisch stabil - Modifikation der
- Textilfasern - Methylacrylat - Nassspinnen - Natiirliche Cysteine fiihrt zu
- Methylmetacrylat Quervernetzung geringerer mechanischer
Medizinisch: - Natriumsulfit Film/Beschichtung: aufgrund des hohen Belastbarkeit
- Geriist fiir Gewebe- - Diethyltartrat - Gieflen Cysteinanteils
ziichtung (2D und 3D) - Polypropylenglycol - Langsam bioabbaubar
- Beschichtungen - Ethylenglycol Schiume:
- Nervregeneration - SDS - Salt leaching Medizinisch
- Wundauflagen - Gefriertrocknen - Antibakteriell
- Wirkstofftrager- Cystein-Modifikation: - Antithrombogen
membranen - lodacetamid
- Todessigsdure
- Bromsuccinylsdure
Kompositfiillstoffe.
- Polyethylen (Matrix)
- Chitosan
- Silk fibroin Fasern
- Polyethylenoxid
- Polyamid 6
- Polyvenylalkohol
- Hydroxyapatit
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Protein- . . . Verarbeitungs- . .
. Potentielle Anwendung Additive/Fiillstoffe Vorteile Nachteile Quellen
material methoden
Ovalbumin Technisch: Weichmacher: Film/Beschichtung: | Technisch: Technisch: (85,
- Essbare Verpackungen - Glycerol Abschopfen - Klar - Feuchtigkeits- 118,
- PEG - Transparent empfindlich 119)
Medizinisch: - Sorbit Partikel: - Antibakteriell - Sprode
- Partikel fiir Prézipitation
Wirkstofftransport Quervernetzer:
- Glutaraldehyd
Casein Technisch: Quervernetzung: Formteile: Technisch: Technisch: (30, 84,
- Wasserbasierte - Formaldehyd - Formpressen - Schwer entflammbar - Wasserempfindlich 85, 120)
Klebstoffe - Hochglénzende - Forminstabil bei hoher
- Bindemittel fiir Film/Beschichtung: Oberfldche Luftfeuchte
Anstrichfarben - Abschopfen
- Weichmacher fiir Beton
- (Essbare) Verpackungen
- Isolationsmatten
- Kleinteile (Knopfe,
Griffe,
Schnallen, Schmuck )
- (gerduscharme)
Stricknadeln
Medizinisch:
- Partikel fiir Wirkstoff-
transport
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1.2.2 Materialien aus Spinnenseidenproteinen

Neben den in Tabellel wund Tabelle2 aufgelisteten Proteinen aus
nachwachsenden Rohstoffen stellen Spinnenseidenproteine eine weitere Proteinklasse
dar, die zur Herstellung von Biokunststoffen geeignet ist. Bereits seit Tausenden von
Jahren fasziniert Spinnenseide die Menschheit durch ihre einzigartige Kombination aus
Festigkeit und Elastizitit (/27). Die daraus resultierende auflergewohnliche Zahigkeit
der Spinnenseidenfasern {tbertrifft die der meisten synthetischen Fasern, wie
beispielsweise Kevlar (722, 123). Neben auBerordentlichen mechanischen
Eigenschaften zeigt Spinnenseide zudem eine gute Biokompatibilitdit und geringe

Immunogenitit (124-126).

Die Kombination aus mechanischer Stabilitdt, Bioabbaubarkeit und der
Moglichkeit, die Proteine unter milden Bedingungen in wissrigen Prozessen und unter
Verzicht auf toxische oder organische Ldosungsmittel verarbeiten zu kdnnen, machen
Produkte aus Spinnenseide interessant fiir eine Vielfalt von Anwendungen, beginnend
bei der Entwicklung von Biomaterialien bis hin zu industriell gefertigten
Hochleistungsfasern (127, 128). Inzwischen ist eine gute Verfligbarkeit dieses Materials
durch biotechnologische Herstellung moglich, wodurch zusitzlich eine hohe Reinheit
der Proteine und die Moglichkeit zur kontrollierten Modifikation und Verarbeitung
geschaffen wurden. Aufgrund ihrer biologisch gut vertraglichen Eigenschaften finden
rekombinante Spinnenseidenproteine aktuell kommerzielle Anwendung in der
Kosmetikindustrie, als funktionelle Inhaltsstoffe in Form von Mikropartikeln und
Hydrogelen (129).

Um das Anwendungsspektrum von  biotechnologisch  gewonnenen
Spinnenseidenproteinen weiter ausbauen zu konnen, beschéftigt sich diese Arbeit mit
der Verarbeitung einer neuen, kationischen Variante von rekombinanten
Spinnenseidenproteinen, die von der Dragline-Seide der  Européischen
Gartenkreuzspinne Araneus diadematus abgeleitet ist und zu Materialien, die
Verwendung als Triager von Wirkstoffen zur systemischen Anwendung im
menschlichen Korper und als Beschichtungen in Verpackungsmaterialien finden
konnen. In den folgenden Kapiteln soll daher genauer auf die Kriterien zur Herstellung
von Triagern von Wirkstoffen und die Herstellung von Nanokompositmaterialien, die als
Barriere-Beschichtungen fungieren konnen, sowie die Herkunft, die Herstellung und die

Verarbeitungsmethoden rekombinanter Spinnenseidenproteine eingegangen werden.
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1.3 Wirkstofftransport und Wirkstofffreisetzung

Kontrollierter Wirkstofftransport und gezielte Wirkstofffreisetzung sind wichtige
Faktoren bei der medikamentosen Behandlung von Erkrankungen. Bei konventioneller
Applikation werden Medikamente meist oral oder intravends verabreicht, wobei
Wirkstoffe durch Darm oder Blut aufgenommen und systemisch im Korper verteilt
werden. Dadurch ergeben sich am Wirkort vergleichsweise geringe Konzentrationen,
obwohl dort fiir eine wirksame Behandlung relativ hohe Wirkstoftkonzentrationen benétigt
werden (therapeutisches Fenster, vgl. Abbildung 4) um die gewiinschte Wirkung zu
erzielen. Hierfiir wird meist eine Verabreichung von hohen Dosen bendétigt, um eine
systemische Konzentration zu erreichen, die im therapeutischen Fenster liegt. Dies kann
mit erhohter Wahrscheinlichkeit zu unerwiinschten (toxischen) Nebenwirkungen fiihren
(Abbildung 4). Bei konventioneller Verabreichung von Medikamenten werden Wirkstoffe
meist schnell metabolisiert und/oder ausgeschieden, wodurch eine Verabreichung in
kurzen zeitlichen Abstidnden erforderlich wird, um die Wirkstoffkonzentration im
therapeutischen Fenster aufrecht zu halten und so eine ausreichende Wirkung zu erzielen
(Abbildung 4). Neben einer erhohten Wahrscheinlichkeit von Nebenwirkungen kommt es
dann auch zu weiteren Einschrinkungen des Patienten im Alltag (/30). Um diese
Problematik zu umgehen, wurden in den 1970er Jahren die ersten kontrollierten
Wirkstofftransportsysteme zur retardierten Wirkstofffreisetzung auf den Markt gebracht
(131), und nicht einmal 20 Jahre spiter (1997) brachte der Vertrieb von modernen
Wirkstofftransportsystemen allein in den USA tiiber 14 Milliarden Dollar ein (130, 132).
Diese schnelle Entwicklung ist vor allem auf die vielen Vorteile zuriickzufiihren, die
Wirkstofftransportsysteme mit kontrollierter Wirkstofffreisetzung im Vergleich zu
konventioneller Verabreichung aufweisen. So ergibt sich eine erhohte Wirksamkeit und
therapeutische Aktivitdt des Medikaments, da durch das schiitzende Trigermaterial keine
sofortige Metabolisierung stattfinden kann. AufBlerdem kann durch die kontinuierliche
Freisetzung die initiale Verabreichungsdosis reduziert werden, was zu verminderter
Toxizitdt und somit zu einer geringeren Wahrscheinlichkeit des FEintretens von
Nebenwirkungen fiihrt. Des Weiteren wird durch eine kontinuierliche Wirkstofffreisetzung
im  therapeutischen Fenster die Patientenkonformitit  verbessert, da die
Verabreichungsintervalle in geringeren zeitlichen Abstidnden stattfinden konnen. Dabei ist

das Ziel von modernen Wirkstofftransportsystemen die zielgerichtete Steuerung eines
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Wirkstoffs hin zum Wirkort und somit die generelle Verbesserung von medikamentdsen

Therapien (/33). Wirkstofftransportsysteme werden dabei in zwei Arten eingeteilt:

a) Temporal kontrollierte Freisetzung

Bei einer temporal kontrollierten Freisetzung werden Wirkstoffe iiber einen
ausgedehnten, definierten Zeitraum wihrend der Behandlung freigesetzt. Dabei wird der
verabreichte Wirkstoff immer noch systemisch im Korper verteilt, aber kontinuierlich
freigesetzt, so dass die systemische Konzentration iiber einen gewiinschten Zeitraum
konstant und im therapeutischen Fenster liegt (Abbildung 4). Die Freisetzungsrate
entspricht hier der Eliminierungsrate des Medikaments und ist somit die optimale
Freisetzungsart fiir Wirkstoffe, die schnell metabolisert und ausgeschieden werden. Eine
signifikante Verbesserung von Medikamententherapien wird vor allem fiir die

Verabreichung von Schmerzmitteln fiir Tumorpatienten im Endstadium erreicht (730).

NN A\
Therapeutisches
I I Fenster

Toxischer Bereich

Wirkstoffkonzentration
am Wirkort

Zeit
= Konventionelle Therapie
Kontrolliertes Freisetzungssystem

Abbildung 4: Temporal kontrollierte ~ Wirkstofffreisetzung durch  Verabreichung kontrollierter
Wirkstofffreisetzungssysteme; FEine einmalige Medikamentenverabreichung kann die systemische
Wirkstoffkonzentration im Korper iiber lingeren Zeitraum im therapeutischen Fenster halten, wéhrend
konventionelle Verabreichung nur kurze Zeit die benétigte Wirkstoffkonzentration liefert. Modifiziert nach
(130) mit freundlicher Genehmigung der American Chemical Society aus K. E. Uhrich, S. M. Cannizzaro, R.
S. Langer, K. M. Shakesheff, Polymeric systems for controlled drug release. Chemical Reviews 99, 3181
(1999). Copyright (1999) American Chemical Society.

b) Verteilungskontrollierte Freisetzung

Bei der verteilungskontrollierten Freisetzung zielen Wirkstofftransportsysteme auf
die Freisetzung von Substanzen an einem bestimmten Wirkort ab. Dies ist vor allem von
Bedeutung, sobald konventionelle Applikationen dazu flihren, dass Wirkstoffe auf

gesundes Gewebe treffen und dort starke Nebenwirkungen verursachen und im
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schlimmsten Fall einen Abbruch der Therapie erfordern (z.B. Abbruch der Chemotherapie
bei Angriff der Zytotoxika auf die Knochenmarkzellen) (/30). Eine weitere Indikation fiir
verteilungskontrollierte Wirkstofffreisetzung liegt dann vor, wenn bei konventioneller
Verabreichung durch die natiirliche Verteilung des Wirkstoffs der Wirkort nicht erreicht
werden kann (z.B. Molekiile, die an einem Rezeptor im Gehirn wirken, selbst aber die
Blut-Hirn-Schranke nicht {iberschreiten konnen) (/34). Dabei werden in der
verteilungskontrollierten Freisetzung Wirkstofftransportsysteme gezielt an den Wirkort
geleitet oder konnen nur dort die geladenen Substanzen freisetzen. Im restlichen Korper
bleibt die Wirkstoffkonzentration dabei im optimalen Fall so gering, dass die systemische
Wirkstoftkonzentration unterhalb der Konzentration bleibt, die Nebenwirkungen hervorruft

(Abbildung 5) (130).

Therapeutisches
Fenster

Systemische Wirkstoffkonzentration
ab der Nebenwirkungen eintreten

Systemisches
Fenster

Wirkstoffkonzentration

Zeit

— Systemische Wirkstoffkonzentration
= Therapeutische Wirkstoffkonzentrationam Wirkort

Abbildung 5: Verteilungskontrollierte Wirkstofffreisetzung; Durch eine Verabreichung des kontrollierten
Wirktstofffreisetzungssystems wird der Wirkstoff nur am gewiinschten Wirkort abgegeben wihrend die
systemische Konzentration gering bleibt. Modifiziert nach (/30) mit freundlicher Genehmigung der
American Chemical Society aus K. E. Uhrich, S. M. Cannizzaro, R. S. Langer, K. M. Shakesheff, Polymeric
systems for controlled drug release. Chemical Reviews 99, 3181 (1999). Copyright (1999) American
Chemical Society.

Die einfachste Methode, um eine Freisetzung von Wirkstoffen direkt am Wirkort zu
erreichen ist das Implantieren von stationdren Wirkstoffcontainern (/35). Dies ist jedoch
nur dann von Vorteil, wenn der Wirkort leicht und ohne Risiko fiir den Patienten
erreichbar ist und der Wirkstoff diesen nicht verlassen kann. Fiir die meisten Krankheiten
muss jedoch ein System angewendet werden, bei dem der verwendete Wirkstofftransporter

zu einem bestimmten Wirkort gelangen kann (730).
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Sowohl in der temporal kontrollierten, als auch der verteilungskontrollierten
Freisetzung werden héufig kolloidale Wirkstofftransportsysteme (Mikro- oder
Nanopartikel) verwendet (/8). Bei systemischer Verabreichung miissen Wirkstoffe durch
das wissrige Milieu im Korper des Patienten diffundieren, um an den Wirkort zu gelangen
und dort thre Wirkung zu entfalten. Wirkstofftransporter konnen dabei Wirkstoffmolekiile
schiitzen und zu einem ldngeren Verbleib im Korper fithren (/36). Hierfiir kdnnen
verschiedene Arten von Wirkstofftransportsystemen verwendet werden (Abbildung 6).

Freisetzung durch Auflésen/Abbau der Matrix

Lésliche Matrix mit Wirkstoff Freisetzung des Wirkstoffs durch
Auflésen/Abbau der Matrix

Diffusionkontrollierte Freisetzung
Nicht I16sliche Matrix mit Wirkstoff

Freisetzung durch Diffusion aus
unléslicher Polymermatrix

\
S
Flusskontrollierte Freisetzung -
Semipermeable Membran mit Freisetzung durch osmotischen
eingekapselter Wirkstofflésung Gradienten Uber definierte Poren

Abbildung 6: Arten von temporal kontrollierter Wirkstofffreisetzung bestimmt durch die verwendete Matrix.
Modifiziert nach (/30) mit freundlicher Genehmigung der American Chemical Society aus K. E. Uhrich, S.
M. Cannizzaro, R. S. Langer, K. M. Shakesheff, Polymeric systems for controlled drug release. Chemical
Reviews 99, 3181 (1999). Copyright (1999) American Chemical Society

So kann zum einen eine Freisetzung des Wirkstoffs erst durch das Auflosen des
Tragermaterials moglich sein. Die Freisetzung ist dann zeitlich durch den
Degradationsprozess der Trigermatrix limitiert. Eine weitere Moglichkeit bietet die
diffusionskontrollierte Freisetzung des Wirkstoffs, wobei sich das Tragermaterial nicht

auflost, sondern die Freisetzungsrate durch die Interaktion zwischen Wirkstoff und Matrix
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bestimmt wird. Bei der flusskontrollierten Freisetzung wird ein Gradient von osmotischen
Potentialen an einer semipermeablen Membran genutzt, um Wirkstofflosungen
freizusetzen. Dabei wird durch die Diffusion von H,O in eine Kapsel (den Wirkstofftrager)
der Druck auf die Kapsel erhoht, wodurch die Losung nach au3en flieBen kann. Durch die
Grofle der Poren wird dann die Flussrate und somit die Freisetzungsrate der Wirkstoffe

bestimmt (Abbildung 6).

Fiir eine verteilungskontrollierte Wirkstofffreisetzung spielen noch zusétzliche
Faktoren eine Rolle. So konnen Wirkstofftransporter sowohl durch passive, als auch durch
aktive Signale am Wirkort akkumulieren (drug targeting). Beim passiven drug targeting
werden die physiologischen Bedingungen des Korpers genutzt, um bestimmte Wirkorte zu
erreichen. So zeigen zum Beispiel erkrankte Gewebe physiologische Verdnderungen, die
fiir eine Aufnahme von Wirkstofftransportern genutzt werden konnen. Eine dieser
Verdnderungen bildet eine unvollstindig ausgebildete und l6chrige Vaskularisation in
entziindetem und tumordsem Gewebe, die es ermoglicht, partikuldre Transportsysteme
durch die Wand der Blutgefdfle in das erkrankte Gewebe zu schleusen. Dieses Phinomen
der passiven Anreicherung von Makromolekiilen, Liposomen oder Nanopartikeln wird als
EPR-Effekt (engl. enhanced permeability and retention = ,erhohte Permeabilitit und
Retention®) bezeichnet. Um diesen Effekt fiir eine erfolgreiche Therapie zu nutzen, miissen
Wirkstofftransportsysteme verschiedene Anforderungen erfiillen. So kdnnen nur Partikel
mit einem maximalen Durchmesser von ca. 400 nm aus BlutgefdBen in tumordses Gewebe
geschleust werden (/37), wobei der optimale Durchmesser fiir Wirkstofftransportsysteme
von der jeweiligen Erkrankung und dem damit verbundenen Gewebe abhéngt. Neben der
GroBe spielt auch die Oberflichenladung und Form der Transportsysteme eine grof3e Rolle
und bestimmt die Halbwertszeit, Zirkulationszeit und den Zeitraum, in dem die Partikel im
Gewebe zuriick gehalten werden. Die Oberflichenladung von Partikeln, die zum
Wirkstofftransport verwendet werden, hat einen sehr starken Einfluss auf dessen
Aufnahme in Zellen. Kationische Partikel haben dabei eine relativ geringe Halbwertszeit
aufgrund von verstérkter Interaktion mit Proteinen im Blutstrom. Es wurde jedoch in
vergangenen Studien gezeigt, dass generell Partikel mit Oberflaichenpotentialen kleiner als
15 mV nur in geringen MaBlen von Macrophagen aufgenommen werden und somit
ausreichend lange Zirkulationszeiten im Korper aufweisen. Weitere Faktoren, wie
Geometrie und Hydrophilie spielen eine weitere wichtige Rolle bei der Verteilung von

Wirkstofftransportsystemen im Korper des Patienten (18, 138, 139).
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Beim aktiven drug targeting bietet sich durch Modifikation und Funktionalisierung
der Triagermatrix eines Wirkstofftransporters mit Peptiden, Antikdrpern, Zuckern oder
Lektinen die Moglichkeit, Rezeptoren von Zellen in einem bestimmten Gewebe direkt
anzusteuern. Dabei sind vor allem Rezeptoren von grofler Bedeutung, die in erkranktem

Gewebe vermehrt produziert werden (/8).

Zusitzlich zum EPR-Effekt konnen beim passiven drug targeting auch diverse
interne Stimuli genutzt werden, wie zum Beispiel Unterschiede im pH und Redoxpotential
(niedriger pH und hohe Glutathion-Konzentrationen in tumordsem Gewebe), um

Wirkstoffe ausschlieBlich am Wirkort freizusetzen (137, 140-142).

Sobald ein Wirkstoff den Wirkort erreicht hat, kann dieser entweder intra- oder
extrazelluldr agieren. Bei intrazelluldrer Wirksamkeit reicht es daher nicht, dass der
Wirkstofftransporter ein spezifisches Gewebe erreicht. Fiir eine gezielte Freisetzung ins
Cytosol konnen Modifikationen der Tragermatrix mit so genannten CPPs (engl. Cell
Penetrating Peptides = zellmembrandurchdringende Peptide) genutzt werden (/43). CPPs
umfassen eine Klasse von meist kationischen Peptiden, die aus 5-30 Aminosduren
zusammengesetzt sind (/44-146). Verschiedene Studien zeigten, dass fiir eine effektive
Penetration der Zellen mindestens acht positive Ladungen benétigt werden (147, 148).
Wobei fiir manche kationische CPPs, wie z.B. das Rg-Peptid, sogar Kernlokalisierungs-

Eigenschaften beschrieben wurden (748, 149).

Generell werden positiv geladene Transportsysteme schneller in den Zellen
aufgenommen als negativ geladene. Dies ist vor allem auf -elektrostatische
Wechselwirkungen mit den negativ geladenen Phospholipid-Kopfgruppen der
Zellmembran zuriickzufiithren (/38, 150, 151). Dennoch zeigen Partikel mit negativer
Oberfliachenladung eine erhdhte Aufnahmeeftizienz verglichen zu neutralen Partikeln (/8).
Neben CPPs oder positiv geladenen Gruppen kann auch die Peptidsequenz Arginin-
Glycin-Asparaginsdure (RGD), ein Ligand des Zelladhdsionsproteins Integrin avf3, zu
erhohter Effizienz von intrazellulirem Wirkstofftransport beitragen (152, 153).

Fiir die Anwendungen von Wirkstoffen der neuesten Generation, wie z.B. Peptide
und siRNA, sind Wirkstofftransportsysteme unerldsslich, da diese Art von

Biomakromolekiilen bei konventioneller Anwendung vor Erreichen des Wirkorts abgebaut

wird (130)
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1.4 Nanokomposit-Materialien

Verbundwerkstoffe, so genannte Komposite, bestehen aus mindestens zwei
verschiedenen Materialien, wobei eine der Komponenten die kontinuierliche Phase, auch
Matrix genannt, und eine andere die diskontinuierliche Phase, Fiillstoff genannt, darstellt
(154). Die Bezeichnung Nanokomposite bezieht sich auf Verbundmaterialien, in denen
mindestens eine Dimension der verwendeten Fiillstoffpartikel weniger als 100 nm misst
(so genannte Nanopartikel). Hierfiir verwendete Nanopartikel sind zum Beispiel Carbon-
Nanorohrchen, Graphen oder auch Schichtsilikate (so genannte Nanoclays) (26, 155).
Durch Einbringen von Nanopartikeln in eine Matrix konnen neue, verbesserte
Materialbeschaffenheiten erreicht werden, die vor allem die mechanischen und
thermostabilen Eigenschaften der einzelnen Komponenten weit iibersteigen. Dabei ist der
wichtigste Faktor fiir eine Verbesserung der jeweiligen Materialeigenschaften die
Interaktion zwischen Nanopartikeln und Matrix, die im Belastungsfall fiir eine gute
Kraftiibertragung von der Matrix hin zum Fiillstoff sorgt (/56). Eine optimale Interaktion
kann vor allem durch ein hohes Oberfliche-zu-Volumen-Verhéltnis der Nanopartikel
erreicht werden und starken Einfluss auf die makroskopischen Eigenschaften eines
Materials nehmen (/56-158). Um diese starke Interaktionen zwischen Fiillstoff und Matrix
ausbilden zu kénnen, wird eine gute Mischbarkeit der beiden Komponenten vorausgesetzt,
wobei vor allem dhnliche hydrophobe/hydrophile Eigenschaften von Fiillstoff und Matrix
ausschlaggebend sind. Fiir die Herstellung von Nanokompositen gibt es vier verschiedene

Verfahren:

1. Mischen in Losung: Dabei wird das Polymer in einem geeigneten

Losungsmittel zusammen mit den Nanopartikeln aufgenommen, die
Dispersion auf eine Oberfliche aufgebracht und das Losungsmittel
verdampft.

2. Schmelzvermischen: Die Polymerschmelze wird direkt mit den Nanopartikeln

vermischt und ausgehértet.

3. In situ Polymerisation: Nanopartikel werden in fliissiger Monomerlosung

dispergiert, anschlieBend wird die Polymerisation in Anwesenheit der
Nanopartikel durchgefiihrt.

4.  Templat-Synthese: Das Polymer wird hier als Templat verwendet, an dem die

Nanopartikel aus einer precursor-Losung synthetisiert werden.
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Im Detail wird in dieser Arbeit allein auf die Herstellung durch Mischen in Losung
eingegangen. Dieses Verfahren bietet die Moglichkeit getrennt hergestellte Materialien in
einem fiir die einzelnen Komponenten geeigneten Losungsmittel zu kombinieren. Die Art
des Losungsmittels ist dabei essenziell, um vollstdndiges Dispergieren der Nanopartikel zu
gewihrleisten. AufBlerdem beeinflusst das Losungsmittel auch Materialeigenschaften,
Ausbildung von Oberflachenstrukturen, sowie das Quell- und Deformationsverhalten.

Dieses Verfahren ist kostengiinstig und zeitsparend (/59).

Schichtsilikate sind eine Art von Tonmineralien, die in der Natur vorkommen, aber
auch synthetisch hergestellt werden und einen tafeligen Habitus in schichtartigem Aufbau
aufweisen (/60). Sie werden seit den 1950er Jahren zur Herstellung von Kompositen
verwendet (/617). Einzelne Partikel, so genannte Taktoide, bestehen aus parallel gestapelten
Silikatlamellen, wobei jede einzelne Lamelle aus einer Lage kantenverkniipfter Oktaeder,
bestechend aus einem bivalenten Kation (AI’" oder Mg®") umgeben von acht
Sauerstoffatomen, und zwei Lagen eckenverkniipfter Tetraeder, bestehend aus einem
Siliziumatom umgeben von vier Sauerstoffatomen, in Sandwich-Bauweise aufgebaut ist

(Abbildung 7) (164).

— Oktaeder

Silikatlamelle (Dicke ca. 1 nm)

@
—
=
jO)
[0]
Q
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Grundabstand der Silikatlamellen (dgg4)
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. Elektrostatische/
@ OH @ Na* (Zwischenschichtionen) van der Waals
® Mg Wechselwirkung

Abbildung 7: Aufbau eines Schichtsilikats. Modifiziert nach (7164) mit freundlicher Genehmigung von ©

2011 Olad A. Published in A. Olad, in Advances in Diverse Industrial Applications of Nanocomposites, D. B.
Reddy, Ed. (2011) under CC BY-NC-SA 3.0 license. Available from: http://dx.doi.org/10.5772/14464.

30



1 Einleitung 1.4 Nanokomposit-Materialien

Aufgrund ihres Aufbaus werden diese Tonmineralien auch als 2:1 Schichtsilikate
bezeichnet, zu denen auch der in dieser Arbeit verwendete Natrium-Fluorohektorit (Na-

hec) mit der Summenformel [Nao,5]IL[Lio,5Mg2,5]OL[Si4]TLOlon gehort (162, 163).

Durch den Austausch von Kationen in der Tetraeder- und/oder Oktaeder-Schicht
gegen niedervalente Kationen entsteht durch die vorgegebene Ladung des Anionengeriists
eine negative Uberschussladung, die so genannte Schichtladung. Sie kann durch
Interkalation von Zwischenschichtkationen kompensiert werden (Abbildung 7). Durch die
Zwischenschichtkationen werden im Wesentlichen die physikochemischen Eigenschaften
der Schichtsilikate bestimmt, denn diese hidngen vor allem von der Schichtladung und der
Art dieser Kationen ab. Sie bestimmen auch den Schichtabstand der Silikatlamellen und

somit deren interlamellare Wechselwirkungen und Kohésion (1635, 166).

Die besonderen Merkmale von Schichtsilikaten beziehen sich vor allem auf ihr
Quellverhalten und somit ihre interkristalline Reaktivitit. Diese ist groBtenteils auf eine
hohe Hydratationsenthalpie der Zwischenschichtkationen zuriickzufiihren, an die bei
erhohter relativer Feuchte (r.H.) in der Umgebung eine vermehrte Anlagerung von
Wassermolekiilen stattfinden kann. Die Koordination von Wassermolekiilen fiihrt dann zu
einer Aufweitung des Schichtabstands, dessen Grad durch ein kompetitives Gleichgewicht
von attraktiven und repulsiven Kriften bestimmt wird (/67). Wéhrend darin
Coulombanziehung und van-der-Waals-Kréfte der Quellung entgegenwirken, wird diese
durch eine hohe Hydratationsenthalpie stark begiinstigt (/68). Vor allem bei synthetischen
Schichtsilikaten kann durch die geeignete Wahl von Schichtladung und
Zwischenschichtkationen das Quellverhalten der Taktoide beeinflusst werden. So kann die
Quellung so stark begiinstigt sein, dass bei Kontakt mit deionisiertem Wasser die Kohésion
der Silikatlamellen tiiberwunden wird und schlieBlich die Taktoide in einzelne
Silikatlamellen delaminieren (/69). Im Hinblick auf die Verwendung von Schichtsilikaten
in Nanokomposit-Materialien ist das Erreichen dieses Zustands favorisiert, da interkalierte
Wassermolekiile in den Zwischenschichten als Gleitfilm wirken konnen und somit im

Nanokomposit das Material schwéchen.

Um bei der Verwendung von Schichtsilikaten zur Herstellung von Nanokompositen
optimale  Ergebnisse in  Hinsicht auf Mechanik, Hitzebestindigkeit und
Barriereeigenschaften zu erhalten, miissen verschiedene Aspekte beriicksichtigt werden. Es
muss ein Verfahren entwickelt werden, das eine gute Kompatibilisierung von Matrix und
Fiillstoff an der Grenzflache und eine gute Texturierung, d.h. parallele Orientierung der

Plattchen zueinander in einer Ebene, gewdhrleistet. Dabei kann es helfen, eine
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Modifikation der Schichtsilikate vorzunehmen. Wie bereits erwédhnt spielt bei der
Herstellung von Nanokompositen vor allem die Interaktion zwischen Matrix und Fiillstoff
eine bedeutende Rolle. Unter Verwendung von Schichtsilikaten kann jedoch eine
intrinsische  Inkompatibilitit zwischen den verwendeten, meist hydrophoben
Matrixpolymeren und den hydrophilen Nanoclays auftreten, die eine gute Mischbarkeit
verhindern. Um dennoch eine gute Interaktion der beiden Phasen zu erreichen ist es
moglich die Schichtsilikatpldttchen mit hydrophoberen Molekiilen zu modifizieren und
damit die Oberflachenenergie herabzusetzen. Durch diesen Schritt kann eine bessere
Kompatibilitit mit hydrophoben Matrixpolymeren geschaffen werden, wodurch eine
verbesserte Kompatibilitdt der beiden Materialien dazu fiihrt, dass Polymerketten leichter

in die Zwischenschicht interkalieren konnen (764).

Schichtsilikatpldttchen konnen durch den Austausch von Kationen modifiziert
werden. Dabei werden Natrium- oder Calciumkationen aus der Zwischenschicht der
Schichtsilikate durch Alkylammoniumionen oder Alkylphosphoniumionen (allgemein
Oniumionen) ersetzt (/70). Diese Eigenschaft ist mit der Kationenaustauschkapazitét
(CEC, engl. cation exchange capacity) als Schichtsilikat-spezifische Grofle quantifiziert
und liegt bei dem in dieser Arbeit verwendeten Na-hec bei 127 meq/100 g. Zusétzlich zu
einer angepassten Oberflichenpolaritit und erhdhter Hydrophobizitit wird durch das
Einbringen von Oniumionen der Zwischenschichtabstand erweitert. Diese Erweiterung
erleichtert zudem im néchsten Schritt die Interkalation von Polymerketten und somit die
Herstellung von Nanokompositen (/77). AuBBerdem konnen die eingelagerten Oniumionen
weitere funktionelle Gruppen tragen, die dann mit den Matrixpolymeren interagieren oder
sogar reagieren konnen und somit die Interaktionen zwischen den Phasen zusitzlich
starken. Modifikationen von Schichtsilikaten sind einfach durchzufiihren. Monovalente
Na'-Ionen kdnnen hydratisiert werden, wodurch die Interaktion mit der Oberfliche der
Schichtsilikate in wissrigem Milieu geschwicht und der lonenaustausch gefordert wird
(155).

Fiir eine zielgerichtete Anwendung als Barrierebeschichtung wurde in dieser Arbeit
das Schichtsilikat Natrium-Fluorohektorite (Na-hec) ausgewéhlt, das aufgrund eines sehr
hohen Aspekt-Verhiltnisses (>20000) und seiner Fidhigkeit spontan in deionisertem

Wasser zu delaminieren einen optimalen Ausgangsstoff fiir dieses Vorhaben darstellt.
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1.5 Spinnenseide

1.5.1 Natiirliche Spinnenseide von Radnetzspinnen

Ungefdhr die Halfte der aktuell bekannten 44750 Spinnenarten (/72) nutzen
Spinnenseidennetze zum Beutefang. Dabei werden etwa 130 verschiedene Arten von
Netzen verwendet (/73). Eine der bekanntesten Netzformen ist das Radnetz, das zum
Beispiel von Spinnenarten wie der europdischen Gartenkreuzspinne (Araneus diadematus)
konstruiert wird. Spinnen nutzen ihre Seide allerdings nicht nur zum Beutefang, sondern
auch um ihre Beute einzuwickeln und Kokons zum Schutz ihrer Nachkommen zu bauen.
Hierfiir konnen weibliche Radnetzspinnen bis zu sieben verschiedene Seidenarten
erzeugen, die fiir ihre entsprechenden Aufgaben angepasste Eigenschaften aufweisen

(Abbildung 8) (128, 174, 175).

Major Ampullate Seide Pyriform Seide
Dragline, Rahmen, Speichen Netzverankerung

Flagelliform Seide
Fangspirale

Minor Ampullate Seide
Hilfsspirale

Aciniform Seide
innere Kokonhtille,
Einwickeln von Beute

Aggregate Seide
seidenahnlicher Kleber

Cylindriform Seide
&uRere Kokonhiille

Abbildung 8: Darstellung der verschiedenen Seidenarten, die von einer weiblichen Radnetzspinne produziert
werden. Modifiziert nach (/76) mit freundlicher Genehmigung von Springer aus E. Doblhofer, A.
Heidebrecht, T. Scheibel, To spin or not to spin: spider silk fibers and more. Appl Microbiol Biotechnol 99,
9361 (2015). Copyright (2015) Springer.
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Die mit Abstand am héufigsten untersuchte Seidenart ist die Dragline Seide (engl.
dragline = Schleppseil oder Major Ampullate Seide). Sie wird neben Rahmen und
Speichen im Netz auch als Abseilfaden verwendet und ist daher leicht zuginglich (177).
Die Dragline-Seiden verschiedener Spinnenarten zeigen einen sehr &dhnlichen
hierarchischen Aufbau dem eine Kern-Mantel-Struktur zugrunde liegt (/78-182). Dabei
bestimmt vor allem der Kern die mechanischen Eigenschaften der Faser (/83). Dieser wird
aus Mikro- und Nanofibrillen gebildet, die entlang der Faserachse ausgerichtet sind, einen
Durchmesser von 100-150 nm aufweisen und aus mindestens zwei verschiedenen
Proteinarten, den so genannten Spidroinen, bestehen (/83-785). Im Falle der Europdischen
Gartenkreuzspinne (Araneus diadematus) sind zwei entsprechende Proteine, Araneus

diadematus Fibroin 3 und 4 (ADF3 und ADF4) genannt, bekannt (/75).

Generell weisen nahezu alle Spidroine der verschiedenen Spinnenseidenarten eine
dhnliche Grundstruktur mit einem Molekulargewicht zwischen 250 und 350 kDa auf (/86).
Sie beinhalten eine repetitive Kerndomédne, die aus bis zu 100 Wiederholungen von
hochkonservierten Sequenzmotiven (40 bis 100 Aminosduren) besteht, die bis zu 50 % aus
den Aminosduren Alanin und Glycin gebildet werden und in kleineren Einheiten definierte
Sekundirstrukturen bilden (Abbildung 9) (/87-191). Diese Sekundirstrukturmotive sind in
threr Zusammensetzung charakteristisch fiir Spinnenseidenproteine und bilden die
Grundlage fiir den strukturell geordneten Aufbau des Kerns und die mechanischen

Eigenschaften der Spinnenseidenfaser (Abbildung 9) (188, 189, 192-195).

Der repetitive Kern der Proteinstruktur wird von kurzen, etwa 100 bis 150
Aminosduren langen, nicht repetitiven (NR) terminalen Doménen flankiert, die eine
wichtige Rolle bei der kontrollierten Faserassemblierung spielen. Sie zeigen iiberwiegend
a-helicale Strukturen, die in 5-Helix-Biindeln angeordnet sind. Die NR-Regionen
kontrollieren die natiirliche Lagerung der Spidroine in hoher Konzentration im Driisensack
der Spinne (/96) und initiieren im Spinnkanal durch Ausrichtung des repetitiven Parts ihre

Assemblierung zum Faden (127, 197-204).

1.5.2 Rekombinante Spinnenseidenproteine eADF4

Im Hinblick auf industrielle Verarbeitung von Spinnenseidenproteinen zeigte sich
schnell, dass fiir eine groftechnische Nutzung die natiirliche Quelle nicht ausreicht. Dies
liegt zum einen daran, dass von einer Spinne durch so genanntes Melken nur geringe

Mengen des Rohmaterials gewonnen werden kénnen und die Qualitdt der Seide von
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Spinnen in Gefangenschaft im Vergleich zu der in freier Wildbahn produzierten Seide
abnimmt. Erschwerend kommt hinzu, dass Spinnen ein stark territoriales und
kannibalisches Verhalten an den Tag legen, wodurch eine Massenhaltung dieser Tiere auf
engstem Raum nicht mdglich ist (205-208). Aufgrund dessen wurde angestrebt, das

Material auf anderem Weg biotechnologisch herzustellen.

1.5.2.1 Rekombinante Herstellung

Fir die rekombinante Herstellung von Spinnenseidenproteinen wurden
Gene/Proteine konstruiert, welche die Hauptmerkmale der natlirlichen Seidenproteine
aufweisen, gleichzeitig aber bestmdglich fiir die Produktion in einem Wirtsorganismus
angepasst sind (Codon Usage, Molekulargewicht, etc.). Als Wirtsorganismus zur
Expression der rekombinanten Spinnenseidenproteine wurde das gram-negative
Enterobakterium Escherichia coli (E. coli) gewidhlt, da dieser Organismus mit wenig
Aufwand manipuliert und kostengiinstig und schnell in hoher Zelldichte kultiviert werden

kann. (209, 210).

Fiir die Herstellung der kiinstlichen Spinnenseidenproteine, die in dieser Arbeit
verwendet wurden, dienten das Spinnenseidenprotein ADF4 als Vorbild, wobei die
terminalen NR-Doménen bei der Konstruktion des artifiziellen Spinnenseidenproteins
nicht berticksichtigt wurden (Abbildung 9) (175, 204). So wurde die Zusammensetzung der
Primérstrukturmotive aus den repetitiven Teilen des Proteins dhnlich der Originalsequenz
kombiniert und zum so genannten C-Modul zusammengefasst, in eine Codon-optimierte
DNA-Sequenz riickiibersetzt und mittels Festphasensynthese hergestellt. Um den
repetitiven Charakter des ADF4 zu imitieren, wurde fiir die Produktion des rekombinanten
Spidroins eADF4(C16) in einem nahtlosen Klonierungsverfahren die Gensequenz fiir das
C-Modul in einem geeigneten Vektor 16-fach wiederholt und ein geeigneter E. coli
Expressionsstamm mit dem Expressionsvektor transformiert (Abbildung 9) (204). Durch
Fermentation der transformierten E. coli und einem anschliefenden
Chromatographiesdulen-freien zweistufigen Reinigungsprozess (durch Hitze- und selektive
Salzfillung) konnten Ausbeuten zwischen 140-360 mg gereinigten Proteins pro Liter
Zellsuspension erzielt werden (271, 212). Die rekombinante Herstellung von
Spinnenseiden-dhnlichen Proteinen bietet die Moglichkeit weitere, nicht-natiirliche

Modifikationen in die Sequenz einzubauen.
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repetitive Kerndoméne
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Abbildung 9: Schematischer Aufbau des nativen Spinnenseidenproteins ADF4, der darin enthaltenen
Sekundarstrukturmotiven, sowie die Grundlage und der Aufbau des davon abgeleiteten rekombinanten
Spinnenseidenproteins eADF4(C16).
1.5.2.2 Assemblierungsmorphologien rekombinanter Spinnenseidenproteine

Rekombinant hergestelltes eADF4 bietet nicht nur den Vorteil, in relativ gro3en
Mengen und in fiir die jeweilige Anwendung mafBigeschneiderten Variationen produziert,
sondern auch durch geeignete Verarbeitungswege in unterschiedliche Morphologien
assembliert werden zu kénnen (Abbildung 10) (273, 214). Die Herstellung von Partikeln,
Fasern und Hydrogelen kann in wissrigen Losungen abhiingig von Anderungen des pH-
Werts, Menge und Art von Additiven (z.B. Kaliumphosphat, Alkohole oder Polymere),
mechanischen Scherkriften oder Anderung der Temperatur induziert werden. Des
Weiteren konnen durch Losen und Verarbeiten der Proteine in organischen
Loésungsmitteln, wie Ameisensdure oder 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP), Filme
oder Vliese hergestellt werden. Die Struktur der Proteine in den einzelnen Morphologien
ist stark von den verwendeten Agenzien wéhrend der Verarbeitung der Proteine abhéngig.
So  konnen  wasserlosliche  a-helikale  Spinnenseidenproteinstrukturen  durch
Nachbehandlung mit kosmotropen Salzldsungen (Kaliumphosphatpuffer) oder einwertigen

Alkoholen (z.B. Methanol, Ethanol, Isopropanol) iiberwiegend p-Faltblatt-Strukturen

36



1 Einleitung 1.5 Spinnenseide

erzielt werden. Diese [-Faltblatt-reichen kristallinen Strukturen machen die

Spinnenseidenproteinformkorper wasserunloslich (127, 203, 215-221).

In dieser Arbeit wurden iiberwiegend Filme und Partikel aus rekombinanten
Spinnenseidenproteinen eADF4 untersucht, weshalb im Folgenden nédher auf diese

Morphologien eingegangen werden soll.

Gendesign
R —_—

, N o — N
=< _ ~  Reinigung
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Partikel Protein Produktion
O c c Aussalzen
- Wassriger Prozess . L Hydrogele
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O ~ und Protein Konzentration
0070
‘ - PorengréRe bestimmt durch Protein-

Giefen/Tauchbeschichtung/ konzentration und Quervernetzung
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wird Aufsghaumen durch Bega;ung/ Py ¢
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durch die Herstellungsbedingungen
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- Organischer oder wassriger Prozess
- ReiRfestigkeit bestimmt durch Protein-

Protein-Interaktionen é

Abbildung 10: Schema des Designs, der Produktion und der Verarbeitung von rekombinanten
Spinnenseidenproteinen: Der Weg von der Identifikation der Bioinformation des natiirlichen Materials,
iiber das gentechnische Design bis hin zu moéglichen Modifikationen. Modifiziert nach (/76) mit
freundlicher Genehmigung von Springer aus E. Doblhofer, A. Heidebrecht, T. Scheibel, To spin or not
to spin: spider silk fibers and more. App! Microbiol Biotechnol 99, 9361 (2015). Copyright (2015)
Springer.
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1.5.2.3 Partikel aus eADF4
Partikel gehoren zu den am besten charakterisierten Morphologien von eADF4. Sie
konnen durch eine gute mechanische Stabilitit als Fiillstoff von Kompositmaterialien, oder
aufgrund der guten Biokompatibilitit und geringen Immunogenitét der zugrunde liegenden
Proteine als Wirkstofftransporter im menschlichen Korper fungieren (/76). Bei der
Herstellung (Abbildung 11A) wird durch Zugabe eines Fillreagenz in Form von hohen
Konzentrationen kosmotroper lonen (wie zum Beispiel >400 mM Kaliumphosphat) ein

Ausfillen der Proteine aus einer wissrigen Losung in partikuldrer Form induziert.

A \
Féllreagenz

* [
_—
B
_ Gemisch Proteinpartikel in
Proteinlésung Proteinlésung/Féllreagenz wassrigem Milieu
B mit Proteinpartikeln
ungefaltetes Phasen-
Protein separation Keimbildung Strukturbildung Partikelbildung
® e
> —
* <> @ e
® - >2” E@@@
—
@@ @ - - ;
> *® > e @—v
(3 ‘e @ > e
® e ® r@ P % N ® o
> > [ —t
&

@eADH in Lésung (intrinsisch ungefaltet) : B-Faltblatt ?a-HeliceS/random coil

Abbildung 11: Partikelherstellung: (A) auf makroskopischer Ebene durch Féllung von eADF4 Proteinen
mittels kosmotropen Salzlosungen (Fillreagenz) und Uberfiihren in wissriges Milieu; (B) Modell der
Partikelbildung auf molekularer Ebene.

Im Detail (Abbildung 11B) wird durch Zugabe von Kaliumphosphat den zunichst
intrinsisch ungefaltet vorliegenden Proteinen in wissrigen Losungen die Hydrathiille
entzogen. Dies fiihrt zu einer Verstirkung hydrophober Wechselwirkungen und folglich
zur Phasenseparation in der Proteinlosung, wobei eine proteinreiche und eine
losungsmittelreiche Phase entsteht. Sobald eine kritische Konzentration in der
proteinreichen Phase erreicht ist, bilden sich durch intermolekulare Wechselwirkungen und

Strukturumlagerungen Nukleationskeime (Keimbildung, Abbildung 11B), die durch
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weitere  Anlagerung von  Spinnenseidenproteinmolekiilen  (Strukturbildung) zu
kugelformigen Partikeln heranwachsen (Partikelbildung). Dieser Vorgang dauert so lange
an, bis ein Loslichkeitsgleichgewicht erreicht wird und flihrt zu stabilen,
wasserunldslichen, B-Faltblatt-reichen Partikeln. Thre GroBe liegt zwischen 250 nm und
3 wm und ist abhédngig von Mischgeschwindigkeit und Konzentrationen der einzelnen, im

Herstellungsprozess verwendeten Komponenten (216, 222, 223).

Proteinpartikel, die auf diese Weise hergestellt werden, weisen jedoch meist eine
starke Polydispersitit auf (2714, 216, 222, 224). Die Verwendung von ionischen
Fliissigkeiten als Alternative zu wissrigen Losungsmitteln fithrt hingegen zu einer
erhohten Kontrolle der Partikelgroe und somit einer Verringerung der Polydisperistét
(225). Spinnenseidenpartikel aus eADF4(C16) sind in getrocknetem Zustand mechanisch
mit einem E-Modul von ca. 1 GPa auflerordentlich stabil und plastisch verformbar. Durch
Hydratisierung der Partikel quellen diese auf das 2,3 fache Volumen. Dabei reduziert sich
das E-Modul der Partikel um drei GroBenordnungen auf ca. 3 MPa, wobei die
hydratisierten Partikel nun eine elastische Verformbarkeit aufweisen. Die Verformbarkeit
der Partikel kann durch Quervernetzung gesteuert werden (226). Weitere Analysen zeigten,
dass wiéssrige Suspensionen von eADF4(C16) Partikeln eine hohe kolloidale Stabilitit
aufweisen (227). Dies ist auf den Aufbau der Partikel zurlickzufiihren. Sie bestehen aus
einem festen Kern, von dem aus einzelne Proteinmolekiile in die Umgebung vorstehen.
Diese vorstehenden Proteinmolekiile &dhneln einer sterischen Schicht, wie sie fiir
Polymerpartikel héufig kiinstlich aufgebaut wird, um durch Interaktion mit dem

Losungsmittel und anderen Partikeln eine Agglomeration verhindern (228)

Es konnte bereits in vergangenen Studien gezeigt werden, dass Partikel aus
rekombinantem Spinnenseidenprotein sowohl kleine Modelwirkstoffe, als auch grof3ere
Molekiile, wie zum Beispiel BSA (Bovine Serum Albumin) oder Lysozym, aufnehmen
konnen (223, 227). Hierfiir ist es moglich die Partikel sowohl durch Diffusion, als auch
durch Coprizipitation mit den gewiinschten hydrophilen Substanzen zu beladen. Wéhrend
die Variante der Coprézipitation zu einer hoheren Ladungseffizienz flihrt, beeinflusst der
Weg der Partikelbeladung den Zeitraum der Substanzfreisetzung nicht (224). Allerdings
konnten in den durchgefiihrten Studien mit eADF4(C16) Partikeln, die bei neutralem pH
eine negative Nettoladung aufweisen, aufgrund von LadungsabstoBung nur mit Substanzen
beladen werden, die eine positive Nettoladung aufwiesen. Somit war die Auswahl der

Substanzen die in eADF4(C16) Partikeln aufgenommen und transportiert werden konnen
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stark eingeschrinkt (223). Versuche mit neutralen, hydrophilen Substanzen zeigten zwar,
dass hier ebenfalls eine Beladung der Partikel moglich ist, die Freisetzung aber
ungehindert und unabhéngig vom Freisetzungsmedium in sehr kurzem Zeitraum stattfindet
(224). Durch eine Beladung mittels Coprézipitation konnten neben hydrophilen auch
hydrophobe Substanzen, wie zum Beispiel B-Carotin in die Partikel eingebracht werden.
Dabei ergab sich der Vorteil, dass solche Substanzen in wiassriger Umgebung nicht durch
Diffusion freigesetzt werden, sondern eine Freisetzung erst durch hydrolytischen oder
enzymatischen Abbau des Spinnenseidenproteins moglich ist (229). Die dabei
entstandenen Abbauprodukte, proteinogene Aminosduren, kénnen vom menschlichen
Korper weiter verwertet oder ausgeschieden werden. Trotz vieler Studien, in denen gezeigt
werden konnte, dass eADF4(C16) gut fiir die Anwendung als Triger zum
Wirkstofftransport geeignet ist, wird durch die negative Ladung dieses Proteins der

Anwendungsbereich stark eingeschréinkt.

1.5.2.4 Filme hergestellt aus eADF4
Eine weitere sehr gut wuntersuchte Morphologie aus rekombinanten
Spinnenseidenproteinen stellen Filme dar. Sie sind transparent und unter milden

Bedingungen chemisch stabil (230)

Neben der am hiufigsten verwendeten Methode, dem so genannten Gielen oder
Drop Casting konnen Filme auch durch Sprithbeschichtung (Spray Coating),
Rotationsbeschichtung (Spin Coating), Tauchbeschichtung (Dip Coating) oder Rakeln
hergestellt werden (230-233). Beim GieB3en (Abbildung 12) wird eine Proteinlosung in eine

Form gegeben, aus der das Losungsmittel verdampft.

Evaporation des Nach-
GleBen LOSungsmMels behandlung

Protelnlosung Proteinlésung in Seidenfilm Seldenﬂlm
Gussform (wasserloslich) (wasserunldslich)

Abbildung 12: Herstellung von Filmen und Beschichtungen aus rekombinantem Spinnenseidenprotein
eADF4 durch Gieen mit anschlieBender Nachbehandlung zur Generierung wasserunloslicher Filme.

Wihrend dieses Abdampfens entsteht vermutlich eine partielle Separation der
kristallisierbaren, poly-Alanin-reichen, hydrophoben Bereiche von den Glycin-reichen
Primérstrukturblocken (234, 235). In dieser Mesophase werden abhédngig vom

verwendeten Losungsmittel und den damit korrelierenden Trocknungszeiten bereits
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teilweise P-Faltblatt-Strukturen gebildet. So entsteht zum Beispiel bei Verwendung von
HFIP zur Herstellung der Proteinldsung eine iiberwiegende a-helikale Struktur, wihrend
der Anteil an B-Faltblatt in Filmen, gegossen aus Ameisensaure-Losungen, erhoht ist (236-
238). Die Filme aus rekombinantem Spinnenseidenprotein sind jedoch in den meisten
Fillen nach dem Trocknen wasserloslich. Dies ist von Nachteil, da fiir viele medizinische
und technische Anwendungen eine Stabilitdit der Filme in feuchter Umgebung
vorausgesetzt wird. Eine Nachbehandlung der Filme mit kosmotropen Salzen, einwertigen
Alkoholen, Temperaturerhohung oder Wasserdampf fiihrt durch Herauslosen der
verbliebenen = Losungsmittelmolekiile zu einem Bruch der intramolekularen
Wasserstoftbriickenbindung und somit zu einer spontanen Umlagerung der Proteinstruktur.
Dabei entstehen iiberwiegend intermolekulare Wasserstoftbriickenbindungen und aus den
verbleibenden poly-Alanin-reichen Aminosduresequenzen werden [-Faltblatt-Strukturen
gebildet. Dieses Verfahren fiihrt dazu, dass Filme aus rekombinanten
Spinnenseidenproteinen chemisch stabiler und wasserunloslich werden (218, 230-232,
236).

Der B-Faltblatt-Anteil bestimmt aber nicht nur die chemische Stabilitét der Filme,
sondern auch deren mechanische Stabilitidt. So haben die Filme mit hohem B-Faltblatt-
Anteil ein hohes E-Modul und eine hohe Festigkeit, wobei ihre Elastizitdt allerdings
abnimmt. Die Filme werden mit hoher werdendem B-Faltblatt-Anteil immer briichiger. Um
die optimalen FEigenschaften der Filme zu erreichen, kann der Anteil dieses
Sekundirstrukturelements durch die Art der Nachbehandlung beeinflusst werden, wobei

Wassermolekiile als Weichmacher fungieren (236, 239).
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Der Ersatz von Kunststoffen aus synthetischen Polymeren in medizinischen, und
technischen Anwendungen durch besser vertrigliche, bioabbaubare Materialien aus
nachhaltigen Produktionsquellen stellt eine grofle Herausforderung dar. Spinnenseide kann
aufgrund ihrer Biokompatibilitit, Bioabbaubarkeit und den auBergewdhnlichen
mechanischen Eigenschaften als solches Ersatzmaterial fiir viele verschiedene
Anwendungen dienen. Die biotechnologische Entwicklung in den letzten Jahren
ermdglichte dabei zusitzlich, designte spinnenseidendhnliche Proteine in grolen Mengen
und gleichbleibender Qualitdt herzustellen (204). Dennoch gibt es bei der Verwendung
dieser  Proteine  Einschrinkungen; so trdgt das etablierte, rekombinante
Spinnenseidenprotein  eADF4(C16) ausschlieflich negative Ladungen, die aufgrund
elektrostatischer Abstoung und dem Fehlen von Zellinteraktionsmotiven fiir eine
Aufnahme in eukaryotischen Zellen ungeeignet sind. Aulerdem wird die Anwendung des
anionischen Proteins dadurch eingeschrinkt, dass keine Wechselwirkungen mit
anionischen Wirkstoffen moglich sind, wodurch die Verwendung als Wirkstofftransporter,
sowie die Interaktion mit negativ geladenen Fiillstoffen bei der Herstellung von

Kompositmaterialien stark eingeschrénkt ist.

Um die Anwendbarkeit von rekombinanten Spinnenseidenproteinen zu erweitern
und die beschriebenen Herausforderungen zu iiberwinden, sollte in dieser Arbeit ein
kationisches Spinnenseidenprotein eADF4(x16) durch Austausch der negativ geladenen
Aminosdure L-Glutaminsdure (E) gegen die positiv geladene Aminosdure L-Lysin (K)
designt und durch biotechnologische Herstellung verfiigbar gemacht werden. Durch die
Entwicklung von Partikeln aus der kationischen Spinnenseidenproteinvariante
eADF4(x16) ergibt sich die Mdglichkeit, auch negativ geladene Wirkstoffe transportieren
zu konnen und die initiale elektrostatische Interaktion der Partikel mit Saugerzellen zu
verbessern. In diesem Zusammenhang sollte in dieser Arbeit analysiert werden, in wie weit
sich Aufnahme und Freisetzung von kleinen Wirkstoffmolekiilen aus Partikeln der
rekombinanten Spinnenseidenproteine eADF4(x16) und eADF4(C16) unterscheiden, und
ob diese durch Layer-by-Layer-Beschichtung (LbL; engl. Schicht-fiir-Schicht (240))
beeinflusst werden kann. Aufgrund ihrer positiven Ladung bieten Partikel aus eADF4(x16)
zudem die Mdoglichkeit, als Transporter fiir siRNA zu fungieren und somit zukiinftig
potenziell Einsatz in der Gentherapie zu finden. Daher sollten hier eADF4(x16) Partikel
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mit kurzen DNA-Stringen, als Modell fiir siRNA, beladen und deren Freisetzung getestet
werden. AuBerdem stellte sich die Frage, wie sich eine Beladung von eADF4(x16)
Partikeln mit den genannten DNA-Molekiilen auf deren kolloidale Eigenschaften auswirkt
und die zelluldre Aufnahme beeinflusst. Als Vergleich wurden PEI-beladene Partikel
verschiedener eADF4(C16)-Varianten mit und ohne Zellinteraktionsmotive (eADF4(C16),
eADF4(C16)RGD und eADF4(C16)RsG) herangezogen.

Fiir ein besseres Verstindnis dieser Spinnenseidenproteinmorphologie sollten in
dieser Arbeit abschlieBend auch die kolloidalen Eigenschaften (Partikelmorphologie,
elektrophoretische Mobilitdt, kolloidale Stabilitdt, etc.) von Spinnenseidenpartikeln aus
eADF4(x16), eADF4(C16) und Layer-by-Layer beschichteten eADF4 Partikeln untersucht
werden. Zusitzlich sollte hierbei auch festgestellt werden, ob durch Charakterisierung der
kolloidalen Partikeleigenschaften ein Verfahren entwickelt werden kann, das sich zur

Qualititskontrolle von Proteinpartikeln eignet.

Neben medizinischen Anwendungen eignen sich rekombinante
Spinnenseidenproteine auch fiir technische Anwendungen. Auch hier wurde bisher nur das
polyanionische eADF4(C16) untersucht, um Vliese fiir Filtermedien herzustellen (247). Es
sollte in der vorliegenden Arbeit ein Verfahren zur Herstellung eines Nanokomposit-
Materials aus eADF4(x16) und dem Schichtsilikat Natrium-Fluorohektorit entwickelt
werden. Nanokomposite, die Schichtsilikate mit hohen Aspektverhidltnissen enthalten
eignen sich besonders gut als Diffusionsbarrieren zum Ausschluss von Gasen. Aus diesem
Grund sollte das hier erstellte Nanokomposit-Material hinsichtlich seiner Anwendung als
Barrierebeschichtung fiir Lebensmittelverpackungen getestet werden. Abbildung 13 zeigt

zusammengefasst die Ziele dieser Arbeit.
Rekombinante Spinnenseidenproteine als Ersatz fiir synthetische Polymere

Medizinische Anwendung

Spinnenseidenproteinpartikel als Wirkstofftransporter

- Freisetzungsprofile von Modellsubstanzen aus Spinnenseidenproteinpartikeln
- Auswirkung von Beladung der Partikel auf die Zellaufnahme

- Charakterisierung von Spinnenseidenproteinpartikel

Technische Anwendung

Komposite mit einer Spinnenseidenproteinmatrix fiir Barrierebeschichtungen
- Herstellung einer Barrierebeschichtung fiir Lebensmittelverpackungen

- Charakterisierung der Barrierebeschichtung hinsichtlich ihrer Anwendung

Abbildung 13: Zusammenfassung der Zielsetzung der vorliegenden Arbeit.
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3 Synopsis

Die vorliegende Arbeit beinhaltet fiinf Publikationen, die in Kapitel 5 dargestellt
sind, und behandelt die Verwendung von Spinnenseidenproteinen als Ausgangsmaterial fiir
den Ersatz von synthetischen Polymeren. Sie ldsst sich thematisch in zwei Teile gliedern:
Der erste Teil enthdlt die Charakterisierung von Partikeln aus einer neuen, bei pH 7
kationischen Variante des rekombinanten Spinnenseidenproteins eADF4(C16) im Hinblick
auf potentielle medizinische Anwendungsmoglichkeiten als Wirkstofftransporter. Im
zweiten Teil wird die Herstellung einer Nanokomposit-Barrierebeschichtung mit
Spinnenseidenprotein  als Matrix  beschrieben, wobei diese Anwendung in
Lebensmittelverpackungen finden kann. Dieser Teil zielt darauf ab, ein Beispiel einer

technisch orientierten Anwendung des Materials Spinnenseidenprotein zu zeigen.

Zur Herstellung der neuen Spinnenseidenproteinvariante wurde die (bei pH 7)
negativ geladene Aminoséure Glutaminsdure in der Priméirsequenz des C-Moduls von
eADF4(C16) gegen die (bei pH 7) positiv geladene Aminosdure Lysin ausgetauscht. Das
so entstandene k-Modul wurde dann analog zur Herstellung von eADF4(C16) in eine
Codon-optimierte DNA-Sequenz riickiibersetzt, 16-fach wiederholt und das so genannte
eADF4(x16) (Abbildung 14) durch Fermentation in E. coli exprimiert. Die Reinigung
dieses Proteins konnte ebenfalls durch einen zuvor beschriebenen zweistufigen
Reinigungsprozess (Hitzebehandlung und Salzfallung) durchgefiihrt werden (204).

modularer Aminosaure-Austausch
durch gentechnische Modifikation

HaN \
HN \

N-coon ™~ COOH
)

C-Modul k-Modul

x16 x16

8 ((CCCCCCCCCrrrres WEEEEEEE@«-

eADF4(C16) eADF4(x16)

Abbildung 14: Schema zum Design des kationischen rekombinanten Spinnenseidenproteins eADF4(x16)
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Das gereinigte eADF4(x16) zeigte, analog zu eADF4(C16), durch Verarbeitung in
wissrigem und organischem Milieu verschiedene Assemblierungsmorphologien, wodurch
es potentiell Anwendungen in verschiedensten medizinischen und technischen Bereichen
finden kann. In dieser Arbeit wurden vor allem Partikel und Filme aus eADF4(x16) auf
thre Anwendbarkeit untersucht und die wichtigsten Ergebnisse der durchgefiihrten Studien

in diesem Kapitel zusammengefasst.
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3.1 Spinnenseidenproteinpartikel als Wirkstofftransporter

Aufgrund ihrer biokompatiblen Eigenschaften eignen sich Partikel aus
rekombinantem Spinnenseidenprotein sehr gut als Triger von Wirkstoffen zur
Verabreichung von Medikamenten. In vergangenen Studien wurde hierzu vor allem die
Optimierung der Herstellung, Beladung mit Wirkstoffen und deren Freisetzung, sowie
mechanische und kolloidale Stabilitdt von eADF4(C16) Partikeln analysiert (204, 216,
223, 224, 226-228). Da eADF4(C16) eine negative Nettoladung und keine
Zellinteraktionsmotive aufweist, eignen sich daraus hergestellte Partikel nur bedingt fiir
diese Anwendung. Die negative Ladung verhindert dabei aufgrund -elektrostatischer
AbstoBung zum einen die Beladung der Partikel mit negativ geladenen Wirkstoffen, wie
zum Beispiel siRNA zur Verwendung in der Gentherapie, und eignet sich somit zum
anderen auch nicht fiir eine schnelle Aufnahme in Zellen zur intrazelluldren Freisetzung
von Wirkstoffen (225). Fiir eine verbesserte Interaktion im ersten Kontakt zwischen
Zellmembran und  Spinnenseidenproteinpartikeln, sowie um ein  breiteres
Anwendungsspektrum von Spinnenseidenproteinpartikeln zu erreichen, wurde in dieser
Arbeit die (bei pH 7) positiv geladene Variante eADF4(x16) zu Mikro- und Nanopartikeln
verarbeitet. AnschlieBend wurden diese Partikel vor allem im Hinblick auf Beladung mit
Modellwirkstoffen, deren Freisetzung und die Aufnahme von beladenen Partikeln in
eukaryotische Zellen, sowie ihre kolloidalen Eigenschaften analysiert. In den folgenden
Abschnitten sollen hierzu die wichtigsten Ergebnisse und Schlussfolgerungen aus den

einzelnen Publikationen dieses Teilbereichs zusammengefasst dargestellt werden.

3.1.1 Beladung und Freisetzung von Modellwirkstoffen mit unterschiedlichen

Molekulargewichten und Ladung

Um das Anwendungsspektrum der rekombinanten Spinnenseidenproteinpartikel zu
erweitern, wurden in Teilarbeit 1 (Kapitel 5) Partikel aus eADF4(x16) erfolgreich
hergestellt und deren Interaktion mit negativ geladenen Modellwirkstoffen getestet. Die
Aufnahme und Freisetzung der Substanzen wurde unter verschiedenen Bedingungen
untersucht und mit den entsprechenden Eigenschaften von eADF4(C16) Partikeln

verglichen.

Zu diesem Zweck wurde zundchst fluoreszenzmarkierte, einzelstringige DNA
(Rho-ODN) als Modell fiir siRNA genutzt, um eine mdgliche Verwendung von
eADF4(x16) Partikel im Bereich der Gentherapie zu bestitigen. Dabei konnte gezeigt
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werden, dass die Partikel Rho-ODN aufnahmen und langsam, ohne initialen Burst (engl.
Burst = Explosion; beschreibt hier eine sehr schnelle Freisetzung eines groBen Teils der
geladenen Modellwirkstoffe) wieder freizusetzten (Abbildung 15), wodurch starke
elektrostatische Wechselwirkungen der kurzen Nukleinsduremolekiile mit dem
Tridgermaterial unter physiologischen Bedingungen angenommen werden konnten
(Abbildung 15C). Diese starken Wechselwirkungen, und somit die geringe
Freisetzungsrate von Rho-ODN in den ersten Stunden, machen Partikel aus eADF4(x16)
zu einem geeigneten Triager fiir siRNA-Molekiile, da durch die Ausnutzung des EPR-
Effekts der GroBteil des Wirkstoffs erst am Wirkort freigesetzt wird.

A

B

15+

10+

Akkumulierte Freisetzung von DNA [%)]

54
—— 25 mM Tris/HCl pH 7.2
~@-PBS
O I 1 1 1 1
0 30 60 90 120 150
Zeit [min]

Abbildung 15: (A) und (B) Konfokalmikroskopische Aufnahme von eADF4(x16) Partikeln mit
fluoreszenzmarkierter DNA in zwei verschiedenen Auflosungen; (C) Auftragung der akkumulierten
Freisetzung der fluoreszenzmarkierten DNA aus eADF4(x16) Partikel im Zeitraum von 150 min unter zwei
verschiedenen Pufferbedingungen. PBS = Phosphatgepufferte Salzlosung, Tris = Tris(hydroxymethyl)-
aminomethan. Modifiziert nach (254) mit freundlicher Genehmigung von Elsevier aus E. Doblhofer, T.
Scheibel, Engineering of Recombinant Spider Silk Proteins Allows Defined Uptake and Release of
Substances. Journal of pharmaceutical sciences 104, 988 (2015). Copyright (2015) Elsevier.
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Zur Untersuchung der Interaktion kleiner Modellwirkstoffe mit der
Spinnenseidenproteinmatrix in Partikeln wurden drei Farbstoffe gewdhlt: Das negativ
geladene Carboxyfluorescein (CFl) und die beiden positiv geladenen Farbstoffe
Acridinorange (AO) und Kiristallviolett (CV). Die Modellsubstanzen wurden so
ausgewdhlt, dass sie sich nur gering in Molekulargewicht und Hydrophobizitit
unterscheiden (Figure 3a, b, c, Teilarbeit I, Kapitel 5). Wie erwartet konnten die positiv
geladenen Farbstoffe nur in anionischen eADF4(C16) Partikeln aufgenommen werden,
wiéhrend das negativ geladene CFI ausschlieBlich in Partikel aus eADF4(x16) geladen
werden konnten. Es ergaben sich jedoch trotz gleicher Ladungsverhéltnisse der Farbstoffe
zu den Proteinpartikeln unterschiedliche Beladungseffizienzen. Dies konnte zum einen auf
eine unterschiedliche Molekiilstruktur zuriickgefiihrt werden, da das planare AO-Molekiil
im Gegensatz zu CFl und CV in die -Faltblattstruktur der Proteinpartikel interkalieren
konnte. Die Struktur von CFI und CV deutete im Gegensatz dazu darauf hin, dass eine
weitere Aufnahme in die Partikel sterisch verhindert wird. Zum anderen konnte die
unterschiedliche  Beladungseffizienz auf eine abweichende Eindringtiefe der
Proteinpartikel fiir das verwendete Losungsmittel bezogen werden, was auch in

Teilarbeit IIT (vgl. Abschnitt 3.1.3 und 5.2) gezeigt werden konnte.

Die Freisetzung der Farbstoffe wurde unter verschiedenen Salzbedingungen
getestet. Dabei war festzustellen, dass die Freisetzung von CFI aus eADF4(x16) Partikel
sehr viel schneller von statten geht als die Freisetzung von AO oder CV aus eADF4(C16)
Partikeln. Zusétzlich konnte gezeigt werden, dass die Freisetzung nicht nur von der Art des
Partikels abhing, sondern auch von der Art des geladenen Farbstoffs. Besonders
erwihnenswert ist dabei, dass zwar durch erhdhte Salzkonzentration eine beschleunigte
Freisetzung der Modellsubstanzen stattfand, eine Konzentration von >400 mM
Kaliumphosphatpuffer pH 7,5 aber zu einer deutlichen Reduktion der Freisetzung der
Modellsubstanzen fiihrte. Eine Behandlung der geladenen Partikel mit hohen
Konzentrationen Kaliumphosphatpuffer fiihrte jedoch nicht zu der erwarteten permanenten
Verlangsamung der Modellwirkstoff-Freisetzung (Figure 4, Teilarbeit I, Kapitel 5).

Um eine gezielte Retardierung zu erreichen, wurden darauthin CFl beladene
eADF4(x16) durch eine Layer-by-Layer-Beschichtung mit einer negativ geladenen
eADF4(C16)-Hiille umgeben. Diese Beschichtung sollte in der Theorie durch
elektrostatische AbstoBung ein Zuriickhalten der Modellsubstanz im Partikel bewirken

(240). Zwar wurde darauthin gezeigt, dass beladene eADF4(x16) Partikel erfolgreich mit
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eADF4(C16) beschichtet werden konnten (Figure 7, Teilarbeitl, Kapitel 5), der
gewiinschte Effekt allerdings auch hierdurch nicht erreicht wurde. Die Freisetzung von CFl1
wurde entgegen der Erwartungen sogar noch weiter beschleunigt (Figure 8, Teilarbeit I,
Kapitel 5).

Aus den in dieser Studie erhaltenen Ergebnissen ldsst sich ablesen, dass keine
pauschalen Aussagen {iber die Eignung von rekombinanten Spinnenseidenproteinpartikeln
zum Transport von Wirkstoffen aus kleinen Molekiilen auf Basis von elektrostatischen
Wechselwirkungen getroffen werden kann, sondern diese fiir jeden Wirkstoff einzeln
getestet werden muss. Jedoch konnen elektrostatische Wechselwirkungen sehr gut genutzt
werden, um hochmolekulare Wirkstoffe, wie kurze DNA-Molekiile als Modell fiir siRNA,
mit Hilfe von eADF4(k16) Partikeln zu transportieren.

3.1.2 Auswirkungen von Beladung mit Modellwirkstoffen auf Partikeleigenschaften und

Zellauthahme

Die Aufnahme von Partikeln hergestellt aus eADF4(k16), sowie aus eADF4(C16)
und den N- bzw. C-terminal modifizierten Varianten eADF4(C16)RGD und
eADF4(C16)RsG, in HeLa-Zellen wurde bereits von Elsner et al. im Jahr 2015 getestet
(225). Dabei konnte nachgewiesen werden, dass N- bzw. C-terminale Modifikationen von
eADF4(C16) mit CPPs zu einer effizienteren Aufnahme der Partikel in HeLa-Zellen
filhrte. Bemerkenswert war jedoch, dass vor allem bei der Verwendung von eADF4(x16)
als Partikelmatrix die Aufnahme verstérkt stattfand. Dies dullerte sich durch eine erhohte
Anzahl an Partikeln pro Zelle und durch einen héheren prozentualen Anteil an Zellen, die
Spinnenseidenpartikel enthielten (225). In Teilarbeit II (Kapitel 5) wurde als
Weiterfilhrung der Verdffentlichung von Elsner et al. (2015) die Auswirkung einer
Beladung der Partikel auf die zelluldre Aufnahme untersucht. Hierfiir wurden Partikel aus
dem Spinnenseidenprotein eADF4(k16) mit der bereits in Teilarbeit I (Abschnitt 3.1.1 und
5.1) verwendeten Modell-DNA, in dieser Arbeit jedoch mit Fluoreszein markiert (FI-
ODN), beladen. Als Kontrollen wurden hier eADF4(C16), eADF4(C16)RGD und
eADF4(C16)RsG verwendet, die mit dem Fluoreszein-markiertem Polymer PEI (PEI-FI)
versehen wurden (vgl. Abschnitt 3.1.1).

Analysen der Partikelaufnahme in HeLa-Zellen zeigten bereits bei der geringsten
Partikelbeladung leichte und bei hoherer Beladung der Partikel signifikante Unterschiede
(Abbildung 16). Davon ausgehend, dass positive Ladungen auf der Oberfliche die
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Interaktionen der Partikel mit den Zellen fordern und somit zu einer erhohten Aufnahme
fiihren konnen, war zunidchst wie erwartet zu beobachten, dass eine Beladung von
eADF4(C16) und eADF4(C16)RGD mit dem polykationischen PEI-F1 zu einer erh6hten
Aufnahmerate fithrte. In diesem Zusammenhang war es folglich ebenso wenig
iiberraschend, dass eADF4(x16) Partikel nach einer Beladung mit dem polyanionischen FI-
ODN weniger effizient in HeLa-Zellen aufgenommen wurden. Durch eine Beschichtung
der beladenen eADF4(k16) Partikel mit einer weiteren eADF4(x16)-Schicht mittels LbL-
Methode konnte dieser Effekt auf die zelluldre Partikelaufnahme jedoch nahezu ginzlich
aufgehoben werden. Erstaunlich war jedoch, dass die zellulire Aufnahme von PEI-Fl
beladenen eADF4(C16)RgG Partikeln drastisch reduziert war. Dabei ist anzumerken, dass
durch die C-terminale Modifikation von eADF4(C16) mit dem CPP Rg im unbeladenen
Zustand eine Erhdhung der Aufnahmeeffizienz von Spinnenseidenpartikeln von ca. 17 %
auf ca. 70 % stattfand (Table 2, Teilarbeit II, Kapitel 5). Da durch Zellviabilititstests
ausgeschlossen werden konnte, dass eine toxische Wirkung von beladenen
Spinnenseidenproteinpartikeln vorlag (Fig. 3, Teilarbeit II, Kapitel 5), deutete das hier
beschriebene Ergebnis darauf hin, dass eine Interaktion zwischen PEI-FI und der RgG-

Sequenz fiir diese Entwicklung verantwortlich ist (Fig. 1, Teilarbeit II, Kapitel 5).
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O 0.4 nmol/mg Partikel B 0.4 nmol/mg Partikel (beschichtet)

Abbildung 16: Analyse mittels Durchflusszytometrie von HeLa-Zellen, die in Anwesenheit von beladenen
Spinnenseidenpartikeln inkubiert wurden. Die verwendeten Partikel aus eADF4(C16), eADF4(C16)RGD und
eADF4(C16) wurden jeweils mit 0, 0.02, 0.1 und 0.4 nmol PEI-FI und eADF4(x16) mit 0, 0.02, 0.1 und
0.4 nmol FI-ODN pro mg Partikel versehen. eADF4(k16) Partikel, die mit 0.4 nmol FI-ODN pro mg Partikel
beladen waren wurden mit einer weiteren Schicht eADF4(k16) umgeben (***hoch signifikant; **
signifikant). Modifiziert nach (255) mit freundlicher Genehmigung von The Royal Chemical Society (RCS)
aus M. B. Schierling, E. Doblhofer, T. Scheibel, Cellular uptake of drug loaded spider silk
particles. Biomaterials Science 4, 1515 (2016). Copyright (2016) RCS.
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Fir eine Charakterisierung der Partikel und ein besseres Verstindnis der
verdanderten zelluliren Partikelaufnahmeeffizienz wurden ihre elektrophoretische
Mobilitit, sowie ihre kolloidale Stabilitit getestet. Dabei stellte sich heraus, dass
unabhingig von der Partikelart diese beiden Partikeleigenschaften durch eine Beladung
nicht signifikant beeinflusst wurden (Table 1 und Fig. S2, Teilarbeit II, Kapitel 5).
Analysen der endozytotischen Aufnahmewege der Partikel in die Zellen durch
Verwendung von Dansylcadaverin (DC) zur Inhibition der Clathrin-vermittelten
Endozytose und di-Methylamilorid (DMA) zur Inhibition des Macropinozytose konnte
ebenfalls keine eindeutigen Verdnderungen der Aufnahmeroute von beladenen Partikeln
im Vergleich zu unbeladenen Partikeln vorweisen. Daher konnte zwar geschlussfolgert
werden, dass durch Beladung von Spinnenseidenpartikeln die Aufnahmeeffizienz
verdndert wird, jedoch aus den vorliegenden Ergebnissen keine Ursache fiir diese

Verianderungen gefunden werden.

LbL-beschichtete eADF4(x16) Partikel wurden in Teilarbeit II (Kapitel 5) auch
zum intrazelluldren Transport von Doxorubicin (Dox) verwendet. Dox ist ein in der
Krebstherapie hédufig verabreichter Wirkstoff mit starken Nebenwirkungen und wurde in
dieser Arbeit als therapeutisch relevante Modellsubstanz eingesetzt (242). Um einen
Transport in der positiv geladenen Proteinmatrix von eADF4(x16) zu ermoglichen, wurde
Plasmid-DNA als Interaktionsvermittler zwischen Dox und eADF4(x16) verwendet. Zur
Uberpriifung der Zytotoxizitit von DNA/Dox-beladenen (und beschichteten) e ADF4(x16)
Partikeln wurden HeLa-Zellen mit den entsprechenden Partikeln inkubiert. Als Kontrolle
wurde jeweils freies Dox in gleicher Konzentration zu den Zellen gegeben. Dabei ergab
sich, dass freies Dox nach 6 h keine Wirkung auf die Zellen ausiibte, wihrend nach 24 h
die Zellviabilitidt in Anwesenheit von freiem Dox um nahezu 80 % reduziert war. Diese
Wirkung konnte durch die Inkubation der Zellen mit DNA/Dox beladenen (und
beschichteten) eADF4(k16) Partikeln stark verzogert werden (Reduktion der Zellviabilitét
um 50 % nach 48 h). Dabei konnte durch vorhergehende Analyse gezeigt werden, dass
Dox erst nach Behandlung der Partikel mit Proteasen aus dem DNA/Dox-eADF4(x16)
freigesetzt wurden, wodurch eine Aufnahme der Partikel fiir die Wirkung essenziell zu sein
schien. Als Kontrolle wurden weitere Zelllinien (Neuroblastom-Zelllinie Kelly und
Mausfibroblasten BALB/3T3) ebenso wie Hela-Zellen mit DNA/Dox beladenen
eADF4(x16) Partikeln behandelt. Dabei zeigte sich, dass BALB/3T3 Zellen dhnlich wie
HeLa-Zellen auf die Behandlung mit freiem Dox und dem DNA/Dox-eADF4(k16)-
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Komplex reagierten. Im Gegensatz dazu war die Reduktion der Kelly-Zellen erst nach 48 h
im gleichen MaB3 ausgeprégt. Eine Erhohung der Partikelkonzentration intensivierte auch
in den beiden Kontrollzelllinien den zuvor beobachteten Effekt (Fig. 5, Teilarbeit II,
Kapitel 5).

3.1.3 Charakterisierung der Partikel beziiglich elektrophoretischer Mobilitét

Wie bereits beschrieben, konnen Partikel aus rekombinant hergestellten
Spinnenseidenproteinen als mobile Transportsysteme fiir Wirkstoffe zur medikamentdsen
Behandlung von Patienten eingesetzt werden (276, 227, 243). Um jedoch auch
kommerziell Anwendung zu finden, muss bei der Herstellung der Partikel eine
gleichbleibende Qualitdt gewahrleistet und diese zudem mit geeigneten Analysemethoden
sichergestellt werden. Hierfiir wurde in Teilarbeit III (Kapitel 5) die Bestimmung der
Oberflachenchemie von rekombinanten Spinnenseidenproteinpartikeln gewéhlt. Dazu
dienten zum einen die Bestimmung der elektrophoretischen Mobilititen und zum anderen
die Analyse der diffusen Schicht und sterischer Kréfte an der Oberflache der Partikel durch
direct force (engl. direkte Kraft) Messungen. Diese Methoden wurden gewihlt, da der
angewandte Herstellungsprozess und somit auch die oberflichenchemischen Eigenschaften
der Partikel stark von einer grolen Vielfalt an Parametern abhéngt, die nur schwierig zu
kontrollieren sind. Dazu gehoren unter anderem Riihrgeschwindigkeit und lokale Protein-

bzw. Salzkonzentrationen.

Im Fokus dieser Arbeit lagen Partikel aus dem kationischen Spinnenseidenprotein
eADF4(x16), die durch Salzfillung mittels Dialyse hergestellt wurden (223). Als Kontrolle
dienten Partikel aus eAF4(C16), die bereits in vorangehenden Studien analysiert wurden
(228).

Durch die Messung der elektrophoretischen Mobilitdt x beider Partikelarten in
Abhingigkeit von pH und in drei verschiedenen ionischen Stirken des Ldsungsmittels
/=0, mM, I = 1,0 mM und /=10 mM) konnten jeweils die PZM (engl. point of zero
mobility, Nullpunkt der Mobilitit) durch einen Vorzeichenwechsel der Messwerte
empirisch festgelegt werden. Diese stimmten in beiden Féllen gut mit dem berechneten pl
(isoelektrischer Punkt) der Proteinmolekiile iiberein (eADF4(x16): pl =9,7, PZM = 9,3-
9,7, eADF4(C16): pl = 3,5, PZM = 3,5-4,0), wodurch eine gleichméfige Verteilung der
funktionellen Gruppen auf der Partikeloberfliche dhnlich zu deren Verteilung in den

einzelnen Molekiilen angenommen werden konnte.
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Quantitative Analysen der elektrophoretischen Mobilitit x4 der Partikel aus
rekombinanter Spinnenseide ergaben auBerdem, dass eADF4(x16) Partikel nur eine
geringe Abhidngigkeit von der Elektrolytkonzentration in Losung zeigten. So ergaben sich
fir © Werte zwischen 1,2m?V's' (7=10mM) und 1,5m’V's’ (7=0,1-1 mM)
(4 <pH <8). Eine so schwache Abhingigkeit der elektrophoretischen Mobilitdt von der
ionischen Stirke der Umgebung wurde in klassischen Kolloiden bisher nur fiir weiche
Partikel bei deutlich hoheren Salzkonzentration (I> 100 mM) beobachtet. Dies deutete
darauf hin, dass eADF4(x16) Partikel nur wenig geladen sind und ihre elektrophoretische
Mobilitidt von einer starken Penetration des elektroosmotischen Flusses in die Partikel
bestimmt wurde (hohe Werte fiir 1/Ay; Theorie nach Ohshima und Duval (244-246);
genauere Erlduterung siche Teilarbeit I, Kapitel 5). Durch weitere quantitative
Interpretation von u konnte auBerdem gezeigt werden, dass bei kleineren lonenstirken eine
Verringerung der Penetrationsldnge 1/A¢ des elektroosmotischen Flusses von 11 nm auf
3 nm stattfand, wodurch ein Quellen des Materials bei geringen lonenstirken angenommen
werden musste. Die elektrophoretische Mobilitdt der anionischen eADF4(C16) Partikeln
war im Gegensatz dazu von der ionischen Stérke ihrer Umgebung abhingig. So ergab sich
Werte zwischen y = -2,2 m?*V's? fir I=10 mM und u=-29 m*Vis! fiir [= 0,1-1 mM
(pH > 6). Die Penetrationslinge des elektroosmotischen Flusses blieb im Gegensatz zu
eADF4(x16) gleich (1/x = 17).

Die Tatsache, dass nur die duBeren Bereiche der Spinnenseidenpartikel fiir ihr
Verhalten im elektrischen Feld verantwortlich gemacht werden konnte, wurde auch durch
die elektrokinetische Untersuchung Layer by Layer beschichteten Partikel verifiziert.
Dabei wurden die kationischen Spinnenseidenpartikel mittels elektrostatischer
Wechselwirkungen mit einer eADF4(C16)-Schicht versehen bzw. anionische
Spinnenseidenpartikel mit einer eADF4(x16)-Schicht (240). Dabei konnte gezeigt werden,
dass die elektrophoretische Mobilitdit von eADF4(C16) beschichteten eADF4(x16)
Partikeln iiber den gemessenen pH-Bereich sehr gut mit den x-Werten von unbeschichteten
eADF4(x16) {ibereinstimmten. Dies traf ebenfalls auf eADF4(x16) beschichtete
eADF4(C16) Partikel zu, die dhnliche Werte wie unbeschichtete eADF4(C16) Partikel
zeigten. Einzig am PZM der dulleren Partikelschicht ergaben sich in beiden Fillen groBere
Abweichungen, was gut nachvollziehbar ist, da an diesem Punkt, dem pl des jeweiligen

Proteins an der Oberfliche, durch die Neutralisierung der &uBeren Schicht die
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elektrophoretischen Eigenschaften der zugrundeliegenden Partikel zum Tragen kamen

(Abbildung 17).
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Abbildung 17: Elektrophoretischen Mobilitdt der Layer-by-Layer beschichteten
Spinnenseidenproteinpartikel im Vergleich zu entsprechenden unbeschichteten

Spinnenseidenproteinpartikeln. (A) eADF4(x16) Partikel mit eADF4(C16)-Beschichtung (gefiillte Symbole)
im Vergleich mit eADF4(C16) Partikel (offene Symbole) (B) eADF4(C16) Partikel mit eADF4(x16)-
Beschichtung (gefiillte Symbole) im Vergleich mit eADF4(x16) Partikel (offene Symbole). Modifiziert nach
(256) mit freundlicher Genehmigung von American Chemical Society (ACS) aus N. Helfricht, E. Doblhofer,
J. F. L. Duval, T. Scheibel, G. Papastavrou, Colloidal Properties of Recombinant Spider Silk Protein
Particles. The Journal of Physical Chemistry C 120, 18015 (2016). Copyright (2016) ACS.

Zusitzlich zu den Ergebnissen der elektrokinetischen Analysen bestétigten direct
force-Messungen die geringe Ladung der Proteinpartikel und deren flaumartige, peripher
pordse Struktur, die von starken sterischen Kriften verursacht wird (biirstendhnliche
Struktur). Durch die Anwendung der CP (engl. colloidal probe = kolloidale Sonde) -
Methode und der FluidFM-Technik konnte in Teilarbeit III gezeigt werden, dass die
Partikel aus rekombinanter Spinnenseide relativ weich waren. Dadurch konnte keine
eindeutige Aussage iber eine definierte Debye-Linge (k') gemacht werden (Figure 7,
Teilarbeit II1, Kapitel 5). Durch Anwendung der Alexander-deGennes-Theorie (AdG) auf
die erhaltenen Kraft-Abstands-Kurven, die zwar fiir biirstenartige Strukturen ungeladener
Polymere entwickelt wurde, konnte auch fiir die beiden hier getesteten Partikelarten die
durchschnittlichen Abstinde der Ankerpunkte (s) der einzelnen vorstehenden Peptide
bestimmt werden. Diese waren fiir beide Partikelarten mit s (eADF4(kx16)) =4,8 £ 1 nm
und s (eADF4(C16))=6,7 =3,7 nm sehr &hnlich. Wesentlich groere Unterschiede der
beiden Partikelarten ergaben sich bei der Bestimmung der Biirstenldngen (L) in den

einzelnen Partikelarten. Mit L =321+ 87 nm zeigten Partikel aus eADF4(C16) eine
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wesentlich groBere Biirstenlédnge als Partikel aus eADF4(x16) mit L = 192 =47 nm. Dies
ist in gutem Einklang mit den Ergebnissen fiir 1/Ay, da die mittlere Penetrationsldnge des
elektroosmotischen Flusses ebenfalls fir eADF4(C16) Partikel groBer war als fiir
eADF4(x16) Partikel, was auf eine erhohte Losungsmittelaufnahme in den anionischen
Proteinpartikeln hinweist. Die Biirstenlingen von eADF4(C16) in dieser Arbeit weichen
allerdings sehr stark von den zuvor gemessenen L-Werten ab. Dies ist vor allem auf ein
nicht automatisiertes Herstellungsverfahren zuriickzufithren und zeigt, dass durch die hier
durchgefiihrten Methoden sehr gut die Unterschiede verschiedener Herstellungschargen

analysiert werden kann.

55



3 Synopsis 3.2 Spinnenseide als Matrix in Barriere-Beschichtungen

3.2 Spinnenseide als Matrix in Barriere-Beschichtungen

Die Entwicklung von einfach zu verarbeitenden Barriere-Beschichtungen, die
Sauerstoff und Wasserdampf an der Diffusion in die Verpackung hindern, bieten einen
groflen Nutzen flir Industrie und Verbraucher. Im Bereich der Lebensmittelverpackungen
spielt es jedoch auch eine groBe Rolle, dass moglichst gut vertrigliche, sowie Halogen-

und Schwermetall-freie Materialien fiir diesen Zweck verwendet werden (247, 248).

Rekombinante Spinnenseidenproteine bieten unter diesem Gesichtspunkt die
idealen Voraussetzungen als Matrix fiir eben solche Barriere-Beschichtungen eingesetzt zu
werden. Daher wurde in dieser Arbeit (Teilarbeit IV, Kapitel 5) ein einfaches,
wasserbasiertes Verfahren entwickelt, ein Nanokomposit-Material aus dem kationischen
Spinnenseidenprotein eADF4(x16) als Matrix und dem Schichtsilikat Natrium-
Fluorohektorit (Na-hec), als Fiillstoff, herzustellen. Dies folgt einem bereits bekannten
Prinzip, in dem durch flache, undurchléssige Fiillstoff-Plattchen, wie z.B. Schichtsilikate,
in einem Nanokomposit die Durchléssigkeit verschiedener Substanzen unspezifisch durch

die Verldngerung des Diffusionsweges reduziert wird (vgl. Abbildung 3, Seite 12) (26).

Die Herstellung des Nanokomposits verlief in dieser Arbeit wie folgt
(Abbildung 18): In einem ersten Schritt wurde Na-hec in MQ-H,0O dispergiert und dabei
durch die Hydratisierung der Zwischenschichtionen die einzelnen Pléttchen vollstindig
delaminiert. Im Anschluss daran folgte eine Anpassung der Oberflichenenergie der
Schichtsilikatplittchen durch Ionenaustausch der Zwischenschichtkationen Na™ gegen die
Aminosdure L-Lysin (Lys-hec) (249, 250). Diese Modifikation wurde benétigt, um im
nichsten Schritt, der Compounding von eADF4(x16) und Lys-hec (Gewichtsverhiltnis:
62 % Hektorit, 38 % eADF4(k16)), eine moderate Interaktion zwischen dem positiv
geladenen  Spinnenseidenprotein  und den negativ geladenen Fiillstoffplittchen
hervorzurufen, wodurch zwar eine groBfldchige Interaktion, jedoch keine vorzeitige
Prizipitation der einzelnen Komponenten stattfand. Durch das GieBen des wissrigen
Materialgemischs auf ein Substrat und langsames Trocknen konnte abschlieBend das

gewiinschte Bio-Nanokomposit erhalten werden.

Die entstandenen lamellaren Strukturen waren dabei den parallelen Anordnungen
der Hektorit-Plattchen geschuldet, die sich wihrend des Selbstassemblierungsprozesses der
Spinnenseide ~ (Konversion  von  iiberwiegend  Random-Coil zu  B-Sheet

Sekundérstrukturelementen, Fig. 2A, Teilarbeit IV, Kapitel 5) aufgrund ihres grof3en
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Aspekt-Verhéltnisses (ca. 20000) und dem hohen Massenanteil (62 %) parallel zur
Substratoberfldche anordneten (Abbildung 18) (/63). In dieser Arbeit wurde aufgrund der
Vergleichbarkeit mit anderen kommerziell erhiltlichen, Barriere-beschichteten

Verpackungsmaterialien PET als Substrat verwendet.

;W - 1

NH3+ H3+ NH3* NH3+NH3+
| W )
NHs* NHz+ H3+NH2+ mﬂf)
NH3‘r NH3+ (L
NHat H3‘r Nzt _

NH3+ NH3+

E«Ieucczcr)ori-te Onat OH:O L-Lysin

Lucken
CADF4(x16) B-Faltblatt (Freies Inneres
o . Struktur Volumen)

Abbildung 18: Herstellungsschritte der Nanokomposit-Barriere-Beschichtung aus wéssriger Verarbeitung.
Modifiziert nach (257) mit freundlicher Genehmigung von American Chemical Society (ACS) aus E
Doblhofer et al., Structural Insights into Water-Based Spider Silk Protein—Nanoclay Composites with
Excellent Gas and Water Vapor Barrier Properties. ACS Appl Mater Interfaces 8, 25535 (2016). Copyright
(2016) ACS.

Zur Charakterisierung des Bio-Nanokomposits wurde zundchst die Giite der
Kristallstruktur des Materials durch PXRD (engl. Powder X-ray diffraction = Pulver-
Rontgen-Diffraktometrie) untersucht. Dabei konnte auch der Zuwachs des

Zwischenschichtabstands in den einzelnen Stufen des Herstellungsprozesses verfolgt
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werden (Fig. 1B, Teilarbeit IV, Kapitel 5). Abziiglich der van-der-Waals Schicht des
Hectorits von 0,96 nm und der Schichtdicke der Lysin-Modifikation konnte aus den
PXRD-Messungen eine eADF4(x16)-Schicht von 1,10 nm berechnet werden. Durch
Messungen bei erhohter relativer Luftfeuchte (Fig. 1B, Teilarbeit 1V) konnte auBBerdem
durch die PXRD-Messungen festgestellt werden, dass eine geringe Menge Wasser aus der
Umgebung im Material aufgenommen wurde. Dies zeigt sich durch eine Quellung der

Zwischenschicht von einer Dicke von 2,5 nm auf 2,7 nm.

Die Proteinsekundérstrukturanalyse mittels FTIR (Fourier transformierte Infrarot)
Spektroskopie in Kombination mit FSD (engl. Fourier self-deconvolution = Fourier
Selbstentfaltung), bei der anhand der Amid I Bande (1600-1700cm™, C=O-
Streckschwingung des Amidriickrads) die Anteile einzelner Sekundérstrukturen in einem
Protein bestimmt werden, konnte des Weiteren gezeigt werden, dass die Proteinmatrix im
hier hergestellten Bio-Nanokomposit zu ca. 28 % [B-Faltblatt-Strukturen einnimmt,
wihrend dieser Anteil in unbehandelten eADF4(x16)-Filmen (gegossen aus
Ameisensdureldosung) nur bei ca. 17 % lag (Fig. 2A, Teilarbeit IV, Kapitel 5) (236, 251).
Ein erhohter B-Faltblattanteil ist hierbei von grofer Bedeutung, um eine erhdhte chemische
und thermische Stabilitdt durch gute inter- und intramolekulare Wechselwirkungen zu
gewihrleisten (236). Diese Stabilitdt konnte daraufhin in Thermogravimetrischer Analyse,
Dynamischer Differenzkalorimetrie und Abbauanalysen des Bio-Nanokomposits in
Wasser, 70 % Ethanol und 1% Ameisensdure bestitigt werden (Fig. 3A, B und C,
Teilarbeit VI, Kapitel 5). Neben Proteinstrukturaufkldrung konnte in dieser Arbeit FTIR—
Spektroskopie auch zur Detektion der Interaktion zwischen eADF4(k16) und den
Schichtsilikaten genutzt werden. Durch IR-Absorption der Hektorit in-plane Si-O
Bindungen bei 1003 cm™ (Maximum) und der Hektorit out-of-plane Si-O Bindungen bei
1080 cm™ (Schulter) konnten zunichst eindeutig die verwendeten Schichtsilikatplittchen
als Na-hec identifiziert werden. Bei der Analyse des hier entwickelten Bio-Nanokomposits
konnte darauthin durch eine Verschiebung des Absorptions-Maximums von 1003 cm™ und
der Schulter bei 1080 cm™ hin zu kleineren Wellenzahlen eine gute Interaktion der Matrix

mit dem Fiillstoff nachgewiesen werden (Fig. 2B, Teilarbeit IV, Kapitel 5) (252, 253).

Durch  die  Messung von  OTR  (engl. Oxygen  Transmission
Rate = Sauerstofftransmissionsrate) und WVTR (engl. Water Vapor Transmission
Rate = Wasserdampftransmissionsrate) kann die Diffusion von Sauerstoff und

Wasserdampf durch verschiedene Materialien getestet werden. Durch diese Methode
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konnte hier gezeigt werden, dass die Beschichtung von PET-Folien mit dem
Spinnenseiden-Hektorit-Nanokomposit zu einer Reduktion der OTR um ca. 90 %
(2,32 + 0,38 cm®>*m™+d™") und der WVTR um 96 % (0,18 + 0,05 g'rm™-d”") gegeniiber dem
unbeschichteten ~ Substrat (PET OTR: 22,3+033 cm’m?>-d', PET WVTR:
4,20 £ 0,64 g-m'z-d'l) fiihrte (Fig. 6, Teilarbeit IV, Kapitel 5). Bemerkenswert ist hier vor
allem, dass die Barriere-Beschichtung zu einer starken Reduktion der WVTR fiihrte,

obwohl die Herstellung aus einem wéssrigen System und ohne Additive stattfand.
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ABSTRACT: Drug delivery carriers stabilize drugs and control their release, expanding the therapeutic window, and avoiding side effects
of otherwise freely diffusing drugs in the human body. Materials used as carrier vehicles have to be biocompatible, biodegradable,
nontoxic, and nonimmunogenic. Previously, particles made of the recombinant spider silk protein eADF4(C16) could be effectively loaded
with positively and neutrally charged model substances. Here, a new positively charged variant thereof, named eADF4(k16), has been
engineered. Its particle formation is indistinguishable to that of polyanionic eADF4(C16), but in contrast polycationic eADF4(x16) allows
incorporation of negatively charged substances. Both high-molecular-weight substances, such as nucleic acids, and low-molecular-weight
substances could be efficiently loaded onto eADF4(k16) particles, and release of nucleic acids was shown to be well controlled. © 2014
Wiley Periodicals, Inc. and the American Pharmacists Association ) Pharm Sci 104:988-994, 2015

Keywords:

INTRODUCTION

Drug delivery systems can overcome many disadvantages of
drugs such as poor solubility, rapid breakdown in vivo, un-
favorable pharmacokinetics, poor biodispersity, and lack of
selectivity,! all of which result in lower drug efficacy and un-
wanted side effects.? Colloidal micro- and nanoparticulate car-
riers have been used extensively as drug reservoirs because
they have programmable degradability ranging from a few days
to several months.? When mobile particulate drug vehicles are
decorated with specific recognition motifs on their surface, they
can also be used for targeted delivery, for example, to malignant
tumor cells.?

In addition to being biocompatible, biodegradable, nontoxic,
and nonimmunogenic,® drug delivery vehicles must fulfill nu-
merous requirements, for example, controlled particle size and
mechanical stability.” Furthermore, solubility, stability, molec-
ular weight, and charge of the drug substances must be consid-
ered for choosing suitable carrier materials.! Synthetic poly-
mers are often used for designing of drug carriers, but natural
polymers, such as polysaccharides and polypeptides, have also
been employed. The advantage of such biopolymers in compar-
ison to synthetic ones is their ability to undergo enzymatic or
hydrolytic degradation in natural environments accompanied
by release of nonhazardous byproducts that can be biologically
eliminated.’

Spider silk protein particles have recently been established
as drug delivery carriers.® As the availability of natural spi-
der silk proteins is limited and farming of spiders is not prac-
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tical because of their cannibalistic behavior,” engineered re-

combinant spider silk proteins have been developed as a re-
liable source.® It has been shown that engineered spider silk
proteins, such as eADF4(C16), can be processed into a vari-
ety of assembly morphologies, such as fibrils, hydrogels, cap-
sules, and particles.®'* Materials based on spider silk proteins
are biocompatible, biodegradable, nontoxic, and do not induce
immune reactions,”*1? fulfilling important prerequisites for
their use as a drug delivery carrier. Spider silk protein parti-
cles have high mechanical stability and can be stored in a dried
state because of their fully reversible swelling behavior.2-?!
Furthermore, it has been shown that model drugs, small-
molecular-weight molecules as well as proteins, can be loaded
onto eADF4(C16) particles in various amounts depending on
the physicochemical properties of the loaded substance.52%23
Because of the negative net charge of eADF4(C16) at neutral
pH, drugs have to be positively or neutrally charged in order to
be taken up.

Currently investigated drug delivery systems that are able
to transport negatively charged molecules are cationic lipo-
somes or cationic polymers. Liposomes have the major dis-
advantage of often inducing rapid immune response and ac-
cumulation in the liver without carrying liver-specific target
sequences.?*26 Linear and branched polyethylenimines (PEIs),
one of the most extensively studied polymeric drug delivery sys-
tem, are also commonly used in gene delivery.2” Although com-
plexes of DNA and PEI are currently the most effective nonviral
gene delivery systems, they still exhibit problems, such as toxi-
city, nonspecificity, and nonbiodegradability. Large amounts of
nondegradable PEI remain in free form inside the transfected
cells causing cell dysfunction.?® Recently, silk proteins contain-
ing RGD sequences were used to enhance transfection effi-
ciency of PEI/DNA complexes.?? However, this approach did not

Doblhofer and Scheibel, JOURNAL OF PHARMACEUTICAL SCIENCES 104:988-994, 2015



overcome the stated problems associated with PEI. Therefore,
spider silk protein-based hybrids were developed in a separate
approach for gene delivery.!? These hybrid proteins contain 30
lysine residues that are responsible for electrostatic interac-
tions between the hybrid silk proteins and DNA, providing a
functional, biodegradable construct. Additionally, again RGD
sequences were utilized to enhance transfection efficiency. How-
ever, it has been shown that polylysine sequences have an in-
herent cytotoxicity because of their high-charge density.3%3!
Here, we engineered a new variant of eADF4(C16), called
eADF4(x16), with a positive net-charge and low-charge density
at neutral pH. This approach was accomplished without using
additional tags as all charged residues were part of the spi-
der silk core sequence, avoiding side effects as seen in previous
attempts. Importantly, most properties of eADF4(C16) were re-
tained in eADF4(x16), allowing its use as drug carrier material.

MATERIALS AND METHODS
Protein Design and Production

eADF4(C16) containing the sequence T7-
(GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGPG)16
was produced and purified as described previously.® To design
eADF4(x16), glutamic acid residues of eADF4(C16) were re-
placed by lysine residues within the encoding DNA sequence.
A x2 DNA sequence with BamHI and HindIIl restriction
sites was purchased from GeneArt® Gene Synthesis, and the
DNA construct encoding eADF4(x16) was generated using
a previously established cloning strategy.® eADF4(x16) was
expressed in E. coli BL21 gold (DE3), and the protein was
purified using a heat step and ammonium sulfate precipitation
as described previously.®

Particle Preparation

Lyophilized eADF4(x16) or eADF4(C16) was dissolved in 6 M
guanidinium thiocyanate (GdmSCN) and dialyzed against
25 mM Tris/HCI pH 7.5 (Tris buffer). Samples were dialyzed
for 16 h with three buffer changes at 25°C, using a dialysis
membrane with a molecular weight cut-off of 6000-8000 Da
(Spectrum® Laboratories, Irving, Texas). The resulting spider
silk protein solutions were diluted to a concentration of 50 p M
using Tris buffer. Aliquots of 200 pL (10 nmol) were mixed at
a 1:1 ratio with 2 M potassium phosphate, pH 7.5. The mix-
tures were incubated for 30 min at 25°C and then centrifuged
at 17000g for 2 min to obtain a pellet that consisted of the pre-
cipitated protein particles.®'° The particles were washed three
times with MQ-H;O, and, if needed, stored in MQ-H,O at 25°C.
The eADF4(x16) particles used in this experiment had diame-
ters of 1533 + 238, and eADF4(C16) particles diameters of 1286
+ 206 nm.

Particle Size Determination

Particle sizes were determined via dynamic light scattering
measurements. These measurements were performed using a
ZetaSizer Nano ZS (Malvern Industries Ltd., Malvern, UK).
Refractive indices of 1.33 for water and 1.60 for protein were
used for computation of particle sizes. Aliquots of freshly pre-
pared and washed particles were resuspended in 2 mL Tris
buffer and 500 pL of these suspensions were used to measure
particle sizes.

DOI 10.1002/jps.24300
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Particle Loading

Protein particles were loaded via diffusion with the model
substances carboxy fluorescein (CFl), crystal violet (CV), and
acridine orange (AQO). CFI, CV, and AO were dissolved in
ethanol at a concentration of 25 mM each. Dye solutions
were then diluted 500-fold (1 eq), 100-fold (5 eq), 50-fold (10
eq), or 25-fold (20 eq) using Tris buffer. For particle load-
ing, 200 pL of dye solution were added to freshly washed
particle pellets and incubated for 30 min at 25°C, followed
by centrifugation at 17,000¢ for 2 min. The supernatant
was then analyzed using UV/Vis spectroscopy at wavelengths
matching the absorbance maxima of the dyes used (CFL
Amax = 492 nm; CV: An = 552 nm; AO: Ay = 467 nm)
to determine both the loading and the loading efficiency of the
particles (Egs. (1) and (2).

For loading of eADF4(x16) particles with Rho-ODN
[rhodamine-labeled dsDNA: Rho-C6-5'-ggt cac ttc gtg gct aac
g-3' (7387.43 Da)l, the labeled DNA was dissolved in MQ-H;O
at a concentration of 125 puM and 200 L (25 nmol) were added
to eADF4(x16) particles, incubated for 30 min and then cen-
trifuged at 17,000g for 2 min at 25°C. The supernatant was an-
alyzed using UV/Vis spectroscopy at the absorption maximum
of Anax = 560 nm to determine the loading and the loading
efficiency of the protein particles (Egs. (1) and (2).

Amount of substance in particles

Loading (%) = 100 (1)

Amount of silk protein in particles

Amount of substance in particles

Amount of dye added x 100

Loading efficiency (%) =
(2)

Model Substance Release

To analyze the release kinetics of loaded substances, particles
were thoroughly resuspended in release buffer and incubated
in a shaker (Thermomixer compact; Eppendorf, Germany) for
30 min at 37°C, followed by centrifugation at 17,000g for
2 min at 25°C. Supernatants were carefully removed, and pel-
lets were resuspended in 200 pL of fresh Tris buffer and the
corresponding salt concentrations (NaCl or sodium acetate),
phosphate buffer or PBS. The removed supernatants were then
centrifuged again and analyzed using UV/Vis spectroscopy at
the absorption maximum of the loaded substances (see also
section Particle Loading).

Layer-by-Layer Particle Coating

Freshly washed or freshly loaded eADF4(C16/x16) particles
were resuspended in 200 pL of the corresponding charge coun-
terpart at a protein concentration of 0.5 mg/mL. After 1 h of

incubation, particles were centrifuged at 17,000g for 2 min and
washed once with MQ-H,O at 25°C.

Microscopy

Scanning electron microscopy (SEM) images were taken using
a 1450Es Beam (Zeiss, Oberkochen, Germany) at an accelerat-
ing voltage of 3 kV. Particles were pipetted onto Thermanox™
plastic cover slips and washed three times with distilled water.
Before imaging, the particles were air dried and sputtered with
platinum.

Doblhofer and Scheibel, JOURNAL OF PHARMACEUTICAL SCIENCES 104:988-994, 2015
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Confocal scanning laser microscopy (CLSM) was performed
using a LSM710 (Zeiss, Oberkochen, Germany). Particles were
pipetted on a glass slide and analyzed in a wet state.

Zeta Potential Measurements

Zeta potential (ZP) measurements of particles were performed
using a Zetaview PMX 100 (ParticleMetrix, Meerbusch, Ger-
many). The ZP was calculated from the electrophoretic mobility
of particles after the theory of Smoluchowski.?? Freshly washed
particles were resuspended in 200 pL of 5 mM citrate buffer pH
7.5. 50 pl of the particle suspension were diluted in 10 mL of
5 mM citrate buffer. Each measurement was repeated three
times.

RESULTS AND DISCUSSION

It has been previously shown that high-molecular-weight
molecules such as proteins, as well as small-molecular-weight
substances, can be loaded onto and released from eADF4(C16)
particles.®?223 Here, a new variant of this recombinant spider
silk protein, called eADF4(x16), was engineered containing 16
positively charged amino acids (lysine residues) replacing the
16 negatively charged amino acids (glutamic acid residues) of
eADF4(C16). eADF4(x16) was assembled into spherical parti-
cles with diameters between 1 and 2 pm in the presence of
molar concentrations of potassium phosphate, which were in-
distinguishable from eADF4(C16)particles.”

eADF4(k16) Particles Can Be Used as a Nucleic Acid Carrier

As polyanionic eADF4(C16) particles cannot be loaded with
anionic substances,® we tested the ability of polycationic
eADF4(x16) to be loaded with nucleic acids, which can, in the
case of siRNA, be used for RNAi therapy.

Labeled dsDNA (Rho-ODN) was tested as a model substance
because of its easier handling in comparison to siRNA. After
incubation, the uptake efficiency of Rho-ODN in eADF4(x16)
particles was 16.9 &+ 5.5 % corresponding to 4.3 nmol Rho-ODN
per 10 nmol protein. CLSM measurements revealed that all
particles were loaded with labeled DNA, even after washing
(Fig. D).

For release measurements, Rho-ODN-loaded particles were
resuspended in PBS and, as a control, in Tris buffer (25 mM
Tris/HCL, pH 7.5) (Fig. 2). Importantly, in both cases, no burst
release was observable; release was slow and linear simi-
lar to the release rates of biologicals (e.g., lysozyme) from
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Figure 2. Release of Rho-ODN from eADF4(x16) particles in the pres-
ence of PBS (gray) and 25 mM Tris/HCI, pH 7.2, (black) at 37°C.

eADF4(C16) particles.?? This linear release may be because
of a strong interaction between the highly negatively charged
Rho-ODN and the positively charged particle matrix. The ionic
strength of PBS was not able to significantly suppress Rho-
ODN binding and to accelerate its release.

Release Control of Low-Molecular-Weight Substances from Spider
Silk Particles

Loading of Low-Molecular-Weight Model Substances

Carboxy fluorescein (Fig. 3a) was tested as a model for neg-
atively charged substances and loaded onto eADF4(x16) par-
ticles. CV (Fig. 3b) and AO (Fig. 3c) were used as models for
positively charged substances and loaded onto eADF4(C16)
particles for comparison. As their loading onto eADF4(x16)
was not possible because of charge—charge repulsion, as well
as loading of negatively charged substances onto eADF4(C16)
(data not shown), a general comparison of substance up-
take and release between the well-established eADF4(C16)
and the newly developed eADF4(x16) system was the only
possibility.

Loading efficiencies of the individual dyes were tested at
different dye/protein ratios (1, 5, 10, and 20 eq). Particles
were made of 10 nmol eADF4(C16) or 10 nmol eADF4(x16)
(concentration of each protein solution: 50 pM), and the dye
concentration was adjusted according to the individual ratio.
The maximum loading efficiency of CFl was 98% when using

Figure 1. Confocal scanning laser microscopy pictures of eADF4(x16) loaded with Rho-ODN; (a) overview and (b) single particle.
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Figure 3. Model substances: (a) CFl, (b) CV, and (¢) AO. (d) Loading efficiencies of CFl on eADF4(x16) and CV/AO on eADF4(C16) particles at

25°C.

a 1:1 molar ratio [CFl/eADF4(x16)] (Fig. 3d). The loading effi-
ciencies decreased with increasing dye concentration. For CV,
the maximum loading to eADF4(C16) particles was reached
at 5 eq. The maximum loading efficiency of AO could not be
determined within the tested molar ratios, as the loading effi-
ciency was still 98.5% at the highest ratio, in agreement with
the maximum loading described previously.>?

The maximum amount of CFl incorporated into eADF4(x16)
particles was 39.77 + 1.06 nmol at a protein to dye ratio of
1:5. For eADF4(C16), the maximum amount of loaded CV was
79.54 £+ 2.13 nmol at a ratio of 1:20 and that of AO 197.10
+1.10 nmol. Difference in loading was probably not because of
different electrostatic interactions or the structure of the pro-
tein, but more likely because of the shape of the dye molecules.
AO is a flat molecule with three aromatic rings, possibly inter-
calating with beta-sheets of the spider silk protein. In contrast,
CV and CFl are larger molecules and occupy a greater vol-
ume. Another argument for steric considerations in addition to
electrostatic interactions is based on the assumption that pro-
tein monomers provide 16 charged amino acids (plus amino-
and carboxy-termini), while each dye contains only one sin-
gle charge at neutral pH values. Based thereon in eADF4(x16)
only 25 % of the charges are covered, whereas in eADF4(C16)
loaded with CV 50% are covered, and upon loading with AO
the coverage is 123%. The latter indicates that AO is not only
bound by charge—charge but also by hydrophobic interactions
as described previously.??

Release of Low-Molecular-Weight Model Substances

Previous experiments have shown that low-molecular-weight
substances such as Rhodamine B are captured in the outer
regime of eADF4(C16) particles with no or little interaction
within the particle matrix.2%?? Release is completed within 2 h,
and the presence of salt has only a slight impact on release
kinetics.?? Under the experimental conditions, only partial re-
lease of CV and AO could be detected from eADF4(C16) par-
ticles within 2 h. Interestingly, the addition of salt exhibited
different effects on CV and AO release, dependent on ion com-
position and strength. Although NaCl showed little effect on
the release of CV, it had the strongest effect on AO release, in-
dependent of ionic strength. KCI had a stronger concentration-
dependent impact on CV release than NaCl, but less effect on
AO release. Sodium acetate had the strongest effect on CV re-
lease and also some influence on AO release but only at a con-
centration >200 mM (Fig. 4a).

The release kinetics of CF1 from eADF4(x16) particles, in con-
trast, was in general faster than any release from eADF4(C16)
particles, independent of the presence of salt. In case of CF1 re-
lease from eADF4(x16) particles, all used salts induced a com-
plete release after 2 h of incubation (exemption: 100 mM sodium
acetate).

As the radii of chloride anions are smaller than those of
CF1, the local ionic strength is slightly higher allowing a
tighter interaction between chloride and the amino groups of
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(a) Salt-dependent release of CF1 from eADF4(x16) particles and CV and AO from eADF4(C16) particles. (b) Release of CFI from

eADF4(x16) particles and CV and AO from eADF4(C16) particles in the presence of potassium phosphate. Release experiments were performed

at 37°C.
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Figure 5. Time course of dye release depending on ionic strength. (a) CFI release from eADF4(x16) particles, (b) CV, and (c¢) AO release from

eADF4(C16) particles. Release experiments were performed at 37°C.

lysine residues in eADF4(x16). Acetate ions are slightly larger
than chloride ions, and, therefore, the interaction with lysine
residues in eADF4(x16) is not as pronounced (Fig. 4a). In con-
trast, in case of polyanionic eADF4(C16) particles, the influ-
ence of cations should be high. However, not only cations but
also their counter anions significantly affected the release of
model substances from eADF4(C16) particles. In the presence
of KCl, release of CV from eADF4(C16) particles was increased,
whereas NaCl had only a negligible influence. Sodium acetate
showed the highest impact on CV release at 200 mM. Release of
AO was strongly accelerated in the presence of NaCl after 2 h,
whereas in the presence of KCl or sodium acetate release of AO
was lower (Fig. 4b).

Influence of ions on release depends not only on charge and
hydrodynamic radii but also on kosmotropic properties. Ac-
cording to the Hofmeister series, acetate anions are more kos-
motropic than chloride ions.?* Although sodium acetate had the
greatest impact on CV release from eADF4(C16) particles, the
release of AO from eADF4(C16) particles was only moderately
accelerated in the presence of sodium acetate, probably because
of the fact that acetate can increase hydrophobic interactions.3*
As AO is not solely bound to the particles via electrostatic inter-
actions but also via hydrophobic interactions, this behavior is
not surprising. The presence of kosmotropic salts strengthens
the interactions between AO and eADF4(C16) particles.

To confirm this finding, the influence of physiologically rel-
evant kosmotropic potassium phosphate was tested. Although
release of CF1 from eADF4(x16) particles was complete in the
presence of PBS or potassium phosphate after 2 h, less re-
lease was detected at phosphate concentrations above 400 mM
(Fig. 4b). The salting-out effect of phosphate might induce a
collapse of the brush-like outer shell of silk particles,?! lower-
ing the particle pore sizes and, therefore, decelerating release
rates of bound substances. Furthermore, phosphate is more
kosmotropic in comparison to acetate and is, therefore, increas-
ing the hydrophobic effect. In case of AO, the interaction be-
tween the hydrophobic dye and the hydrophobic amino acids of
spider silk proteins is strengthened, and thus release rates are
decreased (Fig. 4b).

Alternatively, differences between the uptake and release
behavior of eADF4(C16) and eADF4(x16) particles could rely
on their different “local” hydrophobicities. Lysine residues
are slightly more hydrophilic with hydropathy indices of
—3.9 in comparison to —3.5 of glutamic acid residues.?® Fur-
thermore, their solvation energies differ slightly (glutamate:
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—112.74 kcal/mol; lysine: —132.27 kcal/mol).?¢ Therefore, ly-
sine residues are more hydrated and hence more accessible to
salt ions and less affected by kosmotropic salts that strengthen
hydrophobic interactions.

Release Kinetics

Release rates of CF1 from eADF4(x16) particles were rapid in
the presence of NaCl and only slightly slower in the presence of
PBS. In contrast, release rates of CV and AO from eADF4(C16)
particles were generally slower than the release rate of CF1
from eADF4(x16) and exhibited linear behavior, indicating
stronger interactions between the dyes and eADF4(C16) in
comparison to binding of CFl to eADF4(x16).

As lysine residues are more hydrophilic and thus more eas-
ily accessible to both solvent and salts,?® salt impact is more
pronounced in case of eADF4(x16) particles. As expected, a
linear release could be determined in the control (Tris buffer;
Fig. 5a). The release rates of dyes from eADF4(C16) particles
were almost linear, also in the presence of salts. However, NaCl
accelerated the release rates, especially in case of AO, because
the salting-in properties of NaCl weakened the hydrophobic
interactions between dye and silk proteins.

] eADF4EC16;par1icles
10+ eADF4(x16) particles
5
S o . T
E | Notcoated First layer Second|layer
Q. _5]
N
-104
—154
—20- ]
25 "

Figure 6. Zeta potential measurements of coated spider silk pro-
tein particles. Particles were measured without loading (not coated)
and after coating with the oppositely charged protein [e.g., first layer:
eADF4(C16) particles plus eADF4(x16) layer] or upon a successive sec-
ond coating [e.g., second layer: eADF4(C16) particles + eADF4(x16)
layer + eADF4(C16) layer].
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Figure 7. Microscopic analysis of samples of dye-loaded and eADF4(C16)-coated eADF4(x16) particles. (a) SEM image of CFl-loaded and
eADF4(C16)-Rho-coated eADF4(x16) particles. CLSM images of eADF4(x16) particles showing (b) CF1 fluorescence and (c) eADF4(C16)-Rho

fluorescence.

Control of Drug Release Using Layer-by-Layer Silk Particles

eADF4(x16) particles are suitable carriers for negatively
charged substances. However, the release of small-molecular-
weight substances is too fast for most applications. To overcome
this deficit, layer-by-layer (LbL) coating of eADF4(x16) parti-
cles was tested using soluble eADF4(C16). As both spider silk
proteins reflect polyelectrolytes with opposite charges, it was
possible to deposit ultrathin films of the second protein on the
particles of the first one based on electrostatic interactions be-
tween the two spider silk proteins.?”*° Efficiency of the coating
procedure was shown using ZP measurements (Fig. 6).

Successful eADF4(C16) coating of substance-loaded
eADF4(x16) particles was confirmed by SEM showing that LbL
particles maintained the shape of the original ones (Fig. 7a).
This was further confirmed using CLSM revealing that there
were eADF4(x16) particles with both CF1 and eADF4(C16)-Rho
fluorescence (Figs. 7b and 7c).

Next, release of CFl was tested from LbL particles
[eADF4(x16) particles with eADF4(C16) coatings, Fig. 8]. Con-
trary to our expectations, the release from coated particles was
slightly increased in comparison to that from uncoated parti-
cles. Although the eADF4(C16) layer surrounding eADF4(x16)
particles is negatively charged, it accelerated release rather
than slowed it down. A reasonable explanation is that the pores
in the top eADF4(C16) layer may be too large to prohibit re-
lease, and, therefore, release was driven by electrostatic repul-
sion instead of physical barriers.

—— 0 mM NaCl uncoated particles
—l— 100 mM NaCl uncoated particles
200 mM NaCl uncoated particles
- & -0 mM NaCl coated particle
—4A -100 mM NaCl coated particle
200 mM NaCl coated particle

Released CFI (%)
S

Time (min)

Figure 8. Comparison of CFlrelease from uncoated and eADF4(C16)-
coated eADF4(x16) particles in dependence of NaCl concentration at
37°C.
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CONCLUSIONS

It was shown that particles of the newly designed polyca-
tionic spider silk protein eADF4(x16) can be used to encap-
sulate negatively charged substances. Nucleic acids are bound
to eADF4(x16) particles by strong electrostatic interactions be-
cause of the high-charge density of DNA. In the presence of salt,
nucleic acids are slowly released, in contrast to small molecu-
lar weight substances, such as CF1, which show a burst release
within the first 30 min of incubation under all tested conditions.
The weak electrostatic interactions of CFl with eADF4(x16) are
based on its low-charge density and the high hydrophilicity of
lysine residues in the recombinant spider silk protein. In com-
parison, release kinetics of positively charged substances from
polyanionic eADF4(C16) is slow and linear, but is salt depen-
dent. Importantly, it is possible to slow down release in the pres-
ence of kosmotropic salts inducing a collapse of the brush-like
outer particle shell and strengthening inter- and intramolec-
ular hydrophobic interactions. Interestingly, LbL coating of
eADF4(x16) particles with eADF4(C16) did not slow down the
release of small molecular substances. In summary, release ki-
netics of substances from spider silk protein particles is mainly
influenced by the compound’s properties with dependence on
charge, hydrophobicity, molecular weight, and steric aspects.
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Cellular uptake of drug loaded spider silk
particles¥

Martina B. Schierling,® Elena Doblhofer;® and Thomas Scheibel*®°<9¢

Medical therapies are often accompanied by un-wanted side-effects or, even worse, targeted cells can
develop drug resistance leading to an ineffective treatment. Therefore, drug delivery systems are under
investigation to lower the risk thereof. Drug carriers should be biocompatible, biodegradable, nontoxic,
non-immunogenic, and should show controllable drug loading and release properties. Previous studies
qualified spider silk particles as drug delivery carriers, however, cellular uptake was only tested with
unloaded spider silk particles. Here, the effect of drug loading on cellular uptake of previously established
spider silk-based particles made of eADF4(C16), eADF4(C16)RGD, eADF4(C16)RgG and eADF4(x16) was
investigated. Fluorescently labelled polyethylenimine was used as a model substance for loading eADF4
(C16), eADF4(C16)RGD or eADF4(C16)RgG particles, and fluorescently labelled ssDNA was used for
loading eADF4(x16) particles. Upon loading polyanionic eADF4(C16) and eADF4(C16)RGD particles with
polycationic polyethylenimine the cellular uptake efficiency was increased, while the uptake of eADF4
(C16)RgG and polycationic eADF4(x16) particles was decreased upon substance loading. The latter could
be circumvented by coating substance-loaded eADF4(kx16) particles with an additional layer of eADF4(x16)
(layer-by-layer coating). Further, it could be shown that eADF4(C16)RGD and eADF4(x16) uptake was
based on clathrin-mediated endocytosis, whereas macropinocytosis was more important in case of
eADF4(C16) and eADF4(C16)RgG particle uptake. Finally, it was confirmed that drugs, such as doxorubicin,
can be efficiently delivered into and released within cells when spider silk particles were used as a carrier.
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Introduction

The severe side-effects of some conventional medical therapies
strongly influence quality of life or cause even mortality. To
minimize these effects, drug delivery systems are envisioned to
direct drugs to specific tissues or even inside targeted cells.
These systems have to fulfil several requirements like control-
lable physicochemical properties, colloidal stability, the shield-
ing of drug degradation by hydrolysis or enzymatic reactions
as well as the controllable release of the drug at the target
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tissue or within the target cell." Polymers are the preferred
material for carrier systems, because they can be modified
according to the desired application. Additionally, polymers
can be tuned for controllable interactions with drugs allowing
a defined drug release over days or even months.>?
Unfortunately, several synthetic polymers are not biocompati-
ble or need organic solvents and harsh formulation conditions
during processing or generate toxic degradation products.
Natural polymers, in contrast, are biocompatible, can often be
processed under mild conditions, and can be degraded by
enzymatic reactions without yielding toxic side products.*”
Drug carriers made of natural polymers can further be functio-
nalized to enhance their cellular uptake specificity by modifi-
cations with cell interacting motifs like the RGD sequence or
cell penetrating peptides (CPP).*™®

Among biopolymers, spider silk proteins and materials
made thereof are promising candidates for biomedical appli-
cations due to their biocompatibility, biodegradability and
mechanical properties.’ Since natural spider silk proteins are
not available in high amounts due to the cannibalistic behav-
ior of spiders, recombinant production techniques of the
proteins have been developed.'®'! The well-established recom-
binant spider silk protein eADF4(C16) is based on one major
ampullate spidroin (MaSp) of the dragline silk of the European
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garden spider (Araneus diadematus)."> eADF4(C16) can be pro-
cessed into different morphologies like films,"***
mats,”® hydrogels,'® capsules,'”'® and particles.'®*® The par-
ticles can be loaded with different low molecular weight sub-
stances or small proteins.>’>* Due to the negative net charge
of eADF4(C16) at neutral pH (based on 16 glutamic acid resi-
dues) only positively charged or neutral substances can be
loaded onto particles made therefrom. Replacement of all glu-
tamic acid residues by lysines yielded the engineered positively
charged spider silk protein, eADF4(x16).>> eADF4(k16) par-
ticles can be loaded with negatively charged substances with
low and high molecular weights.>® The loading and release
efficiencies for both types of particles have been thoroughly
analyzed previously.”’* It could be shown that HeLa cells
take up eADF4(k16) particles quite well. Also particles made of
fusions between eADF4(C16) and the cell penetrating peptide
RgG or the integrin-binding peptide RGD are taken up but to a
lower extent, and the lowest cellular uptake was detected for
eADF4(C16) particles.”*

Since drug loading influences the surface properties of
spider silk particles, this particular feature has been investi-
gated here concerning its impact on the cellular uptake of
eADF4(k16), eADF4(C16), eADF4(C16)RGD and eADF4(C16)RsG
particles. Single stranded DNA was loaded onto eADF4(k16)
particles, and polyethylenimine was loaded onto eADF4(C16),
eADF4(C16)RGD and eADF4(C16)RgG particles as model sub-
stances. Loading of such highly charged model substances sig-
nificantly and differently influenced the cellular uptake of
spider silk particles dependent on the silk protein employed.
Further, upon using doxorubicin as a model drug it could be
shown that drugs can efficiently be delivered into and released
within the target cells by using spider silk particles as carrier.

non-woven

Experimental section

Protein production and purification

The recombinant spider silk proteins eADF4(C16), eADF4(C16)
RGD, eADF4(C16)RgG and eADF4(k16) were produced and pur-
ified as described previously.'>>*?

Coupling of rhodamine to spider silk proteins

Lyophilized spider silk proteins were dissolved in 6 M guanidi-
nium thiocyanate and dialyzed against 10 mM HEPES, pH 7.0.
Dialyzed spider silk proteins were incubated with a 15-fold
molar excess of 5/6-carboxy-tetramethyl-rhodamine succini-
midyl ester (ThermoFisher, Darmstadt, Germany) in the
absence of light for 2 h at 25 °C. Afterwards, the labeled pro-
teins were precipitated by adding 2 M potassium phosphate,
pH 8.0 in a 1:1 volume ratio, and the mixture was incubated
for 1 h at 25 °C. The precipitated, labelled protein was washed
three times with ultra-pure water and then lyophilized.

Spider silk particle formation

The particles were produced according to Elsner et al.>* Briefly,
lyophilized proteins were dissolved in 1-ethyl-3-methyl-imid-
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azolium acetate (EMiMJacetate]). Particle formation was
initiated by mixing of 0.1 mg ml™" protein in EMiM[acetate]
with 5 equivalents (eq.) (v/v) of 2 M potassium phosphate,
pH 8.0."%** After incubation for 1 h at 25 °C, the particles were
centrifuged (15 min, 17 000g, 4 °C), and then the pellets
washed three times with ultra-pure water.

Fluorescence labelling of DNA and polyethylenimine

1 eq. NH,-ODN (NH,-C-5-ggt cac ttc gtg gct aac g-3 (6971 Da),
biomers.net, Ulm, Germany) was dissolved in 100 mM sodium
phosphate buffer, pH 7.9 containing 25 eq. NHS-FI (N-hydroxy
succinimidyl fluorescein dissolved in DMSO). After 3 h of incu-
bation the sample was mixed with 4 M sodium acetate, pH 5.0
and ethanol p.a. to final concentrations of 100 mM and 70%,
respectively. For precipitation of the resulting FI-ODN
(Fluorescein-Cq-5-ggt cac ttc gtg get aac g-3 (7302 Da)) the
mixture was incubated for 30 min at —20 °C, centrifuged at
8500 rpm and 4 °C and washed with ethanol p.a. The FI-ODN
pellet was resuspended, and the precipitation repeated with
ethanol p.a. twice. Finally, FI-ODN was resuspended in ultra-
pure water at the appropriate concentrations for particle
loading.

Polyethylenimine (PEI; M, = 8000 Da, PDI 1.1, Sigma-
Aldrich, Seelze, Germany) was dissolved in sodium carbonate
buffer, pH 7.9 at a concentration of 2 mg ml™". Afterwards,
NHS-FI (1 mg ml~" in DMSO) was added slowly to the PEI solu-
tion while stirring followed by 8 h of incubation at 4 °C. The
reaction was stopped by addition of 50 mM ammonium chlor-
ide and further 2 h of incubation at 4 °C. To separate remain-
ing NHS-Fl, NH,Cl or sodium phosphate from the resulting
PEI-FI (fluorescein labelled PEI), the reaction mixture was dia-
lyzed against ultra-pure water for 46 h at 25 °C, using dialysis
membranes with a molecular weight cut-off of 500-1000 Da
(SPECTRUM® LABORATORIES, Irving, Texas).

Loading of spider silk particles

All particles were loaded by diffusion. FI-ODN was dissolved in
ultra-pure water and added to 0.5 mg eADF4(x16) particles at
various concentrations (0.02, 0.1 and 0.4 nmol mg™" particles)
in a volume of 100 pl. The particles were incubated in the
respective FI-ODN solution for 1 h, then centrifuged (17 000g,
15 min, 25 °C) and washed twice with ultra-pure water.

eADF4(C16), eADF4(C16)RGD and eADF4(C16)RsG particles
were loaded with 0.02, 0.1 and 0.4 nmol PEI-FI per mg protein
as described for eADF4(k16) particles loaded with FI-ODN.
After 1 h of incubation, the particles were centrifuged (17 000g,
15 min, 25 °C) and washed twice with ultra-pure water.

2 mM of doxorubicin (Dox) were incubated with 14.77 ng of
plasmid DNA (pEGFP-N1) for 12 h at 25 °C. The DNA/Dox
mixture or Dox alone were then added to the eADF4(k16) par-
ticles and incubated for 2 h at 25 °C, centrifuged (17 000g,
15 min, 25 °C) and washed twice with ultra-pure water.
The supernatant was analyzed using UV/Vis spectroscopy
(Amax,pox = 501 nm) to determine the loading and loading
efficiency (eqn (1) and (2)). Afterwards, particles were treated
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using the layer-by-layer (LbL) coating procedure described in
the section above.

Amount of substance in particles

Loading =
oading (%) Amount of silk protein

x 100 (1)

Amount of substance in particles

100
Amount of dye added 8

(2)

Loading efficiency (%) =

Release of Dox from DNA/Dox loaded eADF4(k16) particles

Release of Dox from eADF4(k16) particles was analyzed by UV/
Vis spectroscopy at Amaxpox = 501 nm every 30 min in PBS for
180 min at 37 °C. At each time point particles were centrifuged
(17 000g, 2 min, 25 °C), the supernatant was analyzed, and the
pellet resuspended in fresh PBS. The accumulated release was
plotted against time, with the start of the experiment being set
to zero minutes. After 180 min of incubation, particles were
treated with DNasel (2000 U ml™"), Trypsin (1 pl m1™") or both
for 24 h at 37 °C (10 mM Tris/HCl, 10 mM MgCl,, 10 mM
CaCl,, pH 7.5), centrifuged (17 000g, 2 min, 25 °C), and the
supernatant was analyzed using again UV/Vis spectroscopy to
detect released Dox.

Layer-by-layer coating of spider silk particles

LbL-Coating of spider silk particles was performed as
described previously.”® Loaded (FI-ODN, DNA/Dox or Dox)
eADF4(k16) particles were resuspended in 1 ml of freshly pre-
pared eADF4(k16) protein solution at a protein concentration
of 0.8 mg ml™". After 1 h of incubation, particles were centri-
fuged (17000g, 2 min, 25 °C) and washed with ultra-pure
water.

Electrophoretic mobility determination

Spider silk particles were analyzed concerning their electro-
phoretic mobility in 1/11 PBS pH 7.4 (0.4 mM KH,PO,, 1.6 mM
Na,HPO,, 11.5 mM NaCl) at 25 °C (ZetaSizer, NanoZS, Malvern
Instruments, Worcestershire, UK). The zeta potential was cal-
culated according to the theory of Smoluchowski.>®

Particle size determination

The size of dehydrated particles was analyzed by scanning elec-
tron microscopy (SEM) imaging and subsequent diameter
determination using the analytical software Image]. The
number of analyzed particles was at least n = 30.

SEM images were taken using a 1450Es Beam (Zeiss,
Germany) at an accelerating voltage of 3 kV. Particles were
pipetted onto Thermanox™ plastic cover slips and washed
three times with distilled water. Before imaging, the particles
were air dried and sputtered with platinum.

Colloidal stability analysis

Colloidal stability of spider silk particles was analyzed in ultra-
pure water using a LUMiFuge®114 (L.U.M. GmbH, Berlin,
Germany) with a rotation frequency of 300, 600 and 900 rpm
and different time intervals of 200, 300, and 1000 s. Particle
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suspensions were placed in tubes in horizontal positions on
the disc of the LUMiFuge®114. Transparencies of the particle
suspensions were measured in the area between the menisci
and bottom of the vial three times for each particle type.
Transmission was measured every 10 s over 1800 s, and the
integral of transmission between meniscus and bottom of the
vial was plotted against time.

Cell culture

HeLa cells (German Collection of Microorganism and Cell
Cultures DSMZ) and BALB/3T3 mouse fibroblast (European
Collection of Cell Culture) were cultured in DMEM (Dulbecco’s
Modified Eagle Medium, Biochrom, Berlin, Germany) sup-
plemented with 10% v/v 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).
Kelly neuroblastoma cells (German Collection of
Microorganism and Cell Cultures DSMZ) were cultured in
RPMI 1640 (Roswell Park Memorial Institute 1640 Medium,
Lonza, Verviers, Belgium) supplemented with 10% v/v fetal
bovine serum (Biochrom, Berlin, Germany), 1% v/v GlutaMAX
(Gibco, Grand Island, USA) and 0.1% v/v gentamicin sulfate
(Sigma-Aldrich, Seelze, Germany). The cell viability was con-
firmed by trypan blue staining (Sigma-Aldrich, Seelze,
Germany) before seeding the cells. Cells were cultured in a
CO,-incubator (Heraeus, Hanau, Germany) at 5% CO,, 95%
humidity and at 37 °C.

Analysis of cytotoxicity

Cells were seeded on treated 96-well cell culture plates (Nunc,
Langenselbold, Germany) at a density of 20 000 cells per cm?
(HeLa, BALB/3T3) or 50 000 cells per cm® (Kelly). The seeded
cells were pre-incubated with spider silk particles (9.6, 48, or
96 ng pl™") for 6 or 24 h at 37 °C. Medium was changed after
6 h, 24 h or 48 h followed by analysis of cell viability using the
CellTiter Blue assay. Cells were washed twice with phosphate
buffered saline (PBS). Fresh medium was added containing
10% v/v CellTiter Blue reagent® (Promega, Madison, USA), and
cells were incubated for 2.5 h at 37 °C. The transformation of
the blue fluorescent dye resazurin into red fluorescent resoru-
fin (Aex = 530 NM; Aey, = 590 nm) was measured using a plate
reader (Mithras LB 940, Bertold, Bad Wildbach, Germany) with
530 nm excitation and 600 nm emission filters and a counting
time of 0.5 s. Cell culture experiments were repeated 3 times
with 3 replicates for each particle type and drug.

Uptake analysis and identification of the uptake mechanism

For uptake studies and identification of the uptake mechan-
ism, HeLa cells were cultured on treated 6-well cell culture
plates (Nunc, Langenselbold, Germany) at a density of 30 000
cells per cm? in the presence of loaded spider silk particles for
24 h. Cells were washed with PBS twice, treated with trypan
blue, washed again with PBS, detached using 0.05% Trypsin/
EDTA and pelleted by centrifugation (300g, 5 min, 25 °C). Cells
were resuspended in fresh media, and uptake was measured
using flow cytometry (Cytomics FC500, Beckman-Coulter,
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Krefeld, Germany). Cells only appeared fluorescent upon
internalization of Rhodamine-labeled particles.

Endocytotic inhibitors were used for identification of the
uptake mechanism. Cells were seeded at a density of 30 000
cells per cm?. 100 pM dansylcadaverine (DC) for inhibition of
clathrin-mediated endocytosis and 100 pM di-methyl-amilor-
ide (DMA) for inhibition of macropinocytosis were added to
the cells 30 min prior to particle addition (9.6 ng pl™"), and all
samples were further incubated for 24 h at 37 °C.

For fluorescence microscopy, HeLa cells were cultured on
p-slides (8-well, ibidi GmbH, Martinsried, Germany) at a cell
density of 20 000 cells per em? and incubated with loaded (Fl-
ODN or FI-PEI) rhodamine-labeled particles for 24 h at 37 °C.
The cells were fixed with 4% w/v paraformaldehyde for 15 min
at 25 °C, washed with PBS and permeabilized with 0.1% v/v
Triton-X-100 for 3 min. After two additional washing steps
with PBS, cells were incubated with HCS CellMask™ Blue
stain (Invitrogen, Darmstadt, Germany) for 30 min and
washed again with PBS. All samples were kept in PBS and ana-
lyzed using a fluorescence microscope (DMi8, Leica, Wetzlar,
Germany).

Statistical analysis

An unpaired two-side t-test was performed with n = 5 for
eADF4(x16), n = 4 for eADF4(C16) and n = 3 for eADF4(C16)
RGD and eADF4(C16)RgG particles for statistical analysis. The
significance was confirmed by a statistical certainty higher
than 99.9% (significance level of <0.1%; ***).>*

Results and discussion
Particle production and characterization

All recombinant spider silk proteins were dissolved in EMiM
[acetate] and then precipitated as described previously yielding
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particles with low diameters and small size distribution.>*
Particles were loaded by diffusion with different amounts of
model substances. In the case of eADF4(k16) FI-ODN was
chosen as a negatively charged high molecular weight sub-
stance and as model for siRNA, and PEI-F], a highly positively
charged synthetic polymer, as a model substance in the cases
of eADF4(C16), eADF4(C16)RGD, and eADF4(C16)RgG (0.02,
0.1 or 0.4 nmol model substance per mg particles). Due to the
detection limit, loading efficiencies were only determined for
the highest loading amounts. All particles (eADF4(C16) var-
iants) loaded with PEI-F1 showed a similar loading efficiency of
around 25%, and no significant difference in the particle’s
interaction with the model substance was detectable regardless
of the underlying protein. The loading efficiency of FI-ODN
onto eADF4(k16) particles was higher in comparison to
all eADF4(C16) variants (41%). This effect could be in part
attributed to a lower molecular weight and a lower charge
density of the model substance FI-ODN in comparison to
PEI-FI (Table S17).

SEM imaging showed that the diameter of dehydrated par-
ticles was roughly between 200 and 400 nm, and no significant
deviation was detectable amongst the different spider silk pro-
teins (Table 1, Fig. S1t). However, due to the previously deter-
mined hierarchical set-up of the particles with a polymer-
brush-like outer layer (thickness 30-50 nm) and a mechan-
ically robust inner core,*® diameters below 100 nm can hardly
be achieved without losing the general properties of the par-
ticles. In addition, electrophoretic mobility and colloidal stabi-
lity were indistinguishable in most cases before and after
loading of the particles with either PEI-Fl or FI-ODN (Table 1
and Fig. S2t). Analysis of loaded and unloaded eADF4(C16)
and eADF4(C16)RGD particles in suspension showed only little
sedimentation of the particles in the absence as well as in the
presence of PEI-Fl upon exposure to a centrifugal field
(LUMIFuge®) (Fig. S2A and Bf). In the case of eADF4(C16)RsG,

Table 1 Particle size, and electrophoretic mobility of unloaded and PEI-Fl or FI-ODN loaded spider silk particles measured at an ionic strength of

12 mM (1/11 PBS) and pH 7.4 (n = 6); C: layer-by-layer coated particle

Spider silk Model Loading nmol mg™" Electrophoretic mobility/ Particle diameter
particles drug particles 10m>s'v! Zeta potential’/mV (dehydrated)/nm
eADF4(C16) — — —2.10 + 0.10 —26.78 + 1.25 397 + 115
PEI-FI 0.02 -1.97 £0.12 —-25.15 +1.60
PEI-F1 0.1 —-1.88 £0.20 —23.93 +2.58
PEI-FI 0.4 —1.99 £ 0.08 —25.43 +1.05
eADF4(C16)RGD — — —-1.87 £0.25 —23.90 + 3.25 232 £ 56
PEI-FI 0.02 —-1.56 £ 0.07 —-19.85 + 0.85
PEI-F1 0.1 —1.54 £ 0.05 —19.67 + 0.59
PEI-FI 0.4 —1.47 £ 0.06 —-18.73 + 0.83
eADF4(C16)RgG — — —1.66 £ 0.06 —21.20 + 0.82 315+ 69
PEI-FI 0.02 —1.56 £ 0.06 —-19.90 + 0.79
PEI-FI 0.1 —1.65 £ 0.04 —20.95 +0.53
PEI-FI 0.4 —1.70 £ 0.06 —-21.73 £ 0.75
eADF4(k16) — — 1.15 + 0.09 14.68 £ 1.20 269 + 60
FI-ODN 0.02 1.11 + 0.08 14.12 £ 0.95
FI-ODN 0.1 1.13 £ 0.08 14.43 £1.02
FI-ODN 0.4 1.16 + 0.06 14.85 £ 0.73
eADF4(k16)-C FI-ODN 0.4 0.73 +£0.25 9.36 + 3.17 —

“Calculated according to the theory of Smoluchowski.*®
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all samples showed increased sedimentation at a centrifugal
speed of 900 rpm independent of the loading of the particles
(Fig. S2C¥). eADF4(x16) particles were colloidally unstable with
fast sedimentation at 300 rpm, 600 rpm and 900 rpm
(Fig. S2Dt). The incubation of the particles with FI-ODN had
only little influence on their colloidal stability. Surprisingly,
coating of loaded eADF4(k16) particles with another layer of
this protein seemed to stabilize the particles in suspension
(Fig. S2D¥).

The lack of influence of substance loading on the electro-
phoretic mobility of the particles (Table 1) is possibly due to
very low molar model-substance/protein ratios of 1:52
(0.4 nmol substance per mg protein), 1:208 (0.1 nmol sub-
stance per mg protein) and 1:1040 (0.02 nmol substance per
mg protein). Further, it can be assumed that the largest pro-
portion of the uptaken substance is not surface exposed.

Uptake analysis of loaded spider silk particles

Previously, eADF4(C16), eADF4(C16)RGD, and eADF4(C16)RsG
particles showed lower uptake efficiency in comparison to
positively charged spider silk protein particles made of eADF4
(x16) in HeLa cells.”> While HeLa Cells revealed in general a
very high uptake efficiency, other cell lines, like the neuroblas-
toma cell line Kelly and the mouse fibroblasts BALB 3T3
showed only limited uptake of the spider silk protein particles.
Interestingly, protein modification with e.g. RGD had a negli-
gible impact on this behavior (Data not shown). Furthermore,
it was shown that the release of single stranded DNA (ssDNA)
from eADF4(k16) particles into buffer was rather slow in com-
parison to that of low molecular weight substances.>® Here,
eADF4(k16), eADF4(C16), eADF4(C16)RGD and eADF4(C16)RsG
particles were loaded with FI-ODN and PEI-Fl, respectively, as
described above.

HeLa cells were incubated with 9.6 ng pl™* of loaded eADF4
(x16) particles for 24 h and analyzed using flow cytometry
(Fig. 1) or fluorescence microscopy (Fig. 2). Interestingly, the
uptake of loaded eADF4(k16) particles was significantly
reduced and depended on the amount of loading (Fig. 1). The
higher the loading, the lower the number of cells which con-
tained particles, and also the number of particles per cell was
reduced (Fig. 2). Coating of loaded particles with an additional
layer of eADF4(k16) (eADF4(k16)-0.4-C) increased the number
of cells with incorporated particles as well as the average
number of particles within each cell. HeLa cells were also incu-
bated in the presence of eADF4(C16), eADF4(C16)RGD and
eADF4(C16)RgG particles loaded with 0.02, 0.1, and 0.4 nmol
PELI-Fl per mg particles (eADF4(C16)-0.02, eADF4(C16)-0.1,
eADF4(C16)-0.4, etc.). eADF4(C16) particles were internalized
in 19.0% of HeLa cells after 24 h of incubation. Although the
uptake efficiency was only slightly affected by loading the par-
ticles with 0.02 or 0.1 nmol PEI-Fl per mg particles, cells incu-
bated with eADF4(C16)-0.4 particles showed a significantly
higher uptake (54.4%). Unloaded eADF4(C16)RGD and eADF4
(C16)RgG particles revealed a cellular uptake in the range
between that of eADF4(C16) and eADF4(x16) particles. While
treatment of HeLa cells with loaded eADF4(C16)RGD particles

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Flow cytometry analysis of Hela cells incubated in the presence
of loaded spider silk particles. The Hela cells were incubated together
with 9.6 ng pl™* of spider silk particles. eADF4(C16), eADF4(C16)RGD
and eADF4(C16)RgG particles were loaded with 0, 0.02, 0.1 and
0.4 nmol of PEI-Fl and eADF4(x16) with 0, 0.02, 0.1 and 0.4 nmol of Fl-
ODN per mg of particles and incubated for 24 h. eADF4(x16) particles
loaded with 0.4 nmol mg™ particles of FI-ODN were additionally coated
with eADF4(x16) using a layer-by-layer technique. Before measure-
ments, cells were washed and treated with trypan blue quenching the
fluorescence of Rhodamine labeled particles outside the cells (***highly
significant; ** significant).
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Fig. 2 Fluorescence microscopy images (maximal projections and
middle of z-stack) of Hela cells incubated in the presence of 9.6 ng plt
of spider silk particles for 24 h. eADF4(C16), eADF4(C16)RGD and eADF4
(C16)RgG particles were loaded with 0 or 0.4 nmol PEI-Fl per mg par-
ticles and eADF4(k16) particles with 0 or 0.4 nmol FI-ODN per mg par-
ticles. As indicated, eADF4(x16) particles were also coated with an
additional layer of eADF4(x16) after FI-ODN loading using the layer-by-
layer technique. Cells were fixed, permeabilized and stained with HCS
CellMask™ blue stain. Cells: blue; particles: red; loaded drug (PEI-Fl or
FI-ODN): green. Scale bar: 10 um.

increased the uptake efficiency to nearly 90%, the number of
cells containing PEI-Fl loaded eADF4(C16)RgG particles was
significantly decreased to less than 20%. Conspicuous here is
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the fact that, except for eADF4(C16) particles, even the smallest
amount of loaded substance induced a divergent interaction
between cells and particles. Loading with PEI-FI increased cel-
lular uptake with increasing loading in the case of eADF4(C16)
and eADF4(C16)RGD particles. Most strikingly, in the case of
eADF4(C16)R8G loading with PEI-Fl led to a tremendous
reduction of internalized particles, which was again reversed
to some extent when the PEI-FI concentration within the par-
ticles was increased. However, this could not be attributed to
changes in surface properties, since loading did apparently
not affect the electrophoretic mobility of the particles, as
described above. Since it was shown previously that cellular
uptake was increased for particles containing the CPP R8G
compared to plain eADF4(C16) particles, it can only be pre-
sumed that an interference of PEI-FI with the R8G sequence is
accountable for the rapid decrease in cellular uptake of loaded
eADF4(C16)R8G particles. In fact, the PEI transfection
mechanism has not yet been clarified on a cellular level.””
Consequently, the conclusions from the obtained results
remain open.

Identification of the uptake mechanism

To investigate the influence of drug loading on the internaliz-
ation pathway of silk particles, HeLa cells were incubated in
the presence of different endocytic inhibitors (dansylcadaver-
ine (DC): inhibitor of clathrin-mediated endocytosis; di-
methyl-amiloride (DMA): inhibitor of macropinocytosis)®*~!
prior to particle incubation for 24 h, and the uptake was ana-
lyzed using flow cytometry (Table 2).

In case of unloaded eADF4(k16) particles, the percentage of
cells with internalized particles was considerably reduced in
the presence of the clathrin-mediated endocytosis inhibitor
DC compared to the macropinocytosis inhibitor DMA. By
loading eADF4(x16) particles with different amounts of FI-
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ODN, the percentage of eADF4(k16) containing cells decreased
further in the presence of DC indicating that clathrin-mediated
endocytosis plays an important role. Coating of loaded eADF4
(x16) particles resulted in an uptake efficiency comparable to
that of unloaded ones. The role of clathrin-mediated endocyto-
sis and macropinocytosis of coated eADF4(k16) particles was
also similar to that of unloaded eADF4(x16) particles.

As shown previously, the role of both clathrin-mediated
endocytosis and macropinocytosis were similar for unloaded
eADF4(C16) particles,”* and no significant influence of PEI-FI
loading on the uptake mechanism of eADF4(C16) particles
could be detected.

eADF4(C16)RGD-0.02, eADF4(C16)RGD-0.1 and eADF4(C16)
RGD-0.4 were always taken up by slightly less cells in the pres-
ence of DC than in the presence of DMA. However, the
decrease in numbers of cells containing loaded particles in the
presence of DC was not as high as reported for unloaded ones.
The uptake of unloaded eADF4(C16)RgG particles occurred
mostly by clathrin-mediated endocytosis and only partly by
macropinocytosis.>* The reduction of cells containing loaded
eADF4(C16)RgG particles was similar in the presence of DC
and DMA. The results of the identification of the uptake
mechanism of loaded eADF4(C16)RGD and eADF4(C16)RgG
particles lead to the conclusion that both uptake mechanisms
are likewise important, whereas clathrin-mediated endocytosis
plays a more important role in unloaded particle uptake.

Analysis of cell viability was conducted 24 h after addition of
loaded and unloaded spider silk particles (using the CellTiter
Blue® assay) ensuring that the change in uptake efficiencies
cannot be ascribed to cytotoxic effects of the particles (Fig. 3).
HeLa cells cultured in the presence of loaded or unloaded
particles showed normal growth behavior. Thereby, neither the
type of the particle, loaded or not, nor the loading concen-
tration seemed to have a cytotoxic effect on HeLa cells.

Table 2 Cells at a starting density of 50 000 cells per cm? were incubated together with particles for 24 h in the absence or presence of endocyto-
sis inhibitors (100 pM of Dansylcadaverine (DC) or di-methyl-amiloride (DMA)) at 37 °C. Inhibitors were added 30 min before particle addition; C:

layer-by-layer coated particle

Loading nmol mg™*

Cells with particles/%

Spider silk particles Model drug particles — DC DMA
eADF4(C16) — — 17.1+5.0 9.0 £4.0 8.7+£5.2
PEI-FI 0.02 36.1 +14.2 7.1+3.6 15.0£0.2
PEI-F1 0.1 12.6 £ 4.5 12.0 £ 3.7 4.7 £2.0
PEI-F1 0.4 54.4+12.9 36.3+4.0 26.5 + 6.8
eADF4(C16)RGD — — 51.4+11.8 20.4 +10.9 34.3+8.6
PEI-FI 0.02 72.8 £ 4.6 58.8 +4.8 69.4 +7.5
PEI-F1 0.1 71.7 £ 3.5 53.1+6.3 57.1+11.2
PEI-F1 0.4 87.7+3.9 69.6 + 2.6 78.6 + 2.5
eADF4(C16)RsG — — 69.0 +11.7 23.9+6.3 63.9+15.1
PEI-FI 0.02 5.0+1.9 23+1.1 3.3+£0.9
PEI-F1 0.1 10.6 £ 1.8 5.0+3.9 53+1.0
PEI-F1 0.4 18.9+2.3 15.2+1.3 9.0+2.1
eADF4(k16) — — 94.5+3.2 47.8 £13.0 73.9+7.5
FI-ODN 0.02 19.5£5.0 1.2+0.3 8.5+3.8
FI-ODN 0.1 144 +4.1 0.9+0.1 6.7+2.7
FI-ODN 0.4 9.1+2.6 0.8 +£0.2 3.6+1.1
eADF4(k16)-C FI-ODN 0.4 83.4+3.5 45.1+£13.7 58.4+1.7
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Fig. 3 Viability of Hela cells incubated in the presence of 9.6 ng pl™* of
eADF4(k16) (A) and eADF4(C16), eADF4(C16)RGD or eADF4(C16)RgG (B)
particles after 24 h of incubation. Starting cell densities were 20 000
cells per cm?. Spider silk particles were loaded with 0, 0.02, 0.1, and
0.4 nmol of PEI-Fl (eADF4(C16), eADF4(C16)RGD, and eADF4(C16)RgG).

Release of DNA/Dox upon eADF4(k16) particle degradation

The drug doxorubicin (Dox) is often used in cancer therapy
and was thus chosen here as a therapeutically relevant model
drug to show the properties of spider silk particles as drug
carrier systems. eADF4(k16) was selected as a suitable silk
carrier since it showed the best cellular uptake. Due to its posi-
tive charge Dox was first intercalated into plasmid DNA, and
the DNA/Dox complex was then loaded onto positively charged
eADF4(x16) particles (loading efficiency of DNA/Dox was 73.5 +
30.4%, while the loading efficiency of Dox was 3.5 + 0.3%).
Next, release of Dox from DNA/Dox loaded particles was inves-
tigated in vitro. While in the absence of DNA, Dox was comple-
tely washed out of the particles due to charge-charge
repulsion of the drug and the positively charged particles
(Fig. 4), the release of Dox from DNA/Dox loaded particles was
very slow with a maximal release of about 10% of the initial
loading after 24 h of incubation. Since it is possible that the
release of Dox might be triggered by DNA and/or protein degra-
dation in vivo, DNasel, Trypsin or both enzymes were used to
analyze the impact of protein and DNA degradation on Dox
release.

Interestingly, both DNasel as well as Trypsin slightly trig-
gered the release of Dox, but no additive effect could be
detected. Within 24 h of incubation up to 27.3% of the initially
loaded Dox could be released in the presence of DNasel and
18.0% in the presence of Trypsin, which reflects about double
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Fig. 4 Release of Dox from DNA/Dox loaded (black circles) or Dox
loaded (grey circles) eADF4(k16) particles in PBS (pH 7.2) at 37 °C. After
180 min DNase |, Trypsin or both enzymes were added, and the samples
were incubated for additional 24 h at 37 °C.

the amount of released Dox as detected in the absence of
enzymes.

Cytotoxicity of DNA/Dox loaded eADF4(k16) particles

The DNA/Dox loaded eADF4(x16) particles were added to HeLa
cells after additional coating with eADF4(x16), as described
above, and incubated for 6, 24 and 48 h at different spider silk
particle concentrations (9.6 ng pl™'; 48 ng pl™"; 96 ng pl ™). As
a control, eADF4(k16) particles were incubated with doxo-
rubicin in the absence of DNA prior to incubation with HeLa
cells. In a further experiment, Dox was added to the media to
test for its direct impact on HeLa cells. Upon washing, Dox
was released from the spider silk particles in the absence of
DNA, but the DNA/Dox complex was retained within the par-
ticles. Again, the cytotoxicity was analyzed using the CellTiter
Blue® assay (Fig. 5). After 6 h of incubation no effect was
detected on the viability of HeLa cells either in the presence of
DNA/Dox loaded eADF4(k16) particles or in the presence of
Dox in the media. After 24 h, cell viability decreased to 22% in
the presence of free Dox. Only a slight effect could be detected
in the case of DNA/Dox loaded particles at concentrations of
9.6 ng ul™", but the effect was identical to that of free Dox at
DNA/Dox particle concentrations of 48 ng pl~'. Interestingly,
cell viability was significantly reduced to only 8% in the pres-
ence of 96 ng pl~" of DNA/Dox loaded particles. After 48 h of
incubation, the effect of free Dox and DNA/Dox loaded eADF4
(x16) particles was indistinguishable, and nearly no living cell
could be detected. There was no detectable effect of Dox-
loaded eADF4(k16) particles (without DNA), since Dox was
washed out of the particles before internalization of the par-
ticles by the cells as stated above. Importantly, eADF4(k16) or
DNA loaded eADF4(k16) particles showed no effect on the via-
bility of HeLa cells. As further control the uptake of the Dox-
loaded particles was tested in the neuroblastoma cell line Kelly
and the non-tumorigenic cell line BALB-3T3 mouse fibroblasts.
It turned out that a higher particle concentration and
incubation time was needed to induce similar effects like in
HelLa cells.
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Conclusions

Spider silk particles have been established as carrier of low
molecular weight substances, small proteins or DNA. Further,
it has been shown that unloaded spider silk particles can be
taken up by cells dependent on the molecular composition of
the underlying spider silk protein.>'">**> In this study, it could
be demonstrated that the loading of a charged substance influ-
ences the cellular uptake of these particles. Loading of poly-
cationic substances on polyanionic eADF4(C16) or eADF4(C16)
RGD particles increased the uptake by nearly a factor of two.
Surprisingly, the uptake of eADF4(C16)RsG particles loaded
with polycationic substances and that of DNA-loaded eADF4
(x16) particles was significantly decreased, indicating that the
loaded substance has a severe influence on the uptake
mechanism in dependence of the spider silk variant used.

It could be further shown that eADF4(k16) particles loaded
with a DNA/Dox complex can be easily uptaken by HeLa cells
and also to a lesser extent by Kelly cells and BALB/3T3 fibro-
blasts, followed by Dox-related cell death, especially in the case
of HeLa cells and BALB/3T3 fibroblasts. In the case of Kelly

1522 | Biomater. Sci,, 2016, 4, 1515-1523

cells, an effect of Dox could only be detected at high particle
concentrations, and the effect was lower compared to that of
free Dox. Hence, HeLa cells were more sensitive to intracellular
Dox as shown in the case of 24 h of incubation with DNA/Dox
loaded eADF4(k16) particles.

Since HeLa cells are known to uptake particles easily,
whereas Kelly cells avoid uptake of foreign substances, future
experiments have to deal with the improvement of spider silk
particles concerning targeted transport of substances to, for
example, specific cancerous cell lines. Further investigations
are also necessary in terms of intracellular release of DNA
from eADF4(k16) particles in order to make them viable as
transport systems for e.g. gene therapy.
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Table S 1: Loading efficiency of different protein particles upon incubation with 0.4 nmol of the corresponding model
substance FI-ODN or PEI-FI per mg particle

Protein particle Uptake efficiency FI-ODN Uptake efficiency PEI-FI
1 % 1 %
eADF4(C16) - 26.6+04
eADF4(C16)RGD - 269+04
eADF4(C16)RsG - 23.6+0.3
eADF4(k16) 40.6 £0.3 -

Fig. S 1 SEM Images of spider silk protein particles in dry state, A) eADF4(C16), B) eADF4(C16)RsG, C)
eADF4(C16)RGD, and D) eADF4(x16). Particles were produced after resuspending the respective protein in
EMiM][acetate] followed by potassium phosphate precipitation. SEM images were taken at an accelerating voltage of
3 kV. Before imaging, the particles were air dried and sputtered with platinum.
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Fig. S 2 Representative sedimentation curves of spider silk and PEI-FI or FI-ODN loaded spider silk particles
prepared from a 2 mg ml™! solution in EMiM[acetate] and analyzed at a concentration of 1.25 mg ml™!, measured at an
ionic strength of 12 mM (1/11 PBS) and pH 7.4. The single graphs show (A) eADF4(C16) particles, (B)

eADF4(C16)RGD particles, (C) eADF4(C16)RsG and (D) eADF4(k16) particles, each in the absence and presence model
drug as indicated.
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ABSTRACT: Colloidal particles have been prepared from polyanionic
and polycationic recombinant spider silk protein. The amino acid
sequences of these spider silk proteins are identical except for 16 residues
bearing either a cationic or an anionic ionizable group. Electrophoretic
titration showed that protonation of the acidic and basic amino acids had
significant impact on the electrophoretic mobility of the protein particles
and, in particular, on their point of zero mobility (PZM). The
experimentally determined PZMs are in good agreement with the
theoretical values evaluated on the basis of the relevant amino acid
sequences. A comprehensive description of the electrokinetic properties
of the recombinant spider silk protein particles as a function of pH and
solution ionic strength was provided from adequate application of
electrokinetic theory for soft particles. Within the framework of this
formalism, spider silk protein particles are viewed as porous colloids
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penetrable for ions and characterized by a finite penetration length for the electroosmotic flow. The differentiated electrokinetic
properties of the particles were shown to be solely governed by the electrohydrodynamic features of their poorly charged outer
peripheral layer with a thickness of about 10—20 nm. This finding was further corroborated experimentally by demonstrating that
electrokinetics of particles bearing an additional outer layer consisting of oppositely charged spider silk proteins is entirely
dominated thereby. The presence of a fuzzy, ion-permeable particle interface with an extension of several tenths of a nanometer
was confirmed by direct measurement of the resulting steric forces using the colloidal probe atomic force microscopy (AFM)

technique.

B INTRODUCTION

Structural proteins play an increasing role in the development
of biomaterials for drug delivery systems or drug depots." The
recombinant production of such structural proteins in
combination with genetic engineering allows establishing
tailor-made materials.'~’ Such engineered proteinaceous
materials offer both predictable biofunctionality and precise
tenability, a combination lacking in most synthetic polymer
materials.” Like synthetic polymers, structural proteins can be
assembled into morphologies with no counterpart in nature,
such as films, membranes, coatings, or particles.5’6

Spider silk proteins, called spidroins, represent a prominent
and well-known example” of such structural proteins and
consist of highly repetitive core sequences. One well-established
recombinant spidroin is based on the sequence of one of the
proteins of the dragline silk of the European garden spider
Araneus diadematus, which is referred to as eADF4(C16). It can
be processed into a variety of morphologies such as foams,”
fibers,” nonwoven meshes,"’ hydrogels,11 films, and colloidal
particles.”””'* By varying the amino acid sequences and

-4 ACS Publications  © 2016 American Chemical Society

substituting all glutamic acid (E) residues of eADF4(Cl16)
with lysine (K) ones, the negative net-charge at neutral pH is
converted into a positive one. For the modified protein, which
is denoted hereafter as eADF4(x16), the processing properties
are indistinguishable to that of eADF4(C16).""

Particles made of recombinant spidroins are of special
interest for the encapsulation of pharmaceutically active
substances as they combine a unique set of properties,
including biocompatibility and stability.*~"” Surface chemistry
of such colloids is in some aspects fundamentally different to
that of “classical” solid colloids. For protein-based colloids the
chemical composition should expectedly remain constant
throughout the whole particle. Moreover, the density of
ionizable groups is determined by the amino acid composition
of the constituting structural proteins. Electrophoretic methods
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are, in this respect, valuable techniques commonly used for the
analytical characterization of spidroin particles.”"*"*

A basic theory for electrophoresis of so-called hard particles,
ie, particles impermeable to ions and solvent, has been
developed about a century ago and refined over the years to,
e.g, account for surface ion-conduction processes and electric
double layer polarization."® The numerical treatment of the
standard electrokinetic model by O’Brien and White'” is pivotal
for analyzing situations where simplified analytical equations
derived within the framework of the Debye—Hiickel approx-
imation are not applicable. In comparison, only recently precise
modeling has been established for describing the electrokinetics
of soft particles.””*" Following the definition by Ohshima,*
soft particles consist partly or entirely of ion- and solvent-
permeable materials with electrophoretic properties signifi-
cantly different to those of their hard counterparts. Examples of
such particles include bacteria, viruses, and dendrimers.>*?*
The presence of a charged permeable layer is manifested
prominently by the existence of a nonzero mobility plateau
value reached at large electrolyte concentrations at which
particle charges are completely screened by ions from a
background electrolyte.””** This feature originates from
intralayer electroosmotic flow and has been confirmed
experimentally for various systems.””*

Since the pioneering work by Hermans and Fujita,”* Levine
et al,”® and Ohshima,** on electrophoresis of soft particles
there has been a rich body of theoretical and experimental
studies on electrohydrodynamics of core—shell or porous
(nano)particles. For these systems the concept of {-potential,
only strictly applicable to hard garticles, is not playing any
role.’* In particular, Hill et al.”® and Duval and Ohshima®’
established a formalism to account for heterogeneous (or
diffuse) distribution of charged polymer segments across a
particle’s shell. While in the literature a large number of models
exist to describe the electrokinetic properties of soft colloidal
particles,”””’ =’ these models have never been applied for
protein particles prepared by salting-out procedures.

Here, the properties of colloidal spidroin particles were
determined by electrophoretic mobility and direct force
measurements. Two different types of spidroin particles were
evaluated, which have been prepared from spidroins with nearly
identical amino acid sequences, namely, eADF4(C16) and
eADF4(x16). A number of electrokinetic measurements have
been reported for spidroin particles so far, and determination of
their {-potential is an important, generally used analytical
tool."***! However, a recent study combining electrophoretic
mobility with direct force measurements demonstrated that for
such recombinant spidroin particles a pronounced diffuse
interface with protruding protein segments exists, limiting the
application of the classical O’Brien—White theory'® (valid only
for hard colloidal particles) to provide a comprehensive
interpretation of the electrophoretic mobility as a function of
pH and solution ionic strength."’ Since the features of the
spidroin particle surface depend critically on the production
processing by salting-out,”” a large number of parameters has to
be taken into account.'” Here, we address how far electro-
kinetic methods can be employed to characterize protein
particles and to predict their overall colloidal stability.

B METHODS AND MATERIALS

Protein Production and Particle Preparation. The
spider silk proteins eADF4(C16) with the amino acid sequence
T7-(GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGG-

PG),s and eADF4(x16) with the sequence T7-(GSSAAAA-
AAAASGPGGYGPKNQGPSGPGGYGPGGPG) 4 have been
produced and purified as described elsewhere.'”>’ The T7-tag
has the following sequence: MASMTGGQQM. For particle
preparation, lyophilized eADF4(x16) and eADF4(C16) were
dissolved in 6 M guanidinium thiocyanate (GdmSCN, Carl
Roth GmbH & Co. KG, Karlsruhe, Germany) and dialyzed
against 25 mM Tris/HCl (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany), pH 7.5 (Tris buffer). The dialysis
continued for 16 h with three buffer changes at 25 °C using
a dialysis membrane with a molecular weight cutoff of 6000—
8000 Da (SpectrumR Laboratories, Irving, Texas). The
resulting spider silk protein solutions were diluted to a
concentration of 3 mg/mL using Tris buffer. Aliquots of
2 mL of the diluted solutions were dialyzed against 1 M
potassium phosphate (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany), pH 7.0, over a period of 1 h at room temperature.
Then, the occurring particle suspension was centrifuged at
17000¢g for 2 min to obtain a pellet consisting of the
precipitated protein particles. The particles were washed three
times with Millipore water (MQ-H,0).

Layer-by-layer coatings of the particles were produced by
diluting the particle suspension to a concentration of 1 mg/mL,
centrifugation of the particle suspension at 17 000g for 2 min,
and resuspending the particle pellet in a protein solution
containing 0.5 mg/mL of the oppositely charged protein in the
same volume of Tris buffer (i.e., eADF4(C16) for eADF4(x16)
particles and eADF4(x16) for eADF4(C16) particles). This
mixture was incubated under continuous mixing conditions
(1000 rpm) for 1 h at room temperature. The particles were
finally washed with MQ-H,O.

Particle suspensions were systematically sonicated for 5 min
at room temperature prior to use.

Particle Immobilization. The recombinant spider silk
protein particles were immobilized on a substrate for the direct
force measurements by atomic force microscopy (AFM). For
that purpose, WillCo dishes (series GWSB-5040 with a glass
bottom and a diameter of 47.0 mm, WillCo Wells, Amsterdam,
Netherlands) were cleaned with Millipore water and pure
ethanol (VWR). Afterward, the dishes were exposed to air
plasma for 10 min (Zepto, Diener electronic GmbH & Co. KG,
Ebhausen, Germany). Half of the glass dish was modified with
polyethylenimine (branched PEJ], 1 g/L, av M,, ~ 25000 g/
mol, Aldrich) serving as adhesion promoter for negatively
charged particles. After 15 min, the PEI solution was removed,
and the Petri dish was cleaned thoroughly with Millipore water.

Optical Microscopy. Modified glass dishes (see above)
were filled with potassium chloride solution (1 mM, pH §.5;
BioUltra, > 99.5%, Sigma). A diluted suspension of both types
of protein particles was added to separate dishes that were
transferred to an inverted optical microscope (Axio Observ-
er.Z1, Carl Zeiss Microscopy GmbH, Jena, Germany). The
particles were allowed to sediment, and afterward the particle
diameter was determined based on optical micrographs using
Image] software.

Scanning Electron Microscopy (SEM). Silicon wafers
were cut into pieces of 10 mm X 10 mm and cleaned with a
CO, Snow Jet (tectra, Frankfurt, Germany). Afterward, the
substrates were rinsed with 100% ethanol (VWR) and dried in
a nitrogen stream. Diluted particle suspensions were placed on
the cleaned substrates, allowing the liquid to evaporate. After
complete drying, the samples were rinsed twice with Millipore
water. The prepared samples were sputtered with a 1.3 nm
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layer of platinum and then examined with a scanning electron
microscope (Leo 1530 VP Gemini, Zeiss).

Electrokinetic Measurements. The electrophoretic mobi-
lity of recombinant spidroin particles was measured using a
Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire,
U.K.). This instrument is based on laser-Doppler-micro-
electrophoresis and uses M3-PALS (phase analysis light
scattering). Disposable capillary cells (DTS1060, Malvern
Instruments Ltd., Worcestershire, UXK.) were used for the
measurements, and their performance/quality was evaluated
using a Malvern transfer standard particle suspension. The
electrophoretic mobility was investigated as a function of pH at
different ionic strengths (0.1, 1, and 10 mM, respectively). The
pH value of the electrolyte solutions was adjusted with HCI and
KOH (1 M, Titrisol, Merck). The total ionic strength of each
solution (0.1, 1, and 10 mM, respectively) was obtained by
addition of KCI (BioUltra, > 99.5%, Sigma). The pH value was
controlled after each measurement.

Direct Force Measurements. Interaction forces between
individual pairs of particles were measured with a FluidFM
setup mounted on an inverse optical microscope (Axio
Observer.Z1, Carl Zeiss Microscopy GmbH, Jena, Germany).
The FluidFM is a combination of an atomic force microscope
(FlexAFM VS head equipped with a C3000 controller,
Nanosurf AG, Liestal, Switzerland) and a pressure control
unit (Cytosurge AG, Glattbrugg, Switzerland). This micro-
fluidic controller is connected to special hollow cantilevers, so-
called FluidFM micropipettes (Cytosurge AG, Glattbrugg,
Switzerland), premounted on a Cytoclip with a spherical
aperture at the free end of the lever arm with an opening
diameter of 2 ym. The used FluidFM cantilevers had a nominal
spring constant of 0.2 N/m. The actual spring constant was
determined by the added mass method after the measurements
to avoid any contaminations of the lever arm.’* To that end,
small tungsten spheres were picked up from a glass surface, and
the corresponding shifts in resonant frequency were monitored
and evaluated.

Prior to direct force measurements, the FluidFM cantilevers
were treated with air plasma for 10 min (Zepto, Diener
electronic GmbH & Co. KG, Ebhausen, Germany). All
solutions were degassed and filtered through PES syringe
filters (pore size = 0.2 ym; Carl Roth GmbH & Co. KG,
Karlsruhe, Germany). A liquid reservoir at the end of the
Cytoclip was filled with 50 uL of the measurement solution
(ionic strength 1 mM, pH 3). Beside both types of spidroin
particles, silica particles (average diameter 6.8 um, Bangs
Laboratories Inc., Fishers, IN, U.S.A.) were immobilized on the
functionalized dishes as “hard” internal standard."’

The FluidFM setup enables the use of exchangeable colloidal
probes.” First, the cantilever was approached near a silica
particle, and an aspiration pressure of —800 mbar was applied.
After aspirating a single particle to the aperture, the pressure
was reduced to —300 mbar to retain the captured bead during
the measurements. The silica particles were used as probe
particles to determine the inverse optical lever sensitivity
(InvOLS) in a symmetric system involving two silica particles
being aligned using an optical microscope. Interaction forces
were hence measured in the sphere—sphere geometry. Force
versus distance curves were recorded with a piezo travel
velocity of S00 nm s™". For each pair of particle combinations,
around 30 force profiles were acquired. After completing the
experiment, the aspirated particle was finally released with an
overpressure pulse (+1000 mbar).

The recorded raw data were converted into force versus
distance curves and evaluated using a custom-written procedure
programmed in FORTRAN and IgorPro (Wavemetrics).'>*
The InvOLS, as determined in a symmetric system between two
silica particles, was used as a constant to convert the raw data
due to the soft and deformable behavior of the spider silk
particles.””

For the interaction of a hard colloidal particle with a polymer
brush, measured interaction forces were fitted by the

asymmetric Alexander—de Gennes (AdG) model according
38,39
to™”

022 5) e o(2)

Reff 3553 D

(1)

where F(D)/R.; is the normalized interaction force at
separation D, L is the brush thickness, and s is the anchor
distance between the polymer brushes.

B THEORY SECTION

Electrokinetic Theory of Soft Porous Particles. The
fundamental equations governing the mobility of soft particles
in an externally applied (static) electrical field have been
previously described in detail.”>**** Briefly, the mobility of soft
particles is evaluated from the numerical solution of highly
coupled electrostatic and hydrodynamic flow equations
including (i) the nonlinear Poisson—Boltzmann equation
taking into account the three-dimensional distribution of the
structural charges in the particle shell, (ii) the Navier—
Brinkman equation that comprises the friction force exerted
by the particle on the electroosmotic flow, taking into account
that this friction term depends on the distribution of polymer
segments,*’ and (jii) the continuity equations for all mobile
ions present in the system and for the steady incompressible
flow. For situations where the density of charges and polymer
segments within the soft component of the particle do not
depend on position, evaluation of particle electrophoretic
mobility only requires the adjustment of two basic parameters
(in case particle core size and shell thickness are known): the
net density p, of charges throughout the homogeneous
peripheral surface structure of the soft particle and the
characteristic penetration length 1/, of the electroosmotic
flow within this structure (cf. Figure 1a).”” In cases where the
density of charges carried by the polymer segments constituting
the soft particle is not homogeneous, the density distributions
of charges and polymer segments need to be further specified.*’
The strategy to do so is recalled below for the specific example
of spidroin particles.

Electrohydrodynamics of Spidroin Particles. The
spidroin particles are stricto sensu devoid of an ion-impermeable
core and carry both negative as well as positive charges (cf.
Figure la). The negative charges are originating from the
deprotonation of acid (e.g, carboxylic) groups, and the positive
charges originate from the protonation of basic (e.g, amine)
groups:

=R,H = =R,” + H' (2)
=R H' = =R_+ H" 3)

where =RH and =R. refer to the functional acid or basic
groups in the particles whose total (effective) volume densities
are hereafter denoted as p,/F and p_/F, respectively, with F
being the Faraday constant. Following the strategy by Duval
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Figure 1. Illustration of various parameters introduced in the text for
core—shell particles (a) and soft porous particles (b) devoid of a core
component. (c) Schematic representation of the flow streamlines
under electrophoretic conditions in the extreme of a free-draining
particle shell (1/4, — o) and for a finite value of 1/4,. (d) The radial
function f(r) from eqs 4 and 6 and its dependence on the parameter a.

and Ohshima,** the local charge density within the particles
depends on pH according to

— f(r 2 _ A
p(r) = ){1 + 10PTPRe exp[y(r)] 1 + 10P%7PH exp[—y(r)]}

4)
where y(r) = zFy(r)/RT is the local dimensionless electrostatic
potential at the radial position r (origin set at the particle
center, cf. Figure 1) with R being the gas constant, T the
temperature, z the valence of the z/z electrolyte, and w(r) the
local electrostatic potential derived from the nonlinear
Poisson—Boltzmann equation. pK, and pK, depict the negative
logarithms of the dissociation constants pertaining to reactions
2 and 3, respectively. Obviously, in view of the intrinsic
heterogeneous chemical composition of the spidroin particles,
pK, and pK_ have to be seen as mean dissociation constants.
Equation 4 includes the radial function f that pertains to the
radial density distribution of proteins bearing the ionizable
residues =R.H and =R. in the particle (cf. Figure 1b).
Sufficiently far from the particles interface, f necessarily satisfies
the condition f(r > &) = 0, where § is the particle radius. This
condition expresses the required vanishing of the polymer
interphase at sufficiently large r. As previously reported,””*" the
following form for f(r) may be adopted

f(r) = x{1 - tanh[(r - 8)/a]}/2 (3)

where «a is the length scale defining the gradual transition of
segment density distribution from the bulk particle to the outer
electrolyte solution (Figure 1b). The limit @ — 0 corresponds
to the situation of a homogeneous distribution of polymer
segments in the porous particles, and the scalar y in eq 5 further
ensures that the total amount of polymer segments across the
interphase is conserved upon modification of the spatial profiles
f(r) via changes in @ as a result of, e.g,, swelling processes.
On the basis of eqs 4 and 5, the friction coefficient k(r)
describzi(r)lgothe resistance at position r of the polymer chains to
flow is™

k(r) = ymiyf(r) (6)

where 7 is the dynamic viscosity of water and 1/4, is the flow
penetration length scale introduced in the preceding section. In
the limit 1/4, — O, there is no flow penetration within the
particle and the hard particle case is retrieved, while the limit of
free-draining particle is reached at 1/4, — oo (cf. Figure 1). For
a given set of p, , pK, , and 1/, parameters, the dependence of
the particle electrophoretic mobility 4 on solution pH and
solution ionic strength can be evaluated from numerically
solving the governing electrostatic and electrohydrodynamic
equations using the COLSYS package,”* as described in
previous studies.””***

B RESULTS AND DISCUSSION

In this study, we determined the electrophoretic mobility and
interfacial properties of spidroin particles. Their properties
depend on the underlying amino acid sequences, depicted as -
and C-module (Figure 2a), which are repeated 16 times in the
individual proteins. The glutamic acid (E) residues present in
eADF4(C16) are replaced by lysine (K) ones in the k-module
of eADF4(x16). Glutamic acid is an acidic amino acid, while
lysine is a basic amino acid. Both repetitive modules contain
additionally two tyrosine (Y) residues also bearing ionizable
groups. However, these groups contribute only to the charging
behavior under very basic pH conditions due to their high pK,
value. In addition, both proteins comprise an aminoterminal
T7-tag, which shows a pH-dependent ionization behavior.
However, the termini constitute only about 4% of the total
number of ionizable groups (cf. Table S1 in the Supporting
Information). Therefore, the termini have only a minor
influence on the overall particle charging state.

Particle Morphology. Colloidal particles were prepared by
a salting-out process schematically depicted in Figure 2b. The
preparation of protein-based particles by salting-out in
potassium phosphate buffer represents a standard preparation
method and has been reported previously for eADF4(C16)" "
and for eADF4(x16)."* The particle radius was selected in the
micrometer range, e.g., to allow for direct force measurements
by AFM. The size of the particles was adjusted by controlling
the mixing conditions, in particular the mixing speed.'

Parts ¢ and d of Figure 2 show SEM images of eADF4(k16)
and eADF4(C16) particles in dried state, respectively. The
spidroin particles’ diameters were determined by in situ optical
microscopy (electrolyte solution with KCl 1 mM, pH 5.5).
Parts e and f of Figure 2 show the corresponding size
distributions in the hydrated state for both types of protein
particles. The hydrated eADF4(x16) particles are in average
about 20% larger in diameter compared to eADF4(C16)
particles. The size distributions are highly polydisperse, which is
typical for colloids prepared by a salting-out process.'”

Electrophoretic Mobility of Spidroin Particles. Figure 3
shows the electrophoretic mobility 4 of eADF4(x16) and
eADF4(C16) particles, respectively, at three solution ionic
strengths I = 10 mM (Figure 3, parts a and d), 1 mM (Figure 3,
parts b and e), and 0.1 mM (Figure 3, parts ¢ and f) as a
function of pH. Qualitatively, 4 of eADF4(x16) particles was
positive and approximately constant for 4 < pH < 8, regardless
of the ionic strength. At pH &~ 9.3—9.7, the mobility switched
sign, indicating the point of zero mobility (PZM). The PZM
nearly coincided with the theoretical pI = 9.7 estimated for
eADF4(x16) by ExPASy ProtParam.” With increasing pH
above the PZM, u increased by approximately 1 order of
magnitude. Only for I = 1 mM an increase of y with decreasing
pH (pH 4 — pH 3) could be observed. However, this increase
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Figure 2. (a) Schematic representation of the modular structure of the
two recombinant spider silk proteins eADF4(x16) and eADF4(C16),
which differ only by one amino acid per module, which is repeated 16
times. (b) Outline of the particle preparation by salting-out of the
protein using a kosmotropic salt. (c and d) Representative SEM
images of dried spider silk particles prepared from (c) eADF4(x16)
and (d) eADF4(C16), respectively. (e and f) Particle size distributions
in the hydrated state as determined at an ionic strength of 1 mM and
pH S.5 by optical microscopy for (e) eADF4(x16) and (f)
eADF4(C16), respectively.

was not detected under the two other ionic strength conditions.
Basically, the obtained data are consistent with previous
electrokinetic data reported for particles prepared from
eADF4(k16) but measured at a single pH and ionic strength.'*

Due to the relatively small fraction of residual groups in the
proteins that can be ionized in the investigated pH range, the
amino acid replacement from lysine to glutamic acid leads to
pronounced differences concerning the dependence of
eADF4(C16) electrophoretic mobility on pH (Figure 3d—f)
as compared to that of eADF4(x16) (cf. Figure 3a—c). In
particular, the PZM was reached at lower pH values (ca. pH
3.5—4) for eADF4(C16) particles. Again, the PZM correlated
well with the theoretical value pI = 3.5 calculated using ExPASy
ProtParam.” The electrophoretic mobility of eADF4(C16)
particles depended more significantly on the solution ionic

strength compared to that of eADF4(x16) particles. These
differences between electrokinetic response of eADF4(k16)
and eADF4(C16) particles may originate from a different
particle structure, and therewith from changes in flow
permeability (parameter 1/1,) as further discussed below
upon quantitative modeling of the electrokinetic data (solid and
dashed lines in Figure 3).

Electrophoretic Mobility of eADF4(k16) Particles. For
eADF4(x16) particles, the mobility plateau values reached in
the pH range of 4—8 at I = 10 mM and I = 1-0.1 mM
depended only weakly on electrolyte concentration, with mean
values of ft ~ 1.2 X 108 m? V™' sl and pt ~ 1.4—1.5 X 1078 m?
V™! 57!, respectively. Such a weak dependence of y on I is
classically observed for soft particles even at much higher
electrolyte concentrations (I > 100 mM) when particle charges
are completely screened by ions.”””** For this limit of an
infinitely thin electrical double layer (k5 > 1), u is defined by p
~ po/(1AY),”* with 1o6 >> 1. Here, k" is the Debye length, and
po and 1/4, have been defined in the theoretical section. The
finding that y is practically independent of the ionic strength at
a low range of 0.1—10 mM strongly suggests that eADF4(x16)
particles are poorly charged (i.e., their dimensionless radial
potential satisfies y(r) < 1) and that their electrophoretic
mobility is essentially determined by a strong penetration of the
electroosmotic flow within the particle, which corresponds to
large values of 1/4,. These anticipations are confirmed below
by the quantitative interpretation of the data upon application
of the electrokinetic theory for soft particles.

The key electrohydrodynamic parameters p, , pK, ., and 1/4,
of eADF4(k16) particles were determined as follows: In the pH
range of 4—8, u does not depend on solution pH, indicating
that the inequalities pH > pK, and pH < pK_ are essentially
satisfied in this pH range, i.e., the dissociation of acid groups
and the protonation of basic groups in the protein particles are
complete. Consequently, in this pH range the following
relationship is valid

p(r) = f(r)p, ?7)

with py = p. — p,. This expression is derived from eq 4 in the
limits of pH > pK, and pH <« pK. In addition, a
homogeneous distribution of charged polymer segments within
the particle (i.e, @ — 0) can be legitimately assumed in a first
approach. This assumption is valid either at sufficiently high salt
concentrations and/or for poorly charged porous particles for
which repulswe interactions between ionizable groups are least
51gn1ﬁcant 949 Under these conditions p, ~ p(0 < r < §) can
be approximated, which is the case for pH 4—8. As a result, only
two unknown parameters have to be determined, p, and 1/4,,
in order to rationalize the particle mobility values p as
measured in the pH range from pH 4 to 8 at I = 10, 1, and
0.1 mM.

The parameters p, and 1/4, cannot be fitted independently
but have to be determined simultaneously. Figure 4 summarizes
the ensemble of (py; 1/4,) pairs obtained by numerically
solving the set of governing electrohydrodynamic equations in
order to reproduce the measured u value for pH 4—8 at the
three different ionic strengths. Within the range of particle sizes
(cf. Figure 2e) it is emphasized that particle mobility does not
depend on & (cf. Supporting Information, Figure S2). Basically,
this independence of y on § results from the fact that the
particle size largely exceeds the key length scales pertaining to
the distribution of the electrostatic (™! = 3—30 nm under the
investigated electrolyte conditions) and hydrodynamic flow
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Figure 3. Electrophoretic mobility of eADF4(x16) and eADF4(C16) particles at an ionic strength of 10 mM (a and d), 1 mM (b and e), and
0.1 mM (c and f) as a function of pH. Symbols correspond to the experimental data. The dashed lines correspond to eq 9, and the solid lines are
computations performed on the basis of Duval—Ohshima’s theory (ref 45) in the limit of homogeneous polymer segment density distribution in the
porous eADF4(x16) and eADF4(C16) particles (i.e., @ = 0). Model parameter values for p./F, p,/F, pK,, pK,, and 1/4, are summarized in Table 1.
Calculations were performed with § = 1.5 um (eADF4(x16) particles) and § = 1.0 um (eADF4(C16) particles). Lines a, b, and c in panel c refer to

1/4y = 11, 7, and 3 nm, respectively. See text for further details.

fields (1/4, ~tens of nanometers at most). Ohshima
demonstrated an analogous independence of y on & by
deriving analytically his well-known soft particle mobility
expression in ref 22 valid in the limit of “large” core sizes
and “large” shell thickness.

Figure 4 highlights that the value of pj is required to decrease
with increasing 1/4, in order to match the measured mobility y
at a fixed ionic strength I. This trend is the direct consequence
of the relationship u ~ po/(174¢>) as stated before. Interestingly,
the analysis showed that there is a unique pair of (pg; 1/4)
values leading to a consistent recovery of the measured mobility
values at I = 10 mM and I = 1 mM at low pH. This pair
corresponded to the coordinates of the intersection point of the
curves depicted in Figure 4 for I = 10 mM and I = 1 mM. The
obtained values pyo/F = 0.84 + 0.05 mM, expressed as
equivalent concentration of elementary charges, and 1/4, =
11 + 0.5 nm (Figure 4a) allowed us to reconstruct the
dependence of y on pH over the entire range of tested pH
values (cf. Figure 3, parts a and b). For that purpose, additional
adjustments of pK, . and either p, or p_ are necessary, with the
constraint that the difference p. — p, must correspond to the
value of p, evaluated from Figure 4. It has to be emphasized
that pK,, pK, and p. primarily control (i) the range of pH
where y is constant, (ii) the pH value where mobility changes
sign, and (iii) the mobility level at high pH. The analysis lead to
p/F=324+01mM, p,/F =24+ 0.1mM, pK.=9.8 + 0.1,
and pK, = 1.2—2.5. The uncertainty on pK, is rather large as

this parameter essentially determines the rate of variation of y
at low pH where the experimental value of y is practically
constant. Taken in the limit @ — 0 and y(r) — 0, from eq 4
followed the definition of the point of zero mobility defined by
the pH value where y = 0, by

/ y 2 / 1/2
-1 -1
p°/;"‘< +l[p°p“ ]+4p°p"‘] /2

PZM = log e

c C

(8)

Based thereon, eq 8 reduces to the well-known result PZM =
(pK, + pK.)/2 in the specific case of p./p, = 1. For
eADF4(x16) particles eq 8 leads to PZM = 9.4 + 0.1, which
is in excellent agreement with the theoretical isoelectric point of
9.7 estimated by ExPASy ProtParam.*’ It was verified that the
PZM for eADF4(x16) is independent of pK, and is solely
defined by the quantities pK_ and p, .

Electrophoretic Mobility of eADF4(x16) Particles at
Low lonic Strength. At the lowest ionic strength of I =
0.1 mM, the mobility of eADF4(x16) particles could not be
modeled within the framework outlined in the previous
paragraph. Figure 3c shows the comparison between pH-
dependent mobility measured at I = 0.1 mM and predictions
from theory using the electrohydrodynamic parameters pK,,
P.o and 1/4, determined according to the aforementioned
procedure. While mobility for pH > 8 was correctly
reproduced, the experimental data at pH < 8 (cf. curve a in
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Figure 4. Sets of (po/F; 1/4,) pairs adopted for retrieving the
experimentally determined mobility plateau values reached at low pH
(eADF4(k16), panel a) or high pH (eADF4(C16), panel b) (see
Figure 3) employing the Duval—Ohshima theory (ref 45). The
parameter 1/, pertains to the characteristic electroosmotic flow
penetration length scale in the particle, and po/F is the net (volume)
particle charge density (expressed in equivalent molar concentration of
elementary charges). Computations were carried out assuming a
homogeneous distribution of polymer segment density (@ — 0).
Standard deviations were evaluated from the uncertainty of the
experimental mobility values. In panel a, the dotted lines illustrate the
way the (po/F; 1/4;) couple was determined leading to a fit of
mobility data at large ionic strengths (10, 1 mM) in the pH range of
4-8. In panel b, the dotted lines and shadow areas illustrate the way
the (—po/F; 1/4,) couple was determined leading to a fit of mobility
data at 10, 1, and 0.1 mM ionic strengths for pH > 6.

Figure 3c) were overestimated. This deviation suggested that
the (pg; 1/4¢) pair determined by analyzing the electrokinetic
data collected at I = 10 mM and I = 1 mM was not appropriate
for interpreting electrokinetic behavior of eADF4(kx16)
particles at 0.1 mM in the pH range where y was constant.
The absence of a common intersection point between the
curves pertaining to I = 0.1 mM and I = 10 mM or I = 1 mM
(cf. Figure 4a) confirmed this result. Figure 4a shows that a
successful description of the experimental mobility values
measured at pH < 8 and I = 0.1 mM required a lower p, and/
or a lower 1/4; compared to that used for I = 10 mM or I =
1 mM. Decreasing 1/4, from 11 nm (cf. curve a in Figure 3c)
to ca. 3 nm (cf curve ¢, Figure 3c) indeed provided a
satisfactory fit of the electrokinetic data measured at I = 0.1
mM, while leaving the other parameters unaffected. A decrease
in 1/4, with decreasing ionic strength is in line with a particle
swelling process. The peripheral charged chains that mostly

determine the electrokinetic flow structure®”*' extend due to

enhanced repulsion between their charged groups, increasing
the overall resistance to flow (or particle drag), which
contributes in fine to a lowered particle mobility.""** As
revealed by X-ray/neutron diffusion and reflectivity studies of
numerous soft polyelectrolyte interfaces,””*** interfacial
swelling is generally heterogeneous and leads to enhanced
decay lengths of the segment density distribution from the bulk
particle to the outer electrolyte solution, as illustrated in Figure
1b (eq 5).** In line with this representation, the mobility values
measured at I = 0.1 mM could also be correctly reproduced
upon adjustment of @ from 0 (no significant swelling) at pH =
12 to about 35 nm (maximum swelling) at pH < 8 (Figure 5)
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Figure S. Influence of diffuse segment density distribution on the
electrophoretic mobility and comparison to experimental values. The
solid line (a) corresponds to @ — 0, and the dotted line (d)
corresponds to Duval—Ohshima’s theory (ref 40) evaluations with
diffuse segment density distribution at the eADF4(x16)/solution
interface as described by the pH-dependent parameter a (see inset).
Other model parameter values: § = 1.5 pm, 1/4, = 11 + 0.5 nm, p./F
=324 +01mM, p,/F =24 + 0.1 mM, pK.=9.8 + 0.1, pK, = 1.2—
2.5.

using values of pK, ,, p,, and 1/4, as estimated at higher ionic
strengths. Additional spatially resolved data would obviously be
required to determine whether the particle swelling process at
0.1 mM significantly affects the interfacial homogeneous
segment density distribution at larger ionic strengths, or not.
This would help determining whether the reconstruction of the
electrokinetic data upon variation of 1/4, at constant @ ~ 0
(Figure 3c) or variation of @ at constant 1/4, (Figure S) is
eligible. Regardless of this uncertainty, interpretation reveals in
all cases an increase of the overall hydrodynamic particle drag
with decreasing salt concentration as a result of a particle
surface structure that further protrudes toward the outer
electrolyte solution due to osmotic swelling.

Validity of the Debye—Hiickel Limit for Porous
Particles. To compare our results with results obtained from
rigorous numerical treatment of the governing electrokinetic
equations, we consider below the (approximate) theoretical
mobility pyp to be based on the Hermans—Fujita’s expression
and derived in the Debye—Hiickel limit for homogeneous
porous particles satisfying k5 > 1 and 46 > 1.7

1 [ P n ] 1+(/10)21 + Ao/2K
Here ndo L1 + 10PH7PKe 1 4 qoPaPH k) 1+ A/x
)
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Table 1. Summary of the Electrohydrodynamic Parameters Estimated for eADF4(x16) and eADF4(C16) Particles

pa/E (mM) pe/F (mM)
eADF4(k16) 24 + 0.1 324 £ 0.1
¢ADF4(C16) 0.69 + 0.07 0.87 + 0.03

PK, pK. 1/ (nm)
12-25 9.8+ 0.1 11405
12 + 0.1 44 £ 01 17.3 + 07

Using the electrohydrodynamic parameters reported in Table
1, results indicated that eq 9 was satisfactorily applicable at I =
10 mM («cf. Figure 3a), since only insignificant deviations were
observed upon comparison with rigorous numerical treatment
of the electrokinetics of porous particles. However, with
decreasing I (cf. Figure 3, parts b and c), eq 9 became
increasingly inadequate as (i) potentials in the bulk particle and
at the interface with the outer electrolyte solution significantly
exceeded justification by the Debye—Hiickel approximation and
the corresponding linearization of Poisson—Boltzmann equa-
tion and (ii) electrical double layer polarization, ignored in eq
9, became significant. Under the conditions k6 > 1, the
potential reached in the bulk particle corresponded to the
Donnan potential wp, which is defined by
v = %sinh_l[%] at 4 < pH < 8% Using the data
summarized in Table 1, yp ~ 1, 11, and 55 mV for I = 10, 1,
and 0.1 mM were obtained at 4 < pH < 8, respectively.

Electrophoretic Mobility of eADF4(C16) Particles. The
mobility y of eADF4(C16) particles depended weakly on the
ionic strength with y ~ —2.2 X 107 m* V™' s for [ = 10 mM
and g ~ =29+ 0.1 X 107 m* V"' s for I = 1-0.1 mM at pH
> 6 (cf. Figure 3d—f). In order to evaluate the parameters pK,
Pao and 1/4, for eADF4(C16) particles, the approach was used
as described previously for eADF4(k16) particles. However, the
mobility values measured at pH > 6 for I = 10, 1, and 0.1 mM
were now considered to identify the set of (p, = p,; 1/4,) pairs
describing the electrokinetic behavior of eADF4(C16) at high
pH. The corresponding results are shown in Figure 4b. Unlike
eADF4(x16) particles, eADF4(C16) particles showed a
common intersection point for the curves at I = 10, 1, and
0.1 mM within the experimental errors, with —p,/F = p,/F =
0.69 + 0.07 mM and 1/4, = 17.3 + 0.7 nm. Adopting these
parameters, full dependence of ¢ on pH was reproduced by
further setting p./F = 0.87 + 0.03 mM, pK_ = 44 + 0.1, and
pK, = 1.2 & 0.1, as indicated by the solid lines in Figure 3d—f.

The PZM of eADF4(C16) particles was about 3.8 + 0.1 as
evaluated from eq 8 using the determined pK, . and p, ., which
is again in good agreement with the theoretical isoelectric point
of 3.5 calculated by ExPASy ProtParam.” Analogously to
eADF4(x16) particles, eq 9 was of limited use to accurately
reproduce the pH-dependent electrokinetic features of eADF4-
(C16) particles at low ionic strength (cf. dashed lines in Figure
3). The Donnan potential for bulk eADF4(C16) particles was
wp ~ —09, =9, and —50 mV for I = 10, 1, and 0.1 mM,
respectively, at pH > 6. Table 1 summarizes the set of
electrohydrodynamic parameters determined for eADF4(x16)
and eADF4(C16) particles.

Multilayered Spidroin Particles. Preparation of multi-
layer systems is well established for oppositely charged
macromolecules in interface and colloid science.*”*’ The
corresponding process is also often referred to as layer-by-layer
(LbL) preparation. While this concept has been mostly
exploited for combinations of polyelectrolytes, LbL films and
capsules can also be prepared from polyelectrolyte/protein or
protein/protein combinations.’ Due to the opposite charge of
eADF4(C16) and eADF4(x16) (cf. Figure 3), LbL systems

with alternating layers of these spidroins were obtained as
reported previously.'*

LbL particles with one additional layer of oppositely charged
protein type (i.e, eADF4(Cl6) particles with a layer of
eADF4(x16) and eADF4(k16) particles with a layer of
eADF4(C16), respectively) were examined in terms of their
respective electrophoretic mobility. The outer layer allowed
deciphering its role in the overall electrokinetic properties of
the spidroin particles. In Figure 6 the electrophoretic mobility
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Figure 6. Electrophoretic mobility of layer-by-layer spider silk protein
particles compared to that of homogeneous particles (i.e., without
additional protein layer). (a) eADF4(C16) particles (open symbols)
and eADF4(k16) particles coated with a layer of eADF4(C16) (filled
symbols). (b) eADF4(x16) particles (open symbols) and eADF4-
(C16) particles coated with a layer of eADF4(x16) (closed symbols).

of the particles prepared from a single protein type is compared
with the mobility of particles having an additional outer layer.
Each graph displays the electrophoretic mobility as a function
of pH for particles terminated with the same type of protein. All
measurements have been performed at a constant ionic
strength of 10 mM.

Figure 6a shows that within the accuracy of the measure-
ments the mobility of eADF4(x16) particles and eADF4(C16)
particles coated with a layer of eADF4(x16) was practically
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Figure 7. (a) Interaction forces between two silica particles. The lines indicate fits based on the full solutions of the Poisson—Boltzmann equation
under constant potential (CP) or constant charge (CC) boundary conditions (see labels) as well as including charge regulation (solid line). The
interaction between the silica particles is dominated by diffuse layer overlap, and the decay length corresponds to the theoretical Debye length. (b
and c) Interaction forces between a silica particle and eADF4(x16) and eADF4(C16) particles (indicated). Steric interactions dominate the force
profiles, which were measured at an ionic strength of 1 mM at pH 3. In panels b and ¢, red and blue solid lines are fits of force versus distance profiles
collected for eADF4(x16) and eADF4(C16) particles, according to the Alexander—de Gennes (AdG) model. For the sake of comparison, these

curves are reported both in panels b and c.

identical over the entire pH range examined in this work, and
likewise the mobility of eADF4(C16) particles and eADF4-
(k16) particles coated by a layer of eADF4(C16) (cf. Figure
6b). In both cases, the largest differences between “bare” and
coated particles were observed near the PZM. At the respective
PZM values of the coatings, the outermost particle region is
uncharged with the charge of the underlying particle
component, consisting of a different protein (with distinct
electrostatic features) impacting the particle mobility. However,
as reported for polyelectrolyte multilayers,”” despite intercala-
tion of the layers the overall charge was primarily dominated by
the outermost layer.

Direct Force Measurements of Spidroin Particles.
Direct force measurements were performed using the colloidal
probe AFM technique in sphere—sphere geometry,”””' as
recently reported.”” The spidroin particles, either eADF4(C16)
or eADF4(k16), were coadsorbed on a solid substrate together
with silica particles. The interaction force profiles were
determined with a silica colloidal probe. The FluidFM
technique allows for attaching silica particles in a temporary
manner and exchanging them in case of contamination.”> The
silica particles immobilized on the substrate served as “internal
standards” as they are incompressible and have well-known
diffuse layer properties.””*> The direct force measurements
were performed at pH 3 in a 1 mM solution ionic strength, the
condition at which the mobility of both types of spidroins was
similar in terms of magnitude and sign (cf. Figure 3, parts b and
e).

Figure 7a shows the force profile obtained between a silica
colloidal probe and an immobilized silica particle. The
measured forces were systematically normalized to the effective
radius R given by 1/R.s = 1/0 + 1/, with g0, being the
radius of the probe particle and § that of the immobilized
particle (i, either silica or spidroin particle). The lines
represent fits of the measured force versus distance profiles
using theoretical predictions based on the full solutions of the
Poisson—Boltzmann equation under standard boundary con-
ditions of constant charge (CC), constant potential (CP), or
charge regulation. The latter corresponds to the solid line and
provides a superior description of experimental data collected at
small separation distances, i.e., below approximately one Debye
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length.>* The Debye length of ™! = 9.3 nm has been calculated
on the basis of the nominal ionic strength of 1 mM adopted in
these experiments. The decay of the interaction forces
coincided with this theoretical Debye length value at larger
separation distances, indicating that the interaction forces
resulted from diffuse layer overlap, thus being of pure
electrostatic origin. The obtained diffuse layer potential y =
—25 mV is in good agreement with that expected for the well-
documented ionization behavior of silica.”*™>

Parts b and c of Figure 7 show representative examples of the
interaction force profiles measured between colloidal silica
probes and eADF4(x16) or eADF4(Cl16) particles, respec-
tively. The spidroin particles were relatively soft and could be
easily compressed.””” Due to the softness of these particles,
the relative distance between the AFM colloidal probe and the
spider silk protein particle could not be determined in an
unambiguous manner. Since eADF4(C16) and eADF4(x16)
particles showed comparable elastic moduli, the separation
distance between the colloidal probe and the protein particles
was set to zero for an applied force of F,, = 2 mN/m, below
which the force acting on the cantilever resulted only from the
mechanical compression of the particle.

The dashed lines in Figure 7, parts b and ¢, indicate the
interaction decay length expected for a scenario where diffuse
layers overlap (ie. the same k' as that obtained for the
interaction between two silica particles, see Figure 7a).
Obviously, the interaction force profiles for both types of
spidroin particles were not compatible with such a diffuse layer
overlap scenario, since the slope of the force profiles was not
constant (plotted in a semilogarithmic representation) with
distance even at large separations. More than 75% of the force
profiles showed also secondary minima measured for both
types of spidroin particles. In addition, the silica probes were
only slightly negatively charged at pH 3,>* while both protein
particles were positively charged (Figure 3). The absence of
long-ranged attractive forces, as expected for interacting
oppositely charged particles, provided evidence that other
forces than electrostatics, e.g., steric forces, govern the
interparticular interactions. Steric repulsive forces can be
described by means of the AdG model due to the compression
of the flexible protein structures by the silica particle (cf. eq
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1).°"7> While this model was established for the interaction of
uncharged polymer brushes, it can be also applied for
describing interaction forces between physisorbed polyelec-
trolyte layers.”®”” Over a significant range of separation
distances D (0.1L < D < 0.9L), the interaction profile could
be described with sufficient accuracy in terms of a purely
exponential decay (albeit with a characteristic decay length that
differed from the theoretical x™!).>” If additional electrostatic
contributions are taken into account the resulting electrosteric
interaction profiles follow as well an approximately exponential
force law.”?

The solid lines in Figure 7, parts b and c, resulted from fits of
force versus distance profiles according to the AdG model at
separation distances in the range of 10—20 nm for eADF4(k16)
(blue curve) and of 20—40 nm for eADF4(C16) (red curve),
respectively. For both particles, comparable average anchor
densities were obtained with s = 4.8 + 1 nm for eADF4(kx16)
and 6.7 + 3.7 nm for eADF4(C16), respectively. However, the
obtained brush lengths were significantly different with L = 192
+ 47 nm and L = 321 + 87 nm for eADF4(x16) and
eADF4(C16) particles, respectively. It is premature and
speculative at this stage to quantitatively relate protein segment
density distributions, interaction force profiles (Figure 7), and
electrokinetics, in particular friction forces under lateral flow
conditions (Figure 3), due to the lack of a sufficiently detailed
description of the actual protein distribution within the
particles prepared by salting-out.”> Despite this difficulty,
AFM and electrokinetics showed some key colloidal features
of eADF4(x16) and eADF4(C16) particles that are further
discussed below.

B SUMMARY AND DISCUSSION

The electrophoretic mobility of spidroin particles is determined
by the electrohydrodynamic properties of their outer surface
layer, a feature that has been reported for other soft
micrometer-sized particles and films.”” The relevant protolytic,
electrostatic, and flow penetration length parameters are
summarized in Table 1. The electrophoretic mobility was
basically independent of particle size and was governed by the
volume charge density and the friction characteristics of the
electrokinetically active particle region located at the outer
particle periphery. The thickness of this region is controlled by
the hydrodynamic penetration depth 1/, and the Debye
length k'(i.e., few tens of nanometers).””>"** The existence of
this electrokinetically active layer of limited thickness at the
particle’s outer region was further confirmed by the electro-
kinetic response of multilayered particles. The measured
electrophoretic mobility was shown to be primarily governed
by the electrohydrodynamic features only of the outer protein
layer (cf. Figure 6). In addition, direct force measurements
confirmed that the protein particles are poorly charged and
they exhibit a fuzzy, peripheral porous structure leading to
significant steric forces at large separation distances when
interacting with hard silica spheres. The existence of such a
peripheral porous structure was supported by the significant
electroosmotic flow penetration lengths as derived from
analysis of electrokinetics. Compilation and analysis of
electrohydrodynamic data collected for various Gram-positive
and Gram-negative bacteria, also displaying soft proteinaceous
and/or polysaccharidic surface structures, revealed charge
densities and flow penetration len%ths in the range of 1—
200 mM and 0.5—7 nm, respectively.” In the framework of the
AdG model, assuming a brushlike structure, the steric forces

were comparable for both types of protein particles and the
brushlike structure extended to several tenths of nanometers. In
order to model the interaction force with more realistic
interaction potentials including electrosteric and mechanical
particle deformation contributions,”® a more refined density
profile of the protein segments at the particle/solution interface
would be required. The larger brush length of eADF4(C16)
particles in comparison to that of eADF4(x16) ones could be
indicative for a larger solvent uptake, and thus for a larger flow
penetration length scale under electrokinetic conditions,
agreeing with the larger 1/, value obtained for eADF4(C16)
particles (Table 1).

AFM force profiles and measured electrophoretic mobilities
for spidroin particles can significantly differ depending on the
particle batches investigated. These variations are probably
connected to differences in the segment density profiles
resulting from preparation conditions and to slight changes
thereof, a result that is well-known for particles produced by
salting-out.'” In line with this, previous work demonstrated that
the electrophoretic mobility of silkworm silk fibroin particles
strongly degends on tiny changes in particle preparation
conditions.'>**

The derived electrohydrodynamic parameters are in agree-
ment with the chemical composition of the constitutive amino
acid sequence of the spidroins. The obtained -effective
dissociation constants pK, . and charge densities p, /F lead to
points of zero mobility being in very good agreement with the
theoretical isoelectric points calculated by ExPASy ProtParam.
Using this algorithm, the complete amino acid sequence
(including every single pK, value of each amino acid involved)
is taken into account to calculate a theoretical pl. The
consistency of the results provided by the ExPASy tool was
addressed in several other studies and compared within a good
accuracy to experimental data obtained from isoelectric
focusing.”>°® Due to the simple structure of the spider silk
proteins studied here, one can assume a good prediction of the
pl by ExPASy ProtParam, which has been confirmed here by
isoelectric focusing, thus making a separate analysis of the single
proteins (electrokinetic/potentiometric titration) not manda-
tory. The ionization behavior of the amino acids in the side
chains of the two spider silk proteins (i.e., lysine and glutamic
acid, respectively) coincide largely with the pK, found
experimentally (cf. Table 1 and Table S1 in the Supporting
Information). The experimentally determined ionization
constants pK, most likely include contributions from ion
adsorption to the hydrophobic parts of the proteins, as reported
for poly(ethylene glycol) (PEG) or hydrophobic self-assembled
monolayers.” The influence of such counterion binding could
be addressed by measuring the electrophoretic mobility of
single proteins as demonstrated for lysozyme.”” However, the
recombinant spider silk proteins are intrinsically unfolded as
shown by circular dichroism spectroscopy.” Hence, electro-
phoretic measurements will be not as conclusive as for the
compact lysozymes. The volume charge densities p,./F
obtained from the fits of electrokinetic measurements fall in
the range of 3.2—0.7 mM for both particle types (cf. Table 1).
In order to verify if these values for p, /F are reasonable, we
estimated in the following the number of ionizable groups per
volume in the eADF4(C16) spidroin particles: For the particles
a density of 1.35 g/cm?® can be assumed in the hydrated state.”®
The spidroin eADF4(C16) has a molecular mass of M,, = 47
698.3 g/mol, and we obtained (1.35 g/cm® — 1 g/cm?®)/M,, for
the concentration of one protein molecule per unit volume
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neglecting the volume occupied by the protein. Assuming that
the charge primarily originates from lysine or glutamic acid
residues (i.e, one ionized group per protein module) an upper
limit of 0.46 mM is found for p, /F. Despite the inherent
heterogeneities in particle structure/size and the difficulties to
relate electrokinetic and titrable charge densities,”* the above
estimate compares remarkable well with values for p, /F
reported in Table 1 and derived here from electrokinetic
analysis. It should be pointed out that, for practical applications,
the eq 9 is a good approximation for the relationship between
electrophoretic mobility and volume charge density at
sufficiently high ionic strengths.

B CONCLUSIONS

Changing the amino acid composition of spidroins induces
profound changes in electrokinetics of colloidal particles made
thereof. However, the influence of the preparation method is
experimentally more difficult to control than the amino acid
composition. Salting-out processes influence the interfacial/
bulk particle structure (e.g, in terms of arrangement of
constitutive proteins) that may change even after small
variations of the preparation conditions (stirring speed, local
electrolyte concentrations, local pH gradient, etc.). The
resulting charge density profile of the outer layer of the protein
particle predominantly affects the particle’s electrophoretic
mobility. Direct force measurements by AFM support
conclusions drawn from the electrokinetic analysis, i.e.,
eADF4(k16) and eADF4(Cl6) particles are poorly charged
colloidal systems, displaying a fuzzy (soft) polymer-like
structure, and their stability versus aggregation is primarily
ensured via repulsive steric forces. The measurement of the
electrophoretic mobility of the particles as a function of pH and
salt concentration provided a direct analytical approach to
efficiently probe their interface and, thus, characterize their
electrohydrodynamic features.
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S2. SEM images of spidroin particles

(a)

==
e

Figure S1. SEM images of several particles of each protein type (a) eADF4(x16) and

(b) eADF4(C16)
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S3. Independence of particle mobility with respect to changes in particle size.

The polydispersity of the here presented protein particles is rather large. However, the
derived electrokinetic parameters from our analysis are basically independent of the of
the protein particles size over a wide range of radii as shown in Figure S2 for various

ionic strengths.

(A) 5 (B) 4 (O
eADF4(k16) eADF4(k16) eADF4(k16)
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Figure S2. E\;;dence for the size—indepe?ﬂience of eADF4(x16) elchtrophoretic
mobility in the radius range 1-2 ym at 10 mM (A), I mM (B) and 0.1 mM under the
conditions as used for studies shown in Figure 3a, Figure 3b, Figure 3c (line (a) therein),
respectively, using the Duval-Ohshima’s theory.” Meaning of symbols and line are

specified in the figure with & the porous particle radius.

References

1. Nelson, D. L.; Cox, M. M. Lehninger: Principles of Biochemistry, Palgrave

Macmillan, 2012.

2.Duval, J.F.L.; Ohshima, H. Electrophoresis of diffuse soft particles. Langmuir 2006,

22,3533-3546.

S4



5 Teilarbeiten und Darstellung des Eigenanteils

5.4 Teilarbeit IV

Structural Insights into Water-Based Spider Silk Protein—Nanoclay Composites with

Excellent Gas and Water Vapor Barrier Properties

Autoren: Elena Doblhofer, Jasmin Schmid, Martin Rief3, Matthias Daab, Magdalena
Suntinger, Christoph Habel, Hendrik Bargel, Christoph Hugenschmidt, Sabine Rosenfeldt,

Josef Breu, und Thomas Scheibel

Die Konzeption dieses Projekts oblag mir in Zusammenarbeit mit Jasmin Schmid,
Josef Breu und Thomas Scheibel. Das Produktionsverfahren der Barriere-Beschichtungen
wurde von mir entwickelt und von Magdalena Suntinger experimentell umgesetzt, dies gilt
ebenso flir die Analyse der optischen Kennwerte des Materials. Zur Analyse der
Barrierebeschichtung wurden Barriere-, PXRD-, PALS und BDS-Messungen von Jasmin
Schmid durchgefiihrt, wobei zur Auswertung der PALS-Messungen Christopher
Hugenschmidt zu Rate gezogen wurde. Analysen der Struktur (FTIR-Messungen, sowie
FSD-Auswertung), der thermischen Stabilitdt (TGA und DSC), der chemischen Stabilitit,
sowie Mechanik-Messungen wurden von mir durchgefiihrt. Hendrik Bargel fertigte REM-
Aufnahmen an, Christoph Habel, Martin Rief3, Mathias Daab und Sabine Rosenfeldt waren
fiir die Charakterisierung des Natriumhektorits und Literaturvergleiche verantwortlich. Das
Manuskript wurde von mir verfasst und unter wissenschaftlichen Diskussionen mit

Christoph Hugenschmidt, Josef Breu und Thomas Scheibel fertiggestellt.

Der Artikel wurde am 07.09.2016 im Journal ACS Applied Materials and Interfaces

verOffentlicht.

117



Research Article

www.acsami.org

APPL'ED&MATERIALS

INTERFACES

Structural Insights into Water-Based Spider Silk Protein—Nanoclay
Composites with Excellent Gas and Water Vapor Barrier Properties

Elena Doblhofer,t Jasmin Schmid,” Martin Rief," Matthias Daab," Magdalena Suntinger,_’_
Christoph Habel,” Hendrik Bargel,T Christoph Hugenschmidt,|| Sabine Rosenfeldt,§ Josef Breu,*’i
and Thomas Scheibel*"

Lehrstuhl Biomaterialien, *Lehrstuhl fiir Anorganische Chemie I, and SLehrstuhl fiir Physikalische Chemie I, Universitit Bayreuth,
Universititsstrae 30, Bayreuth D-95447, Germany

IFRM II und Physik-Department E21, Technische Universitit Miinchen, James-Franck-Strale 1, Garching D-85748, Germany

© Supporting Information

ABSTRACT: Nature reveals a great variety of inorganic—organic
composite materials exhibiting good mechanical properties, high
thermal and chemical stability, and good barrier properties. One
class of natural bio-nanocomposites, e.g. found in mussel shells,
comprises protein matrices with layered inorganic fillers. Inspired
by such natural bio-nanocomposites, the cationic recombinant
spider silk protein eADF4(x16) was processed together with the
synthetic layered silicate sodium hectorite in an all-aqueous setup.
Drop-casting of this bio-nanocomposite resulted in a thermally and
chemically stable film reflecting a one-dimensional crystal.
Surprisingly, this bio-nanocomposite coating was, though produced
in an all-aqueous process, completely water insoluble. Analyzing
the structural details showed a low inner free volume due to the
well-oriented self-assembly/alignment of the spider silk proteins on
the nanoclay surface, yielding high oxygen and water vapor barrier properties. The here demonstrated properties in combination
with good biocompatibility qualify this new bio-nanocomposite to be used in packaging applications.

KEYWORDS: spider silk, layered silicates, bio-nanocomposites, barrier coatings, water-based packaging coatings

B INTRODUCTION and food packaging.'’ The possibility of replacing petroleum-

Bio-nanocomposites are materials made of biopolymers and
inorganic biocompatible solids with at least one dimension in
the nanometer scale.' They can be found in nature e.g. in nacre
in pearls and shells,” ivory,3 bones,* and enamel and dentine in
teeth.”® In nature such composite materials show hierarchical
arrangements of organic and inorganic components from the
nano- to macroscale. In recent years huge efforts have been
made to mimic such hierarchical setup in man-made bio-
nanocomposites yielding extraordinary material properties.’
Special focus has been set on the development of bio-
nanocomposites displaying good mechanical properties and
high thermal stability and acting as gas barrier in combination
with biocompatibility and biodegradability.”® Such materials
show extraordinary versatility concerning their application,
derived from the used variety of biopolymer matrices based on
polysaccharides, nucleic acids, or proteins and inorganic
particulate fillers such as hydroxyapatite, silica, or layered
silicates.” Bio-nanocomposites are especially of interest to be
used as advanced biomaterials for instance in tissue engineering,
artificial bone replacements, and gene therapy, but they can also
be applied in controlled drug and pesticide delivery,
membranes for food processing, drinking water purification,

-4 ACS Publications  © 2016 American Chemical Society

derived synthetic composites by naturally abundant and
biodegradable materials obtained from renewable sources is
one further intriguing aspect.”’12

Here, composites made of the cationic recombinant spider
silk protein (spidroin) eADF4(x16) and the nanoclay sodium
hectorite (Na-hec) were investigated concerning their
hierarchical setup, their structure, and their barrier properties.
Spidroins are naturally occurring polymers containing both
hydrophobic and hydrophilic as well as charged and uncharged
residues and innately fulfill mostly structural features by
building load-bearing natural materials.'” Spidroins combine
inherent extraordinary mechanical properties when processed
(high elastic modulus and high elongation-to-break) with
biocompatibility and biodegradability, qualifying them for a
great variety of applications.'* The latter became increasingly
feasible, since recently recombinant spidroins could be
successfully produced to overcome shortages of spider-based
production.'” Additionally, the obtained recombinant proteins
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provide a series of advantages over the natural ones, like
processability into various morphologies (even other than the
naturally occurring fibers) and the possibility to modify and
adopt the amino acid sequences on a genetic level.'*™'® In
terms of bio-nanocomposite production one great advantage is
that prior to processing, spidroins are partially intrinsically
unstructured in solution and, therefore, can adopt extended
molecule conformations and provide maximum van der Waals
and electrostatic interactions with other material surfaces, e.g.,
inorganic fillers.

Layered silicates are most commonly used as nanofillers.
Fluorohectorite, as an example, belongs to the 2:1 smectite
family and shows a sandwich-like structure comprising two
tetrahedral and one octahedral layers with the nominal
composition of [Nays]™[Mg,Liys]°[Si,]*0;oF, (Na-
hec)."” Singular clay nanosheets of 1 nm thickness are tough
displaying an in-plane modulus of 150 GPa, while at the same
time bein§ highly flexible, and can be squeezed by 30% without
breaking.”””"  Melt-synthesized clay nanosheets, moreover,
come in high aspect ratios (>20 000) and with uniform surface
charge density qualifying synthetic fluorohectorite as superb
fillers in nanocomposite materials. Additionally, such synthetic
clays are gently, without mechanical agitation, but nevertheless
utterly delaminated into single layers by osmotic swelling when
immersed in deionized water, facilitating the incorporation into
several matrices.”'

The aim was to optimize the interplay between the spidroin
and the nanoclay in an all-aqueous setup, to find ideal
processing conditions, and to generate a material that exceeds
the overall properties of other water-based bio-nanocomposites.
Therefore, structure, optical, and thermal properties as well as
chemical stability of the obtained bio-nanocomposites were
investigated after processing. Further, PXRD measurements
were conducted to determine the platelet arrangement in the
final bio-nanocomposite obtained by self-assembly in a single
production step. It could be shown that the concerted self-
assembly of spidroins with nanoclay platelets leads to a quite
low free inner volume of the bio-nanocomposite film, which in
turn yielded a low oxygen permeability and, very surprisingly
(since it is a water based system), also a good water vapor
barrier.

B RESULTS AND DISCUSSION

Bio-nanocomposite Production and Characterization.
Bio-nanocomposite films made of the amphiphilic and cationic
recombinant spider silk protein eADF4(x16) as matrix and the
synthetic layered silicate sodium hectorite (Na-hec) as filler
were produced in an all-aqueous suspension casting process.
Clay synthesis and characterization are described in the
Supporting Information. L-Lysine-modified hectorite platelets
(Lys-hec), utterly delaminated within deionized water, were
compounded with eADF4(x16) at a weight ratio of 3:2. The
modification of the nanoclay with r-lysine was necessary in
order to reduce the hydrophilicity of the hectorite (hec)
platelets and to adjust the surface energy assuring a better
interaction between matrix and filler.”"*> Drop-casting of the
material mixture onto a poly(ethylene terephthalate) (PET) foil
and subsequent drying initiated the bio-nanocomposite film
formation with a filler content of 60 wt %. The obtained films
were free of any processing residuals due to the all-aqueous
processing (for experimental details see Materials and Methods
section). By the number of drop-casting steps, film thickness
could be adjusted manually between 1 ym (2 casting steps) and

30 um (20 casting steps), displaying a growth of the film
thickness of around 1.5 ym per casting step. Additionally, cross
sections of the films revealed a highly ordered lamellar structure
(Figure 1A), determined by the inherent properties of the

@
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Figure 1. Analysis of spider silk protein—nanoclay composites (A)
SEM image of a cross section of the bio-nanocomposite film. (B)
Verification of the one-dimensional crystalline restacking of nanoclay
within the spider silk matrix using PXRD at 3, 30, and 70% RH
indicated limited swelling of the bio-nanocomposite.

nanoclay filler. The high aspect ratio (~20 000) in combination
with the uniform thickness of the nanosheets and the high
weight proportion of the filler triggered self-assembly into a
lamellar structure oriented in parallel to the substrate surface.””

Quite surprisingly, powder X-ray diffraction (PXRD, Figure
1B) revealed not only a parallel but also an ordered, equidistant
restacking of the nanoplatelets as reflected by a relative sharp
interference observed at d = 2.50 nm (26, = 3.5°) for the dry
bio-nanocomposite film. Even the second order of the one-
dimensional crystal was observed at 1.26 nm (20, = 7.0°).
This suggested that the clay nanoplatelets were perfectly
uniformly distributed in the spidroin matrix, giving yield to a
periodic modulation of the electron density. Consequently, the
Coulomb attraction between negatively charged clay nano-
sheets and the positively charged interlayer species was
increased by up to 39% (Madelung constant of a one-
dimensional crystal), and a considerable electrostatic pressure
compressed the interlayer volume. The 00! reflections observed
for the composite resemble an intercalation compound. The d-
spacing is, however, much larger than that of typical
intercalation compounds, and as expected for a self-assembled
structure of filler separated by polymer matrix the d-spacing is
less sharply defined, and consequently the reflections are
comparatively broader.

Upon compounding with eADF4(k16), the d-spacing shifted
from 1.40 nm for Lys-hec to 2.50 nm in the bio-
nanocomposite, indicating that the eADF4(x16) layer occupied
1.10 nm within the interlayer space.
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Figure 2. FTIR spectra of eADF4(x16) film, Na-hec, Lys-hec, and the bio-nanocomposite samples (A) between 1800 and 1300 cm™ for protein
structure determination of the amide I and amide II band and (B) between 1200 and 800 cm™ for identification of Na-hec by in-plane (1080 cm™)

and out-of-plane (1003 cm™) Si—O bond vibration absorption.
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Figure 3. Characterization of material properties of the bio-nanocomposite film in comparison to that of neat eADF4(x16) films. Analysis of thermal
stability of the bio-nanocomposite, Na-hec, Lys-hec, and neat eADF4(x16) film (A) by thermogravimetric analysis (TGA) in the temperature range
from 25 to 500 °C and a heating rate of S K/min and (B) by differential scanning calorimetry (DSC) in the temperature range from 40 to 400 °C
with a heating rate of S K/min. (C) Analysis of chemical stability by incubation of the bio-nanocomposite in comparison to that of neat eADF4(x16)
films in 1% formic acid, 70% ethanol, and water. (D) Optical properties of the bio-nanocomposite on PET foil in comparison to that of a
eADF4(k16) coating on PET foil as well as plain PET regarding transparency, haze, and clarity.

Since the bio-nanocomposite film was cast from an all-
aqueous suspension, it was expected to swell heavily when
exposed to water vapor. PXRD measurements at various
relative humidity (RH) (Figure 1B), quite surprisingly, showed
a very limited swelling with increasing RH. The X-ray reflection
angle shifted from 26y, = 3.5° to 20y, = 3.3° indicating a
rather small increase (0.2 nm) of the interlayer spacing of the
bio-nanocomposite from 3% to 70% RH.

FTIR measurements allowed to elucidate the conformational
state of eADF4(x16) in the interlayer spacing. For structural
analysis of the protein matrix, peaks in the amide I (1600—1700

25537

cm™") and amide IT (1500—1580 cm™") regions were examined
in greater detail (Figure 2A). These wavenumber regions
represent mainly C=O stretching vibrations of the amide
backbone (amide I) and N—H bending in combination with
C—N asymmetric stretch vibrations (amide II).*** Although
lysine in Lys-hec also contains N—H and C—H groups,”
fortunately its absorption bands did not significantly overlap
with eADF4(x16) absorption bands. Therefore, lysine bands
did not hamper structure determination of the protein matrix.
FTIR analysis of the composite material showed peaks at 1649
cm™ (amide I) and at 1538 cm™" (amide II) originating from
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Figure 4. Mechanical properties of the free-standing bio-nanocomposite in comparison to free-standing eADF4(x16) films: (A) representative
example of stress—strain curves obtained at RT and 50% RH by tensile testing; (B) mechanical properties averaged from stress—strain curves; n = S—

12.

random coil structures.”¥*> Calculations using Fourier self-
deconvolution (FSD) revealed that 27.6 + 1.6% of the
structural content in the bio-nanocomposite reflected f-sheet
conformation (17.6% for neat eADF4(x16) films).***” The
identified structure indicated increased intermolecular inter-
actions between the spidroin molecules in the bio-nano-
composite in contrast to the neat protein film. The observed
high p-sheet content provided a basis for good thermal and
chemical stability of the material, which is described below.

Besides protein structural determination, FTIR analysis also
allowed to identify the presence of hectorite platelets and the
interactions with the matrix by absorption bands at wave-
numbers between 1000 and 1120 cm™ (Figure 2B).
Absorption observed in this region could be attributed to in-
plane and out-of-plane vibrations of the Si—O bond in the
nanoclay.”® Lys-hec showed one predominant peak in this
region with a maximum at around 1003 cm™" corresponding to
the absorption of in-plane Si—O bond vibrations, whereas a
shoulder at 1080 cm™' could be attributed to out-of-plane Si—
O bond vibration absorptions.”” In spectra of the bio-
nanocomposite, both peaks were present, but each was shifted
to a smaller wavenumber indicating electrostatic interactions
and the formation of hydrogen bonds between the single
platelets and the matrix. This was also confirmed by the
development of the FWHM (full width at half-maximum)
values of the in-plane Si—O bond vibration peaks, since
previous studies of Na-hec have shown an increasing
interaction between hectorite layers with increasing FWHM
values (FWHM (Na-hec) = 56 cm™!, FWHM (bio-nano-
composite) = 64 em™).?

Thermal stability of the nanocomposite was analyzed using
thermogravimetric analysis (TGA). Since Na-hec does not
decompose below 700 °C, the thermal stability of the bio-
nanocomposite was determined by the stability of interlayer
species. The onset temperatures, as indicated here by the
inflection point in the corresponding TGA curves, were found
at 226 °C for Lys-hec and 330 °C for neat eADF4(x16) (Figure
3A). Initial weight losses of 4.4 wt % at temperatures <120 °C
could be attributed to the loss of physisorbed water. Because of
the dominance of the protein matrix, the decomposition of the
bio-nanocomposite was determined by the decomposition of
eADF4(x16) with an onset temperature of 327 °C.

DSC analysis gave a more detailed insight concerning the
influence of composite formation on thermal stability of the
spidroin material. While the thermal treatment of the bio-
nanocomposite showed one distinct maximum at 307 °C
(degradation) and a small shoulder at 220 °C (glass transition),
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eADF4(x16) induced three peaks (glass transition: 220 °C;
bimodal melting/thermal degradation: 267 °C; degradation:
323 °C). Therefore, DSC confirmed the degradation temper-
atures (maximum heat flow) (Figure 3B) as seen by TGA.
Further, the glass transition temperature (T,) could be
determined by the inflection point of the glass transition
signal. T, of eADF4(k16) films was observed at 174 °C and did
not change significantly, upon compounding with the nanoclay.
However, the signal of the glass transition of the bio-
nanocomposite was reduced from —0.2 g/W (eADF4(x16))
to —0.07 g/W (bio-nanocomposite). This reduction was higher
than expected due to the dilution of eADF4(x16) with the clay
filler. Most likely, this finding can be attributed to an increase of
the amount of crystalline f-sheet domains on the expense of
the amorphous domains, being in line with FTIR results and
previously published T, values for silk materials with different
S-sheet content.””*°

Chemical stability of the nanocomposite was tested by
incubating the films 7 days in 1% formic acid, 70% ethanol, or
water to ensure that the bio-nanocomposite provided a good
long-term stability in humid, acidic, and sterilizing environ-
ments. The bio-nanocomposite showed good shape stability
after incubation in all cases by optical analysis (Figure S3). As a
control, pristine, unfilled eADF4(x16) films were tested but
were found to be completely dissolved after 1 day of incubation
in all media (Figure 3C). Interestingly, the incorporation of the
nanofiller and the applied processing procedure rendered the
eADF4(x16) matrix moisture-resistive without post-treatment
as typically necessary for spider silk films”’ due to the protein
alignment in the d-spacing of the filler yielding the high S-sheet
content as detected by FTIR measurements.

Upon testing the optical properties, coatings of the bio-
nanocomposite and neat eADF4(x16) films revealed only little
effect on transmittance (Figure 3D) of the PET support.
However, haze, a value for large angle scattering of light causing
a milky appearance, and clarity, a value for small-angle
scattering of light causing an impairment of image definition,
were affected to different extents. Haze increased from 6% for
the neat PET substrate to 75% for eADF4(k16)-coated PET,
suggesting that the opaque appearance could be fully attributed
to the protein matrix. Compounding did not further affect haze;
the value of bio-nanocomposite-coated PET was similar (74%)
to that of eADF4(x16)-coated PET. Clarity was diminished to
63% by the eADF4(x16) coating and to 38% by the bio-
nanocomposite coating.

Besides good thermal and chemical stability, tensile testing of
free-standing nanocomposite films revealed good mechanical
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stability. Internalization of hectorite platelets increased the
ultimate tensile strength (UTS) in comparison to untreated
eADF4(k16) films (cast from formic acid solution) from 28 + 8
to 100 + 16 MPa (Figure 4). While neat eADF4(x16) films
showed a plastic deformation after reaching the relevant UTS
value, nanocomposite films ruptured immediately at this point.
In contrast to plain protein films, the nanocomposite was not
sensitive to variations in relative humidity.

Free Inner-Volume Characteristics. Two positron
annihilation techniques—Doppler broadening spectroscopy
(DBS) of the annihilation line and positron annihilation
lifetime spectroscopy (PALS)—were used to characterize the
free volume and the size of (micro)voids in the bio-
nanocomposite in greater detail. When implanted into a
polymer matrix, positrons thermalize within <10 ps and may
either directly annihilate or form positronium (Ps) prior to
annihilation. By varying the positron implantation energies
from 0.5 to 30 keV, the S-parameter was measured as a function
of the penetration depth in the nanocomposite as well as in the
pure constituents eADF4(x16) and Na-hec (Figure S). For very

bio-nano-
€ADF4(16) - i —=— Na-Hec
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Figure S. Determination of the S-parameter by Doppler broadening
spectroscopy (DBS), indicating the decrease of the inner free volume
of the bio-nanocomposite coating with increasing positron energy
synonymous with increasing penetration depth in comparison to neat
eADF4(k16) films and Na-hec powder (red dashed line: theoretical
value by combination of the single bio-nanocomposite components).

low implantation energies (<2 keV) the measured S-parameter
was attributed to a strong influence of surface effects, e.g,
orthopositronium (o-Ps) formation at the surface, and shall not
be discussed further. The high S-value at 3—4 keV indicated a
higher free volume in the near-surface regime in all samples.
This surface regime was followed by a steep decrease of the S-
parameter over the first 250 nm of the bio-nanocomposite film,
indicating a quick reduction of the free volume with proceeding
sample depth. At high energies (>20 keV) a saturation value
was reached, indicating a similar free volume being present in
all samples. A pure clay film showed the lowest S-parameter,
suggesting that there is little if any positronium formation in
the silicate platelets. The neat eADF4(x16) film showed the
highest S-parameter, indicating the largest free volume of the
three samples investigated. The curve for the bio-nano-
composite resided between these two extremes at all
penetration depths. Moreover, this curve equaled a weighted
superposition of the other curves obtained for the constituents
(red dashed line in Figure S), indicating that the confined
matrix in the bio-nanocomposite had a similar free volume as
the neat biopolymer. Therefore, the severe confinement (1.1
nm) did not hamper chain packing, and the huge interfacial
area did not trigger formation of additional free volume. This

advantageous microstructure might be based on the cationic
nature of eADF4(x16) and the Coulomb interaction with the
clay platelets which, moreover, is amplified by the Madelung
factor due to one-dimensional crystallinity.

The free-volume characteristics of the bio-nanocomposite
were additionally probed by PALS at five different implantation
energies (1, 2, 4, 8, and 16 keV). In amorphous polymers, the
so-called “pick-off” annihilation of long-living o-Ps trapped in
nanometer size voids provides information on static and
dynamic holes.”" All spectra were decomposed by fitting three
lifetime components, whereby the long lifetime component 7;
connected with 0-Ps was interpreted with regard to the mean
size of the voids.”> Most importantly, identical 7, values of 1.65
+ 0.03 ns were found for all implantation energies in the bio-
nanocomposite. According to the Tao—Eldrup model assuming
spherically shaped voids, the observed 7; value corresponded to
a mean void radius of 2.5 + 0.1 A and to a mean volume of
about 65.4 + 7.8 A333 Lifetimes and hence void diameter were
at the lower end of the typical range for glassy polymers.**
Together with the slightly increasing slope of the measured S-
parameter in this energy range, it could be concluded that the
mean void size remained essentially the same, but the total free
volume, i.e., the concentration of these voids, increased up to a
depth of about 4 pgm. The uniform nature of the free volume
characteristics at larger depths corroborated the homogeneity
of the bio-nanocomposite reflecting one-dimensional crystal-
linity.

A combination of the described characterization methods,
including PXRD measurements, FTIR spectroscopy, and DBS/
PALS analysis, led to a model of nanocomposite assembly as
depicted in Figure 6. Therein, appearance of a textured and
one-dimensional crystalline lamellar structure, formation of a
densely packed interlayer space with little free volume and
small voids, and f-sheet formation are initiated in the final step
by self-assembly of the silk protein on the nanoclay surface
followed by water evaporation.

Barrier Properties. Because of the huge aspect ratio of the
nanoclay platelets and the high filler content, the bio-
nanocomposite showed a lamellar structure similar to a wall
of bricks with a low free inner volume. Since nanoclay platelets
are impermeable for any gases, nanocomposites comprising
nanoclay fillers with a brick wall-like structure are conceivable
as barrier materials® since the presence of the clay layers
renders the diffusion path of molecules more tortuous through
the composite.”® To test the barrier properties of the here
fabricated bio-nanocomposite, permeation measurements were
carried out at 50% RH and at room temperature using 1.5 ym
thick bio-nanocomposite coatings on a 100 gm PET foil
(Figure 7). In comparison to the uncoated substrate (OTR:
22.83 + 0.33 cm® m~> day”' bar™'; WVTR: 4.20 + 0.64 g m™>
day™'), the oxygen transmission rate (OTR) of bio-nano-
composite-coated PET was reduced by 90% to 2.32 + 0.38 cm?®
m~ day™' bar!, while the water vapor transmission rate
(WVTR) decreased by 96% to 0.18 + 0.05 g m™* day ™" (Figure
7). In contrast, unfilled eADF4(x16) coatings had only a minor
influence on OTR and no influence on WVTR. In light of the
water solubility of neat eADF4(x16) films and the water-based
formulation of the bio-nanocomposite in particular, the large
reduction of WVTR was remarkable, and barrier coatings with
the detected properties could find application for instance in
the field of food packaging.

Comparison with literature values is difficult because test
conditions significantly vary and various units are used.
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Figure 6. Model of bio-nanocomposite formation: delamination of Na-hec occurs in an aqueous environment; hec is modified by ion exchange of
Na* against lysine to adjust the platelet’s surface energy. After compounding of the cationic eADF4(x16) with Lys-hec, the bio-nanocomposite

assembles upon slow drying, accompanied by f-sheet formation of the protein and simultaneous minimization of the inherent free volume.

I PET Y eADF4(x16) E2 g?mr;’%ns?te Roberts et al.”” which requires that the value for the substrate is
25- 5- actually reported.
Generally, in the presence of moisture, the interactions
" 0] 4] N between H,0O molecules and polar groups of water-soluble
8 - \ polymers typically result in plasticization of the polymer chains
> 151 § 3] leading to an increase of permeability not only of water vapor
s e but also of oxygen. For instance, the oxygen permeability of a
E @ typical poly(vinyl alcohol) increases by 500% when going from
E 107 27 .
5 g 0% to 55% RH to an absolute OTR for a 1.5 ym thick film of
> § 480 cm® m™? day™' bar™! ® Measurements at 0% RH are
5 57 '] consequently irrelevant. For instance, the oxygen permeability
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Figure 7. Barrier properties of bio-nanocomposite-coated PET
concerning the oxygen (OTR) and the water vapor transmission
rate (WVTR) in comparison to that of neat PET and spider silk coated
PET (“eADF4(x16)”).

Sometimes pressure differences are not recorded or are simply
omitted in the conversions. For applications, absolute trans-
mission rates (OTR and WVTR) are the relevant benchmark
values. Transmission rates are, however, largely influenced by
the thickness of the barrier coatings and even the transmission
rate of the substrate it has been coated on. Consequently, the
performance of barrier coatings can only be compared if
transmission rates are converted into permeabilities (P) taking
coating thickness into account, whereby it is generally assumed
that the rate is inversely proportional to the thickness.
Moreover, the contribution of the substrate should properly
be separated applying a series expansion as suggested by
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film of 6 um thickness on a 50.8 pm thick PET substrate
increases by 500% when going from 0% to 55% RH to an
oxygen permeability (OP) of 18.3 cm’® um m™ day™
(presumably bar™!).”® Water vapor permeability (WVP) is
expectedly even higher for PVOH. Chen et al. for instance
reported a WVP value of 1469 g yum m™> day™' bar™' at 50%
RELY

The transmission rates featured by the bio-nanocomposite
coating correspond to an OP of 3.87 cm® yum m™ day™" bar™’
and a WVP of 028 g um m™> day' bar’'. The bio-
nanocomposite thus clearly outperforms the most common
water-soluble matrix, PVOH, in particular concerning WVP.

We attribute the low sensitivity of the barrier properties to
elevated RH for this water-based bio-nanocomposite to the
small free volume, the increased f-sheet formation of the silk
protein, and the one-dimensional crystallinity.

To transfer the barrier performance of the new spider silk-
based bio-nanocomposite onto the shelf life of packed food, a
simple calculation was done as an example: packing 450 g of
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dried food (with an initial density of 1 (3% initial moisture
content) and a critical moisture content limiting shelf life of
7%) into a rectangular box made of PET with a surface-to-
volume ratio of 2.18 and a WVTR of neat PET (42 g m™*
day™") and exposure at 25 °C and 75% RH will yield a shelf life
of S1 days. Decreasing the WVIR to 0.2 g m™> day ' by
coating the substrate with the bio-nanocomposite will prolong
this shelf life to 1074 days.*’

H CONCLUSION

Compounding Lys-hec and eADF4(x16) in an all-aqueous
process avoiding toxic additives yielded a new bio-nano-
composite material. Structural characterization using PXRD
and FTIR revealed an overall structure that can also be seen as
one-dimensional crystal with perfectly delaminated equidistant
filler platelets and a matrix with high S-sheet content. While
neat (not post-treated) eADF4(x16) films were chemically
unstable, the newly produced bio-nanocomposite revealed a
good chemical stability even without post-treatment, usually
necessary for stabilizing spider silk materials. Low free volume
of the bio-nanocomposite material and a correlated low oxygen
and, surprisingly, water vapor permeability qualifies the bio-
nanocomposite as a coating for packaging materials used e.g. for
food. The bio-nanocomposite is 60-fold more efficient than
high performance packaging materials like poly(vinylidene
chloride) and 600-fold better than the poly(ethylene
terephthalate). In this context, the biodegradability of the bio-
nanocomposite (silk as well as clay) will add on to the usability.
The unique combination of high oxygen and water vapor
barrier properties, processing from aqueous solutions, and
sustainability makes this composite highly suitable for new,
green, flexible packaging applications.

B MATERIALS AND METHODS

Synthesis of Engineered Silk eADF4(x16). eADF4(x16)
comprising the sequence MASMTGGQQMGRGSM-(GSSAA-
AAAAAASGPGGYGPKNQGPSGPGGYGPGGPG),s was produced
in E. coli BL21 gold (DE3), and the protein was purified using a heat
step and ammonium sulfate precipitation as described previously.'®

Synthesis of Nags-Fluorohectorite. Na;-fluorohectorite (Na-
hec) with the stoichiometry [Nay][LiysMg,s][Si,]OoF, was
synthesized via melt synthesis according to an established procedure.”!
The material featured a cation exchange capacity (CEC) of 1.27 mval

-1

Nanocomposite Preparation. For surface modification of the
nanoclay, L-lysine was dissolved in Millipore water at 1 equiv of the
CEC of Na-hec, added dropwise to an aqueous suspension of Na-hec
(2.5 g L"), and placed into an overhead shaker overnight.

Lyophilized eADF4(k16) was resolved in 6 M guanidinium
thiocyanate (GdmSCN) and dialyzed against 25 mM Tris/HCl pH
7.5 (Tris-buffer). Samples were dialyzed using a dialysis membrane
with a molecular weight cutoff of 6000—8000 Da (Spectrum
Laboratories) for 16 h with 3 buffer changes at RT. In a final step,
the eADF4(x16) solution was dialyzed against 25 mM ammonium
bicarbonate, which decomposes to carbon dioxide, ammonia, and
water upon evaporation and is therefore not interrupting the bio-
nanocomposite formation.

Lys-hec was added dropwise to the dissolved spidroin while shaking
until an amount of 60 wt % hectorite was reached. The bio-
nanocomposite was deposited on PET foils via drop-casting. The
obtained films were dried at RT.

Powder X-ray Diffraction (PXRD). PXRD patterns were obtained
using nickel-filtered Cu Ka radiation (1.54187 A) on a Bragg—
Brentano-type diffractometer (Panalytical XPERT-PRO) equipped
with an in-situ humidity chamber (Anton Paar) and a humidity
generator RH-200 (VTTI).
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Oxygen Transmission. Oxygen transmission rates were deter-
mined on a Mocon OX-TRAN 2/21 M10x instrument with a lower
detection limit of 0.0005 cm® m™ day™ bar™'. A mixture of 95%
nitrogen and 5% hydrogen was used as carrier gas and pure oxygen
(>99.95%, Linde Sauerstoff 3.5) as permeant gas. The measurements
were conducted at 25 °C and a relative humidity of 50%, applying the
standards ASTM D-3985, ASTM F-1927, DIN 53380, JIS K-7126, and
ISO CD 15105-2.

Water Vapor Transmission. Water vapor transmission rates were
measured at a Mocon PERMATRAN-W model 333 at 25 °C and a
relative humidity of 50%. The lower detection limit of the device was
0.05 g m™> day™".

Transmittance, Clarity, and Haze. The shown graphs are
representative of three individual measurements. Transmittance,
clarity, and haze of the coatings were measured on a BYK-Gardner
Haze-Gard Plus.

Scanning Electron Microscopy (SEM). Film samples were
mounted with their cross section facing upright in aluminum slit
stubs and wrapped in adhesive silver tape (Scotch; Plano, Germany) to
reduce charging. The samples were sputtered with a 2 nm layer of
platinum (sputter coater HR208 with MTM20 thickness controller,
Cressington, Watford, UK) and analyzed using a LEO 1540
CrossSction SEM (Zeiss, Aalen, Germany) at 5—10 kV.

Thermogravimetric Analysis (TGA). Changes in mass upon
heating were assessed by TGA using a SDTA 851e thermogravimetric
analyzer (Mettler Toledo, Germany) with a microbalance resolution of
1 mg. Measurements were performed in aluminum oxide pans under a
nitrogen atmosphere (50 mL min™") at a heating rate of 10 °C min™"
(from RT to 800 °C).

Differential Scanning Calorimetry (DSC). DSC scans were
obtained using a SDTA 821e differential scanning calorimeter (Mettler
Toledo, Germany) with a ceramic sensor and a $6-fold Au—AuPd
thermocouple pile. Samples (3—4 mg) were sealed hermetically in
aluminum pans and heated under purged dry nitrogen gas flow (20
mL min) at $ °C min~". In order to evaporate residual solvent, samples
were first heated to 110 °C. After 10 min of equilibration they were
cooled to 40 °C, and finally, the analysis was started by heating to 400
°C. The shown graphs are representative of two or three individual
measurements.

Tensile Testing. Tensile testing was performed using a Bose
ElectroForce equipped with a 2.5 or 22 N capacity load cell. A
crosshead speed of 0.2 mm min~" was applied, and the gauge length
was set to 2 mm. All films were tested in dry state at a relative
humidity of 50 & 2% at 20 °C. Films were cut into strips of 2—3 mm
width and 10 mm length. The thickness was individually determined
for each sample with a micrometer screw and ranged from S to 30 mm.
Stress was calculated as force per cross-sectional area. Young’s
modulus (E-modulus) was measured from the initial slopes in the
elastic region; tensile strength referred to the average of ultimate stress
at failure. Toughness was calculated as the integral below the
respective stress—strain curve. The given values in Figure 4B were
averaged from up tol2 individual samples.

Doppler Broadening Spectroscopy (DBS). Open volume
defects and changes of the free volume were analyzed by depth-
dependent Doppler-broadening spectroscopy (DBS) using the CDB
spectrometer at the neutron-induced positron source Munich
(NEPOMUC, FRM II, Germany).">* The incident positron energy
was varied from 0.2 to 30 keV, and spectra were measured using a
high-purity germanium detector (efficiency 30%) with a resolution of
1.4 at 477.6 keV. The shape of the annihilation photopeak is
commonly characterized by the line shape parameter S, which is
defined as the ratio of a central zone and the integral of the 511 keV
photopeak.** It is influenced by the annihilation of low momentum
and valence electrons and by Ps annihilation. Therefore, the S-
parameter can be correlated with open volume defects and the free
volume.

The Doppler broadening of the 511 keV annihilation line contains
information on the electron momentum distribution at the positron
annihilation site in the sample. Both the lower probability of core
electron annihilation in open volume defects and the annihilation of
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parapositronium (p-Ps) in micropores lead to a narrowing of the
annihilation line. Consequently, a rise of the S-parameter can be
related to an increase of the free volume.*

Positron Annihilation Lifetime Spectroscopy (PALS). Positron
lifetime measurements were performed at the pulsed low-energy
positron system at NEPOMUC." Depth profiles were recorded
between 1 and 16 keV positron implantation energy. About 3 X 10°
counts were accumulated in each spectrum. Details and limitations of
the applied Tao-Eldrup model have recently been discussed.*

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.6b08287.

Clay synthesis and characterization in terms of particle
size and particle delamination; setup of chemical stability
analysis as an example (PDF)

B AUTHOR INFORMATION

Corresponding Authors

*(].B.) Phone +49 (0) 921 55 2530; Fax +49 (0) 921 55 2788;
e-mail Josef.Breu@uni-bayreuth.de.

*(T.S.) Phone +49 (0) 921 55 7361; Fax +49 (0) 921 S5 7346;
e-mail thomas.scheibel@bm.uni-bayreuth.de.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank M. Reiner and T. Gigl for their help with
DBS measurements as well as W. Egger for helping with PALS
measurements. This work was supported by the SFB840 TP B3
(J.B.) and A8 (T.S.).

B REFERENCES

(1) Dunlop, J. W. C,; Fratzl, P. Bioinspired Composites: Making a
Tooth Mimic. Nat. Mater. 2015, 14 (11), 1082—1083.

(2) Li, X;; Chang, W.-C.; Chao, Y. J.; Wang, R.;; Chang, M. Nanoscale
Structural and Mechanical Characterization of a Natural Nano-
composite Material: The Shell of Red Abalone. Nano Lett. 2004, 4
(4), 613—617.

(3) Jakubinek, M. B,; Samarasekera, C. J.; White, M. A. Elephant
ivory: A Low Thermal Conductivity, High Strength Nanocomposite. J.
Mater. Res. 2006, 21 (01), 287—292.

(4) Peterlik, H.; Roschger, P.; Klaushofer, K; Fratzl, P. From Brittle
to Ductile Fracture of Bone. Nat. Mater. 2006, S (1), 52—SS.

(5) Darder, M; Aranda, P.; Ruiz-Hitzky, E. Bionanocomposites: A
New Concept of Ecological, Bioinspired, and Functional Hybrid
Materials. Adv. Mater. 2007, 19 (10), 1309—1319.

(6) Cuy, J. L; Mann, A. B;; Livi, K. J.; Teaford, M. F.; Weihs, T. P.
Nanoindentation Mapping of the Mechanical Properties of Human
Molar Tooth Enamel. Arch. Oral Biol. 2002, 47 (4), 281—291.

(7) Alexandre, M.; Dubois, P. Polymer-layered Silicate Nano-
composites: Preparation, Properties and Uses of a New Class of
Materials. Mater. Sci. Eng, R 2000, 28 (1-2), 1—-63.

(8) Rezwan, K,; Chen, Q. Z.; Blaker, J. J; Boccaccini, A. R.
Biodegradable and Bioactive Porous Polymer/Inorganic Composite
Scaffolds for Bone Tissue Engineering. Biomaterials 2006, 27 (18),
3413—3431.

(9) Ruiz-Hitzky, E. R;; Darder, M.; Aranda, P. Functional Biopolymer
Nanocomposites Based on Layered Solids. J. Mater. Chem. 2005, 15
(35—36), 3650—3662.

(10) Smith, B. L; Schaffer, T. E; Viani, M;; Thompson, J. B;
Frederick, N. A; Kindt, J.; Belcher, A.; Stucky, G. D.; Morse, D. E;
Hansma, P. K. Molecular Mechanistic Origin of the Toughness of

Natural Adhesives, Fibres and Composites. Nature 1999, 399 (6738),
761-763.

(11) Sinharay, S.; Bousmina, M. Biodegradable Polymers and Their
Layered Silicate Nano Composites: In Greening the 21st Century
Materials World. Prog. Mater. Sci. 20085, SO (8), 962—1079.

(12) Pandey, J. K; Kumar, A. P.; Misra, M.; Mohanty, A. K; Drzal, L.
T.; Palsingh, R. Recent Advances in Biodegradable Nanocomposites. J.
Nanosci. Nanotechnol. 2005, 5 (4), 497—526.

(13) Dang, Q. Q;; Ly, S. D;; Yu, S.; Sun, P. C.; Yuan, Z. Silk Fibroin/
Montmorillonite Nanocomposites: Effect of pH on the Conforma-
tional Transition and Clay Dispersion. Biomacromolecules 2010, 11 (7),
1796—1801.

(14) Roemer, L.; Scheibel, T. The Elaborate Structure of Spider Silk
— Structure and Function of a Natural High Performance fiber. Prion
2008, 2 (4), 154—161.

(15) Huemmerich, D.; Helsen, C. W.; Quedzuweit, S.; Oschmann, J.;
Rudolph, R.; Scheibel, T. Primary Structure Elements of Spider
Dragline Silks and Their Contribution to Protein Solubility.
Biochemistry 2004, 43 (42), 13604—13612.

(16) Doblhofer, E.; Scheibel, T. Engineering of Recombinant Spider
Silk Proteins Allows Defined Uptake and Release of Substances. J.
Pharm. Sci. 2015, 104 (3), 988—94.

(17) Spiess, K.; Wohlrab, S.; Scheibel, T. Structural Characterization
and Functionalization of Engineered Spider Silk Films. Soft Matter
2010, 6 (17), 4168—4174.

(18) Elsner, M. B,; Herold, H. M.; Muller-Herrmann, S.; Bargel, H.;
Scheibel, T. Enhanced Cellular Uptake of Engineered Spider Silk
Particles. Biomater. Sci. 2015, 3 (3), 543—551.

(19) Theng, B. K. G. Formation and Properties of Clay-Polymer
Complexes; Elsevier: Palmerston North, New Zealand, 2012; Vol. 4.

(20) Kunz, D. A; Schmid, J.; Feicht, P.; Erath, J.; Fery, A; Breu, J.
Clay-Based Nanocomposite Coating for Flexible Optoelectronics
Applying Commercial Polymers. ACS Nano 2013, 7 (5), 4275—4280.

(21) Stdter, M.; Kunz, D. A.; Schmidt, M.; Hirsemann, D.; Kalo, H.;
Putz, B.; Senker, J; Breu, J. Nanoplatelets of Sodium Hectorite
Showing Aspect Ratios of approximate to 20 000 and Superior Purity.
Langmuir 2013, 29 (4), 1280—128S.

(22) Moéller, M. W.; Lunkenbein, T.; Kalo, H.; Schieder, M.; Kunz, D.
A.; Breu, J. Barrier Properties of Synthetic Clay with a Kilo-Aspect
Ratio. Adv. Mater. 2010, 22 (46), 5245—5249.

(23) Rhim, J.-W.; Park, H-M,; Ha, C.-S. Bio-nanocomposites for
Food Packaging Applications. Prog. Polym. Sci. 2013, 38 (10—11),
1629—1652.

(24) Hu, X; Kaplan, D.; Cebe, P. Determining Beta-Sheet
Crystallinity in Fibrous Proteins by Thermal Analysis and Infrared
Spectroscopy. Macromolecules 2006, 39 (18), 6161—6170.

(25) Rabotyagova, O. S.; Cebe, P.; Kaplan, D. L. Role of Polyalanine
Domains in beta-Sheet Formation in Spider Silk Block Copolymers.
Macromol. Biosci. 2010, 10 (1), 49—59.

(26) Bush, M. F.; Forbes, M. W.; Jockusch, R. A.; Oomens, J.; Polfer,
N. C; Saykally, R. J; Williams, E. R. Infrared Spectroscopy of
Cationized Lysine and Epsilon-N-Methyllysine in the Gas Phase:
Effects of Alkali-Metal Ion Size and Proton Affinity on Zwitterion
Stability. J. Phys. Chem. A 2007, 111 (32), 7753—7760.

(27) Spiess, K; Ene, R; Keenan, C. D; Senker, J.; Kremer, F;
Scheibel, T. Impact of Initial Solvent on Thermal Stability and
Mechanical Properties of Recombinant Spider Silk Films. J. Mater.
Chem. 2011, 21 (35), 13594—13604.

(28) Lerot, L.; Low, P. F. Effect of Swelling on Infrared-Absorption
Spectrum of Montmorillonite. Clays Clay Miner. 1976, 24 (4), 191—
199.

(29) Ijdo, W. L,; Kemnetz, S.; Benderly, D. An Infrared Method to
Assess Organoclay Delamnination and Orientation in Organoclay
Polymer Nanocomposites. Polym. Eng. Sci. 2006, 46 (8), 1031—1039.

(30) Vasconcelos, A.; Freddi, G.; Cavaco-Paulo, A. Biodegradable
Materials Based on Silk Fibroin and Keratin. Biomacromolecules 2008,
9 (4), 1299-1305.

DOI: 10.1021/acsami.6b08287
ACS Appl. Mater. Interfaces 2016, 8, 25535—25543


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.6b08287
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b08287/suppl_file/am6b08287_si_001.pdf
mailto:Josef.Breu@uni-bayreuth.de
mailto:thomas.scheibel@bm.uni-bayreuth.de
http://dx.doi.org/10.1021/acsami.6b08287

ACS Applied Materials & Interfaces

Research Article

(31) Merkel, T. C.; Freeman, B. D.; Spontak, R. J.; He, Z.; Pinnauy, 1;
Meakin, P.; Hill, A. J. Ultrapermeable, Reverse-Selective Nano-
composite Membranes. Science 2002, 296 (5567), 519—522.

(32) Choudalakis, G.; Gotsis, A. D. Free Volume and Mass Transport
in Polymer Nanocomposites. Curr. Opin. Colloid Interface Sci. 2012, 17
(3), 132—140.

(33) Herold, C; Ceeh, H; Gigl, T.; Reiner, M,; Haumann, M,;
Schonweiz, A.; Hugenschmidt, C. Nanometer Size Pores in Ionic
Liquid Loaded Silica Gel Characterized by positron Lifetime
Spectroscopy. Phys. Status Solidi A 2016, 213 (1), 165—169.

(34) Shantarovich, V. P.; Kevdina, 1. B.; Yampolskii, Y. P.; Alentiev,
A. Y. Positron Annihilation Lifetime Study of High and Low Free
Volume Glassy Polymers: Effects of Free Volume Sizes on the
Permeability and Permselectivity. Macromolecules 2000, 33 (20),
7453—7466.

(35) Gusev, A. A; Lusti, H. R. Rational Design of Nanocomposites
for Barrier Applications. Adv. Mater. 2001, 13 (21), 1641—1643.

(36) Cussler, E. L.; Hughes, S. E; Ward, W. J.; Aris, R. Barrier
Membranes. J. Membr. Sci. 1988, 38 (2), 161—174.

(37) Roberts, A. P.; Henry, B. M.; Sutton, A. P.; Grovenor, C. R. M,;
Briggs, G. A. D,; Miyamoto, T.; Kano, M.; Tsukahara, Y,; Yanaka, M.
Gas Permeation in Silicon-Oxide/Polymer (SiOx/PET) Barrier Films:
Role of the Oxide Lattice, Nano-Defects and Macro-Defects. . Membr.
Sci. 2002, 208 (1-2), 75—88.

(38) Grunlan, J. C.; Grigorian, A.; Hamilton, C. B.; Mehrabi, A. R.
Effect of Clay Concentration on the Oxygen Permeability and Optical
Properties of a Modified Poly(Vinyl Alcohol). J. Appl. Polym. Sci. 2004,
93 (3), 1102—1109.

(39) Mo, C.; Yuan, W.; Lei, W.; Shijiu, Y. Effects of Temperature and
Humidity on the Barrier Properties of Biaxially-oriented Polypropylene
and Polyvinyl Alcohol Films. J. Appl. Packag. Res. 2014, 6 (1), 40—46.

(40) Wilbey, R. A. Food Packaging and Shelf life: A Practical Guide.
Int. J. Dairy Technol. 2011, 64 (4), 598—599.

(41) Breu, J.; Seidl, W,; Stoll, A. J; Lange, K. G.; Probst, T. U.
Charge Homogeneity in Synthetic Fluorohectorite. Chem. Mater.
2001, 13 (11), 4213—4220.

(42) Stadlbauer, M.; Hugenschmidt, C.; Schreckenbach, K. New
Design of the CDB-Spectrometer at NEPOMUC for T-Dependent
Defect Spectroscopy in Mg. Appl. Surf. Sci. 2008, 255 (1), 136—138.

(43) Hugenschmidt, C.; Léwe, B.; Mayer, J.; Piochacz, C.; Pikart, P.;
Repper, R.; Stadlbauer, M.; Schreckenbach, K. Unprecedented
Intensity of a Low-Energy Positron Beam. Nucl. Instrum. Methods
Phys. Res,, Sect. A 2008, 593 (3), 616—618.

(44) Mantl, S.; Triftshauser, W. Direct Evidence for Vacancy
Clustering in Electron-Irradiated Copper by Positron-Annihilation.
Phys. Rev. Lett. 1975, 34 (25), 1554—1557.

(45) Sperr, P.; Egger, W.; Kogel, G.; Dollinger, G.; Hugenschmidt,
C.; Repper, R,; Piochacz, C. Status of the Pulsed Low Energy Positron
Beam System (PLEPS) at the Munich Research Reactor FRM-IL Appl.
Surf. Sci. 2008, 255 (1), 35-38.

(46) Dlubek, G.; Yu, Y.; Krause-Rehberg, R.; Beichel, W.; Bulut, S.;
Pogodina, N.; Krossing, I; Friedrich, C. Free Volume in Imidazolium
Triflimide ([C3MIM][NTf2]) Ionic Liquid from Positron Lifetime:
Amorphous, Crystalline, and Liquid States. J. Chem. Phys. 2010, 133
(12), 124502.

25543

DOI: 10.1021/acsami.6b08287
ACS Appl. Mater. Interfaces 2016, 8, 25535—25543


http://dx.doi.org/10.1021/acsami.6b08287

Supporting Information

Structural Insights into Water-Based Spider Silk
Protein-Nanoclay Composites with Excellent Gas and
Water Vapor Barrier Properties

Elena Doblhofer”, Jasmin Schmidb, Martin Rieﬁh . Matthias Daabb, Magdalena Suntinger”,
Christoph Habel’, Hendrik Bargel®, Christoph Hugenschmidt’, Sabine Rosenfeldtd, Josef

Breu”* and Thomas Scheibel®*

* Lehrstuhl Biomaterialien, Universitit Bayreuth,
Universitétsstrale 30, Universitdt Bayreuth, Bayreuth D-95447, Germany
® Lehrstuhl fiir Anorganische Chemie I, Universitit Bayreuth,
Universitétsstrae 30, Universitit Bayreuth, Bayreuth D-95447, Germany
¢ FRM II und Physik-Department E21, Technische Universitédt Miinchen,
James-Franck-Strafle 1, Technische Universitdt Miinchen, Garching D-85748, Germany
4 Lehrstuhl fiir Physikalische Chemie I, Universitdt Bayreuth,

Universitétsstra3e 30, Universitit Bayreuth, Bayreuth D-95447, Germany

Corresponding Author

* Thomas Scheibel, E-mail: thomas.scheibel@bm.uni-bayreuth.de

* Josef Breu, E-mail: Josef.Breu@uni-bayreuth.de

Content:

Clay Synthesis and Characterization

Chemical Stability Analysis of the Bio-Nanocomposite

Supporting References

S-1



Clay Synthesis and Characterization

Over the last decade we have developed synthesis protocols that yield platelets with
particularly large lateral extensions and homogeneous charge density.'” Nags-hectorite with
the composition [Na0_5]inter[Mg2_5Li0_5]°°t[Si4]tetOl0F2 was synthesized by melt synthesis in a
closed molybdenum crucible according to a long established procedure.2 After synthesis the
material was annealed for 6 weeks at 1045°C to improve intracrystalline reactivity, charge

homogeneity and phase purity as published.*

Particle diameters were checked by static light scattering (SLS) of aqueous dispersions using
a Retsch Horiba LA-950 SLS instrument (Figure S1). The refractive index of the solid phase
was set to a value of 1.5. A measurement routine called “mica in water” supplied by the
manufacturer (Horiba) was applied. Mica has similar lateral extensions as the synthetic
hectorites studied here. The routine determines transmission rates and optimizes the

concentration of the suspensions.
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Figure S1. Number weighted particle size distribution as determined by SLS measurement of
a Nags-Hec dispersion in water. The observed median value of 18 um agrees well with

previously published results.’
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When water is added, the annealed Nags-hectorite swells osmotically to inﬁnity.6 The
completeness of this repulsive delamination of clay tactoids in the bulk was monitored by
small-angle X-ray scattering (SAXS). SAXS data reported here were measured using the
system “Double Ganesha AIR” (SAXSLAB, Denmark). The X-ray source of this laboratory-
based system is a rotating anode (copper, MicoMax 007HF, Rigaku Corporation, Japan)
providing a micro-focused beam. The data are recorded by a position sensitive detector
(PILATUS 300K, Dectris). To cover the range of scattering vectors between 0.004-2.0 A™
different detector positions were used. The measurements were done in 1 mm glass capillaries
(Hilgenberg, code 4007610, Germany) at room temperature. The circularly averaged data
were normalized to incident beam, sample thickness and measurement time before subtraction

of the solvent. The data analysis was performed with the software Scatter (version 2.5).’

Complete delamination into single clay layers is evidenced (Figure S2) by firstly the absence
of a peak corresponding to a discrete hydration level of clay tactoids. The peak of the two-
layer hydrate would be expected at dgg; = 15.5 A. Secondly, while the q*-scaling law of the
scattering curve indicates layered objects, the minimum at 8.3 A confirms a height
corresponding single layers of a delaminated material. Thirdly, even at a dilution of 2 wt% the
separation of the platelets is only 587 A, and, consequently, with 20 pm diameter platelets
cannot freely rotate but are forced into an approximately parallel arrangement giving rise to
week interferences corresponding to the separation of single layers at a given water to clay

ratio.
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Figure S2. Measured one-dimensional SAXS pattern of a 2 wt% suspension of long-term

annealed Nags-hectorite. The rational 00/ series illustrates a homogeneous separation of

delaminated clay platelets to 587 A at this water-to-clay ratio.’
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Chemical Stability of the Bio-Nanocomposite

Chemical stability of freestanding bio-nanocomposite and control films made of eADF4(x16)
was determined by incubation of the samples in various solvents for 120 h and subsequent
qualitative optical analysis. As an example, Figure S3 shows the test of chemical stability in

Milli-Q-H,O.

Before water treatment During water treatment After 120 h water treatment

Figure S3. Testing of stability of free standing bio-nanocomposite films in water; within an
incubation time of 5 days no significant decomposition was detectable, but the film seemed

optically more transparent in the wet state.
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Abstract Spider silk fibers have a sophisticated hierarchical
structure composed of proteins with highly repetitive se-
quences. Their extraordinary mechanical properties, defined
by a unique combination of strength and extensibility, are
superior to most man-made fibers. Therefore, spider silk has
fascinated mankind for thousands of years. However, due to
their aggressive territorial behavior, farming of spiders is not
feasible on a large scale. For this reason, biotechnological
approaches were recently developed for the production of re-
combinant spider silk proteins. These recombinant proteins
can be assembled into a variety of morphologies with a great
range of properties for technical and medical applications.
Here, the different approaches of biotechnological production
and the advances in material processing toward various appli-
cations will be reviewed.
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Introduction

Spider silks represent a class of fibers with a unique combina-
tion of strength and flexibility which leads to an outstanding
toughness (Gosline et al. 1999). In comparison to one of the
strongest man-made fibers, Kevlar, spider silk can absorb
three times more energy before breaking (Roemer and
Scheibel 2007). Therefore, it is not surprising that ancient
Australian aborigines and New Guinean natives utilized spi-
der silk as fishing lines, fishing nets, head gear, and bags
(Lewis 1996). Further, until World War I1, spider silk was used
for crosshairs in optical devices like microscopes, telescopes,
and guns because of its extremely small diameters (thickness
of 1/40 of a human hair) (Gerritsen 2002; Lewis 1996). By
using cobwebs to stanch bleeding wounds, the ancient Greeks
unknowingly observed further extraordinary characteristics of
this material, like high biocompatibility and low immunoge-
nicity (Altman et al. 2003; Gerritsen 2002; Vollrath et al.
2002). However, the first scientific studies to unravel its bio-
medical properties were not started until 1710, when it was
shown that a spider’s web is able to stop bleeding in human
wounds and also supports the wound healing (Bon 1710).
Two centuries later, Otto G. T. Kiliani investigated spider silk
as suture material for surgery (Kiliani 1901).

As illustrated by the long history of spider silk use, the
outstanding properties of natural spider silk have been well-
known for a long time; however, scientifically, the material
attained intensive interest of researchers only in the last de-
cades. The combination of mechanical performance, biode-
gradability, and ambient processing conditions of the under-
lying proteins makes spider silk a highly desirable material for
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applications from biomaterials to high-performance industrial
fibers (Rising 2014; Vollrath and Knight 2001).

Spider silk structure

Female orb weaving spiders can produce up to six different
types of silk, with each one produced in a specialized gland
that provides the name of the corresponding silk type (Fig. 1).
Every silk type has to fulfill a certain task either in the struc-
ture of the web, the protection of the offspring, or the wrap-
ping of prey. Additionally, a silk-like glue, produced in a sev-
enth gland, is deposited on the web for prey capture. The most
frequently investigated silk type is the dragline silk, used to
build frame and radii of an orb web. It also is used as the
lifeline of the spider and is therefore easy to obtain by forced
silking (Andersen 1970; Blackledge and Hayashi 2006;
Denny 1976; Heim et al. 2009; Vollrath 2000). Similar to
many biological materials, the outstanding (mechanical)

Fig.1 Schematic overview of the
different types of silk produced by
female orb weaving spiders
(Araneae); each silk type
(highlighted in red) is tailored for
a specific purpose as depicted

Minor Ampullate Silk

auxilary spiral

@ Springer

Flagelliform Silk
catching spiral

Aggregate Silk

performance of spider silk is based on its hierarchical structure
(Brown et al. 2012; Keten and Buehler 2008; Munch et al.
2008; Smith and Scheibel 2013; Sponner et al. 2007).
Dragline spider silk fibers exhibit a core-shell structure with
proteinaceous fibrils in the core and a three-layered shell of
minor ampullate (Mi) silk, glycoproteins, and lipids. While
the lipid part of the shell is only loosely attached to the core
and does not substantially contribute to the mechanical per-
formance of the fiber, the glyco-layer adheres directly and is a
mediator between the fiber and its environment (Sponner et al.
2007). In this context, the shell is thought to be relevant for
protection against environmental damage and microbes
(Sponner et al. 2007). However, the determinant of the ex-
traordinary mechanical characteristics of spider silk is the pro-
teins which form the core of the fiber. The protein core of
dragline silk is composed of two classes of spider silk proteins
(spidroins): the highly ordered, hydrophobic spidroin I (Sp1),
poor in proline residues, and the less ordered, hydrophilic,
proline-rich spidroin II (Sp2), each with a molecular mass of

Major Ampullate Silk
dragline, frame, radii

Pyriform Silk
attachment cement

Aciniform Silk
soft egg case lining,
wrapping prey

glue

Cylindriform Silk
tough egg case
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around 300 kDa (Heim et al. 2009; Xu and Lewis 1990)
(Ayoub et al. 2007; Hinman and Lewis 1992; Xu and Lewis
1990). As they originate from the major ampullate gland,
these proteins are also called major ampullate spidroins
(MaSp). All MaSps comprise a highly repetitive core domain
(up to 100 repeats of highly conserved sequence motifs, with
40 to 200 amino acids each) flanked by short (around 100—
150 amino acids each) nonrepetitive (NR) terminal domains
(Fig. 2). Upon fiber assembly, the gain and arrangement of
secondary structure elements of the spidroins is responsible
for the extraordinary mechanical properties of the fiber. Poly-
alanine stretches fold into {3-sheets, forming hydrophobic
crystallites responsible for a high tensile strength
(Kummerlen et al. 1996; Lewis 1992; Simmons et al. 1996);
3,-helices formed by hydrophilic glycine-rich regions (GGX-
motif, where X represents tyrosine, leucine, glutamine) are
reflecting the elastic part (Kummerlen et al. 1996); and type
II B-turns made of proline-rich GPG motifs are important for
the reversible extensibility of a spider silk fiber (Hinman and
Lewis 1992). While the latter sequence motifis only present in
MaSp2, the first two motifs are ubiquitous (Ayoub et al. 2007;
Hayashi et al. 1999; Hinman et al. 2000; Hinman and Lewis
1992; van Beek et al. 2002). All these motifs are repeated
several dozen times within a single spidroin core domain.
The nonrepetitive terminal motifs which flank the core do-
main have an o-helical secondary structure arranged in a
five-helix bundle. These domains are responsible for control-
ling the storage of the spidroins at high concentrations in the
spinning duct (Motriuk-Smith et al. 2005), and they also have
an important function during the initiation of fiber formation
upon their controlled dimerization and structural arrangement
(Challis et al. 2006; Eisoldt etal. 2010, 2011; Hagn et al. 2010,
2011; Hedhammar et al. 2008; Heidebrecht et al. 2015;
Huemmerich et al. 2004b; Rising et al. 2006)

repetitiv§ domain

NTD CTD

Amino acid

motif: (GA) /A, GPGQQ / GPGGX GGX
B-sheet B-spiral / B-turn 34 helix
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wy )
Secondary
structure: (
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Fig. 2 Schematic structure of major ampullate spidroins including
recurring amino acid motifs and the corresponding secondary structure.
X: predominantly tyrosine, leucine, glutamine, alanine and serine
residues. N7D amino-terminal domain, CTD carboxy-terminal domain

Biotechnological production of recombinant spider
silk proteins

Unfortunately, it is not possible to produce large quantities of
spider silk for applications by farming. This is due to the
territorial and cannibalistic behavior and lower quality as well
as quantity of silk produced by captive spiders (Craig et al.
2000; Fox 1975; Madsen et al. 1999; Vollrath and Knight
1999). Therefore, biotechnological production of the underly-
ing spidroins was pursued to enable applications for spider
silks.

Recombinant spidroin production has been conducted
using a range of organisms including bacteria (Teule et al.
2009), tobacco plants (Menassa et al. 2004), yeast
(Fahnestock and Bedzyk 1997), silk worms (Teule et al.
2012), goats (Steinkraus et al. 2012), insect cells
(Huemmerich et al. 2004b), and mammalian cells (Lazaris
et al. 2002). Each of these host systems has advantages and
disadvantages. To begin with, short fragments of unmodified
spider silk genes were expressed in a variety of hosts. It turned
out that spider silk genes were unstable or the mRNA folded
into undesirable secondary structures. Further, rearrange-
ments, translation pauses, and problems with PCR amplifica-
tion arose due to the highly repetitive character of the genes
and the infidelity of template realignment during primer an-
nealing (Fahnestock and Irwin 1997; Fahnestock et al. 2000).
Additionally, host-derived differences in codon usage, prob-
lems with expression of repetitive sequences in various hosts,
and insufficient Gly- and Ala-tRNA pools led to only limited
success concerning the recombinant production of natural spi-
der silk proteins.

To overcome these hurdles, several synthetic genes were
designed encoding proteins that resemble the key features of
the natural spider silk proteins. Since the gram-negative en-
terobacterium Escherichia coli is relatively simple, has a well-
known genetic composition, and has the capability of fast,
high-density cultivation, recombinant protein expression in
E. coli allows for inexpensive, large-scale production
(Serensen and Mortensen 2005). Likewise, several ap-
proaches of recombinant spider silk-like protein production
were successful in . coli (for an overview, see Heidebrecht
and Scheibel 2013).

In addition to E coli, yeast or insect cells have been used to
express spider silk constructs with the advantage of the latter
of being genetically more closely related to spiders. However,
the spidroins produced in these systems showed a quite low
solubility (Heim et al. 2009; Huemmerich et al. 2004b). Other
hosts such as plants and mammalian cells have been used, too,
but showed mostly low expression levels (Barr et al. 2004;
Hauptmann et al. 2013; Lazaris et al. 2002).

Finally, transgenic animals were tested as hosts to produce
recombinant spidroins in secreted body fluids. The presumed
advantage of this approach would be the ease of purification
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upon secretion into the milk or urine of the respective animal
(Heim et al. 2009; Karatzas et al. 1999). However, it turned
out that the purification was more difficult than thought due to
contamination with animal-based secreted proteins. Given the
fact that the generation of transgenic animals is far more com-
plex and time consuming than that of bacteria or yeast, this
approach has been rarely used in the past (Heim et al. 2009;
Xu et al. 2007). For example, recombinant spider silk-
EGFP fusion proteins were produced using BmN cells
and larvae of silkworms as a host organism, but the pro-
tein yield was low due to the insolubility of the recombi-
nant spider silk proteins (Zhang et al. 2008). In a more
successful approach, chimeric proteins containing se-
quences of spider silk proteins and silkworm fibroin were
designed, including either a H-chain promoter (Kuwana
et al. 2014; Teule et al. 2012; Zhu et al. 2010) or a sericin
promoter (Wen et al. 2010) locating the chimeric
silkworm/spider silk proteins in the core or the sericin
shell of the fiber. In both cases, silkworms spun fibers
with mechanical properties exceeding that of silkworm
silk, but they did not reach the properties of natural spider
silk (Teule et al. 2012; Wen et al. 2010). Production of
designed short spider silk proteins (50 kDa) resembling
MaSpl and MaSp2 of Nephila clavipes in goat milk was
also successful, while expression of their partial comple-
mentary DNA (cDNA) in transgenic mice was not possi-
ble likely due to errors in protein synthesis (Perez-
Rigueiro et al. 2011; Xu et al. 2007).

Based on the experience throughout the last three decades,
E. coli has been established as the host system of choice, given
the balance of quality of the silk produced with the scalability
of the approach.

“To spin”: artificial spider silk fibers

Due to the abovementioned, outstanding mechanical and
biomedical properties of spider silk fibers, great efforts
have been made to employ these fibers in different tech-
nical as well as biomedical applications. For instance,
functional recovery of nerve defects was successfully per-
formed in rats and sheep by using natural spider silk fi-
bers as a guiding material (Allmeling et al. 2008; Radtke
et al. 2011). Further, native spider dragline silk, directly
woven onto steel frames, was used as a matrix for three-
dimensional skin cell culture (Wendt et al. 2011). Since
natural spider silk fibers are not available at large scale as
mentioned above (see section “Biotechnological produc-
tion of recombinant spider silk proteins”), different ap-
proaches have been tested to produce artificial spider silk
fibers during the last two decades, which will be
discussed in greater detail below.
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The natural spinning process

In order to successfully establish a man-made spider silk spin-
ning process, it is at first necessary to understand the natural
one. Natural spider silk fiber spinning is a highly complex
process involving a number of parameters in a highly regulat-
ed environment as exemplarily demonstrated in Fig. 3 for the
assembly of major ampullate spidroins. Epithelial cells cover-
ing the tail and the ampulla of the major ampullate silk gland
produce the spidroins and secrete them into the lumen. There,
the spidroins are stored in a soluble state at high concentra-
tions (up to 50 % (w/v)) in the presence of sodium and chloride
ions. Analysis of major ampullate silk glands by polarized
microscopy revealed a liquid-crystal behavior of the spinning
dope (Knight and Vollrath 1999; Viney 1997), whereas
in vitro experiments showed micellar-like structures both of
which are not mutually exclusive (Eisoldt et al. 2010; Exler
et al. 2007; Heidebrecht et al. 2015). The combination of the
presence of chaotropic ions (stabilizing soluble protein struc-
tures) and a pre-assembly of the spidroins enables their storage
at concentrations as found in the ampulla of the spinning
gland. From the ampulla, the spinning dope passes into an
S-shaped tapered duct, which is lined by a cuticular intima
layer. In addition to supporting the duct and protecting the
epithelial cells, this layer is hypothesized to function as a
hollow fiber dialysis membrane, enabling the dehydration of
the spinning dope (Vollrath and Knight 1999). During travel-
ing of the spinning dope through the spinning duct, sodium
and chloride ions are replaced by the more kosmotropic po-
tassium and phosphate ions inducing salting-out of the pro-
teins (Knight and Vollrath 2001; Papadopoulos et al. 2007).
Additionally, acidification (from pH 7.2 to 5.7; Kronqvist
et al. 2014) takes place triggered by carbonic anhydrase
(Andersson et al. 2014), which has a contrary structural effect
on the terminal domains. Upon acidification, glutamic acid
residues of the amino-terminal domain are sequentially pro-
tonated, leading to structural rearrangements of the domain
enabling dimerization in an antiparallel manner (Rising and
Johansson 2015). In contrary to the stabilizing effect of the pH
reduction on the amino-terminal domain, the carboxy-
terminal one is destabilized upon acidification. In addition to
the pH-induced destabilization, the presence of phosphate
ions initiates the exposition of hydrophobic areas within the
C-terminal domain initiating the parallel alignment of the as-
sociated two core domains (Eisoldt et al. 2010, 2012; Hagn
etal. 2010). Based on the parallel (carboxy-terminal domains)
and antiparallel (amino-terminal domains) orientation of the
terminal domains, an endless spidroin network is achieved.
Finally, water resorption via the cuticular intima layer and
shear stress, resulting from the tapering of the spinning duct
and the pulling of the fiber from the spider’s abdomen, lead to
the final alignment of the spidroins followed by solidification
of the fiber (Fig. 3) (Hagn et al. 2011; Hardy et al. 2008).
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Fig. 3 Overview of natural and
artificial spinning processes
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Artificial fiber spinning

Commonly used artificial spinning processes are not like the
natural silk spinning one. Typical processes out of solution are
wet spinning, dry spinning, and electrospinning. In wet spin-
ning, a polymer solution is extruded into a coagulation bath,
where the polymer precipitates and the fibers are formed. For
dry spinning and electrospinning, the polymers are solvated in
an organic solvent and extruded into the air. Whereas fiber
formation in dry spinning relies solely on the fast evaporation
of the organic solvent, in electrospinning, the polymer solu-
tion is extruded into an electrostatic field. This field yields
repulsive forces in the extruded solution, leading to eruption
of a thin jet that is stretched toward the collector (i.e., counter
electrode); as the solvent evaporates, a solid fiber is formed
(Greiner and Wendorff 2007; Smit et al. 2005). This fiber is
randomly deposited onto the collector, which results in a non-
woven mat (Teo and Ramakrishna 2006). In theory, wet

the spinneret

spinning, dry spinning, and electrospinning are suitable
methods for spider silk fiber spinning, since organic as well
as aqueous spinning dopes can be used. In practice, dry spin-
ning has been shown to be so far not suitable for silk fiber
production, since spinning a silk fiber out of an organic solu-
tion results in mechanically unstable fibers (unpublished re-
sults), while dry spinning from an aqueous solution could not
be achieved since this spinning technique relies on a highly
volatile solvent for fast fiber formation. Therefore, so far, only
wet spinning and electrospinning have been successfully
employed for producing artificial spider silk fibers.

Dope preparation
The first step toward the production of artificial spider silk
fibers is to solve the spidroins. Therefore, often an organic

solvent is used exhibiting strong hydrogen bonding properties
in order to guarantee good solvent-protein interactions. A
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disadvantage, especially for biomedical applications, of or-
ganic spinning solutions is their putative toxicity. However,
a high spidroin solubility enables the production of highly
concentrated spinning dopes, which simplifies fiber formation
(Um et al. 2004). With the objective of high protein solubility,
many research groups have used the organic solvent 1,1,1,3,3,
3-hexafluoro-2-propanol (HFIP). In HFIP, spidroin concentra-
tions ranging from 10 to 30 % (w/v) can easily be achieved
(Adrianos et al. 2013; An et al. 2011; Brooks et al. 2008; Lin
etal. 2013; Teule et al. 2007; Xia et al. 2010), with the highest
reported spidroin content of 45-60 % (w/v) (Albertson et al.
2014). One advantage of HFIP as solvent for spidroins is its
volatility. Therefore, HFIP is commonly used for spinning
processes which rely on a fast evaporation of the solvent such
as electrospinning (Bini et al. 2006; Lang et al. 2013; Stephens
et al. 2005; Wong Po Foo et al. 2006; Zhu et al. 2015). In
addition to HFIP, formic acid (FA) has been used as an organic
solvent of spidroins (Peng et al. 2009).

Seidel et al. (1998, 2000) dissolved dragline silk of
N. clavipes in HFIP, produced a film out of the reconstituted
spidroins, and then solved this film again in HFIP to a con-
centration of 2.5 % (w/w) in order to use it as a spinning dope
for wet spinning. Dopes made of reconstituted spidroins did
not form fibers in the otherwise commonly used methanol and
isopropanol coagulation baths, but only in acetone coagula-
tion baths (Seidel et al. 1998).

At first glance, using an organic solvent to gain solutions
with a high protein concentration seems to be beneficial for
spinning, but good protein-solvent interactions and, therefore,
high protein solubility may also prevent protein assembly.
Further, if artificial spider silk fibers are to be used for medical
applications like suture materials, health risks caused by toxic
solvents have to be avoided. Additionally, organic waste dis-
posal in industrial processes is highly regulated and expen-
sive; thus, the application of organic solvents is not favorable
for scale-up processes. In order to avoid organic solvents,
three approaches have been used to produce highly concen-
trated aqueous spidroin solutions: (1) spidroin self-assembly
in aqueous buffers (Exler et al. 2007; Grip et al. 2009;
Heidebrecht et al. 2015; Stark et al. 2007; Teule et al. 2007),
(2) concentration of a diluted aqueous spidroin solution
(Arcidiacono et al. 2002; Heidebrecht et al. 2015), and (3)
direct solvation at high spidroin concentrations (Bogush
etal. 2009; Jones et al. 2015). Protein concentrations typically
used for spinning fibers out of aqueous solutions range
from 10 to 30 % (w/v) (Arcidiacono et al. 2002; Bogush
et al. 2009; Exler et al. 2007; Heidebrecht et al. 2015;
Jones et al. 2015; Lazaris et al. 2002), and the highest
concentration achieved so far has been 30 % (w/v)
(Bogush et al. 2009). When spidroins are purified by a
precipitation step such as salting-out or lyophilization,
high spidroin purities are gained, but the spidroins also
have to be resolved afterwards.
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Heidebrecht et al. (2015) used the strong denaturant
guanidinium thiocyanate for spidroin solvation, followed by
its removal using dialysis against a 50-mM Tris/HCI buffer
(pH 8.0). Additionally, 100 mM NaCl was added to the dial-
ysis buffer in order to stabilize the spidroins in solution.
Subsequent dialysis against a phosphate-containing buffer in-
duced a liquid-liquid phase separation of the spidroin solution
into a low-density phase and a self-assembled, high-density
phase. Such phosphate-induced self-assembly of spidroins in
solution resulted in spidroin concentrations ranging between 9
and 11 % (Heidebrecht et al. 2015). Alternatively, spinning
dopes were produced by concentrating the protein solution
using either ultrafiltration or dialysis against the hygroscopic
polyethylene glycol (PEG) (Arcidiacono et al. 2002;
Heidebrecht et al. 2015). In this approach, the spidroin mole-
cules are forced into a highly concentrated solution and they
cannot self-assemble. However, these spinning dopes are
prone to aggregation and are less stable than self-assembled
spinning dopes (Heidebrecht et al. 2015). The third approach
to achieve highly concentrated aqueous spinning dopes is the
direct solvation of spidroins in a medium suitable for spinning.
Jones et al. (2015) added a solution containing 0.1 %
propionic acid and 10 mM imidazole to spidroins in a glass
vial and used sonication and subsequent heating in a micro-
wave oven until complete spidroin solvation (Jones et al.
2015). The spidroin suspension was heated up to 130 °C for
more than 48 h, indicating the high energy input that is needed
to directly solve a spidroin at high concentration.

Wet spinning

Extrusion of the spinning dope into monohydric alcohols,
such as methanol, ethanol, or isopropanol with the exemption
of reconstituted spider silks which have to be spun into ace-
tone as mentioned above, initiates fiber formation through
dehydration of the spidroins. This technique results in single
fibers with a diameter in the micrometer range. An advantage
of wet spinning over other techniques such as electrospinning
is the rather “slow” fiber formation, which allows a high de-
gree of alignment of the proteins during spinning. This align-
ment enables the formation of a structural hierarchy necessary
to produce fibers with superior mechanical properties. Wet
spinning allows the use of different spinning dopes, ranging
from inorganic or aqueous solutions to dispersions and liquid
crystalline phases, and thus can be used for any polymer/bio-
polymer. Variation of the spinning dope and the composition
of'the coagulation bath influence fiber properties, allowing the
production of fibers with tunable mechanical properties. One
disadvantage of wet spinning is the necessity to remove the
solvent or coagulation bath residues after spinning, which re-
quires at least one washing step resulting in a longer and
therefore more expensive process compared to dry spinning
(Jestin and Poulin 2014).
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Besides 100 % of methanol or isopropanol (Adrianos et al.
2013; Albertson et al. 2014; An et al. 2011; Jones et al. 2015;
Zhu et al. 2010), mixtures of water with monohydric alcohols
are often used as coagulation baths (Arcidiacono et al. 2002;
Bogush et al. 2009; Heidebrecht et al. 2015; Lazaris et al.
2002; Teule et al. 2007; Xia et al. 2010). The addition of water
to the coagulation bath slows down the coagulation rate of
spidroins, and water works as a plasticizer for the fibers,
which renders them less brittle and prevents clogging of the
spinneret (Lin et al. 2013).

Posttreatment, such as drawing the spun fibers in air or
inside a bath, is applied to improve the fibers’ mechanical
properties. Poststretching of spun fibers has been shown to
induce a higher (3-sheet content (An et al. 2011) and to align
the 3-sheet crystals along the thread axis (Heidebrecht et al.
2015). In contrast to the coagulation bath, the poststretching
bath needs to contain water because of its plasticizing features
for the fibers, which enables the proteins to rearrange and align
along the fiber axis. The absence of water results in brittle
fibers. An overview of recombinant spider silk fiber wet spin-
ning and posttreatment conditions is given in Table 1.

Electrospinning

Electrospinning of recombinant or reconstituted spider silk
protein solutions is possible using an electric field of 4—
30 kV with a distance of 2-25 cm between the electrodes
(i.e., the capillary tip and the collector) (Bini et al. 2006;
Bogush et al. 2009; Lang et al. 2013; Peng et al. 2009;
Stephens et al. 2005; Wong Po Foo et al. 2006; Yu et al.
2014; Zhou et al. 2008; Zhu et al. 2015). Parameters influenc-
ing the fiber properties (e.g., fiber diameter) of nonwoven
mats mostly depend on the properties of the spinning dope,
such as the viscosity, surface free energy, protein concentra-
tion, and the solvent’s intrinsic electrical conductivity and per-
meability (Greiner et al. 2006). In contrast to wet spinning,
electrospinning of comparatively low protein concentrations
0f2-6 % (w/v) (Bini et al. 2006; Leal-Egana et al. 2012; Wong
Po Foo et al. 2006; Yu et al. 2014; Zarkoob et al. 2004) also
yields fibers, but higher protein concentrations of 10-30 % (w/
v) (Bogush et al. 2009; Lang et al. 2013; Leal-Egana et al.
2012; Peng et al. 2009; Stephens et al. 2005; Zhou et al. 2008;
Zhu et al. 2015) are more commonly used. In general, increas-
ing the spidroin concentration in the dope leads to an in-
creased fiber diameter and a reduction of bead formation, the
latter being an unwanted side effect of electrospinning (Lang
et al. 2013; Leal-Egana et al. 2012). Structural analysis of
nonwoven mats electrospun from HFIP using Fourier-
transformed infrared spectroscopy (FTIR) with subsequent
Fourier self-deconvolution (FSD) revealed a low [3-sheet con-
tent (~15 %) (Lang et al. 2013). The electric field interacts
with the hydrogen bond dipoles of the protein, stabilizing «-
helical segments and thus inhibiting -sheet formation

(Stephens et al. 2005). Instead of a solid collector, water- or
organic solvent-based coagulation baths can be used to collect
the spun micro- and nanofibers. In general, the latter approach
has the advantage of including a posttreatment within the
spinning process. Yu et al. used a coagulation bath containing
90 % (v/v) of organic solutions (acetone or methyl alcohol) as
a collector; however, SEM images showed inhomogeneous
fibers containing many beads (Yu et al. 2014). Posttreatment
of electrospun fibers with organic solvents or alcohols is nec-
essary in order to render the spun «-helical fibers water insol-
uble (i.e., inducing 3-sheet formation) (Lang et al. 2013; Leal-
Egana et al. 2012; Slotta et al. 2006). Immersing the fibers into
alcohol baths resulted in fused intersections of single fibers
(Bini et al. 2006), giving the fibers a “molten” appearance.
Therefore, instead of immersing the fibers, Leal-Egana et al.
(2012) and Lang et al. (2013) exposed them to methanol or
ethanol vapor to render the fibers water insoluble with keeping
their original morphology.

Other spinning methods

Besides wet spinning and electrospinning, recombinant spider
silk fibers were produced using microfluidic devices
(Rammensee et al. 2008). Such devices mimic some aspects
of the natural spinning process, such as ion exchange, pH
change, and elongational flow conditions. Since only low or
medium protein concentrations were used, high flow rates
were necessary to induce fiber assembly. Shear forces can also
be applied by hand-drawing fibers from pre-assembled
spidroins out of aqueous solutions (Exler et al. 2007; Teule
etal. 2007). The gained fibers show similar properties as those
produced by wet spinning. However, several parameters can
be fine-tuned within the microfluidic channels which will al-
low for more sophisticated spinning processes and, therefore,
fibers, in the future.

Transgenic silkworms producing silkworm/spider silk
composite fibers

One elegant way to “artificially” spin spider silk fibers is to
use transgenic, naturally fiber-producing animals. Silkworms
are naturally able to produce and spin silk proteins and they
can be genetically modified. Transgenic silkworms were
engineered to produce silkworm fibroin/spider silk composite
fibers with a spider silk content of 0.4 to 5 % (w/w) (Kuwana
et al. 2014; Teule et al. 2012). Importantly, the mechanical
properties of silkworm silk (toughness 70 MJ m>; Gosline
et al. 1999) are inferior to those of spider silk (toughness
167 MJ m>; Heidebrecht et al. 2015), and since the composite
material merges the properties of both silks, the mechanical
properties of hybrid silkworm/spider silk fibers will always be
inferior to those of spider silk. In 2000, Tamura et al.
succeeded in a stable germline transformation of the silkworm
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Table 1  Overview of wet-spinning conditions used for generating recombinant spider silk fibers
Spinning dope Max. protein Coagulation bath Posttreatment Source
concentration [%]
Aqueous
160 mM or 1 M urea, 10 mM 25 (after ultrafiltration) MeOH/H,O mixture ~ N/A Arcidiacono et al. (2002)
NaH,PO,4, 1 mM Tris, 20 mM
NaCl, 10 mM or 100 mM
glycine, pH 5.0
60 % NaNCSs, 20 % acetate 30 96 % EtOH Ist draw: 92 % EtOH Bogush et al. (2009)
solution, mix ratio 8:2 or 10 % 2nd draw: 75 % EtOH
LiCl in 90 % formic acid (FA)
50 mM Tris/HCL, pH 8.0 or 50 mM 17 TPA/H,0 mixture IPA/H,0O mixture Heidebrecht et al. (2015)
Na-phosphate buffer, pH 7.2
0.1 % propionic acid, 10 mM 12 100 % IPA 1st draw: 80 % IPA Jones et al. (2015)
imidazole; microwaved 2nd draw: 20 % IPA
PBS 28 MeOH/H,O Ist draw: MeOH Lazaris et al. (2002)
mixture 2nd draw: H,O
Organic
HFIP (5 % v/v added to dope 15 100 % IPA 80 % IPA Adrianos et al. (2013)
prior to spinning)
HFIP (evaporation of HFIP 60 100 % IPA 85 % IPA, 60 °C Albertson et al. (2014)
prior to spinning)
HFIP 30 100 % IPA 75 % IPA Anetal. (2011)
HFIP 12 IPA N/A Brooks et al. (2008)
HFIP 10 100 mM ZnCl,, Ist draw: air Lin et al. (2013)
1 mM FeCly 2nd draw: 50-70 %
in H,O EtOH
HFIP (addition of 15 % 30 90 % IPA N/A Teule et al. (2007)
water prior to spinning)
HFIP 15 (10 % silkworm MeOH Ist: 3 h incubation in Zhu et al. (2010)
fibroin and 5 % spider MeOH
silk-like protein) 2nd: drawing in
distilled H,O
HFIP 20 90 % MeOH 90 % MeOH Xia et al. (2010)

MeOH methanol, EtOH ethanol, /P4 isopropyl alcohol, PBS phosphate buffered saline, HFIP 1,1,1,3,3,3-hexafluoro-2-propanol, N/4 not applicable

Bombyx mori using a piggyBac-derived vector (Tamura et al.
2000). PiggyBac is a transposon discovered in the lepidopter-
an Trichoplusia ni (Cary et al. 1989), and vectors based hereon
are able to transpose into B. mori chromosomes enabling silk-
worm transformation with various genes encoding fibrous
proteins (Tamura et al. 2000). In general, to create transgenic
silkworms producing chimeric silkworm/spider silk, genes
were designed encoding synthetic spider silk-like sequences,
B. mori fibroin sequences as well as a B. mori promoter,
targeting the foreign protein production to the silk gland.
Subsequently, these genes were cloned into a piggyBac-based
vector which was then injected into B. mori eggs. Silk fibroin
fibers are composed of three proteins, namely fibroin heavy
chain (H-chain), fibroin light chain (L-chain), and
fibrohexamerin protein (fhx/P25) (Kojima et al. 2007), and
they are covered by a sericin layer (Wen et al. 2010). Just like
spidroins, silk fibroins consist of a highly repetitive region
which is flanked by nonrepetitive amino- and carboxy-
terminal domains. Since the H-chain is believed to be mainly
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responsible for the mechanical properties of the silk (Kojima
et al. 2007), fibroin H-chain genes were modified with spider
silk sequences for improved properties (Kuwana et al. 2014;
Teule et al. 2012; Zhu et al. 2010). Kuwana et al. (2014)
generated three transgenic silkworm strains using a Japanese
commercial silkworm strain (C515), two of which contained
cDNA of major ampullate spidroins of the spider Araneus
ventricosus, flanked by the amino- and carboxy-terminal do-
mains of the B. mori fibroin H-chain gene. The third strain
consisted of a plasmid coding for enhanced green fluorescent
protein (EGFP), in order to simplify the analysis of the spun
cocoons, subcloned in between the amino- and carboxy-
terminal domains of the H-chain gene. After creating trans-
genic silkworms carrying the modified genes using the
piggyBac-based vector system, the silkworms produced the
modified H-chain/spider silk protein in the silk gland. In the
silkworm’s gland, the modified H-chain protein dimerized
with the fibroin L-chain and was subsequently spun into a
cocoon containing the spider dragline protein (Kuwana et al.
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2014). Transgenic efficiencies of the strains were 20.0 % for
the EGFP-containing strain and 16.7 and 22.6 %, respectively,
for the strains containing the spider silk cDNA. Cocoons of
the EGFP-transgenic silkworms showed green fluorescence,
indicating that the EGFP protein is folded in its functional
structure after spinning, suggesting that the spider silk protein
may also be present in the cocoon fibers in its natural struc-
ture. The maximum amount of the modified H-chain/spider
silk protein against the total fibroin was estimated at 0.4—
0.6 % (w/w) (Kuwana et al. 2014) and 2-5 % (w/w) (Teule
et al. 2012).

Alternatively, the sericin promoter has been used to target
spider dragline silk proteins toward the outer sericin layer of
the silk fiber (Wen et al. 2010). Whereas the breaking strain of
the composite fiber was similar to that of natural spider silk
fibers, the breaking stress and toughness were increased com-
pared to that of natural silkworm silk, but the average values
were still well below those of natural spider silk fibers (Teule
et al. 2012). Theoretically, a breaking stress of cocoon silk
equal to that of spider dragline silk could be achieved if the
spidroin content was raised to 5-8 % (Kuwana et al. 2014),
but this has not been shown experimentally, yet.

Properties of reconstituted vs. recombinant fibers

In order to establish processing technologies for gaining bio-
mimetic spider silk fibers, two research groups used
reconstituted Nephila spp. dragline silk for fiber spinning
(Seidel et al. 2000; Shao et al. 2003). The best performing
fibers, in terms of mechanical properties, were obtained by
drawing the fibers in air after spinning, soaking them in water,
and then drawing them in air again. These fibers exhibited a
strength of 320 MPa, a Young’s modulus of 8 GPa, and an
extensibility of 100 % (Seidel et al. 2000). In comparison to
natural dragline fibers, these fibers were much more extensi-
ble, but had a lower strength. Hand-drawn fibers of
reconstituted Nephila edulis dragline silk yielded fibers
showed natural dragline-like extensibility (10-27 %) and
Young’s modulus (6 GPa), but a breaking strength (100—
140 MPa) that was well below that of the natural dragline
fibers (Shao et al. 2003). Generally, achieving man-made fi-
bers with a breaking stress in the regime of natural spider silk
fibers seems to be the greatest challenge. Since the amount of
natural and, therefore, also reconstituted, spider silk is quite
limited due to the facts as mentioned above, the generation of
recombinant (i.e., artificial) silk fibers is the only meaningful
route toward large-scale applications. In several attempts, ex-
tensibility (1.2-302 %) and Young’s modulus (0.04-21 GPa)
of artificial spider silk fibers have been highly variable,
reaching lower as well as higher values in comparison to nat-
ural spider silk fibers (24 % and 8 GPa). On the other hand, the
strength even of the best performing fibers achieved values far

below those of natural spider silk fibers. The highest strength
(660 MPa) was achieved by silkworm/spider silk composite
fibers, but since these fibers were only extensible up to 19 %
(Wen et al. 2010), the toughness was far below that of natural
spider silk fibers. In comparison, the highest strength
(508 MPa) of recombinant spider silk fibers was achieved
by wet spinning of proteins with a molecular weight of
285 kDa containing only amino acid motifs based on the core
domain of natural spidroins (Xia et al. 2010). The highest
toughness (189 MJ m ), on the other hand, was observed
with fibers wet-spun from a self-assembled aqueous spinning
dope of a 134-kDa protein containing all three functional do-
mains: the highly repetitive core domain as well as the helical
amino- and carboxy-terminal domains (Heidebrecht et al.
2015).

Tensile testing of electrospun, recombinant fibers also
showed, not surprisingly, inferior mechanical properties in
comparison to those of natural spider silk fibers (Bogush
et al. 2009; Zhu et al. 2015). But in this case, mechanics can
be neglected, since electrospun fibers are commonly applied
as nonwoven meshes used for biomedical or for filter applica-
tions without the need of nature-like mechanical properties. In
this context, biocompatibility is the more important feature of
spider silks. In general, fibers produced from both
reconstituted and recombinant spidroins exhibited good bio-
medical properties. For instance, fibers electrospun from
reconstituted A. ventricosus major ampullate spidroins re-
vealed a very low degradation rate and showed a good bio-
compatibility with PC 12 cells (Yu et al. 2014). Cell attach-
ment and proliferation experiments of BALB/3T3 mouse fi-
broblasts on nonwoven meshes spun from recombinant
spidroins showed cell alignment along individual fibers as
well as a protrusion of filopodia/lamellipodia through the in-
terstitial space between the fibers (Leal-Egana et al. 2012).
Electrospinning of recombinant spidroins hybridized with
the cell binding sequence RGD even induced the differentia-
tion of bone marrow-derived, human mesenchymal stem cells
(hMSCs) to osteogenic outcomes (Bini et al. 2006). Also, self-
assembled recombinant spidroin fibers implanted subcutane-
ously in rats did not show any negative systemic or local
reactions (Fredriksson et al. 2009), suggesting these fibers to
be biocompatible. Additionally, fiber bundles thereof seem to
support the formation of vascularized tissue formation, since
already 1 week after implantation, new capillaries and
fibroblast-like cells formed in the center of such fiber bundles
(Fredriksson et al. 2009).

“Not to spin”: artificial assembly morphologies
Recombinant spider silk proteins can be processed into more

than fibers; other morphologies such as particles, foams, films,
or hydrogels can also be fabricated, all of which have a high
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application potential (Hardy and Scheibel 2010; Hermanson
et al. 2007; Slotta et al. 2008; Spiess et al. 2010a, b).
Processing of recombinant spider silk proteins in aqueous so-
lutions can be triggered by changes in the pH value, amount
and type of additives (e.g., potassium phosphate, alcohols, or
polymers), mechanical shear, or temperature changes.
Alternatively, organic solvents such as HFIP or FA can be
used; however, the choice of solvent has a significant impact
on structure formation. While aqueous processing leads main-
ly to particle and hydrogel formation, water-soluble films are
mainly produced using fast-evaporating organic solvents.
Here, posttreatment procedures with agents, like potassium
phosphate or monohydric alcohols (methanol, ethanol,
isopropanol), are necessary to render the films insoluble in
water (Exler et al. 2007; Huemmerich et al. 2004a, b;
Lammel et al. 2008; Numata et al. 2010; Rammensee et al.
2008; Rising 2014; Scheibel 2004; Slotta et al. 2007; Spiess
et al. 2010b).

Particles

Spidroin particles are produced in a simple, aqueous process
by the addition of high concentrations of kosmotropic salts,
like potassium phosphate, and fast mixing. This procedure
results in solid particles with high (3-sheet content, a smooth
surface (Hofer et al. 2012; Lammel et al. 2008; Slotta et al.
2008), and particle sizes between 250 nm and 3 um depending
on the mixing intensity, protein concentration, and the con-
centration of kosmotropic salts (Lammel et al. 2008; Slotta
et al. 2008; Spiess et al. 2010a). Using ionic liquids instead
of aqueous buffers and high potassium phosphate concentra-
tions to induce phase separation and nucleation in the protein
solution or ultrasonication for particle production allowed en-
hanced size control and a reduced polydispersity index (Elsner
et al. 2015; Lucke et al. 2015). eADF4(C16) (engineered
Araneus diadematus fibroin 4) particles show a brush-like
outer layer with protruding protein strands and a thickness of
30-50 nm covering a solid inner core (Helfricht et al. 2013).
Importantly, no posttreatment with dehydrating agents is nec-
essary to obtain water-insoluble particles, since the (3-sheet
content is high after the salting-out process (Slotta et al.
2008). Further, it has been shown that particles made of re-
combinant spider silk proteins exhibit an extraordinary me-
chanical stability when analyzed in dry state. In a swollen,
hydrated state, these particles exhibited a different mechanical
behavior: the elastic modulus was three orders of magnitude
lower (E modulus dry, 0.8+£0.5 GPa; E modulus hydrated,
2.99+0.90 MPa). Further, when dry, the particles deformed
in a plastic response, and when hydrated, they showed a re-
versible, elastic deformation behavior. In both states, dry and
hydrated, the mechanical properties were dependent on the
molecular weight of the spidroin: The higher the molecular
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weight, the better the mechanical stability (Neubauer et al.
2013).

Particles made of recombinant spider silk proteins are suit-
able for a large variety of applications. Due to their enhanced
mechanical properties, these particles can be used, for exam-
ple, as filler for composite materials. Additionally, due to their
favorable properties in a physiological environment (nontox-
ic, biodegradable, etc.), these particles could be used as car-
riers of different substances, for example in drug delivery. Silk
particles retain their properties for a limited period of time in
the human body before they gradually decompose into degra-
dation products which can be eliminated (Altman et al. 2003;
George and Abraham 2006; Liu et al. 2005; Miiller-Herrmann
and Scheibel 2015).

Uptake and release studies of small molecules with model
drugs showed that these types of molecular entities can be
incorporated either by diffusion or by coprecipitation of both
the spidroin and the drug substance. While the latter increased
the loading efficiency of the particles, it did not significantly
influence the release rate. Importantly, drugs can be only load-
ed into spidroin particles if there is no electrostatic repulsion.
In this context, only positively and neutrally charged drugs
can be loaded onto negatively charged spider silk protein par-
ticles, such as those made of eADF4(C16) (Bliim and
Scheibel 2012; Doblhofer and Scheibel 2015; Lammel et al.
2011). Since protein design allowed the production of posi-
tively charged spider silk proteins, particles made thereof were
also able to uptake negatively charged small molecules as well
as large oligonucleotides (Doblhofer and Scheibel 2015).

One important justification for the use of silk-based drug
delivery vehicles is the ability to design the underlying pro-
teins for a specific target, for example uptake by a specific cell
type. Previous investigations showed that, in general, nega-
tively charged spider silk particles have a low uptake efficien-
cy by mammalian cells. Therefore, cell penetrating peptides
(CPP) as well as an Arg8-TAG or a RGD sequence were
engineered to the N- and C-termini of eADF4(C16). The pres-
ence of CPP increased the number of incorporated particles in
HeLa cells; however, the mechanism behind the increased
uptake was surprisingly mainly the particle’s surface charge,
not the presented surface peptide (Elsner et al. 2015).

Films

The first studies on films made of spider silk proteins were
reported in 2002 by Chen et al. where the salt-controlled struc-
tural conversion of natural spider silk proteins obtained from
the major ampullate gland of Nephila senegalensis was inves-
tigated (Chen et al. 2002). Films made of recombinant spider
silk proteins first gained attention in 2005 where it was shown
that these spider silk-like proteins undergo a similar structural
conversion from random coil to 3-sheet rich. Recombinantly
produced engineered spider silk protein films turned out to be
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transparent and chemically stable under ambient conditions,
depending on their processing (Huemmerich et al. 2006;
Slotta et al. 2006; Spiess et al. 2010b). Two major components
determine the properties of these films: the molecular structure
including the secondary structure and intermolecular as well
as intramolecular interactions as well as the macroscopic
structure reflecting the material’s interface with the environ-
ment (Spiess et al. 2010a).

Depending on the solvent, spider silk proteins in solution
adopt mainly an x-helical or random coil conformation which
is often maintained in as-cast films (Borkner et al. 2014; Slotta
et al. 2006). These as-cast films are water soluble, as men-
tioned above, due to the weak intermolecular interactions of
spider silk proteins in an «-helical conformation. Upon con-
version of the protein structure toward a (3-sheet-rich structure
by using agents like kosmotropic salts or alcohols, water va-
por, or temperature annealing, films can be rendered chemi-
cally more stable and thereby water insoluble (Huemmerich
et al. 2006; Slotta et al. 2006; Spiess et al. 2010b). This is an
important quality, as most potential applications of recombi-
nant spider silk films involve interaction with a humid envi-
ronment. Structural control over synthetic recombinant spider
silk proteins is also given by the variation of the amino acid
sequence toward a higher number of (3-sheet forming building
blocks, and with the control of the (3-sheet portion, mechani-
cal properties can be predetermined (Rabotyagova et al. 2009,
2010). While the terminal domains of spider silk proteins play
an important role in the fiber spinning process, no significant
influence of the nonrepetitive regions could be observed dur-
ing the film casting from organic protein solutions.
Nevertheless, as-cast films made of recombinant spider silk
proteins containing the NR regions are slightly more chemi-
cally stable than those without, though there are no disulfide
bridges present (Slotta et al. 2006). Besides chemical stability,
the 3-sheet content also determines the mechanical properties
of a film. With increasing 3-sheet content, elastic modulus
and strength increase, and there is a loss of elasticity. High
amounts of 3-sheets, therefore, can be correlated with stiff-
ness and brittleness in silk films (Spiess et al. 2010b).
However, as the content of (3-sheets can be adjusted by the
posttreatment conditions upon varying incubation times of the
films in alcohols or posttreatment with water/alcohol mixtures
at various ratios lead to a varying [3-sheet content, this is not a
challenge for tailoring films to specific applications (Spiess
et al. 2010a). The water content in silk films plays also an
important role; due to its softening effect, it can work
as a plasticizer. Another possibility to overcome the
brittleness of silk films is to add plasticizers like glyc-
erol. It was reported that glycerol can alter the intermo-
lecular interactions of silk proteins in a film and, there-
fore, is able to enhance the films’ elasticity. The addi-
tion of 40 % w/w glycerol to an eADF4(C16) film
yielded a 10-fold increased elasticity, but also going

along with a 10-fold decrease of the elastic modulus
and a slight decrease in strength (Lawrence et al.
2010; Spiess et al. 2010a).

Spider silk protein films can be envisioned for various
applications; however, they are especially promising for
use in the biomedical field due to their biocompatibility
which has been demonstrated in vitro and in vivo
(Allmeling et al. 2006, 2008; Gellynck et al. 2008a, b;
Hakimi et al. 2010; Vollrath et al. 2002). Conceivable
applications are materials for a controlled substance re-
lease at a specific site of action in the human body,
biomedical sensors, and cell-supporting scaffolds (Hardy
et al. 2013; Minoura et al. 1995; Sofia et al. 2001;
Vendrely and Scheibel 2007). It is possible, for example,
to directly integrate substances (e.g., drugs) into silk
films or to load these substances into microparticles that
are then embedded in or coated with a silk layer amena-
ble for delayed release (Wang et al. 2007, 2010).
Biomedical or biochemical sensors can be fabricated by
covalent binding of biologically active compounds to the
silk proteins (Lawrence et al. 2008; Spiess et al. 2010b).
Cell adhesion on recombinant spider silk protein scaf-
folds was shown to be very weak (Baoyong et al.
2010); therefore, chemical or genetic coupling of specific
functional groups, for example components of the extra-
cellular matrix, and modification of the surface hydrophi-
licity have been employed to influence the cellular re-
sponse to a film’s surface concerning adhesion, prolifer-
ation, and differentiation (Bini et al. 2006; Karageorgiou
et al. 2004; Wohlrab et al. 2012a). As mentioned above,
the function of silk films can be also partly controlled by
the macroscopic structure they adopt. Changing the sur-
face morphology by patterning or partial roughening of a
film under different posttreatment conditions can lead to
a deviating behavior of cells thereon (Bauer et al. 2013;
Borkner et al. 2014). The hydrophilicity of the film sur-
face can easily be affected by the choice of the template
for drop-cast films (Wohlrab et al. 2012b). The influence
of the template’s surface hydrophilicity can be dimin-
ished by spin coating of spidroin solutions, since the
duration of solvent evaporation determines the rearrange-
ment of silk protein molecules within the films, and their
interaction with the underlying substrate and the film
properties are in this case determined by the utilized
solvent (Metwalli et al. 2007; Wohlrab et al. 2012b).
Applications of films made of silk protein in the medical
field include coatings for medical devices (Bettinger and
Bao 2010; Kim et al. 2010; Zeplin et al. 2014a, b) and
skin grafts (Baoyong et al. 2010; Jiang et al. 2007).

In the context of biomedical applications, it is important to
mention that recombinant spider silk protein films undergo
partial degradation in the presence of wound proteases
(~10 %) in a timescale of 15 days, which is in the range of
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the initial phase of wound healing (Miiller-Herrmann and
Scheibel 2015).

Hydrogels

Hydrogels are three-dimensional polymer networks that ab-
sorb over 95 % (w/w) of water (Knight et al. 1998; Lee and
Mooney 2001; Rammensee et al. 2006; Schacht and Scheibel
2011; Shin et al. 2003). Their porous structure and mechanical
properties make them candidates for applications in tissue
engineering, drug delivery, or as functional coatings
(Rammensee et al. 2006). The mechanical properties of a spe-
cific hydrogel are determined by the properties of its individ-
ual constituents, and many different polymers, synthetic and
natural ones, have been utilized to form hydrogels. Spidroin
hydrogels are built upon self-assembly of nanofibrils by a
mechanism of nucleation-aggregation followed by a
concentration-dependent gelation in which (3-sheet-rich spider
silk fibrils become entangled to build a stable three-
dimensional network (Hu et al. 2010; Rammensee et al.
2006; Schacht et al. 2015; Schacht and Scheibel 2011; Slotta
et al. 2008). Spider silk proteins can be processed into stable
hydrogels in a controlled manner by adjusting the protein
concentration, pH, temperature, ion composition, and concen-
tration (Jones et al. 2015; Schacht and Scheibel 2011; Vepari
and Kaplan 2007). Each of these inputs influences the
hydrogel’s morphology, mechanical properties, and pore size.
In particular, increasing the protein concentration and increas-
ing the addition of chemical crosslinkers lead to an increase in
mechanical strength, accompanied by a decrease in pore sizes
(Schacht and Scheibel 2011). It has been recently shown that
recombinant spidroin hydrogels, like many biopolymer
hydrogels, show a viscoelastic behavior with stress changes
proportional to the linear increasing strain (Mackintosh et al.
1995). In the special case of eADF4 hydrogels, the elastic
behavior dominates over the viscous behavior, with low-
viscosity flow behavior, good form stability, and a shear thin-
ning effect, allowing their use as bioink in a biofabrication
setup. Eukaryotic cells were embedded within the hydrogel
prior to printing with a bioplotter and they survived for at least
7 days after printing. The addition of cells did not consider-
ably influence the print-ability of the spider silk protein gels
(Schacht et al. 2015).

Foams and sponges

Foams are defined as material containing small bubbles
formed on or in a liquid. To produce foams made of spidroin
solutions, gas bubbles remain stable when using a high protein
concentration, and the foam is established upon drying. In
comparison, sponges are, like foams, three-dimensional po-
rous scaffolds, but differ in their production technique and
their mechanical properties. Sponges can be produced by
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gas foaming, lyophilization, or using porogens. It has been
shown for silkworm silk fibroin that porogens like sodium
chloride and sugar can be used to produce sponges with de-
fined pore sizes due to silk 3-sheet formation around the
porogen. Therefore, the pores are the size of the porogen in
case of organic protein solutions and 80-90 % of the size of
the porogen in aqueous solutions (Kim et al. 2005). As a
consequence, it is even possible to produce pore size gradients
by stacking porogens with different diameters (Kim et al.
2005; Nazarov et al. 2004; Vepari and Kaplan 2007). Foams
and sponges are both qualified for cell culture applications due
to the ability of good transportation of nutrients and metabolic
waste through the material in combination with a good struc-
tural and mechanical stability (Kluge et al. 2008). While a
number of studies on silkworm silk fibroin foams and sponges
have been published, spider silk protein foams and sponges
remain largely unexplored. Widhe et al. showed in 2010 that
their recombinant miniature spider silk protein 4RepCT can be
processed into foams which stay microscopically stable in a
cell culture medium. The surface of these foams showed het-
erogeneous pores with diameters between 30 and 200 pum.
However, in this pore size range, foams lack a characteristic
surface topography which influences cell adhesion (Widhe
et al. 2010).

Concerning spider silk sponges, Jones et al. developed a
method in which hydrogels were frozen in an aqueous medi-
um and subsequently thawed, resulting in a highly elastic,
three-dimensional morphology. Such sponges could uptake
water to the extent of hydrogels as well as maintain their form
upon compression and drying. That is, the effect of dehydra-
tion was completely reversible by the addition of water. The
high elasticity of these sponges is based on a lower content of
stiffening (3-sheet crystals and a higher amount of the elastic
random coil and helical structures in comparison to other spi-
der silk scaffolds (Jones et al. 2015).

Composite materials including spider silk

Composites provide the opportunity to produce materials with
extraordinary properties by complementation of at least two
different kinds of materials. In this context, natural as well as
recombinant spider silk materials can play a role due to their
outstanding mechanical and biocompatible properties. In
some studies, naturally spun spider dragline silks were used
to assemble composites with inorganic nanoparticles to rein-
force the fibers. Recently, it was shown that feeding spiders
with carbon nanotubes or graphene dispersions led to carbon-
reinforced silk threads (Lepore et al. 2015). Despite that, most
approaches to enhance mechanical strength of spider dragline
silk were employed after collection of the silk by forced
silking. Dragline silk was used as template for the insertion
of zinc (Zn), titanium (Ti), and aluminum (Al) by multiple
pulsed vapor-phase infiltration (MPI). This treatment
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increased the toughness of the spider silk fibers by almost 10-
fold and the E moduli of the fibers from 9.7 to 68 GPa, in the
best case (Lee et al. 2009).

Spider silk composite production allows not only to in-
crease its mechanical strength but also to extend the range of
applications. Dragline silk fibers, for instance, were incubated
in chloroauric acid to assemble gold nanoparticles on their
surface with the goal of producing water and methanol vapor
sensors with a response time of about 10 s and 150-fold
change of conductivity. Their supercontraction behavior in
the presence of water and methanol vapor led to a change in
the distance of the gold nanoparticles and, therefore, altered
the electrical conductivity of the fibers (Hardy and Scheibel
2010; Singh et al. 2007). Electrical conductivity was also in-
troduced into spider silk fibers by deposition of amine-
functionalized multiwalled carbon nanotubes (MWCNT) onto
their surface. In this study, additionally, an increase in me-
chanical strength was observed for the composite fibers. The
combination of properties allowed an extended application of
the material in various technical approaches (Steven et al.
2013). The accumulation of calcium carbonate or hydroxyap-
atite (HAP) on naturally spun fibers enabled producing new
scaffolds for bone tissue engineering or building blocks for
bone replacement materials (Cao and Mao 2007; Mehta and
Hede 2005). In the case of hydroxyapatite deposition, oriented
crystal growth was obtained being consistent with the orien-
tation of [3-sheet crystals in the silk fibers (Cao and Mao
2007). In another approach, naturally spun spider silk was
solubilized in FA for electrospinning. By mixing the resulting
protein solution with a poly(D,L-lactic acid) (PDLLA) FA so-
lution and subsequent electrospinning, nonwoven meshes
with core-shell structured fibers with a diameter range of
about 90—1000 nm were produced. The size of the fibers
was tuned by the weight ratio of the two material components
in the spinning solution (Zhou et al. 2008).

Recombinant spider silk proteins have been used in blends
with polycaprolactone (PCL) and thermoplastic polyurethane
(TPU) to cast films with a higher elasticity than nonblended
spider silk protein films. Good cell adhesion, proliferation,
and the possibility to incorporate drugs in these composite
films endorse them as candidates for implant coatings or as
scaffolds for tissue engineering (Hardy et al. 2013). Another
filler material used in spider silk protein films were carbon
nanotubes. Composite films made of recombinant spider silk
proteins and single-walled carbon nanotubes led to excellent
mechanical properties as a result of the transfer of stress in the
matrix to the filler and of the potential for extensive reorgani-
zation of the matrix at applied high stress (Blond et al. 2007).

Blended dopes of recombinant spider silk with collagen or
gelatin have also been used for electrospinning processes. The
resulting composite nonwoven meshes were predominantly
used in tissue engineering. Electrospinning of a mixture of
spider silk proteins and collagen led to unidirectional, partially

crosslinked fiber scaffolds usable in stem cell differentiation
and in neural tissue engineering. Collagen-dominant scaffolds
were found to provide unique structural, mechanical, and bio-
chemical cues; stem cells were directed to neural differentia-
tion, and the development of long neural filaments along the
fibers was facilitated. These neural tissue-like constructs are
promising candidates for transplantation in cellular replace-
ment therapies for neurodegenerative disorders such as
Alzheimer’s or Parkinson’s disease (Sridharan et al. 2013;
Zhu et al. 2015). Tubular scaffolds made of a blend of recom-
binant spider silk proteins and gelatins, supported by a poly-
urethane outer layer, were produced to be used in tissue-
engineered vessel grafts (TEVG). The morphological and me-
chanical characterization of the tubular structures showed
strong similarities with the structure of native arteries, both
in strength and elasticity. The appearance of RGD sequences
in spider silk used for this purpose supported the growth of
adult stem cells, yielding a higher cellular content prior to
prospective implantation than without the cellular recognition
sequence (Zhang et al. 2014).

Modification of recombinant spider silk proteins with spe-
cific binding motifs for HAP (Huang et al. 2007), titanium
dioxide, germania, and gold could be assembled into various
morphologies and provided the control of organic-inorganic
interfaces and composite structural features (Belton et al.
2012; Foo et al. 2006; Mieszawska et al. 2010). Silica binding
sequences (e.g., RS from Cylindrotheka fusiformis) were used
to control silica particle formation and assembly on the sur-
faces of spider silk films, fibers, and particles. Mineral phase
formation, morphology, chemistry, and, therefore, composite
properties could be influenced by varying the processing con-
ditions or by sequence alteration. Silica is a critical
osteoconductive element, which can be processed under am-
bient conditions, and has the potential to control the tissue
remodeling rate, making this composite a possible scaffold
for bone regeneration. Studies with human mesenchymal stem
cells (hMSCs) attached to silica/silk films showed upregula-
tion of osteogenic gene markers at high silica contents (Belton
et al. 2012; Foo et al. 2006; Mieszawska et al. 2010).

Summary and outlook

Biotechnological production of spider silk proteins and their
processing into diverse morphologies (Fig. 4) allow for appli-
cations in textile, automotive, and biomedical industries.
Concerning the production of artificial spider silk fibers, sig-
nificant progress has been made in the last years. Since
reconstituted spider silk fibers did not show nature-like me-
chanical properties after spinning, various techniques for bio-
technological production (i.e., proteins, transgenic animals,
etc.) have been investigated to gain proteins enabling fibers
with such features. Regarding the biotechnological production
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and artificial fiber spinning, great progress was made by ana-
lyzing the natural spinning process and the role of the amino-
and carboxy-terminal domains. Inclusion of the nonrepetitive
terminal domains into the recombinantly produced spider silk
proteins and wet spinning these proteins into fibers resulted in
a toughness comparable to that of natural fibers. This empha-
sized the importance of the nonrepetitive terminal domains in
the proper alignment of the spidroins, which was neglected in
earlier trials. By fine-tuning the composition of the
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ossible morphologies

recombinant proteins and the spinning process, artificial spi-
der silk fibers with mechanical properties exceeding those of
the natural fibers will be likely possible in the future.
Recombinant production of spider silk proteins does not
only offer the option to mimic nature and produce fibers that
are similar to their natural counterparts, but it also enables the
production of different morphologies. These different struc-
tures are biodegradable and biocompatible just like the natural
equivalents, but still comprise new properties that lead to
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applications in both the medical and the technical field.
Particles and films/coatings have already been well-investigat-
ed, and this paves the way toward the first applications in drug
delivery and cell culture. On the other hand, hydrogels, foams,
and sponges require further exploration before they can be
used directly in applications. Nevertheless, in all cases, recom-
binant spider silk protein research tends to explore new tailor-
made materials by adapting the morphology’s properties to a
specific application. The potential of recombinant spider silk
proteins in different fields is thereby essentially limitless.
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