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A scientist in his laboratory is not a mere technician:
He is also a child confronting natural phenomena that impress him
as though they were fairy tales.
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SUMMARY

Summary

Biomedical engineering arose out of the collaboration of medical doctors, biologists and
engineers and substantially accelerated advances in medicine. Researchers in this field strive to
improve medical care through the development of diagnostic tools and devices, prosthetics, surgical
tools and robots, and tissue engineering. The latter one seeks regeneration or restoration of a
damaged or diseased tissue.

Materials used on or in human body must fulfill several divergent requirements. Firstly,
they should provide mechanical support by offering sufficient mechanical strength, on a scale
commonly found in synthetic polymers. Secondly, they should be biologically compatible and for
instance trigger cell recognition usually attributed to natural polymers. One material type that
captures both requirements are spider silk-based materials. Their unique chemistry and structure
give spider silk fibers extraordinary mechanical properties and no immune response is induced in
the body. Inherent cell recognition (eukaryotic and prokaryotic) of most native spider silks is poor,
but if required, cell binding motives can be added using a biotechnological approach to produce

recombinant spider silk proteins, which can further be processed into various morphologies.

The objective of this dissertation was to exploit the beneficial properties of coatings, films,
nonwovens and self-rolling bilayers made of recombinant spider silk proteins to widen the scope of
their use in biomedical engineering. Spider silk scaffolds were investigated for loading with

bioactive agents, use in heart muscle and nerve regeneration and as enzyme container.

Accurate delivery of sensitive biological substances can improve cell behavior on scaffolds
for tissue engineering. In the first project electrospun nanofibers with their inherent advantages of
high porosity and surface-to-volume ratio were loaded with green fluorescent protein (GFP) as a
bioactive agent model. Its fluorescence is structure dependent and common solvents used for
electrospinning and post-treatment of silk destroyed GFP’s structure. Therefore, an aqueous
electrospinning and post-treatment process was developed, which allowed a mild encapsulation and
kept the structural integrity of GFP. The fast release of GFP could be inhibited or slowed down by

genetic modification giving the system a broader application window.

Post-surgical infections are a life-threatening risk and the increase in antibiotic resistant
bacteria prove the need for alternatives. The second project investigated the antibacterial properties
of spider silk coated selenium nanoparticles alone and encapsulated in silk films. Selenium
nanoparticles are effective against gram-positive bacteria. By applying a coating of spider silk, the
scope could be widened to gram-negative bacteria. Low doses of the coated nanoparticles killed

Escherichia coli without impairing eukaryotic cell viability.
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The body’s capability of cardiac repair after a myocardial infarct is poor and materials to
assist cardiac regeneration are desperately needed. Thus, in the third project, the behavior of primary
cardiac cells on spider silk films was investigated. The secondary structure content and the water
contact angle of these films was found to be in a suitable range. Cell studies showed that silk films
are non-toxic and provoke no pharmacologic effect. Furthermore, cardiac cells grown on these silk
films showed required cell-to-cell communication and responded properly to extracellular stimuli,
thus, laying the foundation for use of silk in cardiac tissue engineering.

Injuries of the peripheral nerve system still show an inacceptable recovery rate. Thus, in the
fourth project, bilayers of spider silk and chitosan were self-rolled into tubular structures to act as
nerve guidance conduits. The tubes were either lined with a silk film containing a cell-recognition
motif or aligned silk nanofibers, or an anisotropic collagen cryogel was encapsulated filling out the
luminal space. The mechanical properties of the collagen cryogel are in the range of healthy
peripheral nerves. Nerve cells could be entrapped by the gentle rolling process and their
differentiation was achieved inside of the tubes, allowing the formation of neurite outgrowths. The
aligned structures even triggered orientation of these neurite outgrowths in longitudinal direction,

as is required in nerve repair.

In the fifth project, these self-rolling tubular structures were optimized to encapsulate
enzymes. They were shown to be stable in relevant organic and aqueous solutions and to possess a
molecular weight cut-off above 20 kDa. Hence, these enzyme containers allowed the entrapment of
enzymes, while substrates, intermediates and/or products can diffuse freely through the tube wall.
This allowed to exchange the surrounding media without removing the enzymes, thereby saving
often costly enzymes and enabling the design of a flow-through system. Reaction rates were slowed
down, but longer reaction times were observed. Thus, this system can protect enzymes and may be
useful for applications in biodiagnostics.

Through this work, we showed that recombinant spider silk-based materials have a high
potential in several fields of biomedical engineering. The processability into various morphologies
and the precise control over the protein sequence makes it an interesting option for diverse
applications. This thesis only gives a small glimpse at the scope of possibilities and more is yet to

come.
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Zusammenfassung

Die Biomedizintechnik entstand durch die Zusammenarbeit von Arzten, Biologen und
Ingenieuren und beschleunigte so signifikant die Weiterentwicklung der modernen Medizin.
Wissenschaftler in diesem Bereich streben eine Verbesserung des Gesundheitssystems durch die
Entwicklung von Diagnoseinstrumenten, Prosthesen, chirurgischen Werkzeugen/Robotern und
Geweberegeneration an, welche auf eine komplette Regeneration oder Wiederherstellung von

geschadigtem oder erkranktem Gewebe abzielt.

Materialien, welche am und im Korper eingesetzten werden, missen viele divergente
Anforderungen erflillen. Einerseits sollten sie mechanische Stabilitat in einem Bereich bieten, der
tblicherweise bei synthetischen Polymeren zu finden ist. Andererseits sollten die Polymere
biokompatibel sein und zum Beispiel von Zellen erkannt werden, ein Attribut, dass Ublicherweise
nattrlichen Polymeren zugeschrieben wird. Bei einer Materialart verschwimmen diese Grenzen, da
es die Vorteile von beiden Seiten vereint — spinnenseidenbasierte Materialien. Die einzigartige
Chemie und Struktur verleiht Spinnenseidenfasern aulRergewohnliche mechanische Eigenschaften
und zusatzlich l6sen sie keine Immunantwort aus. Die meisten nattirlichen Spinnenseiden werden
weder von eukaryotischen noch von prokaryotischen Zellen erkannt. Durch die Entwicklung eines
biotechnologischen Prozesses zur Herstellung rekombinanter Seidenproteine, kdnnen, wenn
gewinscht, zellbindende Motive genetisch hinzugefugt werden. Auch koénnen rekombinante

Seidenproteine in verschiedene Morphologien prozessiert werden.

Ziel dieser Arbeit war es, die vorteilhaften Eigenschaften von Beschichtungen, Filmen,
Vliesen und selbstrollenden  Rohrchen  basierend auf rekombinant hergestellten
Spinnenseidenproteinen zu nutzen, um deren Anwendungsmaglichkeiten in der Biomedizintechnik
auszuweiten. Spinnenseidengeriiste wurden mit bioaktiven Substanzen beladen, fiir die Anwendung

in der Herzmuskelregeneration, als Nervenleitstruktur, sowie als Enzymkontainer untersucht.

Prézise Positionierung sensibler bioaktiver Substanzen kann das Zellverhalten an
Geruststrukturen fur die Geweberekonstruktion verbessern. Im ersten Projekt wurden
elektrogesponnene Nanofasern, welche nicht nur eine vorteilhafte hohe Porositét, sondern auch ein
hohes Oberflachen-Volumen-Verhéltnis aufweisen, mit grin fluoreszierendem Protein (GFP) als
Modell fir bioaktive Molekiile beladen. Die GFP Fluoreszenz ist strukturabhéngig und gangige
Losungsmittel furs Elektrospinnen und die Nachbehandlung von Seidennanofasern zerstéren diese.
Deshalb wurde ein waéssriges Spinn- und Nachbehandlungsverfahren entwickelt, welches eine
sanfte Verkapselung und somit die Erhaltung der GFP Struktur ermdéglichte. Die rasche Freisetzung
des GFP konnte mit Hilfe genetischer Modifikation verhindert oder deutlich verlangsamt werden

und ermdglicht somit dem System einen breiteren Anwendungsbereich.
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Postoperative Infektionen sind ein lebensbedrohendes Risiko und die rapide Vermehrung
antibiotikaresistenter Keime erfordern die Entwicklung von Alternativen. Das zweite Projekt
untersuchte die antibakteriellen Eigenschaften von seidenbeschichteten Selen-Nanopartikeln allein
und eingebettet in Seidenfilmen. Die Wirkung gegen gram-positive Bakterien der Selen-
Nanopartikel konnte durch die Beschichtung mit Spinnenseide auch auf gram-negative Bakterien
ausgeweitet werden. Schon kleinste Dosen der beschichteten Nanopartikel téteten erfolgreich
Escherichia coli, ohne einen schadlichen Einfluss auf eukaryotische Zellen aufzuweisen.

Die Fé&higkeit des menschlichen Korpers, den Herzmuskel nach einem Herzinfarkt zu
regenerieren, ist nicht vorhanden und es werden handeringend neue Materialien zur Férderung der
Regeneration gesucht. Darum wurde im dritten Projekt das Zellverhalten von priméren
Herzmuskelzellen auf unterschiedlichen Seidenfilmen untersucht. Die Zusammensetzung der
Sekundarstruktur sowie der Wasserkontaktwinkel waren in einem geeigneten Bereich. Es konnte
gezeigt werden, dass Seidenfilme weder giftig sind noch pharmakologische Effekte hervorrufen.
Zusétzlich zeigten die auf den Filmen wachsenden Herzmuskelzellen fur das Herz notwendige Zell-
Zell-Kommunikation und reagierten angemessen auf extrazelluldre Stimulation, wodurch die
Grundlage fir die Verwendung von rekombinanten Spinnenseidenmaterialien in der

Herzmuskelgeweberegeneration gelegt werden konnte.

Verletzungen peripherer Nerven zeigen noch immer einen inakzeptablen Genesungsgrad.
Im vierten Projekt wurden daher Roéhrchen durch einen selbstrollenden Mechanismus von einer
Doppelschicht aus Spinnenseide und Chitosan hergestellt, um als Nervenleitstruktur zu agieren.
Dafiir wurden die R6hrchen entweder mit einem Seidenfilm mit zellbindendem Peptid oder mit
ausgerichteten elektrogesponnenen Nanofasern ausgekleidet, oder ein anisotropes Kollagen
Cryogel wurde umrollt, wodurch der gesamte Hohlraum ausgefillt wurde. Die mechanischen
Eigenschaften von Kollagen Cryogelen lagen im Bereich von gesunden peripheren Nerven. Durch
den sanften Roll-Prozess konnten Nervenzellen behutsam eingefangen und direkt in den Réllchen
differenziert werden. Die ausgerichteten Nanofasern und die Cryogele ermdglichten sogar die
Ausbildung von gerichtetem Neuriten-Auswuchs, welcher in der Nervenregeneration nétig ist.

Im flnften Projekt wurden diese selbstrollenden Rohrchen optimiert, um Enzyme darin
einzuschlieBen. Es konnte gezeigt werden, dass die Rohrchen stabil sind gegeniiber relevanten
organischen und wassrigen Losungen und die Diffusion von Molekilen tber 20 kDa verhindern.
Daher konnten Enzyme eingeschlossen werden, wobei deren Substrate, Intermediate und/oder
Produkte durch die Wand der Rohrchen diffundieren konnten. Die Enzymkontainer ermoglichten
den Austausch des umgebenden Mediums, ohne das Enzyme zu entfernen, wodurch nicht nur oft

teure Enzyme gespart werden, sondern auch Durchflusssysteme generiert werden konnten. Die
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Reaktionsraten wurden durch die doppelte Diffusion verlangsamt, daflr konnten langere
Reaktionszeiten beobachtet werden. Somit kann dieses System eingesetzt werden, um Enzyme zu

schiitzen. Weitere Anwendungen im Bereich der Biodiagnose wéren denkbar.

In dieser Dissertation konnte gezeigt werden, dass Materialien aus rekombinanten
Spinnenseidenproteinen hohes Potential in verschiedenen Bereichen der Biomedizintechnik
aufweisen. Die Mdglichkeit, Spinnenseide in verschiedenste Morphologien zu verarbeiten,
kombiniert mit der Fahigkeit, die Sequenz der Spinnenseide prazise kontrollieren zu kdnnen, macht
Spinnenseide zu einem interessanten Material fiir unterschiedliche Anwendungen. Diese Arbeit gibt
nur einen kleinen Einblick in die Vielfalt an Anwendungsmdoglichkeiten, und viele weitere

spannende Entwicklungen werden erwartet.
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INTRODUCTION

1 Introduction

1.1 Biomedical engineering

In the 17" century the power relationship of science and church was shifted in favor of
science paving the way for modern medicine. First steps included preventative medicine by for
example increasing hygiene standards.® Later, by the end of the 19" century, also curative medicine
came into play by beginning with medication and surgery. As the knowledge requirement for all
fields grew, different specialty fields were found — one of them being biomedical engineering
(BME).
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Figure 1: Research focuses of biomedical engineering (BME): BME is an interdisciplinary field
containing 14 subfields as defined by the Biomedical Engineering Society (BMES).>

Scientists working in BME use engineering principles and try to adapt them for medical
applications. As a result, the application window is very broad and includes fourteen subfields as
depicted in Figure 1.2 Exemplarily, scientists in BME developed medical electronic devices like

smart wearable sensors for health monitoring®, cardiac pacemakers®, hearing aids, X-ray machines,
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ultrasound or positron emission tomography. Other devices are concerned with measuring and
administering substances in blood as for example blood chemistry sensors, infusion pumps or

automated delivery of insulin.?

Challenges currently tackled by BME are the ageing population, accidental injuries and
monetary restrictions. The ageing population is associated with problems like arthritis in joints®,
cardiovascular diseases®, organ failure’, or neurological diseases like Alzheimer’s disease®. The
success of the treatments varies for example, joints can be replaced by hard, inorganic materials,
which are unable to restore the or integrate with the host tissue. Thus, the ailment is eased, but not
treated. Organs can be replaced by autografts (e.g. nerve repair) or allografts (e.g. liver, heart or
kidney), whereby an autograft can result in the loss of function at the donor site and allografts
usually result in foreign body response, and the immune-system must be suppressed to avoid
implant rejection. Here, tissue engineering (TE) another big field in BME comes into play, which
reflects the repair, restoration and regeneration of living tissue by using biomaterials, cells and
factors.® One development in TE is biofabrication, which uses emerging technologies like 3D
bioprinting. Thereby, 3D tissue-like structures are prepared in vitro by precisely depositing
biomaterials and cells to control cell-material and cell-cell interaction.'® Hereby, the aim is not only
to develop technologies for in vivo use, but also for in vitro modelling for example to screen new

pharmaceutical drugs for their safety.

Accidental injuries are age-independent and include peripheral nerve damage, bone
fracture, ligament tear, skeletal muscle damage or burns.!! The success of the treatment depends on
the severity of the ailment as well as on the age of the patient. Some of these injuries can even be
cured completely for example in bone fracture the fractured parts are aligned and immobilized by
a plaster cast allowing the bone to heal. A further issue worth mentioning is the increase in costs of
superior and often personalized medical treatments. When we take peripheral nerve repair as an
example, it takes a very skilled surgeon to introduce the conduit and then later, the patient requires
physical therapy to help restore complete function. It is obvious, that only a small fraction of the
population worldwide is in the privileged position to be able to afford such a treatment. In third
world countries the focus still lies on disease prevention by for instance improving water quality,
providing education and developing vaccines for e.g. vector-borne diseases like malaria.'? This is a

first step into the right direction, but more needs to be done.

In summary, BME is a rapidly growing field showing many advances, which not only help
to prolong, but also to increase the quality of a patient’s life. Many inventions entered the public

health care system already. Several new developments are still in an early phase, and translation to
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clinics is awaited. Clearly, the monetary issue has to be solved, to ensure high quality treatment for

a wide mass of patients.

1.2 Biomaterials

A biomaterial is “defined as any substance (other than a drug) or combination of substances,
synthetic or natural in origin, which can be used for any period of time, as a whole or as a part of a
system which treats, augments, or replaces any tissue, organ, or function of the body” according to
the National Institutes of Health (1980s).'® This includes metals e.g. titanium alloys used for joint

replacement®*, ceramics e.g. calcium orthophosphates used in dental applications™ and polymers.

1.2.1 Polymers

Polymers are often used in biomedical applications as they not only offer a wide variety of
physico-chemical properties, but in addition can be transferred into several morphologies ranging
from thin polymer sheets to complex 3D constructs to suit applications in all branches of BME. In
order to be used in or on human body, the polymers must be biocompatible and nonimmunogenic.
Synthetic polymers in general provide good mechanical properties and frequently allow for control
of the molecular weight. Polymers like silicone, poly(acrylate), poly(vinyl alcohol) (PVA) or
poly(ethylene glycol) (PEG) can be used for applications, where no to slow degradation is
required.®1® Aliphatic polyesters as for example poly(glycolic acid) (PGA), poly(lactic acid) (PLA;
poly(L-lactic acid) (PLLA) and poly(p-lactic acid) (PLDA)), polycaprolactone (PCL) or
poly(hydroxyalkanoates) (PHAS) (Figure 2) gained interest especially in the field of tissue
engineering, as they show reasonable biodegradability. Problematic hereby is, that they commonly
show bulk degradation kinetics instead of surface erosion, thus, the body has no chance to slowly
replace the scaffold. Further, these polyesters degrade into acidic products not only reducing the pH
in the surrounding tissue, but also accelerating the degradation of the scaffold.t”-?* To avoid this,
polymers such as poly(phosphazenes) have been developed, which degrade into pH neutral
products.?! Synthetic polymers also lack inherent cell-binding motifs. Thus, cell-recognition sites
must either be added during synthesis or the polymer must be coated with natural biopolymers like
fibronectin??. Another option is to use them for applications, where cell-binding is not required for
example PCL has been used as a dermal filler in form of microcapsules embedded in a
carboxymethylcellulose matrix (Ellansé®?®), as a root canal filling (Resilon?*) or blended with PGA
as a surgical suture material (Stratafix Spiral from Ethicon®). PLLA has been used as medical

implants in form of pins, screws, suture anchors, rods or miniplates.
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synthetic polymers
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Figure 2: Synthetic and natural polymers. Chemical structures of several polymers investigated for
biomedical applications are shown. Polydimethylsiloxane, polyacrylate and polyvinyl alcohol are not
biodegradable, polyethylene glycol is degradable if n < 1500 and poly(organophosphazene) backbone
degrades into pH neutral ammonia and phosphate, “R” is commonly an O- or N-linked organic rest. The
polyesters depicted are examples of the most commonly used ones in biomedical applications (PGA,
PLA, PCL an PHAs), the “R” in poly(hydroxyalkanoates) refers to an aliphatic rest. Polysaccharides
shown here are naturally derived polymers and made of sugar units connected via O-glycosidic bonds.
They can be linear as agar, alginate, cellulose, chitin, chitosan and hyaluronic acid or branched like
dextran. Proteins are made of amino acid chains connected via amide bonds. The “R” here varies

between the different amino acids.

In order to overcome the limitations of synthetic polymers, biopolymers of natural origin
are heavily investigated. These can be divided into three main groups, namely proteins,
polysaccharides and deoxyribonucleic acids (DNAs).?” Examples of commonly used natural

polymers are hyaluronic acid, starch, cellulose, alginate, dextran, chitin, chitosan, agar, fibronectin,

10
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collagen, gelatin, soy and silk (Figure 2).1%-18.28.2° These natural polymers show advantages in terms
of biocompatibility and biodegradability, as the degradation products — amino acids and sugars are
commonly found in our body. In addition, these biopolymers often present recognition sites for cells
e.g. RGD sequence in fibronectin.®® The major problem of natural biopolymers is that they suffer
from poor mechanical properties (compared to synthetic polymers), limited control over
physicochemical properties, batch-to-batch variations, scale-up difficulties and problems in
sterilization.'” 18 2% 3132 Collagen from natural sources is already used in patients for wound
dressing e.g. BioPad™ made of native equine collagen® or collagen sheets and particles from
Maiden Biosciences made of bovine collagen®. Materials that combine extraordinary mechanically
properties with biocompatibility and biodegradability are based on spider silk and will be discussed

in more detail in the following chapter.

To date, only a few commercial applications using a single biopolymer were developed.
Especially, in case of bigger constructs and more complicated structures, a single material seldom
fulfills all necessary requirements. Hence, the development of a multi-component system
comprising several polymers, factors (e.g. growth factors) and/or helping cells (e.g. Schwann cells

in nerve regeneration®) will be necessary.?

1.2.2 Silk

1.2.2.1 Natural silk

Silk was recognized early on, well before the 18" century, to be a viable material to be used
as surgical thread or wound dressings.>®3 At the time, the people recognized that there is no
abnormal secretion (pus), swelling or redness. Today it is known that silk is biocompatible and

hypoallergenic, and it continues to be highly regarded as biomaterial.

Silks are described by Craig® as “fibrous proteins containing highly repetitive sequences of
amino acids”, which “are stored in the animal as a liquid and configure into fibers when sheared or
‘spun’ at secretion”. The remarkable part here is, that the fibrous silk proteins are processed out of
highly concentrated solutions, usually typical for glues and unusual for other fibrous proteins like
collagen.® Silks evolved independently in different organisms possessing different structural
characteristics designed for the desired purpose, probably evoked due to variable evolutionary
pressures.*® 4t The driving mechanism behind the properties of different silks is the secondary
structure. The secondary structure depends on the primary amino acid sequence, which is in silk
proteins rich in glycine, alanine and/or serine. Commonly, silk materials show either a high a-

helical or B-sheet content. Insect silk proteins can adopt five protein structures, namely extended -

11
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sheet, cross B-sheet, coiled-coil, collagen triple helix and polyglycine Il and can be produced in
dermal or labial glands or Malpighian tubules.** So for example, lacewings use silk for production
of egg stalks to protect the eggs from predators. This silk consists of cross -sheets giving the egg
stalk incredible bending stiffness. Honeybees on the other hand use silk for lining the nests and
cocoons. These silks are not meant to withstand high forces and are therefore rich in a-helices.
Silkworms produce silk as a cocoon to protect themselves during metamorphosis. This protection-
silk is made of crystalline patches embedded in an amorphous matrix.*?

Spiders are the only known animals producing up to seven different types of silks for various
applications i.e. aggregate silk is used as glue for prey capturing and is very sticky, cylindriform
silk is used to prepare egg cocoons and is very stiff, and major-ampullate silk also known as the
“lifeline” of the spider, is strong as steel, but possesses a high toughness.*® Spiders possess different
glands for all the silk types they produce and depending on the amino acid composition and the
spinning process, the different functions of the silks are realized.** * The most investigated spider
silk is major ampullate silk consisting primarily of two protein classes, namely major ampullate
spidroin 1 and 2 (MaSp1 and 2). The MaSp proteins consist of a repetitive core domain flanked by
non-repetitive terminal domains. The repetitive unit of the core domain exhibits an amphiphilic
nature comparable to block-co-polymers consisting of a GGX and GPGXX (only in MaSp2) rich
part and a poly(A) sequence. The latter one forms B-sheets and —crystals, which are embedded in
an amorphous but still strongly orientated region formed by the GGX/GPGXX-part.*> % This
structural arrangement is the reason that silk is not brittle like other structures with high crystallinity,
but possesses extraordinary mechanical properties. The amorphous regions enable elastic
deformations, whereby the crystalline parts give the fiber the necessary strength resulting in very

high toughness.*® 4’

1.2.2.2 Recombinant silk

Bombyx mori (B. mori) silk can be obtained by large scale farming, but for spiders or insects,
harvesting natural silk is tedious work. Generally farming suffers from batch-to-batch variations
and the possibility of impurities.*® Especially problematic with farming of spiders is that they are
territorial, cannibalistic and male spiders are often consumed after mating. Further, silk quality
depends on the spider’s nutrition, age and well-being.**5! Still, it has been shown that natural silk
from Nephila spiders can be used in combination with decellularized porcine veins to prepare nerve
guidance conduits.>? Farming of lacewing flies or bees would be more convenient, but the amounts
of silk produced by these animals are minuscule that harvesting in reasonable amounts is not

feasible.>® Therefore, biotechnological approaches have been developed, which allow for protein
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production in large amounts with consistent quality and biological safety. Within the last 15 years
recombinant silk production was established in Escherichia coli (E.coli) and yeast, and certain

variants are mass-produced and can be purchased.**

Recombinant silk production can be divided into the following steps: (I) Determination of
the natural DNA sequence; (I1) Design of recombinant DNA; (111) Cloning of the vector; (IV)
Transformation of the host organism; (V) Fermentation and/or protein production; (V1) Purification
of the protein.® Different host organisms from unicellular pro- or eukaryotes to multicellular plants
or animals can be used, whereby the size of the protein, its necessity for post-translational
modifications as well as their folding play a role.® %" Several groups developed recombinant silk
proteins and variants thereof (Figure 3) e.g. 4RepCT>®%° 6mer and 15mer®®®2, rMaSp1/2 or 1F9
and rS1/95-%¢; recombinant insect silk proteins e.g. moth silk EAEFNs/10°’, honey bee silk AmelF1-
4% % nornet silk Vssilk1-4% ™ or lacewing silk N[AS]sC> ™. Further, transgenic silkworm silk
was developed like for example L-RGDSx2 fibroin™ ™ SELP-47K and SLEP-815K’®"® or
[(AGSGAG)4EsAS]s" ¥
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Spider silks:

Araneus diadematus:

RGD  Tat (part of trans-activator of transcription protein of HIV)
RGE
14 14 Tat
a
eADF4(C16) eADF4(k16) .

Euprosthenops australis:

RGD VN (part of vitronectin)

G RGE  FNgc (RGD containing loop with 2x C, form -S-S-)
IKVAV  FNgg (same as above, but S instead of C)

YIGSR  FNyg (same as above, but V and S instead of C)

[] RGD

4RepCT

Nephila clavipes:

. RGD

E

413 . RGD  R5 (silafin derived peptide)
6 /15 HNP-2/4 (human neutrophil defensin 2 or 4)
mer mer hepcidin
BSP (bone sialoprotein)
Insect silks: Bombyx mori silks:

Apis mellifera (honey bee):

AmelF3 SELP-47K
Vespa simillima (hornet):

' RGD tandem repeat

Vssilk1-4 6
Antheraea pernyi (moth): SELP-815K
N-terminal ta
P sik unit U inal tag
8 . C-terminal tag
elastin unit
EAEFN5/10 U [] intermediate tag

Figure 3: Schematic summary of various recombinantly produced spider and insect silks. Several of
these silks show variations by the addition of N-, C- or intermediate tags, mainly used to trigger certain
cell interactions like for instance the addition of an RGD-, IKVAV-, YGSR-, VN-, FN-tag to improve

cell attachment.
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In this work, the focus was on the Araneus diadematus’ MaSp2 derivative eADF4(C16)
(engineered Araneus diadematus fibroin 4) and variations thereof. The repetitive unit of the core
domain of MaSp2 was used as a template for the C-module. This C-module was then repeated 16
times to obtain the artificial silk protein eADF4(C16) (Figure 4). Each C-module holds a glutamic
acid residue, giving the whole protein an overall negative charge.®! In order to increase cell
adhesion, an integrin binding RGD-tag was added to create eADF4(C16)-RGD.®? Further, the
glutamic acid was exchanged by lysine rendering it into the positively charged eADF4(x16).2%

n
repetitive domain \

used as template

consensus sequence
C-module

back translation
and codon optimization l

x 16 \ production
in host '
e.g. E. coli

Figure 4: Scheme of recombinant eADF4(C16) production. The repetitive core domain of Araneus
diadematus fibroin 4 (ADF4) was used as a template to obtain the C-module. The engineered ADF4
(eADF4(C16)) was created by repeating this C-module 16 times. After back translation of the amino
acid sequence and codon optimization for use in E. coli it was inserted into a plasmid containing also a
gene for antibiotic resistance for selection. Then the host was transfected, and protein production
induced. Several purification steps are necessary to obtain the pure protein powder, which can be
processed into several morphologies. Reproduced with permission.8 Copyright 2018, WILEY-VHC
Verlag GmbH & Co.

1.2.2.3 Morphologies of recombinant silk and their applicability in BME

Recombinant silk is usually obtained in form of a lyophilized powder in case of
biotechnological produced silk proteins or fibers in case of transgenic silkworms. Recombinant silk
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proteins can further be processed into different morphologies, namely films, micro- and nanofibers,
foams, hydrogels, capsules and particles as shown in Figure 5.8 By far the most studied
morphology are flat films as they are convenient for screening for biochemical features,
cytocompatibility and physical characterization of the designed silk. Only a small amount of
material is required to cast, dip- or spray-coat the required substrate and allow for high-throughput
experiments. Especially, the effect of incorporation of cell binding peptides like RGD, IKVAV,
YIGSR or other sequences from vitronectin (VN), vascular endothelial growth factor (VEGF),
silaffin-derived R5 tag or antibiotics were studied in films using cell lines, primary cells, stem cells
and subcutaneous pockets in vivo.® 8! Furthermore, implants were successfully coated with silk
films e.g. coating of silicone implants®* % or catheters® * to reduce the negative side effects of the

foreign body response or thrombotic fouling.

Micrometer fibers of recombinant silk protein were prepared either by wet or biomimetic
spinning® %" and self-assembly®®. Fibers produced by self-assembly could be arranged into fiber
meshes and compared to other morphologies in terms of fibroblast growth and maintenance of
differentiation state.*® In vivo test of these fibers showed no toxicity and low immunogenicity.'®
Another source of micrometer sized fibers is B. mori silk. The cocoons from silkworms consist of
one thread and after “degumming” plain silk fiber, also referred to as regenerated silk fibroin (RSF),
is obtained and can be used in various forms (single strands, yarn, woven). Such transgenic RSFs
were investigated as vascular grafts.® 1% 192 gyb-micrometer and nanofibers are commonly
produced by electrospinning, whereby a nonwoven fiber mat is produced. It was found that the fiber
diameter plays a crucial role in cell attachment, whereby increasing fiber diameter increases cell
attachment.’®® Further, mixing with collagen was shown to be beneficial for stem cell
differentiation.’® In general nonwoven fiber mats can be seen as the bridge between 2D films and

3D networks.

Characteristic for 3D foams are thin-walled pores. The pore diameter plays a crucial role in
terms of nutrient/waste diffusion and vascularization.® 1% In combination with recombinant silk
proteins salt-leaching,®® 7% 1% freeze-drying™ and an unknown mechanism® were used for foam

preparation. Next to in vitro tests with cell lines® %1% primary cells™ % or stem cells®” 1%, studies

88, 108 66, 79

on pancreatic island engineering and femoral defects were conducted. In order to closer
resemble the natural extracellular matrix (ECM) hydrogels composed of >90 % water are gaining
more and more interest. Here the polymer, i.e., silk protein can be physically or chemically
crosslinked in solution. It was shown that cells could be encapsulated into self-assembling spider

silk hydrogels, which could further be used as bioink in 3D printing.1%® 110
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A further approach are silk capsules and particles designed as mobile drug or gene delivery
systems. Silk capsules enable the encapsulation of larger molecules and are formed by an emulsion
process.!'! Silk particles are commonly produced by salting-out in phosphate buffer, whereby the
concentration of the silk and buffer solution as well as the mixing time play an important role in
particle size.!'? Particle loading was achieved by co-precipitation of the (model) drug with silk or
by diffusion of the (model) drug into the particles. The desired cellular uptake was found to be
increased using positively charged silk*® or specific cell binding peptides*. Herewith, cancer cells

could be exclusively killed by delivery of doxorubicin.**> Additionally, several studies in terms of

gene delivery were conducted showing for instance that Luciferase production was successfully
116

induced in tumorous tissue in mice.

s Film on glass plate
Micron-fibers

Hydrogels

Capsules

S o .. = "I".“n» e

Particles

Mesoporous foams

Figure 5: Processing routes of recombinant silk proteins. Different morphologies can be prepared from
the lyophilized silk powder by using various techniques. Reproduced with permission.8* Copyright
2018, WILEY-VHC Verlag GmbH & Co.
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1.3 Tissue engineering

“Tissue engineering is an interdisciplinary field that applies the principles of engineering and
life sciences toward the development of biological substitutes that restore, maintain, or improve
tissue function” according to Langer and Vacanti.!” The native physiological niche of cells entails
complex physical and biochemical stimuli i.e. external and intrinsic cues determine cell fate.
Physical cues include external forces, topography and substrate mechanics, whereby biochemical
cues consist of the composition of the substrate and soluble molecules.'” Mimicking this
environment is the goal of artificial tissue creation. Two approaches exist for their creation: (I)
Bottom-up approach: Cells or cell clusters are allowed to assemble and mature into 3D structures
by the aid of stimulation of chemical or mechanical nature. Thereby, the cells build extracellular
matrix (ECM) as a scaffold for the tissue. An example for this approach is the assembly of cell
spheroids to build organ like structures e.g. vessels''® (11) Bottom-down approach: A biomaterial
scaffold is seeded with cells and the combination is allowed to mature by providing chemical or
mechanical stimulation. Here, the biomaterial predetermines the structure and while slowly
degrading, cells form their own ECM scaffold. An example for this second approach is the seeding
of pancreatic beta cells into a mesoporous foam scaffolds for insulin production.®® For heart muscle
tissue engineering both approaches are holding promises for example, cell-sheet patches created to
cover the infarct-region and couple with the host tissue and also decellularized animal hearts seeded
with cardiac cells were investigated. In nerve tissue engineering, the bottom-down approach seems
straight-forward by creating a tubular structure to aid nerve regrowth. The addition of bioactive
agents can further increase the success of artificial tissue formation in both approaches.
Antibacterial agents decrease the risk of bacterial infections after implantation.'!® Stimulating
agents like growth factors can further promote cell growth, proliferation and differentiation and
thereby for instance assist in healing processes.'?° Figure 6 below depicts the TE triad composed of

biomaterials, cells and signals.
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Polymers - natural or synthetic

Ceramics
Biomaterials
Tissue
engineering
]
Bioactive agents e Signals Cells Q:/,@v Stem cells
A © . ) %QA
Electrical stimulus < o © 2 @yﬂauogeneic cells

Mechanical stimulus \/ Autologous cells

Figure 6: Tissue engineering triad. The combination of the three pillars of tissue engineering — cells,
signals and biomaterials — are pivotal for the success of a tissue engineering application. Biomaterials
usually form the scaffold of the tissue engineering construct and can be of natural or synthetic origin.
Cells are inevitably part of a tissue engineering construct, they can be the patient’s (autologous), a
donor’s (allogeneic) or stem cells. Signals include mechanical and/or electrical stimulation as well as

bioactive agents like growth factors and help bringing cells into the desired niche.

1.3.1 Bioactive agents in tissue engineering

Bioactive agents are compounds showing an effect on a living cell, tissue and/or
organism.'?! They comprise antibacterial agents e.g. antibiotics, silver or zinc nanoparticles (NPs)
or antimicrobial peptides as well as molecules able to enhance healing processes like growth factors,
cytokines, vitamins or anti-inflammatory molecules. Growth factors (GFs) and cytokines are
signaling peptides acting via binding to specific transmembrane receptors i.e. do not cross cell
membrane. This binding event starts a signaling cascade inside of the cell guiding cell fate. A GF
for instance has effects on cell proliferation, intercellular signaling, chemotaxis, angiogenesis and
ECM formation*??, hence, could significantly promote artificial tissue formation. To induce their
effect, GFs can be added directly in the cell suspension or applied in a bioreactor, which provides
a hydrodynamic shear stress allowing to continuously refresh the GFs. Here the bioreactor approach

seemed more efficient for instance allowing to build glossy and smooth cartilage-like tissue from
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chondrocytes in PLA nanofibers in contrast to the rough tissue obtained by drop-seeding.'?®

However, short half-lifes in the range of minutes to few hours'®, temperature instability**® and

126

degradation caused by fragmentation via oxidation or pH change = as well as severe effects of

127 and too much can

concentration i.e. too little leads to the formation of non-homogeneous tissue
cause abnormal tissue and inflammation'?®, hamper the direct application of GFs. Therefore, to
protect and preserve the native structure of the bioactive molecule and allow for its steady release,

several strategies were developed.

In scaffold immobilization the GF is either physically or chemically entrapped within a
scaffold. In physical entrapment like for instance in hydrogels, the GF is captured in a porous mesh
and can be released by diffusion, swelling, erosion or osmotic effects, hence, usually useful for
short term release.’?* Chemical entrapment involves either affinity interactions or covalent bonds
for example, heparin coating of a PCL structure allowed for entrapment of vascular endothelial GF
(VEGF) leading to improved neovascularization compared to control without heparin.'?® Another
approach is programmed delivery using self-regulated systems for spatiotemporal release as for
example pH triggered release, where a pH change in certain tissue areas induces release of the GF;
molecular recognition, where the release is induced by biomolecule-recognition e.g. aptamer
binding; or triggered delivery systems. The latter one uses external stimuli like for instance the
application of magnetic fields on magnetic particles coated with the GF or light for release of
photocleavable GF e.g. bone morphogenetic protein was photocleavable coupled to PEG and was
shown to induce higher cellular metabolic activity in mesenchymal stem cells.*?! ¥ |n a third
approach bioactive molecules are entrapped within carriers like microtubes, crystals or more
common in microspheres, nanoparticles (NPs) and micelles. These particulate systems can either
be applied directly at the target site or integrated in a scaffold allowing for release via diffusion or
bulk degradation e.g. PLGA NPs were loaded with VEGF and glial cell line-derived neurotrophic
factor and used for treatment of Parkinson’s disease in rat brains showing a significant enhancement

of neurons.'3!

Another group of bioactive reagents improving the performance of TE constructs are
antibacterial substances. Post implantation infections are one of the most common problems for
instance infections were the cause of revisions in 20.4 % of total knee arthroplastry in US between
2009 and 2013.1*2 The patient’s susceptibility to infections is increased as the immune system is
hampered by the presence of a foreign body. Problematic hereby is that bacteria tend to form
biofilms — an organized community of several bacterial strains enclosed in a self-made polymer
matrix. A biofilm is the most successful form of life and hence is highly resistant to conventional
drugs and the immune system.?3® Therefore, conventional medication with antibiotics often give

poor results as the antibiotic’s penetration ability to the infected site and further inside of the biofilm
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is reduced not being able to kill it. Another point adding up to the problem is the increase in bacteria
resistances to antibiotics by development of e.g. efflux-pumps, metabolic inactivation or restriction

in uptake.'3*

An efficient way to avoid bacterial infections can be achieved by hindering bacterial
attachment onto implants. This can be done by applying an antibacterial coating. A passive coating
can work as antiadhesive e.g. using PEG™* or nanotopographies thereby preventing the attachment
of cells and proteins. Unfortunately, this coating also prevents attachment of eukaryotic cells, hence
requires the addition of eukaryotic cell binding sequences.’*® Active coatings kill bacteria via
incorporation of bactericidal substances like antibiotics, silver, zinc or selenium NPs, quaternary
ammonium salts (QAS), positively charged polymers like chitosan, or antimicrobial peptides.'*
The positive charge of the latter three leads to bacterial membrane permeabilization and cell
lysis.!” 137 Antibiotics either kill bacteria or hinder their growth by interaction with cell wall
synthesis, protein synthesis, interference with nucleic acid synthesis, inhibiting metabolic pathways
or disrupting their membrane.'® The mode of action of NPs depends on the material they are made
of and range from cell wall damage via growth inhibition by generation of reactive oxygen species
to effects on protein synthesis.**® These bactericidal substances can be physically adsorbed or

entrapped, or covalently attached within the active coating.

As previously described in GF encapsulation, bactericidal substances can also be
incorporated directly into the TE scaffold e.g. the synthetic peptide Tet213 or zinc oxide could be
encapsulated in hydrogels of gelatin methacryloyl — tropoelastin and thereby decreased colonization
by E.coli and Staphylococcus aureus (S. aureus).}*® Another way to deliver antimicrobial
substances can be achieved via polymeric particles, which protect their payload, are able to
overcome cellular tissue barriers and promise a slow and sustained release to improve
biodistribution and pharmacokinetics.*** Hence, they are more effective against biofilms as a high
dose of antibacterial molecules can be delivered directly at the place of need e.g. formulation of
liposomal antibiotics were shown to fuse with bacterial outer membrane delivering their contents
directly inside of Pseudomonas aeruginosa cells*?; or chitosan NPs loaded with vancomycin and
decorated with folic acid showed enhanced uptake and efficiency against vancomycin resistant S.

aureus.'*®

All the described strategies depend on the interplay between the bioactive molecule, the
encapsulating material and the cells involved. Due to the fact, that the stability of the bioactive
agents as well as the cell requirements differ, not a single material or strategy will be able to fit all
applications. Further, during tissue formation commonly several bioactive molecules are required

in a time and dose dependent manner, which is far from what can be technically be realized up to
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now. Thus, it is still a long way until such a complex system delivering the right molecule at the
right time in the perfect concentration can be realized. However, more and more is learned about
how materials can be modified and how pro- and eukaryotic cells react to certain stimuli pathing

the way for generating optimized constructs for each application.

1.3.2 Silk and bioactive agents

Many studies focus on the incorporation of bioactive molecules into silk matrices. An easy
approach is to immerse a silk matrix in a solution containing the bioactive molecule triggering their
absorption into silk matrix. Transforming GF beta 3 (TGFf-3) and bone morphogenetic protein-2
(BMP-2) were absorbed on multi-layer B. mori and A. mylitta silk scaffold. Implantation into knee
joints of Wistar rats yielded the formation of neo-matrix with glycosaminoglycans and collagen
after 8 weeks.** Another possibility is to blend silk proteins with the desired agent and subsequently
process the mixture into the desired morphology. Using this approach RSF was blended with nerve
growth factor (NGF) and subsequently cast into a film conduit. In vitro tests proved a significant
outgrowth of neurites due to the slow release of the NGF over 3 weeks.*® Another study analyzed
aligned electrospun fibers of RSF blended with brain-derived neurotrophic factor and VEGF. The
constructs were implanted subcutaneously in adult mice and showed a release of the bioactive
molecules over two weeks leading to de-novo innervation and vascularization without inducing a
chronic inflammatory response.* Further, injectable silk hydrogels were loaded with BMP-2 and
VEGF. A minimal invasive approach was used to implant the GF loaded scaffold into rabbit
maxillary sinus, where new bone was formed and angiogenesis was promoted.’*” These two
techniques — immersion and blending — can be rather easily realized, but often lead to an undesired

quick release.

In order to slow down the release, bioactive agents can first be encapsulated in spherical
structures and then embedded in a matrix e.g. the antibiotic gentamycin sulfate was loaded onto
gelatin microspheres, which were embedded into a silk matrix. This composite material exhibited
slower release kinetics and stronger antibacterial effects against E. coli, S. aureus and Pseudomonas
aeruginosa compared to the materials alone loaded with the antibiotic and was able to reduce burn
infection in rats.'*® In another interesting approach silver NPs with antibacterial properties were
directly synthesized on a RSF matrix. Thereby the negatively charged amino acid residues acted as

nucleation sites for positively charged silver ions and silver NPs were formed via UV -irradiation.'*°

Covalent attachment of quaternary ammonium compounds onto silk fibroin was realized
with the formation of 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride. The
antimicrobial function was not inhibited by the binding and the long chains allowed the interaction
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of the compound with the bacterial cell wall eventually killing the cell.**® Further, covalent bonds
can be introduced by creating genetic fusion proteins, which was done by genetically adding human
neutrophil defensin 2 and 4 as well as hepcidin to recombinant spider silk protein 6mer. The self-
assembling features of silk were maintained and additionally antibacterial properties against E. coli
and S. aureus without harming proliferation in mammalian cells were proven.®* The covalently
attached antimicrobial peptide Cys-KR12 to electrospun RSF not only showed a reduction of
several bacteria strains, but in addition showed an enhancement in proliferation of dermal
fibroblasts and keratinocytes as well as immune-modulating properties assisting in wound
healing.’ In a different study a non-natural azide bearing amino acid was incorporated into the
recombinant 4RepCT spider silk protein. This azide group was used for copper catalyzed azide-
alkyne cycloaddition to add the antibiotic levofloxacin. With the acid-labile glycerol-ester linker a

slow and steady antibiotic release could be achieved being effective against E. coli.®

Silk matrices were successfully modified with diverse bioactive agents and underwent in
vitro and in vivo studies. All studies incorporating GFs resulted in an improvement in cell behavior
and/or tissue generation and the studies dealing with the addition of antibacterial agents illustrated
bactericidal effects. It could be shown that dependent on the loading strategy, the agents were
released either fast or slow providing adaptable systems for different requirements in TE. Hence,

silk can be considered a promising material for bioactive agent delivery.

1.3.3 Heart muscle regeneration

The heart is a muscular, hollow organ enclosed by a protective sac, the pericardium. The
heart walls are made of myocardium and endocardium. The heart is responsible for pumping blood
through the circulatory system. This pivotal process supplies cells with oxygen and nutrients and
removes metabolic wastes. In mammals the heart is built of four chambers, left and right atria (upper
chambers) and ventricles (lower chambers). The left heart is responsible for pumping the oxygen
enriched blood via arteries to all parts of the body (systemic circulation). The oxygen depleted blood
from the systemic circulation reaches the right heart from where it is pumped to the lungs
(pulmonary circulation) for gas exchange.® The blood then enters the left heart again and the cycle

restarts in healthy individuals.

Heart failure is one of the main causes of death in industrialized nations usually resulting
from a deficiency of cardiac cells.®®® The different classes, characteristics and their impact on
physical activity are shown in Table 1. According to the American Heart Association heart failures
are categorized into left-sided, right-sided and congestive heart failure. In the left-sided heart failure
insufficient blood is pumped through the system circulation. This can have two causes: (1) he left
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ventricle cannot contract normally (reduced ejection fraction) or (I1) the left ventricle is too stiff to
relax normally and thus proper filling with blood is impeded (preserved ejection fraction). In the
right-sided heart failure blood backs up in the veins due to reduced pumping power of the right
ventricle. In the congestive heart failure fluid builds up in the body due to a reduced blood flow out

of the heart.'®*

Table 1: Classification of heart failure adapted from Baliga et al.1% 1%

NYHA o ) o 2-year Mortality
Characteristics Impact on physical activity
Class (%) on ACE-I*
I No heart failure - no rales or S3° | Asymptomatic — no limitation, 10
no shortness of breath, fatigue or
palpitations  during  physical
activity
Il Heart failure — rales (<50 % | Slight limitations — shortness of 20
lungs), Sz and  wvenous | breath, fatigue or palpitations
hypertension during physical activity
Il Severe heart failure — frank | Marked limitations — shortness of 30-40
pulmonary edema, rales (>50 % | breath, fatigue or palpitations
lungs) during activities of daily living
v Cardiogenic shock — signs | Symptoms at rest — shortness of 40-50
include hypotension and | breath, fatigue or palpitations
peripheral vasoconstriction
Heart failure — often with
pulmonary edema

# New York Heart Association
* angiotensin-converting enzyme inhibitors

§ third heart sound — associated with heart failure

The human left ventricle is made of 2-4 billion cardiomyocytes, and a single myocardial
infarction can kill up to 25 % of these cells within a few hours.**” Other reasons for loss of cardiac
cells are disorders of cardiac load e.g. hypertension or valvar heart disease, which lead to a cellular
reduction over many years'®®, Further, ageing in general is already accompanied by a reduction by
1 gram of myocardium per year even in the absence of a disease.’® The problem is that the heart is

one of the organs showing least regenerative capacity®>®

with annual cardiomyocyte turnover rates
of 1.9 % in adolescent, 1 % in middle aged and 0.45 % in old aged humans. Interestingly, human
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cardiomyocytes react to pathological workloads like hypertension, valvar disease and post-
infarction overload by reinitiating DNA synthesis without a nuclear division and therefore, most
possess polyploid nuclei.’®l 162 A potential reason for their post-mitotic state in adult mammals is
that the centrosomes of cardiac cells disassemble shortly after birth and thus, sending
cardiomyocytes into a cell-cycle arrest.®® Another possible route for cardiomyocyte production,
next to proliferation, is differentiation of cardiac progenitor cells (CPC). Although it was shown,
that CPC are activated for instance in the case of an infarction and prompted to divide, migrate,
experience lineage commitment and mitigate pathological damage,'®* the rate is too slow with the
additional issue of a severe reduction of cardiac progenitor cells during ageing.'®® In summary,
several studies offer a strong evidence for plasticity in human heart, but the processes of
cardiomyocyte production are too slow to compensate for their loss. Therefore, strategies dealing

with cellular reprogramming, stem cell therapy and tissue engineering are investigated (Figure 7).1%

Cellular reprogramming means that for instance the scar forming fibroblasts at the infarct
site are reprogrammed and become cardiomyocytes. The idea seems very appealing, but an efficient
and transgenic-free process as well as information on how normal these cardiomyocytes behave are
still missing.**® Due to the insufficient cardiac cell regeneration in the body, stem cell (SC) therapy
is a promising route for cardiac engineering. Extensive research went into analysis of the potential
of pluripotent SCs like embryonic SCs (ESC) and human induced pluripotent SCs (hiPSC), which
have the capability to differentiate into nearly all cell types, hence also cardiomyocytes. Problematic
hereby is, that often these cells are immature and lack not only expression profile, but also
morphology and function of ventricular cardiac cells.™® Another important point is that ESC
therapies would be allogenic, thus, requiring immunosuppression.’™> On the other hand, every
hiPSC, which could be obtained by reprogramming of the patient’s somatic cells, is officially a new
product that needs to undergo all safety studies before usage. The alternative could be a well-
characterized bank of several SC lines that can be matched according to human leukocyte antigen
to reduce immune suppression to a minimum.®® A further issue that must be clarified before using
PSCs is their chromosomal instability and the possibility of introduction of mutations that could
cause a malignant transformation.'®® Several clinical trials tested the treatment of heart failure
patients with bone marrow derived SCs proposing the safety of the method. Unfortunately, only
little improvement in myocardial structure and function was observed.'®® Thus, using SC alone
might not be the holy grail to cardiac repair, but the combination with a scaffold like in cardiac

tissue engineering (TE) it might lead to a breakthrough in the field.

One of the major objectives of cardiac TE is to produce functional heart muscle tissue,
which is further transplanted on malformed or injured hearts to regain normal function.®® The

expected advantages are a higher cell retention than in cell therapy®®’ and the possibility of quality
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control before implantation™®. Cardiomyocytes tend to beat spontaneously and possess the intrinsic

capacity of forming 3D functional syncytia'®®

—promising features for TE. Further, it was found,
that constructs containing mixtures of cardiomyocytes with nonmyocytes were able to develop three
times higher forces than with cardiomyocytes alone.'®® This might be due to an ECM mediated
mechanism, as ventricular rat cardiac cells showed enhanced growth on ECM produced by
fibroblasts.'®® Thus, one approach to prepare an artificial heart is to decellularize a whole heart (here
rat) by extended Langendorff perfusion leading to an almost complete removal of heart cells and
leaving the connective tissue. This tissue possesses the right shape and can further be perfused, but
a high mechanical stiffness was observed and repopulation with cells to regain full function remains

a challenge.1™

Other approaches aim at the preparation of tissue patches — either based on a scaffold e.g.

171

composite hydrogel from collagen and Matrigel with cardiac cells,”"* stacked cell sheets e.g. by co-

172 or scaffold-free

culturing endothelial with cardiac cells and stacking three of these sheets
aggregates obtained e.g. by gyratory shaking in 6-well dish'3. These patches are theoretically not
limited in width or length, but —as in all tissue engineering applications — the thickness possesses a
critical limit of about 80 um if no vascularization is present.!”* Although spontaneous
vascularization of 3D cardiac constructs was observed with!"> 17 and without'®® 1" the addition of
endothelial cells, pre-vascularization is required to obtain a reasonable thick construct of several
millimeters. Another important factor in cardiac patches is the need for electric coupling with the
host so that synchronized beating following the lead of pacemaker cells can be achieved. Therefore,
often bigger implants are investigated to enable contact with healthy myocardium.'’® Still, this is
not an easy task as the heart’s epicardium, the epithelial cell layer on the graft’s surface and/or the
formation of a cell-free ECM layer between host and implant can inhibit contacting of

cardiomyocytes.*"

Another open question is the time point of transplantation. Electrical'’” and mechanical®’
stimulation in vitro showed an enhancement in longitudinal orientation and alignment, hypertrophy
and electromechanical function, thus, resulted in more mature constructs. Important here, even in
good 3D constructs, cardiomyocytes are not showing a fully mature phenotype i.e. lacking densely

175 and possessing unusual length/width ratio.'”® However, greater cell

packed contractile machinery
differentiation leads to worse survival rates after transplantation.'® Thus, there is an ongoing search

for optimal constructs that allow to fully regenerate heart function.
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Figure 7: Routes investigated for heart muscle regeneration after myocardial infarct (grey patch on
heart). First row: cellular reprogramming — fibroblasts in the scar tissue of the myocardial infarct should
be reprogrammed to cardiac cells. Second row: stem cell (SC) therapy — stem cells are differentiated
into heart cells and then injected into the scar tissue. Third row: tissue engineering (TE) — bottom-down
approach: A scaffold is combined with heart cells (probably provided from SC differentiation) and the
construct is implanted into the infarct site. Fourth row: TE — bottom-up approach: Cell sheets or
aggregates are prepared and implanted onto the infarct site.

1.3.4 Silk in heart muscle regeneration

Lately, several studies using moth, silkworm and recombinant spider silk investigated their
suitability for cardiac regeneration. In one of the first studies, B. mori silk fibroin was mixed with
chitosan and/or hyaluronic acid. Sprayed microparticles were pressed and crosslinked with genipin.
The cardiac patches were seeded with ratMSCs, and it was shown that growth rate and
differentiation were superior on the hybrid patches.’® In the first follow up study patches from silk
with hyaluronic acid pre-seeded with or without BMSC were implanted in rats onto induced
myocardial infarcts. Especially the cell loaded constructs showed improvement of left ventricular
modeling, low to no cytotoxic response, prevented apoptosis of cardiomyocytes, restored contractile
proteins and stimulated the secretion of growth factors for cardiac repair.'®? Further, silk and

chitosan-hyaluronan patches without cells were implanted in rats onto myocardial infarcts showing
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similar promising results than the previous study suggesting the suitability of hybrid silk constructs

in cardiac regeneration.'83

Stoppel et al.’® examined anisotropic and isotropic B. mori sponges blended with cardiac
tissue-derived ECM or collagen using atrial cardiomyocytes and hESCs derived cardiomyocytes
and additional in vivo tests. The aligned structures in combination with ECM cues supported cell
infiltration and vascularization in vivo as well as a functional phenotype in vitro.’® Castellano et
al.®® compared electrospun silkworm silk with PCL, PLA, polyamide, poly(3-hydroxybutyrate)
and non-crosslinked collagen membrane in terms of cell compatibility using cardiac cells and MSC.
Although cell attachment was comparable to controls, in vivo studies showed an encapsulation due
to foreign body response and no prevention of negative remodeling after the myocardial infarct was
observed.™® In another study, BMSC and menstrual blood derived SCs were seeded onto sponges
from B. mori silk. They could show that the SCs attached and distributed well in the scaffold and
in addition proliferation and the level of cardiac differentiation marker was higher than in 2D
controls.*® Another group showed that cardiac progenitor cells seeded into anisotropic B. mori silk
sponges distributed uniformly and synthesized a great quantity of ECM. Analysis with qPCR
revealed similar protein expression levels than in cardiac tissue, proving the possibility of

resembling a stem cell niche driving efficiently cardiac progenitor cell commitment.*®’

Antheraea mylitta silk coated on glass coverslips and in form of a foam was investigated
using primary cardiomyocytes from postnatal rats. Cardiomyocytes efficiently attached, responded
to extracellular stimuli, expressed connexin 43 (cell communication), exhibited aligned sarcomers
(basic unit responsible for contraction) and coupled electrically with each other resulting in
synchronous beating. Due to the inherent RGD domain in Antheraea mylitta silk, it outperformed
B. mori silk in this study.'®® In another study Antheraea assama silk was compared to B. mori silk
by investigating neonatal cardiomyocytes on micro-grooved films. In general, Antheraea assama
silk outperformed silkworm silk in terms of mechanical robustness, elasticity, cell compatibility
and lower immunogenicity in vivo. The grooved structure allowed the production of aligned cell
monolayers with an upregulation in several factors i.e. connexin 43, myosin heavy chain alpha and
troponin | (maturation and functionality). Additionally, these layers could be stacked to form a 3D

construct.®®

On the foam of the recombinant spider silk protein VN-4RepCT — an analog of
Euprosthenops australis MaSp1 with a vitronectin tag — hESC could be successfully differentiated
into cardiomyocytes. Under xeno-free conditions, markers for cardiac lineage were expressed.®” In
another study materials made of the recombinant spidroins rS1/9, rS2/12 and the RGD variant of

the latter one — all originating from Nephila species — were compared to silkworm silk. The
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electrospun mats, especially the variants containing RGD, showed promising results when seeded
with neonatal rat cardiomyocytes. The cells attached, grew and formed confluent layers, but also
formed a cardiac syncytium and were shown to be fully functional, thus, capable of coordinated

contraction.®

In general, the low to no immune response, the slow biodegradation and the possibility to
form various morphologies make silk a very interesting material in cardiac TE applications. The
results using B. mori silk are slightly diverse, being not very persuading. The reason could be the
missing cell binding motifs, as blends with other materials like collagen offering these binding
moieties indicated positive results. Hereby, recombinant spider silk provides the advantage to
genetically add such cell binding peptides like in rS2/12-RGDS triggering cell behavior. Further,
recombinant silk can be produced in big amounts and in constant quality. Especially, the xeno-free

preparation of 4RepCT and its variants seems promising.

1.3.5 Nerve regeneration

The nervous system is responsible for transmission of signals throughout the body by
detecting environmental changes and responding to them. In higher developed organisms, it can be
divided into two parts, namely the central nervous system (CNS) and the peripheral nervous system
(PNS). The CNS consists of the brain and spinal cord and the PNS includes all nerve bundles
connecting the CNS with the rest of the body. The PNS can be divided into sensory and motor
division responsible for transport of information in form of chemical signals and electrical impulses

from a receptor to the CNS or the CNS to effectors (muscle and glands), respectively.

A peripheral nerve consists of several layers, whereby the smallest unit are neurons
(Figure 8). A neuronal cell consists of a cell body and different extensions —the short ones are called
dendrites and are responsible for sensing signals, the long ones can grow up to a meter, are called
axon and are responsible for signal transmission.*®® The axons can be covered by a myelin sheath
as a protection as well as for faster signal transduction. These nerve fibers are enclosed by the
endoneurium, a loose connective tissue. Numerous of these form a nerve bundle/fascicle, which in
turn is covered by the perineurium. Several fascicles and blood vessels are bundled together by the

epineurium forming a peripheral nerve.'%
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Figure 8: Peripheral nerve: Neuronal cells are composed of a cell body with two types of extensions:
neurites (short extension for sensing signals) and axons (long extensions for signal transduction). In
higher developed organisms, axons are often covered by a myelin sheath for protection and faster signal
transduction. Such nerve fibers are enclosed by the endoneurium and several of these are then collected
into fascicles surrounded by the perineurium. The fascicles, blood vessels and fibroblasts form the nerve

trunk and are surrounded by the epineurium.

Injuries at the peripheral nerve system can occur from vehicle or industrial accidents,
penetrating trauma or falls and can lead to muscle paralysis or a complete or partial loss of motor
functionality. Estimates assume approximately five million cases of peripheral nerve injuries every

year.'%? Robinson!®?

summarized in a Table the classifications of nerve injuries as described by
Seddon®® and Sunderland® including the pathology as well as the prognosis - this table is shown

as Table 2.1
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Table 2: Classification systems of nerve injuries as present by Robinson!

Seddon
classification

Sunderland
classification

Pathology

Prognosis

Neurapraxia

First degree

Myelin injury or ischemia

Excellent recovery in weeks to
months

Axonotmesis

First degree

Axon loss, variable stromal
disruption

Good to poor, depending upon
integrity of supporting structures
and distance to muscle

Second degree

Axon loss, endoneurial tubes,
perineurium and epineurium
intact

Good, depending upon distance
to muscle

Third degree

Axon loss, endoneurial tubes
disrupted, perineurium and
epineurium intact

Poor, axonal misdirection,
surgery may be required

Fourth degree

Axon loss, endoneurial tubes
and perineurium disrupted,
epineurium intact

Poor, axonal misdirection,
surgery usually required

Neurotmesis

Fifth degree

Axon loss, endoneurial tubes,
perineurium and epineurium

No spontaneous recovery,
surgery required, prognosis after

severed surgery not guaranteed

The PNS reacts to an injury — crush or section — by active de- and regeneration. It begins
with the Wallerian degeneration of the distal axon part.'*® Hereby, first the axonal skeleton and then
the myelin sheath degenerate. Macrophages infiltrate and clear the debris, promoting
vascularization'®” and axonal regeneration®®. Schwann cells dedifferentiate into a pro-regenerative,
nonmyelinating phenotype and start to proliferate and migrate. They express surface proteins,
secrete neurotrophic factors and deposit basal lamina proteins e.g. laminin and fibronectin, to form
bands of Bungner. This bands guide the way for reinnervation of the proximal part activated by
certain signaling pathways.% 2% |f the gap between the distal and proximal part is too wide, fibrin
deposition and scar tissue formation occurs in its way, limiting reinnervation. Thus, the nerve will
not gain back its original function.?® In such cases, surgery can help, whereby a tension-free end-
to-end suture is favored for gap sizes smaller than one centimeter. For bigger gap sizes (20-80 mm)
nerve autografts e.g. from the patient’s sural nerve, are the current gold standard.?®® Hereby, the

axons within in the autograft degenerate and leave a 3D network of ECM with aligned structures
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that gives physical guidance and allows the ingrowth of the proximal nerve stump. In addition to
this physical guidance, the autograft provides chemical and cellular signals i.e. neurotrophic factors
and Schwann cells. Unfortunately, this treatment shows limitations in supply of donor nerve, results
in donor morbidity, shows limited restoration function to the acceptor site, induces the risk of
neuroma formation and needs time consuming surgery.'*> The success rate, getting back good to
excellent motor or sensory function, is below 50 percent.?? An attractive alternative are nerve
guidance conduits (NGCs), which should provide a guidance similar to autografts along which the

nerve stumps can regrow towards each other.?%

The ideal NGC is depicted in Figure 9. It is biocompatible, immunologically inert and
biodegrades slowly to avoid foreign body reactions and scar tissue formation. The materials used
should be flexible and soft and at the same time possess a high tensile strength mimicking the natural
model — the ECM with its basal lamina.!®? The tube should be semi-permeable. On the one hand, it
should avoid infiltration of inflammatory cells and myofibroblasts, which would impede nerve
regeneration by for instance depositing axon repulsive proteoglycans. On the other hand, they
should allow diffusion of gases, vital nutrients and factors and permit revascularization to provide
a good regenerative environment.? Furthermore, the material should provide a physical guidance
cue to lead the way for Schwann cells and growing axons, termed contact guidance theory.!*?
Moreover, studies claimed beneficial effects on reinnervation upon the addition of bioactive
molecules, ECM-like matrix, supporting cells and electrical conductivity. Bioactive molecules like
neurotrophic factors assist the survival, growth and differentiation of neural cells. Ideally, these
factors are released in controlled doses over an extended period of time to allow for long term
repair.?®® In order to resemble the natural environment of a peripheral nerve, ECM-like matrices
containing for example collagen®, laminin or fibronectin®®’ were introduced. Cellular assistance
can be provided by the introduction of Schwann cells. Autologous Schwann cells and stem cells,
with the capability to differentiate into Schwann cells, gave promising results.®> Additionally,
technical requirements concerning production, sterilization, long-term storage and surgical

handling need to be met.*>2%

Up to now, most FDA approved NGCs consist of a hollow tube and are made of synthetic
polymers like for example PGA (Neurotube), PVA (SaluBridge/SaluTunnel), polyhydroxybutyrate
(AxonScaff/Cellscaff/StemScaff), poly(bL-lactic-co-e-caprolactone) (NeurolLac). Furthermore,
collagen I was used as a tube forming material (NeuraGen, NeuroMend, NeuraWrap,
NeuroMatrix/Neuroflex).2%® These tubes fail in treatment of larger nerve gaps, probably due to the
missing filling. In an attempt to solve this problem, NeuraGen 3D was developed. Here, the
NeuraGen tube was filled with a collagen-glycosaminoglycan matrix.?®® Another approach uses

processed human nerve allograft (Avance® Nerve Graft) to provide a naturally derived NGC.2?%°
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However, current clinical data suggests that NGC show a similar performance than autologous
nerve grafts for short gaps, but are still outperformed in large gaps (> 20 mm).%®° A possible

explanation could be the missing chemical and cellular signals, which did not yet obtain regulatory

approval.1%?
diffusive
electriacal
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molecules
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Figure 9: The optimal nerve guidance conduit (NGC). NGCs should provide a semi-permeable
membrane, an ECM-like filling, physical guidance cues, support cells, bioactive molecules and

electrical stimulation.

1.3.5.1 Self-rolling tubular structures

The fundamental part of an NGC is a tubular structure, which can be further equipped with
the beforementioned bioactive molecules, supporting cells, guidance cues and ECM like filling.
Post-preparational filling of tubes with these additives can be tricky. Therefore, a self-rolling
approach, where the additives can be applied onto a film and rolling can be induced afterwards,

would be beneficial.
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Self-assembling mechanisms are a major driving principle of structure formation in nature
and hence the concept of intelligent materials.?** !2 The idea is to mimic mechanisms observed in
organ development, fruit growth and plant movement as for instance the closing mechanism in a
Venus fly trap. A transition from concave to convex structure evoked by hydration allows the trap
to close its “jaws” in only 100 ms.?** 24 The principle behind this natural mechanism is an
inhomogeneous reaction of an either inherent inhomogeneous material or of the different layers of
a multi-layer system in response to environmental stimuli like a change in pH, temperature, solvent,
light, electric field or enzyme concentration.?®* 2% In multi-layer systems the layers are termed as
active and passive. The active layer responds to the environmental stimulus by swelling and thus,
induces a change in the passive one. If the passive layer is hard, wrinkles and creases are formed,

whereas if the passive layer is soft curling and rolling occurs to release the internal stress. 2%/

Imitating this principle can be used to produce self-folding microconstructs, often referred to
as microorigami. Advantages are not only the quick and reproducible fabrication but also the
possibility to render the chemical properties as well as the morphology of the interior and exterior
of the constructs.?*> 217218 pjoneering work in the field of self-folding materials was performed by
Jager et al.?*® and Smela et al.??®. They were the first working with metal-polymer films, which
responded to an electric signal. Several more self-rolling approaches comprising metals were
performed.??: 222 These are mainly interesting as microelectronic devices, though inapplicable in
the field of biomedical engineering, as they show a limited biocompatibility and are non-
biodegradable. Thus, stimuli-responsive polymers were gaining more and more interest in this field.
They respond to mild changes in their environment by undergoing dramatic changes in physico-
chemical properties as for instance a volumetric change due to swelling.?? Common intelligent
polymers used in this field are pH-, thermo- or solvent responsive.?*> Sometimes they are even
multi-responsive, hence reacting to several stimuli like poly(N-isopropylacrylamide-co-acrylic
acid) responding to temperature and pH.?** Poly(N-isopropylacrylamide) derivatives were often
used and show an excellent performance as active polymer, but are not biodegradable.?!” 224227
Therefore, biodegradable polymers like gelatin®?, polysuccinimide®® or silk?* were investigated

as self-rolling tubes also for the use with cells.
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1.3.6 Silk in nerve regeneration

Several studies using silk fibroin or spider silk in combination with nerve and/or Schwann
cells gave promising results. Schwann cells were cultured in the presence of silk fibroin extract
fluid and no difference was observed compared to plain medium in terms of morphology, viability,
proliferation and factor secretion suggesting very good biocompatibility of silk fibroin-based
materials.?®® Further, Schwann cells seeded onto electrospun silk fibroin non-woven mats exhibited
more ordered and longer outgrowths as well as more extensive and more complex interconnections
compared to polylysine.?! In another study, B. mori silk tubes were filled with Spidrex® fibers and
implanted to bridge an 8 mm gap in rat sciatic nerve. After 12 weeks, the number of myelinated
axons, gastrocnemius muscle interaction and hind paw stance (catwalk food print analysis) were
comparable to that of animals with the autologous nerve graft control.?? Further, several studies
investigated silk fibroin blends with natural or synthetic polymers like chitosan, collagen,
tropoelastin, PLLA, poly(lactide-co-glycolide) (PLGA), poly(lactide-co-caprolactone) (PLCL),

polyacrylamide or poly(p-dioxanone) as reviewed in?*

. An interesting study here used a lysine-
doped poly(pyrrole)/regenerated spider silk protein/PLLA/nerve growth factor (NGF) composite
scaffold prepared by co-axial electro-spraying and -spinning. First tests with PC-12 cells were
already successful in terms of biocompatibility, cell adhesion and stable conductivity and successive
in vivo tests bridging a 2 cm sciatic nerve gap in rat showed a promotion in Schwann cell migration

and axonal regrowth within 10 months.?3

Other studies investigated natural fibers from Nephila spiders as nerve guidance cues
embedded with Schwann cells in Matrigel inside of acellularized veins.?** After this first successful
study a 2 cm sciatic nerve defect in rats was bridged with and without Schwann cells and Matrigel.
It was shown that all constructs lead to nerve regeneration within 6 months by guiding Schwann
cell migration and proliferation and axonal re-growth.?® In a later study, a 6 cm tibial nerve defect
in sheep was bridged with an acellularized pig vein construct filled with Nephila fibers and
compared to autologous nerve grafts. No significant difference was observed in Schwann cell
migration, axonal regrowth and remyelination including electrophysiological recovery.®® In an in

vitro study, it was even suggested that these constructs are able to bridge a 15 cm gap.2%

Recombinant silk is scarcely used in peripheral nerve repair, and mainly in vitro studies are
available. Neural stem cells were investigated on films of the Euprosthenops australis derived
4RepCT protein and showed successful proliferation as well as maturation into neurons at the
presence of bone morphogenetic protein.?” Films of the Nephila clavipes derived rMaSp1 protein
supported growth of primary rat cortical neurons in terms of axon extension and network

connectivity, and in addition, an increase in neural cell adhesion molecule expression was
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observed.”® Foams of another Nephila clavipes derived protein rS1/9 film was implanted into
midline dorsal subcutaneous areas in mice and promoted the ingrowth of nerve fibers and

vascularized connective tissue elements.®

Thus, silk seems to be a promising material for nerve regeneration not least because of its
outstanding mechanical properties combined with biocompatibility. Especially, in terms of
recombinant silk more investigations are necessary, to finally confirm its suitability in bridging

nerve gaps.

1.4 Bioinstrumentation

According to Berkley Bioengineering, “Bioinstrumentation is the development of
technologies for the measurement and manipulation of parameters within biological systems,
focusing on the application of engineering tools for scientific discovery and for the diagnosis and
treatment of disease”.*® Bioinstrumentation spans a wide field of commonly computer-assisted
devices, biosensors being one of them. The basic principle of a biosensor is the transformation of a
chemical information like the concentration of a certain analyte in the sample into an analytically
useful signal. Hence, the two basic elements are the biological recognition system and a

240

physicochemical transducer=™ connected to a computer to produce a user-friendly read-out. The

biological recognition element should be sensitive to the desired analyte and measure it with a high

241

degree of selectivity,”** a feature often attributed to enzymes.

1.4.1 Enzyme confinement

Catalysts decrease the activation energy needed for a chemical reaction and thereby increase
the reaction rate without being used up themselves. Thus, a catalyst changes the kinetics, but not
the thermodynamics of a reaction, i.e., the equilibrium is achieved faster with a catalyst than
without, but the equilibrium is not changed. A catalyst influences the reaction mechanism by
forming an often otherwise instable intermediate with the reactant and thereby it lowers the potential
energy. Nature is an expert in using biocatalysts, called enzymes, to perform enantiopure, site- and
substrate-specific reactions in an all-aqueous system at body-friendly reaction conditions. Another
essential part of nature’s ingenuity is its ability to run all reactions in a crowded environment i.e.,
synthetic reactions occur mainly in cells in our body, often in specific compartments thereof. This
compartmentalization helps to organize reaction processes as well as it enhances efficiency

thereof.?#
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In an attempt to use this natural principle, enzymes are immobilized by either adsorbing or
binding them to a surface, physically entrapping them in a matrix or encapsulating them in a
container.?** Enzymes can be fixed onto a surface by adsorption to the surface via non-covalent
interactions either directly with the surface or via affinity tags e.g. biotin coupled to the surface
interacting with streptavidin bound to the enzyme. Further, enzymes can be bound covalently to a
surface via an organic linker either directly connected to the surface using for instance crosslinkers
like glutaraldehyde or to a soft coating like an amphiphilic bilayer.?** These methods commonly
also allow to immobilize more enzymes to enable cascade reactions. Special systems were
developed, to even precisely control the spatial arrangement of the enzymes e.g. a DNA origami
nanotube was used to precisely position glucose oxidase (GOX) and horseradish peroxidase
(HRP).2* For physically entrapment of enzymes in a matrix, the components are often mixed in
liquid form and then processed into the matrix e.g. bioactive glasses were prepared by a sol-gel
method encapsulating HRP in (alkylated) silica.?* In all these approaches care must be taken to not
block the active site of the enzyme as this would cause a decrease or complete suppression of the
catalytic activity. An advantage of immobilized enzymes is the ease in separating the product from

the enzyme.

Another approach are volume confined containers to encapsulate enzymes. Hereby,
enzymes in solution are encapsulated in distinct compartments. The substrate can either be supplied
by placing it directly with the enzyme into the container, by fusing two compartments like vesicles
one filled with the enzyme and the other with the substrate, or by diffusion in semi-permeable
containers.?*® The membrane can protect the cargo from harmful, like for instance hydrolytically
active substances in surrounding media. Realizations of such a system are depicted in Figure 10: (1)
vesicles like liposomes from biological bilayers®*" 2#8 or polymerosomes consisting of amphiphilic
block copolymers®®®; (1l) protein cages with proteinous boundaries like in prokaryotic
microcompartments or virus capsids®?; (111) reverse micelles for example formed by emulsions
from ionic liquids or surfactants?®*; (1) water-in-oil droplets forming semi-permeable capsules
from amphiphilic molecules®?; (V) polymer capsules like polyelectrolytes using a layer-by-layer
approach to form a capsule around a removable template®?; (V1) arrays of small reaction vessels

prepared for instance by chemical etching®-.
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Figure 10: Schematic drawing of enzyme containers: liposome from an amphiphilic molecule e.g. (A)
small unilamellar vesicle (diameter in tens of nanometer range) or polymerosome (diameter up to a few
micrometers); (B) protein cage formed by proteinous boundaries e.g. virus capsid (diameter in the tens
to hundreds nanometer range); (C) reverse micelle formed from an amphiphilic molecule e.g.
phospholipid monolayer (diameter in tens of Angstrém range); (D) semi-permeable capsule formed
from amphiphilic molecules in a water-in-oil system e.qg. spider silk as described in the following chapter
(diameter varies between systems from several up to hundreds of micrometer); (E) polymer capsuled
formed by a layer-by-layer approach after template removal, usually a positively and negatively charged
polymer are used consecutively e.g. poly(styrene sulfonate) (-) in combination with poly(allylamine
hydrochloride) (+) (diameter varies from hundreds of nanometer to several micrometer); (F) array of
small reactions vessels obtained by e.g. chemical etching containing usually one enzyme only (vessel

diameter are a few micrometers and height from several hundred nanometers to a few micrometers)
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1.4.2 Silk in enzyme confinements

Matrices from silk fibroin were found to stabilize enzymes in liquid and solid form in terms
of temperature, pH, electrodialysis, proteolysis, UV light, detergents and/or organic solvents.
Mainly, bulk-loaded silk films were investigated, where silk and enzyme were simply mixed in
liquid state and cast. This approach was often applied in the field of biosensors using redox
enzymes. Hereby, an electrode was coated with a silk film containing the desired enzyme e.g. GOX,
to monitor the amount of the substrate in a given analyte e.g. glucose level in blood.?®® Further,
porous silk fibroin membranes, sponges, microparticles, powders, fibers, woven fabrics and mats

and even inks?®

were prepared. These B. mori silk scaffolds were either kept as they are, if a water-
soluble system was required or rendered water insoluble by either alcohol treatment, water
annealing, glutaraldehyde crosslinking or physical treatment. Several studies dealt with HRP and
GOX but also other enzymes like lipase, cholesterol oxidase, tyrosinase, ribonuclease, alkaline
phosphatase, uricase, L-asparakinase, heme proteins, phenylalanine ammonia-lyase, invertase,
organophosphorus hydrolase and -glucosidase were examined for industrial, diagnostic, medical
and biosensor applications. Especially in terms of biosensors, the matrix permeability plays a crucial
role and could be controlled via the secondary structure i.e. B-sheet content or addition of porogens
e.g. PEG.%?" All these systems have in common, that the enzymes are encapsulated within the silk
network. The glassy dynamics suppresses enzyme’s mobility via -relaxation processes, which
prevents unfolding and mass transport of reactive species that would be necessary for

degradation.?®® Hence, a long storage life can be provided as well as a greater reusability.?%’

In order to protect biologicals in solution, layer-by-layer silk fibroin capsules were used as
a cage. Here two strategies were investigated: (1) pre-loading strategy, where a porous template like
silica was loaded with the biological and after silk capsule formation, the core was removed®® and
(1) post-loading strategy, where layer-by-layer microcapsule was formed from silk fibroin modified
with either poly(lysine) (+) or poly(glutamic acid) (-), which allowed pH triggered permeability
that could be used for encapsulation and release of the biosensing system?®. Another approach used
spider silk capsules for enzyme entrapment. Hereby, the amphiphilic silk protein self-assembled at
an oil/water interface, thereby forming a nanometer-thin film, which was either immediately water

insoluble, when toluene was used?® 262

or had to be post-treated in an ethanol/water bath, when
silicon oil was used as an organic phase. This film protected the encapsulated -galactosidase even
against proteases, whereby the substrates as well as the products could diffuse freely. Additionally,
a-complementation was used to control the activation of -galactosidase. Therefore, the inactive
enzyme precursor EA22 was encapsulated. Then the peptide ED28 could be added to the

surrounding medium, which was able to diffuse through the capsule wall to activate the enzyme by
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inducing dimerization.'** In another approach using recombinant spider silk esterase-2 was

genetically coupled to the silk protein. This modified silk protein could then be self-assembled into

nanofibrils or particles, retaining enzyme activity.?®3
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2 Aim of the work

Silk is a promising material for biomedical applications. Within this work the suitability of
engineered Araneus diadematus fibroin 4 (eADF4(C16)) and variants thereof was investigated for

use in the field of biomedical engineering.

The first study aimed the development of an all aqueous electrospinning process for spider
silk proteins. The morphology, secondary structure content and thermal behavior of the resulting
nonwoven silk mat should be characterized and compared to nonwoven mats produced by
previously established methods. Further, a model for a sensitive bioactive compound should be

incorporated to investigate the ability of the process to preserve the molecules activity.

The aim of the second study was to expand the bactericidal effect of selenium nanoparticles
towards gram-negative bacteria. This should be realized by applying a silk coating. The morphology
of coated nanoparticles as well as the secondary structure content of the silk coating should be
characterized. The coated particles should be tested for their effect against gram-negative bacteria

and on eukaryotic cells.

The aim of the third study was to determine the potential of eADF4(k16) films for heart
muscle regeneration. The films should be characterized in terms of secondary structure content and
water contact angle. Then cardiac cell response to these films should be investigated applying
different conditions in order to determine their ability to attach, communicate, contract and their

reaction to external stimuli.

The fourth study aimed the characterization and development of a tubular structure for use
as a nerve guidance conduit (NGC) in nerve regeneration. In order to assist re-growing peripheral
nerves, it is beneficial, if the inside of the tube wall as well as its filling is adjustable. Therefore, a
biodegradable self-rolling tubular structure should be developed, which allows for modifications of
the inside tube wall with different silk types and morphologies as well as the addition of filler
material. After optimization the tubes should undergo cell viability and differentiation studies to

determine, if the designed NGC is able to guide neural outgrowths.

The aim of the fifth study was the optimization and characterization of the beforementioned
tubular structures for use as enzyme containers. The tubes should be analyzed in terms of swelling,
chemical stability and molecular weight cut-off. The containers should be filled easily with various
enzyme solutions and retain these enzymes inside, while still allowing the diffusion of their
substrates, intermediates and products. The system should be established by using a single enzyme
reaction. Later, an enzyme cascade should be mimicked by using two enzymes, each in a separate
tube.
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3 Synopsis

This dissertation entails five publications and one manuscript showing a variety of
applications using spider silk scaffolds in the field of biomedical engineering. It starts with a review
about the use of the biomaterial ‘recombinant silk proteins’ in biomedical applications. The four
following papers investigate the usability of spider silk scaffolds in tissue engineering. Two papers
study the addition of possible additives to silk scaffolds to introduce either a sensitive biological
substance or an antibacterial substance. The next two papers deal with the use of spider silk
scaffolds for in vitro cell seeding. 2D spider silk films were investigated for cardiac tissue
engineering and self-rolling bilayer structures for nerve regeneration. The last paper moves towards
in vitro diagnostic tools and investigates the self-rolling bilayers as an enzyme container. A

schematic overview is given in Figure 11.
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Figure 11: The dissertation starts in the middle of the spiral with a review about biomedical applications
of recombinant silk proteins. The path goes on to silk with bioactive agents improving its usability in
tissue engineering, namely active biological substances and antibacterial agents. Then the interaction of
cells with spider silk scaffolds was investigated. Films underwent tests for heart muscle regeneration
and self-rolling bilayers for nerve regeneration. These self-rolling bilayers were further analyzed for use

as enzyme containers.
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The first part of this dissertation is a review article (chapter 7, publication I, Biomedical
Applications of Recombinant Silk-Based Materials). It provides a broad overview of the state of
the art of recombinant silk-based materials in biomedical applications. Silk proteins have been
transformed into various morphologies for use in regenerative medicine i.e. fibers, films, foams
and hydrogels. Moreover, implant coatings seem a promising near-future application, whereas
several drug delivery approaches using hydrogels, films, capsules and particles did not yet made

the translation into clinics.

The second part is a publication (chapter 7, publication Ill, Aqueous electrospinning of
recombinant spider silk proteins). A completely aqueous process for electrospinning and post-
treatment of spider silk nonwoven mats was developed. The nonwoven mats were compared to
conventional spun nonwoven mats in terms of morphology, secondary structure content and
thermal behavior. The structural sensitive green fluorescent protein (GFP) and eADF4(C16)
genetically modified with GFP were successfully encapsulated. Both kept their activity and the

release could be studied.

The third part is a manuscript (chapter 7, manuscript 1, Enhanced antibacterial activity of
Se nanoparticles upon coating with recombinant spider silk protein eADF4(x16)) dealing with the
coating of antibacterial selenium nanoparticles with eADF4(k16) to increase the nanoparticle’s
antibacterial effects against Gramm-negative bacteria. The size, charge and coating of the
nanoparticles was characterized, before their effect on eukaryotic and prokaryotic cells was

investigated.

The fourth part consists of a publication (chapter 7, publication Il, Surface Features of
Recombinant Spider Silk Protein eADF4(x16)-Made Materials are Well-Suited for Cardiac Tissue
Engineering) dealing with the interaction of cardiac cells on eADF4(x16) films. The water contact
angle and the secondary structure content were determined. Then, cardiomyocytes were seeded and
their response to the material under different external stimuli was examined to determine the

materials suitability for cardiac TE.

The fifth part of this work is a paper (chapter 7, publication V, Nerve Guidance Conduit
Design based on Self-rolling Tubes). It analyses the suitability of self-rolled tubular structures
filled with a silk film, aligned silk nonwoven mats and an anisotropic collagen cryogel as a nerve
guidance conduit. The mechanical properties of the materials, their morphology and the response

of a nerve cell line were analyzed.
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The sixth part is a publication (chapter 7, publication 1V, Self-Rolling Refillable Tubular
Enzyme Containers Made of Recombinant Spider Silk and Chitosan). Self-rolling tubular
structures were prepared, the swelling degree, the stability towards aqueous and organic solvents
(SEM + gravimetric analysis) and the molecular weight cut-off (photometric) were determined.
Then one- or two-tubes systems were created allowing the addition of one/two enzymes and

analyzing their reactions.

3.1 Scaffold with bioactive substance

Here, an all-aqueous process was developed to prepare electrospun nonwoven meshes for
mild encapsulation of active biological substances. Therefore, an aqueous solution of the
recombinant silk protein eADF4(C16) was prepared at a high concentration and mixed with PEO
to obtain the desired viscosity for spinning. A standard nonwoven mat prepared from HFIP solution
was used as control. For this electrospinning process the silk polymer solution was transferred into
a syringe connected to a pump. The needle was conducted with the collector plate, so that the droplet
at the needle forms a Taylor cone by applying a high voltage. From this Taylor cone a liquid jet was
accelerated towards the collector plate. The solvent evaporated in air and wipping instabilities lead
to a random deposition of spider silk nanofibers onto the collector.?®* After the spinning process the
samples were subjected to different post-treatment methods using ethanol vapor or water annealing
at different temperatures. Analysis of the materials using Fourier transform infrared spectroscopy
(FTIR) with subsequent Fourier self-deconvolution (FSD) for secondary structure determination,
differential scanning calorimetry (DSC) as well as scanning electron microscopy (SEM, Figure 12)
showed no difference in secondary structure content (35.9 + 1.3 % in all aqueous system and 38.6
*+ 1.2 % in all organic system), the successful removal of PEG with post-treatment and a slight

melting of the nonwovens in all aqueous processes, respectively.

Green fluorescence protein (GFP) was used as a model for an active biological substance. It
only fluoresces when its tertiary structure arranging the fluorophore is intact, allowing to easily
analyze the destructive power of every step in the process. It could be shown that only an all aqueous
system was able to retain its activity. GFP could be released from the nonwoven mat with a recovery
rate of about 90 % within about 30 minutes. In order to avoid this burst release, a spider silk variant
with genetically coupled GFP was incorporated into the nonwovens. This sample also showed a
high activity after aqueous spinning and post-treatment, but no release of GFP was observed. Thus,
the eADF4(C16) part of GFP-eADF4(C16) is fully integrated in the eADF4(C16) scaffold, whereby
the structure of GFP was preserved. In future genetic modification of eADF4(C16) with different
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signaling biologicals with an enzymatically cleavable linker could be imagined, enhancing the

formation of new tissue.
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Figure 12: Electrospun nonwoven spider silk mat from aqueous solution with GFP. (a) SEM image of
eADF4(C16) nonwoven mat spun from an aqueous solution and post-treated by water annealing at
37 °C. The fibers slightly melted together, but can still be clearly distinguished from each other. (b)
Inverted fluorescence scanner images of eADF4(C16) nonwovens with GFP electrospun from HFIP or
aqueous solution after different post-treatment procedures. GFP was only active in all aqueous
processes. () Cummulative GFP release over time of unbound GFP (C16aq + GFP) as well as
genetically coupled GFP (C16aq + GFP-C16) from eADF4(C16) nonwoven mats. The unbound GFP
was released within 30 minutes, no release was observed from the genetically coupled GFP over
250 minutes. (d) Fluorescence microscope images of GFP release from unbound GFP (C16aq + GFP)
as well as genetically coupled GFP (C16aq + GFP-C16). In the case of unbound GFP the picture was
blurry already after 15 minutes proving a substantial release. After one day the GFP in the genetically
coupled version was still active and clearly associated with the nonwoven mat. Reproduced (adapted)
with permission.?®® Copyright 2019, Elsevier GmbH.
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3.2 Particles as antibacterial agent

This study was performed to extend the scope of selenium nanoparticles (NPs) showing
antibacterial properties against gram-positive bacteria towards gram-negative bacteria by applying
a spider silk coating. The NPs were coated by mixing them into an aqueous eADF4(k16) solution
and subsequent washing (Figure 13). As a control, the NPs were coated with poly(vinyl alcohol)
(PVA) in a similar fashion. TEM imaging proved a quite homogeneous size distribution of about
46 nm in both cases. Energy dispersive spectroscopy (EDS) analysis as well as FTIR measurements
proved the presence of silk. Further FSD analysis of the FTIR data proved to be in the desired B-
sheet rich secondary silk structure with 40.7 £ 0.8 %. The zeta potential of the NPs was determined
to be positive in case of the silk coating (46.0 £ 0.6 mV) and slightly negative in case of the PVA
coating (-7.3 £ 0.1 mV).

Antibacterial tests using E. coli as a model for gram-negative bacteria showed, that the
minimum bactericidal concentration of the silk coated NPs was 50 times lower than the that of the
PVA coated NPs. The morphologies of E. coli after treatment determined by SEM explained this
effect. The negatively charged cell wall of E. coli seemed to repel the negatively charged PVA NPs,
whereby the silk coated NPs were attached to the bacterial cell wall. The silk coated NPs were
further incorporated into eADF4(C16) and eADF4(k16) films to avoid aggregation in nutrient-rich
medium. Only the particles in the positively charged eADF4(x16) film showed an antibacterial
activity using colony forming units assay (Figure 13). This can presumably be attributed to the
release of the silk coated NPs from the positive film due to electrostatic repulsion, which was
confirmed by analyzing the supernatant with inductive coupled plasma-optical emission
spectrometry (ICP-OES).

The viability of Balb/3T3 fibroblasts and HaCaT keratinocytes in the presence of the NPs
was investigated. PVA coated NPs showed no negative effect on fibroblasts, whereby silk coated
NPs showed cytotoxic effects at four times the bactericidal dose. A cytotoxic effect in HaCaT was
observed in both cases at the same concentration. This concentration corresponds to eight times the
bactericidal dose in silk coated NPs, but to one eight of the bactericidal dose in PVA coated NPs.
This study presents an alternative to antibiotics with the advantage, that up to now no prove was
found, that bacteria can develop resistance against NPs. Especially hospitals are a hot spot for
infections, so called healthcare associated infections with a considerable part of them being
surgical-site infections.?®® The silk coated NPs could be encapsulated in various scaffolds protecting

the TE construct from bacterial infections avoiding after surgical complications.
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Figure 13: Spider silk coated Se NPs. (a) TEM images of eADF4(kx16) coated Se NPs show a
homogeneous size distribution. (b) Colony Forming unit (CFU) of E. coli of eADF4(k16) coated Se NPs
encapsulated in eADF4(kx16) and eADF4(C16) films compared to the films without NPs. Only the
eADF4(x16) film with coated NPs reduced the CFU. (c-f) SEM images of E. coli without (¢ & €) and
treated with (d & f) silk coated Se NPs clearly attacking the bacteria. (g) Agar plate of CFU tests with
E. coli incubated with different amounts of silk coated Se NPs. At 15.6 pg/ml no colonies were found

at any E. coli concentration applied.

3.3 Heart muscle regeneration

The third study was devoted to heart muscle regeneration. The cellular behavior of primary
cardiac cells from 3-days-old Sprague-Dawley rats on eADF4(x16) films was investigated and
compared to fibronectin (positive control) and gelatin (neutral control) coating. The silk films were
prepared by a dip-coating process. For the positively charged eADF4(x16), cleaned glass coverslips
were dipped into an eADF4(k16) solution in formic acid and dried on parafilm to enable a complete

coverage of the coverslips avoiding delamination during cell culture.
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The films were characterized using water contact angle measurements and secondary
structure determination via FTIR with FSD. The water contact angle of the eADF4(k16) film was
38 + 9 ° Thus, the silk rendered glass more hydrophilic and lay in a similar range than gelatin
(29 £ 7 °). The B-sheet content is an important measure of crystallinity of the silk and hence, the
physicochemical properties like water solubility. The B-sheet content commonly lies between 10 %
and 45 % and mainly depends on the preparation method. A value below 20 % leads to water soluble
structures (data not shown). The silk film possessed a B-sheet content of 33.6 + 0.6 %, hence clearly

above 20 % and was water-insoluble.

Cell studies showed that spider silk films are nontoxic and cardiomyocytes as well as
endothelial cells and fibroblasts attached to them. On eADF4(x16) films cardiomyocytes adhered
better than the other cell types investigated. This could be beneficial in artificial constructs, as
compared to cardiomyoctes all other cell types are proliferating. Cardiomyocyte proliferation could
be stimulated by the addition of fetal bovine serum (FBS) or fibroblast growth factor 1 (FGF1)/p38
inhibitor (p38i). An interesting feature of silk films was that they, in comparison with fibronectin,
did not induce hypertrophy, which was only observed under the addition of stimulating factors like
FBS or phenylephrine (PE). Hypertrophy is the increase of cell size and in the heart commonly
induced by hormones like in pregnancy. Hypertrophy induced without stimulating factors can lead

to pathological hypertrophy.?’

In order to provide proper contractility, well-differentiated as well as aligned sarcomers are
important, which could be seen on silk and fibronectin films. Contractility analysis demonstrated
that cardiomyocytes beat with a comparable frequency and possessed a similar amplitude on silk
and on fibronectin films. Cardiomyocytes on eADF4(k16) films were further analyzed in terms of
cell-to-cell communication and electric coupling. Connexin 43 is a gap-junction protein associated
with cell-to-cell communication and staining proved its presence in cardiomyocytes cultured on
eADF4(x16) and fibronectin. Calcium homeostasis gives an important hint about electric coupling
of cardiomyocytes, what is an important factor for proper host integration. Calcium imaging of
eADF4(x16) and fibronectin films showed excitation waves going through the samples with a

comparable rate and amplitude. (Figure 14)

Spider silk films proved to be non-toxic, showed no pharmacological effect and
cardiomyocytes grown on these films exhibited proper excitation propagation and responded
properly to extracellular stimuli. Future tests should aim at testing these primary cells in 3D
environment like encapsulated in hydrogels, a morphology that cannot be formed with fibronectin.
Moreover, stem cell behavior on silk materials could be investigated, before first in vivo studies are

planned. The addition of the beforementioned additives could further increase the success of silk
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scaffolds in cardiac regeneration. Another possible route for such tissue mimicking materials is drug

screening, which could allow a reduction of patients in clinical studies.

a 0.2% FBS b 10% FBS
fibronectin eADF4(x16) fibronectin eADF4(x16)

connexin 43/
aotmm/Hoechsf
connexin 43/
actinin/Hoechst

fibronectin eADF4(x16)
164 low calcium high calcium low calcium high calcium
‘A v T y e ¥

fibronectin eADF4(x16)

Figure 14: Cardiomyocytes cultured on eADF4(x16) and fibronectin films. (a, b) Cardiac cells seeded
on eADF4(k16) and fibronectin films with 0.2 % (a) and 10 % (b) stimulation with fetal bovine serum
(FBS). The cells were stained for sarcomeric-a-actinin (green), showing well-differentiated sarcomeres,
whose alignment is beneficial in contraction. The staining of the gap junction protein connexin-43 (red)
proposes cell-to-cell communication (yellow arrows) and nuclei were stained with Hoechst (blue).
Fibronectin induces hypertrophy, therefore, the cells look similar in size in low and high FBS, whereby
the silk allowed for stimulation of hypertrophy upon the addition of stimulating factors like FBS. Thus,
the cells showed an increase in size in the high FBS compared to low FBS concentrations. (c) Beats per
minute were comparable in both samples. (d, ) Calcium imaging records the change in calcium
concentration in cardiac cells during contraction. The number of contractions as well as the frequency
thereof was the same on both materials. Reproduced (adapted) with permission.?®® Copyright 2017,
WILEY-VCH Verlag GmbH & Co.
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3.4 Nerve regeneration

An adaptable tubular system for use as nerve guidance conduit (NGC) made of biodegradable
self-rolling tubes was developed. The self-rolling mechanism allows to not only modify the inner
surface, but in addition provides a gentle way to encapsulate sensitive substances. Here, this
advantage was taken to line chitosan tubes with an eADF4(C16)-RGD film or aligned eADF4(C16)
fibers-mat and to encapsulate anisotropic cryogels. The PC-12 nerve cell line was gently
encapsulated by the rolling process and allowed to grow and differentiate in these three different
types of tubes (Figure 15).

The tubes lined with an eADF4(C16)-RGD film were prepared by successive casting of the
silk and chitosan. For the other two constructs a chitosan film was cast. The aligned eADF4(C16)
fiber-mat was electrospun directly onto the chitosan film. The anisotropic collagen cryogel was
simply applied on the film before rolling was induced. The self-rolling process was initiated by the
addition of any aqueous solution and took a few seconds only. This simple preparation of these

tubes did not require the addition of possible harmful crosslinkers.

An anisotropic collagen cryogel offers a longitudinal porous structure in which nerve cells
are guided to the posterior end. The cryogel is produced by unidirectional cryogelation. Here, an
acidic aqueous collagen solution was mixed with the crosslinker glutaraldehyde. Then the solution
was transferred to an insulated tube and placed on top of a copper plate and put into a freezer. Ice
crystals started to grow from the copper plate to the top of the tube. This caused the collagen and
crosslinker solution to concentrate, enabling the reaction of the two materials. The ice crystals acted
as a porogen, which could be removed by thawing and the excess of glutaraldenyde could be
removed by washing with glycine, leaving a crosslinked collagen network with longitudinal-

oriented structures (Figure 15).

Mechanical testing was performed and the tensile stress, maximum strain and Young’s
modulus of the moisturized chitosan film were determined to be 47 + 17 MPa, 101 + 24 % and 30
+ 13 MPa and of the moist collagen cryogels (longitudinal) 0.15 + 0.035 MPa, 65 + 11 % and 0.2
+ 0.055 MPa. Both materials showed long ranging linear elastic deformations. The chitosan film
had a sharp rupture point, whereby the collagen cryogels illustrated a gradual deformation
continuing up to 300 % strain. Worth to mention here, the mechanical properties of the collagen

cryogels were in the range of healthy peripheral nerves.!®2
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Figure 15: Nerve guidance conduit (NGC) preparation: Chitosan film is modified with either an
eADF4(C16)-RGD film, an eADF4(C16) aligned nonwoven or with an anisotropic collagen cryogel.
The cryogel is prepared using directional freezing combined with glutaraldehyde crosslinking. The tubes
are allowed to roll in nerve cell suspension, thereby encapsulating the PC-12 cells. The cells are then
differentiated in the tubes. The pictures on the right side show examples of immunostained PC-12 cells
after differentiation in the respective NGCs — cells were stained for -111 tubulin, a microtubule forming
protein, which is present in differentiated cells only (green) and nuclei with Hoechst (blue). Reproduced
(adapted) with permission.?®® Copyright 2020, Elsevier GmbH.

The interaction of PC-12 nerve cells was investigated on all materials used. The cells adhered
and proliferated on eADF4(C16)-RGD films, eADF4(C16) nonwoven mats as well as on collagen
cryogel. Then the differentiation potential was tested on these promising materials and it was found,
that the cells could be differentiated directly on them. In a last step, NGCs were prepared by
allowing the tubes to self-roll in a PC-12 cell suspension for encapsulation. In the case of the
cryogel, the cell suspension was soaked up and then chitosan was allowed to roll around it. Cells
were able to attach to the provided inner surface and differentiate upon the addition of
differentiation media. Neurite like outgrowths were formed, which could be detected by
immunostaining. It could further be shown, that the neurites accepted the internal structure, as they
grew in all directions in the case of eADF4(C16)-RGD films but followed the structure of aligned
eADF4(C16) nonwovens or anisotropic collagen cryogels (Figure 15). Surprisingly, the outgrowths

in collagen cryogels formed even bundle like structures.
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For future experiments one could imagine testing of primary or stem cells or even first in vivo
tests, bridging artificial nerve defects like sciatic nerve in rats. Also adding the beforementioned
additives could help improving the performance of the NGCs. Especially a gradual addition of nerve
growth factor could trigger the outgrowth of the axons at the proximal stump into the NGC.

3.5 Enzyme containers

Self-rolling tubular structures can be further applied as enzyme containers using a bilayer
made of recombinant spider silk protein eADF4(C16) and chitosan. Silk films showed only little
swelling by AFM analysis (9.9 + 8.3 %), whereas chitosan absorbed 250 + 20 % of its dry weight
in water. The tubes were prepared by allowing the bilayer to roll around a needle in PBS for five
seconds. After drying, the needle was removed, and a stable tube was obtained. The dimension of
the container could be adjusted by e.g. using needles with various diameters. The tubes were shown
to be stable in biologically relevant organic solvents and in aqueous buffers with pH ranging from

3 to 11. Scanning electron microscopy (SEM) showed no delamination of the layers upon rolling.

The tubes were glued into tissue culture plates to create biodegradable containers for one-
pot enzymes reactions. The enzymes could be pipetted inside of the tubes, hence neither genetical
modification nor immobilization on solid carriers was required avoiding hampered enzyme activity.
With a molecular weight cut-off above 20,000 g/mol the semi-permeable tube wall retained the
enzymes inside of the tube and allowed substrates and/or products to diffuse. Thus, the surrounding
reaction media could be exchanged, or the product harvested, without the need to change or remove
the often costly enzyme. The suitability of the system was shown with esterase-2 using p-
nitrophenyl acetate as a substrate. Therefore, the tube was loaded with enzyme solution and the
reaction mixture was added to the surrounding. Product was detected in the surrounding medium,
thus, the substrate was able to diffuse in and the product to diffuse out of the tube. The reaction rate
and enzyme activity were lower than in the positive control (free enzyme in solution) presumably

due to the required double diffusion.

53



SYNOPSIS

application of N F‘i rolling around needle
- needle - upon immersion in buffer m
passive layer: spider silk
W stimuli-responsive polymer: chitosan

remove needle, cut and glue tube into well plate,
fill in enzyme and substrate

1004 m  positive control
® tubes
90 o
= e® T
— 807 2
& ) ¢ ; *
70+
8 : }
Qo # 3 {
504 “fag 4
i
404 ; ' . '
30 T
o] 60 120 180 240 300
1 [min]

Figure 16: Two-tube system. A stimuli responsive bilayer made of chitosan (active polymer) and
eADF4(C16) (passive polymer) was allowed to roll around a needle in PBS. After drying, the needle
was removed, the tube cut to desired length and two of these tubes glued into one well of a tissue culture
well plate. Each tube was then filled with an enzyme (E1 and E2) and the solution containing the
substrate (S) for E1 was added to the surrounding. This substrate then diffused into tube 1, where it
reacted with E1 forming an intermediate = substrate (I) for E2. In tube 2 | was then converted by E2
into the product, which then either stayed in the tube or diffused outside. Exemplarily a graph of c-
fluorescein degradation by glucose oxidase (GOX) and horseradish peroxidase (HRP) is shown. The
positive control showed a faster degradation than in the two-tube system, probably due to the diffusion
time. But the reaction stopped after 180 min in the positive control, whereby the degradation continued
up to 240 min in the two-tube system (* significantly different, # not significantly different, t-test:
p < 0.05). Reproduced (adapted) with permission.?”® Copyright 2019, ACS Publications.

Further, an enzyme cascade was mimicked using a two-tube system with the coupled
reaction of glucose oxidase (GOX) and horseradish peroxidase (HRP) using either 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) or carboxy-fluorescein as a substrate (Figure 16).
In the case of ABTS, the product was captured inside of the HRP-tube. Thus, the substrate and
intermediate were able to diffuse through the tube walls, but the product was hindered. The product
is a radical cation and therefore, is prone to react with or stick to the tube. Such a system could be
beneficial, if such species should be removed from a solution. Carboxy-fluorescein was successfully
degraded by GOX and HRP in the two-tube system. Due to the necessity of diffusion of substrates,
intermediates and products, the reaction rate was slowed down as already observed in the one-tube

system. Nevertheless, the two-tube system enabled a longer reaction time than the control (240 min
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vs. 180 min), presumably due to protection of the enzyme from H>O,. Furthermore, the surrounding
media could be exchanged without decrease in enzyme activity. This system could be imagined as
a biological recognition element of a biosensor. Moreover, cells could be encapsulated to analyze

their metabolic products in changeable environments.
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Biomedical Applications of Recombinant

Silk-Based Materials

Tamara Bernadette Aigner, Elise DeSimone, and Thomas Scheibel*

2. Biomedical Engineering

Silk is mostly known as a luxurious textile, which originates from silkworms

first cultivated in China. A deeper look into the variety of silk reveals that it
can be used for much more, in nature and by humanity. For medical pur-
poses, natural silks were recognized eatly as a potential biomaterial for
surgical threads or wound dressings; however, as biomedical engineering
advances, the demand for high-performance, naturally derived biomate-

rials becomes more pressing and stringent. A common problem of natural
materials is their large batch-to-batch variation, the quantity available, their
potentially high immunogenicity, and their fast biodegradation. Some of these
common problems also apply to silk; therefore, recombinant approaches

for producing silk proteins have been developed. There are several research
groups which study and utilize various recombinantly produced silk proteins,
and many of these have also investigated their products for biomedical appli-
cations. This review gives a critical overview over of the results for applica-

tions of recombinant silk proteins in biomedical engineering.

1. Prologue

The purpose of this review is to summarize the use of recom-
binant silk proteins in biomedical engineering and the most
beneficial characteristics of recombinant silks for these
types of applications. Readers will also be given substantial
amounts of background information on silks as well as impor-
tant sub-fields in biomedical engineering, in hopes of making
this review accommodating to specialists from different fields.
The motivation is to provide a broad picture of a class of
interesting biopolymers which are not ag well-known as, for
example, collagen, for biomedical engineering.
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Biomedical engineering (BME) is the prac-
tice of applying engineering principles to
medical problems in order to improve
the quality of health care. It encompasses
everything from patient data collection, to
medical machine design (e.g., magnetic
resonance imaging), to pregnancy tests,
to contributing to basic science, to tissue
engineering M Tt seeks not only to increase
lifespan but also to improve the quality of
life for people afflicted with injury or dis-
ease. Generally speaking, there are four
major patient populations which are in
need: the elderly, the diseased or injured,
those infected with “super bugs,” and
those in third world countries.

The population world-wide is growing
larger due to an increase in successfiil
birth rate and life expectancy.?! The aging
population is particularly problematic in terms of medical
costg, as they are at increased risk for disease, injury, and tissue
dysfunction.B! Common ailments of the elderly include dilapi-
dation of joints through arthritisi* and failure of the heart and
blood vessels through various heart diseases.l! Although there
are many existing treatments, these are only able to alleviate the
ailment, and not treat it. For example, hip implants for joint
replacement are made from hard, inorganic materials. This
results in improper integration with the host tissue, and there
is no restoration of the original tissue. The most successfil
existing therapy is organs replacement.l However, in this case,
there is still no proper tissue integration because the organ is
considered foreign by the immune system, requiring use of
immune-repressive drugs and thereby increasing the patient’s
rigk of infection. Further, the demand of organs is much greater
than the supply, and the associated costs are quite high.”l There
are also diseases which effect this population and are currently
untreatable such as Alzheimer’s.®l

A larger, broader patient demographic is those who have had
nonfatal, accidental injuries (according to statistics reported
by Center for Disease Control and Prevention (CDC)P, for
example bone fracture, anterior crucial ligament tear, periph-
eral nerve damage, skeletal muscle damage, and burns.
Although treatments are relatively advanced for these types of
injuries, there is still scarring and incomplete restoration of tissue
function." More complicated injuries are those caused by disease
or tissue pathology, for example osteoarthritis in the knee joint.
This ig particularly complicated because it requires both treat-
ment of the disease and replacement of the damaged tissue.

{1 0f 28) © 2018 WILEY-VCH Verlag GmbH & Co. KGad, Weinheim
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Current solutions usually involve disease management through
collagen injections, surgery, physical therapy, and in extreme
cases joint replacement,/!l

Another significant problem in modern medicine is that
hospitals are notorious for high occurrence of transmitted dis-
eases. In a survey from 183 hospitals in 2011 in the United
States, it was found that 4% of patients contracted a healthcare-
associated infection (HAls).'l Of these incidents, the most
predominant types were pneumonia (21.8%), surgical-site
infections (21.8%), and gastrointestinal infections (17.1%),
Infectiens in hospitals also tend to be more serious than those
contracted elsewhere, as there is greater risk of antibiotic-
resistant strains of bacteria. In a separate study in 2010,
it was shown that nearly 20% of pathogens reported from all
HAIs had multidrug-resistant phenotypes (e.g., methicillin-
resistant Staphylococcus aureus (8.5%), vancomycin-resistant
Enterococcus (3%)).1°1 The most common way to deal with
this is through preventative medicine by sanitary protocols.
Howevet, no matter how good the sanitary protocols, infections
will happen. Infections are usually handled through antibiotics,
and in extreme cases the patient(s) will also be quarantined.
Additionally, the overuse of antibiotics and antibiotic soaps in
sanitary protocols has resulted in antibiotic resistant strains
which cannot be treated by available drugs.I™l

A last short-coming of modern medicine worth mentioning
is the lack of remedies available to those in third werld coun-
tries or with lower incomes. Although there are movements to
improve this situation occurring in several sectors, for example,
by improving water quality, providing household energy and
education, and developing vaccines for vector-borne diseases
(e.g., malaria), there is still much work left to do (according to
Health and Environment Linkages Initiative (HELI) division of
the World Health Organization (WHO))).

There are several new ftrends to meet these current
medical problems in the BME field. Interesting examples
include smart wear technology, primarily to be used for
at-home patient monitoring ['®l technology for mapping and
stimulating the brain achieved through recent pushes by the
BRAIN initiative as well as its internationalization,'’! soft
robotics for interaction with soft tissues,/™® in vitro modeling
for research to clinic translation for basic research and drug
toxicology screening (e.g., liver on a chip),l’”®! biomaterial
coatings (active or passive) which physically disrupt bacteria
with or without use of antibiotics to prevent disease trans-
mission,l?”l or biofabrication for regenerative medicine.”!)
Although all of these products are novel and exciting, there
are still drawbacks to even the most cutting edge designs
such as poor translation from research to use in the clinic??
and the manufacturing readiness of the technology is low.?’]
Although there are many complicated reasons for this, one
major step toward producing clinically viable products is
to develop novel, suitable biomaterials. Among the suitable
candidates, a particularly interesting biomaterial is the one
derived from silks, due to its highly unique, inherent prop-
erties. For example, it has slow biodegradation'** and it is
hypoallergenic.!*! Originally, among a multiplicity of silks,
only silkworm silk could be used for biomedical engineering,
due to the difficulty of collecting silk from other animals
and the challenges in bictechnological production. However,
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over the past 15 years, the recombinant production of silk
proteins has been optimized to the extent that it can even be
manufactured.'?® Therefore, considering its favorable prop-
erties for biomedical applications and its recently realized
availability, we believe and will try to present the case in this
review that recombinant silk proteins could be one of these
new biematerials.
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3. Silk

3.1. Natural Silk—What Is Silk?

Silks have a long history as a natural resource; silk from the
silkworm Bombyx mori (B. mori) was used for weaving pre-
cious textiles in China, and was a greatly sought after product
by the Europeans, with attempts to smuggle worms on the
silk road .l Natural silk even played a role in the early devel-
opments of the modern medicine, being identified as biocom-
patible and hypoallergenic, as well as suitable for direct use as
wound dressing or surgical thread.|**!

Craig defined silk as follows: “Silks are fibrous proteins
containing highly repetitive sequences of amino acids and are
stored in the animal as a liquid and configure into fibers when
sheared or “spun” at secretion.”?”l The most notable part of this
definition is that silks are fibrous proteins, unlike glues, which
are processed directly out of a highly concentrated solution,
which is a process unlike that for other fibrous proteins such
as collagen.”?”! Silks have evolved in many organisms indepen-
dently, and some of their general characteristics are presented
in Figure 1.

Silks are mainly composed of structural proteins, and their
functionality can be traced back to their primary amino acid

www.advmat.de

sequences, which is rich in alanine, serine, and/or glycine.
Although several different silk structures are possible, from
B-sheets over orhelices to coiled-coil to cellagen/polyglycine
families, usually silk materials, depending on their equilib-
rium state, have either a high content of B-sheets or a-helices.
When a solid silk morphology has high B-sheet content, usually
these fB-sheet structures resemble crystallites. Normally this
would result in a material which is strong and brittle, however,
silk is not brittle; silk is tough. This is because the S-sheets
are surrounded by o-helices and coils, which act as a matrix
phase. In other words, silks processed into water-insoluble
fibers are semi-crystalline biopolymers and it follows that silk
fibers with higher crystalline content are usually stronger or
tougher.*%l

Due to the significance of secondary structures to male-
rial properties, and as will be later shown to the response of
cells, they are usually characterized every time a new silk pro-
tein is produced, or a different processing technique is used.
To determine secondary structure content, commonly circular
dichroism {CD) spectroscopy or Fourier-transform infrared
(FTIR) spectroscopy in solid or liquid phase are performed.
In interpreting CD measurements, core domains of silk proteins
in solution at room temperature typically show random ceil,
polyproline Il-like conformations or orhelical structures. The

sources of natural silk
insects

PR silkworm & moths

multiple silk types  single silk type

honey bee

AN

wasp lacewing

silk structures

B-sheet crystals
PR

a-helices cross p-sheets
™~ —

natural uses

prey catching, escape, etc. protection
" “

housing

Figure 1. Natural silks. Natural silks of spiders, silkworms, moths, bees, wasps, and lacewings were used as an inspiration for the recombinant
production of silk proteins to be used for biomedical applications. Spider and silkworm silk consist of f-sheet crystals embedded in an amorphous
matrix. The huge difference in these two silk types is that these crystals in spider silks are much smaller and perfectly aligned along the fiber axis.
Honey bee and wasp silk mainly consist of coiled-coil structures. Lacewing silk is composed of cross-fi-sheet structures allowing a high bending
stiffness. These secondary structural features evolved due to the desired function, e.g., a spider silk web has to withstand the force of a flying prey
being caught without breaking, and the egg stalk should be able to carry an egg and protect it from predators. Silk worm, honey bee and wasp
photos were taken and modified from open source images found on Pexels or Pixabay.
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tertuinal domaing in spider silk proteins, i contrast, ofien show
orhelical structures, revealing orhelix bundles. When the protein
gohutton is heated, conformational chanpes occur in the core
domain forming fsheet and/or faum structures P In FTIR
spectroscopy the s of these C=( stretching vibrations is
found in the broad amide I band located between 1705 and
1595 ¢cm™. Several methods were developed o retieve infor
mation about the secondary structure content from the amide |
band. To estimate the single bands which form the broad and
undefined amide 1 band, Fourier selfdeconvolution (FSD) is
applied as described it Hh et al. 52 Fach of the single hands can
theu be assigned to a secondary structhure motif, and thereby
the percentage of each structural element can be caleulated.
The secondary structure content of solid silk samples differs
remzukably between the species and the weaiment of the material.
for example, recombinant honey-bee silk mainly consists of coiled-
coil structure (609}, whereas recombinant spider silk can reach a
Bsheat content of about 40%, 153

Silks are produced in many arthropods and are important
for survival and reproduction. Interestingly, different silks and
their glands have evolved independently, which is the basis of
some key differences in the silks between different animals.
In insects, stk is produced in Malpighian mbules, labial, or
dermal glands. Silks produced in the labial glands of different
animals show all five known silk protein structures (coiled-coil,
extended feheet, cross-flshest, collagen iriple helix, polydly-
cine 11} as they are uged for various functions. In dermal glands
silks only adopt frsheet structure, and Malpighian tubule silks
form cither cross-f or a-helical structures. P!

In comtrast to most insects, which can produce one sitk type
only,*® orb weaving spiders are able to produce up to seven
different silks, each in a separate gland *% However, dragline
gilk, the silk which spiders use for escaping danger and cre-
ating the strong frame of their webs, usually receives the most
attention. These dragline fibers comprise primarily two pro-
tein classes, major ampullate spidroin 1 and 2 {MaSpl and
MaSp2).2% The main difference between MaSpl and MaSp2
ig that MaSp1 is almost proline-free, while MaSp2 contains
about 15% proline residues P8

3.2, Recombinant S#k—Why Go Recombinant?

There are many drawhacks to harvesting from natural bioma-
terial sources, these include batch-to-bach variation, impuri-
ties, risk for disease trausmission, risk for rejection by immune
response, and gathering in substantial {useable) quantities.t”]
In the case of silks, the main drawback of harvesting the mate-
rial, with the exception of B. mori silk, is that large scale farming
of most of the animals is not possible or harvesting the material
is complicated (e.g., lacewing silk). Spiders are particularly diffi-
cult to domesticate, ag most species are territorial and cannibal-
igtic P4 Nevertheless, efforts have been made to harvest native
silk from Nephila spiders and combine it with decellula .
poreine veins to prepare nerve guidance conduitz3 Insects
such ag lacewing flies or bees are easier to farm, however they
produce minuscule amounts of gilk. and harvesting these silks
would not only be tedious, but would severely limit their appli-
cations due to the Hmited amount of material.* Consequently,
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i terms of sourcing, silk is less accessible unbike other naniral
materiabs such as collagens, which are abundant, however are
at hipher risk for an undesirable response upon implartation.
Collagen has been aszociated with product mypurities. disease
transmission, and increased likelihood of bacterial infection*¥

To create an alternative source of biomaterials, biotechnolog-
ical solutions have been developed to produce larger amounts
of protein with mwore consistent quality and greater biological
safety. Althongh this wag a challenging endeavor, over the
course of 15 vears recombinant silk protein production has
hecome well-established, and some variants are even available
commercially.®! To continue with the previous comparison,
collagen is also favorable for protein engineering in that it has
a repetitive amino acid gsequence. In the case of collagen, this
repetitive sequence is characierized by motif Gly-X-Y where ¥ iz
most commonly hydroxylated proline.*?! Hydroxylation of the
proline 18 a highly complex process requiring special enzymes.
Therefore, n spite of its repelitive amino acid sequence, col-
lagen cannot be produced by most expression systems due to
its need for extensive post-transtational modification ! In thig
respect, recombinant silk proteins could be considered more
ready than recombinant collagen proleins.

For a more in depth discussion on the challenges of recom-
binaut silk production, the authors refer readers to in-depth
reviews on this subject®

Several steps are required 1o desipn and produce a recom-
binant protein. They can be roughly divided by natural DNA
sequence  deternvination, recombinant DNA desion based
on natural sequence, vector cloning, host organism transfor
mation, induction, and purification of the protein ™ When
engineering recoinbitant protein, it is offen advantageous to
engineer the gequence to be produced more efficiently, while
maintaining its key functions. Although a demanding task, this
offers hge advantage in terms of studying these proteins, and
further allows for hybridizing or functionalizing recombinant
sille protein (Figure 2). The most oftens used host organism for
recombinant stlk protein production is Escherichia coli (F. coli),
and therefore, the process will be explained from this perspec-
tive, although other hosts are alge available and have been
[43ed]

recertly reviewed.

Recombinantly produced silk proteing have been in general
shown to be versatile in tering of being able to form several,
tatlorable morphologies. They can be {ormed into fSlms, cap-
sules, particles, foams, hydrogele, micrometer-fibers and
nanofibers (Figure 3). This allows a wide range of applications
in different flelds.

3.3, Nomenclature

The authors would also like to make a few direct comments
regarding nomenclature, as this is sometimes challenging
in the field of recombinant silk proteins, especially with
spider silks. This is because spider silk can be character
ized by species, sitk type (ep.. dragline or flagelliform silky
and/or protein type {e.g., MaSpl ve MaSp2). Purther, there
is sometimes confusion between silk proteing produced by
insects {Obroins) versus silks produced by spiders (spidroins),
and spider silk proteins are offen referred to ag both (fibroin
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Figure 2. Development of recombinant silk protein using eADF4(C16) as an example. The repetitive core of Araneus diadematus fibroin 4 (ADF4)
was identified and used as a template for the C-module. This C-module was then repeated 16 times to create the engineered AFD4 (eADF4(C16)).
The amino acid sequence was back translated and codon optimized for the host organism (here E. coli). A plasmid containing the silk gene and a gene
for antibiotic resistance to allow selection was created. The host was then transfected and protein production triggered. After several purification steps
protein powder was obtained, which can be further processed into different morphologies.

or spidroin), whereas silkworm and insect silk proteins are
referred to exclusively as silk fibroin.

Most recombinant spider silk proteins are based on Nephila
clavipes sequences and refer to their spidroing as MaSpl and
MaSp2, depending on their proline content (MaSp1 low, MaSp2
high). Other recombinant spider silk spider proteins are based

on Araneus diadematus, which has two identified proteins in
dragline silk named as fibroins 3 and 4 (ADF3-ADF4), however
both are MaSp2 proteins.**/ In most other cases, even though
the recombinant spider silk protein is based on a different spider
than Nephila clavipes, the protein will be referred to as MaSpl
or MaSp2. Another way researchers name their recombinant

/e

Nano-fibers

e-spinning

Hydrogels

Mesoporous foams

Film on glass plate

Capsules

Particles

Figure 3. Processing routes for recombinant silk proteins to prepare different morphologies.
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proteins is based on their molecular arrangement, or based on
the number of congensug modules in the sequence.

As g further complication, throuphout the course of their
research, some groups will change their naming system of
their proteins, making it difficuli to differentiate between a
newly designed recombinant protein or a variation or optinmi-
zation of an earlier recombinant protein. Although the deci-
gion 10 rename an existing protein is often justified, it can be
difficult to follow throughout the literature. A few examples in
which researchers change the name of their recombinant pro-
tein is for “15mer”P also called MS11% eADF4(C16) which
was originally ADF4(CI6)% or € ¥ and 3179 which is
also called 1F9.5Y

To provide a guide for the reader for this review, recombi-
nary silk proteing uzed in BME are summartzed in Table 1.

4, Regenerative Medicine

Darmaged human tissues or organg are rarely able to completely
regenerate, the regenerative capability depending directly on
the tissue type and the severity of the damage. Regenerative
medicine is the field dedicated to creating tissue or organ-
like implants in order t heal or replace damaged tissues or
organs.® The important concepts and definitions will be pre-
serted here; however, the authors encourage interesied readers
to explore other reviews and opinion pieces, which delve into
the topic of regenerative medicine and importantly touch on
critical points as well as scientific debate in the field

The largest subfield of regenerative medicine is tigsue engi-
neering, which is the selection and spatial arrangement of cells
and biomaterials for artificial tissue design. The approach nsed
is typically characterized as bottom-up or top<down, where
bottom-up refers to modular assembly of building units into
tisgiie-like constructs, and top-down refers to simply combining
the components and allowing them 1o selfform structures
Which type of method is used, botom up or top down, usually
depends on the problem which must be solved. For example,
there are some cases where a fully matured tissue must be
implanted because the implant must funciion immediately,
such as in heart or heart tissue replacement. On the other
hand, there are tigsues which can benefit from a gdow healing
process, for example in neurological tizsues where there is a
nerve gap. Regardless of the technique, the “building blocks”
for implants made based on regenerative medicine principles
are biomaterials, cells, soluble bicactive factors, and special-
ized, in ¥itro culturing conditions {e.z., mechanical stimulation
through liquid flow) {reported by nibib online'™™), It is impor-
tant to note that not all these “building blocks” must be nused in
one construct, and it is widely debated which of these compo-
nents are truly necessary for regeperative medicine.

In this review, the tissue engineering design element
focuged on ig biomaterialg bagsed-on sill proteing. Ag defined
by the National Institutes of Health in the 1980s a biomate-
rial is “any substatce {other than a drug} or combination of
gubstances, synthetic or natural in origin, which can be used
for any period of time, ag a whole or as a part of a system
which treats, augments, or replaces any tissue, organ, or func-
tion of the body.”™®”l Biomaterials are not to be confused with
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biogenic materials, which are defined as materials produced
in nature.

Due to its principle role in tissue function, researchers often
uy to recapitulate properties of the exiracellular matrix (ECM}
by altering the morphology of the biomaterial, imtroducing
gradients of biomaterials, and so on. Oue of the most signifi-
caut design elemenis of a biomaterials scaffold i3 dimension
that the cells are culrared in (113, 2D, or 3D}; in 1D cells form
dongared chapes, which polarizes the cells (e, cortical nen-
rous), in 2D cells tend to forin monclavers as in the case of
membrane tissues (e.g., endothelial cells), and in 30 cells tend
to form irregular shapes with many flopodia, and this is the
environment which most cells are exposed to 5%

4.1. Micrometer-Fibers Made of Recombinant Sitk Proteins

“Micrometer-fiber” is a term which will be used by the authors
to describe fibers which have diameters in the micrometer
range. I termg of gilk proteing, the most clagsic example of
producing these fibers is by biomimetic or wet spinning, the
latter being the extrusion of a spinning dope into a coagulation
bath.®l However, to the best of the authors’ knowledge, there
are only limited number of papers using wet-spinning to inves-
tigate for the potential for use of silk-bazed micrometer-fibers
for tisgie enpineering applications (e.g., suture materialg) [/
This is nnexpected in that wet-spun fibers usually provide the
best mechanical properties ot of all fiber production methods
{raw extracted, electrospinning, microfluidics), as well as the
excellent control of fiber diameter™ That this technique is
uged legs often than other techniques is likely due to the fact
that the fibers cannot be produced as quickly or in the same
quantity as in the other production methods. Therefore, wet-
spinning will not be extensively discussed in this review

Micrometer-fibers have also been further processed by
braiding, weaving, chopping, and combining into nonwoven
mesgheg o571

4.1.1. Micrometer-Sized, Recombinant Silk Fibers, Fiber Meshes,
or Fiber Knits in Tissue Engineering

Selfassembled 4RepCT fibers were evaluated concerning tox-
icity and immunogenicity by subcutaneous implantation in
rats.72 No toxicity was detected, and the immunogenicity was
low ag determined by the presence of infiltrated immune cells,
and the formation of fibrous capsule or granulation tissue.
A particudarly important point of this study was the removal
of endotoxing, a common problematic by-product of recombi-
nant proteins produced in B eofi. Next, it was shown that the
selfassembled micrometerfibers could be sterllized without
negative effects on the fiber properties, Figure 4.7 This is a
clear benefit of this particular protem variant toward tigsue
engineering, ag endotoxin-free, sterile materials are pecessary
to qualify for Food and Drag Administration (FDA)-approval.
After pilot studies were complete, fiber meshes were pro-
duced from 4RepCT self-assembled fibers, and compared 1o
films and foams for promoting growth of primary fibroblasis
as well as maintenance of differentiation state {as measured by
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Table 1. Recombinant silk proteins used in biomedical enpineering applications, not including information on modified versions (e.g., with

RGO sequence).

Crigin species Matural protein Recombinant Host Molecular weight Unique features of the Reference
protein {recomnbinant recornbinant protein
protein} primary sequence
Antheraea pernyi Fibroin EAEFNg g £ colf strain BLZY =114 kDa, =22.9 kDa Gerich, poly-A repeat, [EREH
{rnoth} repetitive unit repeated
Sor 10times
Apis mallifara AmelF1-4 Recombinant £, coff strai 32 kDa 29-33% zlanire 2 51
{honey bee) ArmelF1, ArmelF2, Rosetta 2 {DE3) actd sequence of recorn-
AmelF3, AmelF4 competent cells binant protein exactly the
same as natural protein
Bormbyx rori Heavy chain Transgenic silk Transgeric silic M/A—Wariablo Natural silk fibrein [52]
(sitkwor) {H-chair) Abroin worm, B. marf Matural sitk fbroin = characterized by silk
160-400 kDa, fbroin block {GAGAGS)
usually =300
Bowibyx morf Light chain L-RGDSxZ Transgenicsili- MNjA—variable Natural silk fibroin light 53]
(sitkworir) (L-chain) fbrein {LRF) wortm, B. maorf Natural sitk usu chain rrodified with RGD
=26 ks binding sequence
Berhyx mod Crystalline [{AGSGAGHEAS]  Tranggenicsikworrn, 199 kDa (theoretical Polyglutaric acid for i54]
{sitkworm) 8 moriand £, goff 19.7 kia) aalclum binding
Bormbyx modi Silk fbrein and SELP-47K and £ coli strain HE16Y SELP-R15K =65 kDa Silk fhbroin block 155]
{sitkworm) and elastin SELP-BE5K SELP-A7K =70 kDa {GAGAGS) and mam
“rmarnrmalian” rralian elastin ke block
{GYGYP) either with
siik & tirmes and elastin
7 tirmes {SELP-471G
arwith silk 8 tirmes
and elastin 15 times
(SELP-15K)
Chiysopa carnsa MalxXB2 MIAST;C £ coff strain 53 kDa AS module repeated [33b .56
{lacewing) BL271 (DE3) Btirmes
Vespa simillime Vasilki-4 Recombinant E. zoff strain BL21 30-70 kDa Relatively iow nurnber 57
{hornet) Vssiikl-4 of repetitive sequences,
amino add sequence
of recombirant orotein
exactly the same as
natural protein
Aransus diademarus ADF-4 (M ADF4{CI6), £ colf strain BLZY 2% kDa GPOK-rich witk: poly-A 15%]
(spider) eADF4(xI6) sequence, module is
repeated 16 times
Euprosthenops ausialis MaSpt 4Rep T £ colf strain BLZE 234 kDa Gerich, poly-A repetitive 316,59
{spider} unit repeated 4 tirnes
Maphils clavipes MaSpl &mer, 15mer E. co¥f strain or 16-27 kDa, Grich, poly-A ronomer [312,60)
(spider) RY-3041, 2 routart 4050 kDa
BLR (DE3) defedive
in the expression of
SlyE protein
Nephila clavipas MasSpl EF9anars1/9 Pichia pastoris (yeasty 94 kDia 9 monomer repeats, 49,5G,61]
{spider) or Ssccharemyces romer Ccontaing eon-
sarewisics (yeast) s prirnary repeais
2phila clavipes MaSpl, Ma$p2 rhaSpl, ridaSp2 Transgenic goats 65-120kDa not defined 62]
(spicker)
Nephile clavipes MaSpl MS1 {15men E. solf BLR {DDE3) MS1: 39 kDa MS1: Gorich, poly-A, 146,63
{spider} repetitive uni repeated
15 times
MaSp? M52 (Ormer) MSTZ 2815 K

repeated 9 times
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Figure 4. Sterilized, self-assembled 4RepCT micrometer-fibers as visual-
ized by a) photography and b) SEM. Fibroblast attachment and prolifera-
tion for 7 d on c) tissue culture plastic (TCP) as a control and d) sterilized
4RepCT micrometer-fibers as evaluated by LIVE {green)/DEAD (red)
staining. Micrometer-fibers were also nonspecifically stained red by the
staining solution. The micrometer-fibers showed cell attachment compa-
rable to the TCP control, and the lack of dead cells indicated there was no
cytotoxicity. Reproduced with permission.l”>! Copyright 2010, American
Chemical Society.

collagen T production).”l As in the case for most silks, it was
clear that inclusion of a cell-binding peptide would be necessary
for proper cell attachment, and variants modified with either
the tri-peptide RGD (Arg-Gly-Asp), RGE (Arg-Gly-Glu, negative
control for RGD), the penta-peptides IKVAV (Ile-Lys-Val-Ala-
Val), or YIGSR (Tyr-lle-Gly-Ser-Arg) were also tested.”*l There
was no challenge or observed changes in the self-assembly of
fibers made of 4RepCT modified with cell binding peptides,
however cell attachment was significantly enhanced on films
made thereof. 4RepCT has also been modified with several
other binding sequences, as well as antibiotics to repress bacte-
rial growth.”!

The potential of self-assembling fibers 4RepCT for specific
applications was introduced in Johansson et al.,, where the
performance of 4RepCT as a biomaterial for pancreatic island
formation was evaluated. The authors compared the perfor-
mance of films, foams, and meshes made of self-assembled
fibers. Pancreatic donors were collected either from C57B1/6]
mice or from human islets of diseased patients. The islets
were evaluated for cell viability and attachment, as well as
insulin production and the amount of intracellular calcium.
The best performance was on RGD functionalized 4RepCT
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assembled into foams, and the details of these results are
therefore described in the foams section of this review.”!

When silkworms build their cocoons, these consist of one
long, winding thread with a protein core surrounded by sericin
gum. To remove the sericin, or to “degum” the fibers, cocoons
or cocoon pieces are boiled, and the remaining product is intact
silk fibroin threads, usually referred to as regenerated silk fibroin
(RSF). These fibers can then be used as single strands, bundled
into yarns, or woven into a knit structure.””l In a preliminary
study, wild-type and transgenic worm RSFs modified with adhe-
sive collagen sequence were used to prepare small-diameter
vascular grafts.”7l The grafts were created by winding onto a
tube template (1.5 mm diameter, 10 mm long) using a 16-bobbin
braiding machine. The grafts were further coated with aqueous
RSF solution, post-treated with 50% ethanol, and then removed
from the template. Male Sprague—Dawley rats were used as an
animal model for implantation in the abdominal aorta. After
12 months there was significantly high patency in wild-type silk
fibroin compared to poly(tetrafluoroethylene) grafts, and there
was infiltration of cell types as well as structured vessel forma-
tion after 4-12 weeks. At this stage, the recombinant silk fibroin
production is still needed to be optimized, and therefore only
an in vitro examination was conducted, and showed enhanced
attachment of endothelial cells.

In further work, the transgenic worms were modified to pro-
duce silk fibroin, which includes vascular endothelial growth
factor (VEGF) or RGD sequences in the heavy chain.”’d The
successful production was confirmed using western blotting
and antibody staining, however there was no quantification of
the ratio of modified and unmodified heavy chains. Human
umbilical vein endothelial cells showed enhanced cell attach-
ment proliferation on the modified variants. Further, the grafts
were tested for attachment of serum proteins, as attachment of
serum proteins results in a closing of the graft to blood flow. In
this study, the attachment of platelets was evaluated in vitro as
well as patency in vivo. In vitro, it was found that both VEGF
and RGD modified silk fibroin showed enhanced attachment
of platelets compared to materials made of the unmodified silk
fibroin. However, materials of the RGD variant showed far less
patency in vivo compared to that of both unmodified silk and
VEGF modified variants, and the authors hypothesized this was
due to thrombosis.

In conclusion, VEGF modified silk fibroin-based materials
not only showed the best patency, but showed the best tissue
infiltration and new vessel formation, making this variant par-
ticularly promising for future application.”’<l Furthermore,
there seemed to be a clear benefit of fibers which were fixed
into some kind of morphology (braided, mesh) over free-
floating fibers, implying that, although it was important to test
the fibers independently, practically micrometer-fibers need to
be reformed to be useful in application.

4.2. Sub-Micrometer and Nanofibers

Sub-micrometer and nanofibers are used in regenerative med-
icine due to the size relevance of such fibers to many natural
structures found in tissues.”® When used alone and not in
composite scaffolds, the most common tissue engineering
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applications of such fibers are in the context of membrane
tissues andjor hollow tubes such as vascular grafts.” nerve
giides B gkin grafis, or wound dressingsPU One cownmon
iechnique 1o produce sub-micrometer and nanofibers is
electrospinning.

Hlectrogpinning is the formation of fibers in the micrometer
to nanometer range by elecirically charging a slowly extruded
solution ** First, a droplet forms at the iip of the needle,
and, if the parameters are get correctly, the force of the elec-
trical charge overcomes the tension of the droplet, and a jet is
formed. Eventually, the jet undergoes whipping instabilities,
thereby stretching the jet, in the ideal case, nto an ulirathin
fiber which forms the mat.#*** The main advantages of electro-
spinning are that it requires Jow working volumes to produce
large amounis of scaffold. and there iz relatively fine conircl
over what is produced. However, the disadvantage is that mats
produced from elecirospinning are generally 2D, although
it is technically possible to produce 3D scaffolds.® Further,
low molecular weight (i.e., most recombinant proteins) poly-
mets or proteing are often difficult e uge in electrogpinning,
although this can usnally be overcome by increasing the con-
centration.®® Another disadvantage to electrospinning solu-
tions 18 that they are commonly produced by dissolving the
solute in toxic, fast evaporating solvents. This, combined with
the evtreme electrical voltage, makes the process less friendly
10 bictogical apenis exposed to the process, and can alzo be con-
sidered dangerous from a regulatory point of view.

4.2.1. Recombinant Silks Processed into Nonwoven Fiber Mats
for Tissue Engineering

In an evaluation of Balb/3T3 mouse fibroblast adhesion of
filins, hvdrogels, and nonwoven mats produced from recom-
binant spider silk eADF4H{LT16), one of the most interesting
resulis was that, without introduction of an RGD sequence,
cells were able to anach 1o nonwoven meshes. Thizs was sur
priging, since the flat films prepared by the same recombi-
nant protein resulted in low cell adhesion. Interestingly, there
was a strong dependence of the cell attachment on the fiber
diameter® Through these studies it was shown that the bio-
activity of cells on recombinant spider gk materials can also
be ephanced by changing the morphology, and in this study it
was assumed that the fiber diameter primarily determines the
success of cell attachment. However, it is difficult to say if the
negative space or the fibers themselves contributed to the cell
attachment, as both the architecture of the fibers as well as the
porosity play a significant role in this process.®!

I a similar study, attachment of primary green fluorescent
protein (GTP)-expressing fibroblasis from rabbits 1o AmelF3
{recombinant honey bee silk, Table 1) nonwoven meshes
was evaluated.®™ In thie case, an aqueous solvent was used
for electrogpinning, but polyiethvlene oxide) was added as
a [iber formung agent. It was shown that there was fibroblast
monoclaver formation in 7 d, without any modification to the
protein, as in the case of eADF4{C16). However, in this case,
there were no {ilms cast as a further control, and no citations or
previcus worl are available showing cell culture on films made
of the recombinant honey bee silke protein. Therefore, it 18 not
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possible to definitively conclude if the attachment of cells on
thig recombinant silk i due to its biochemical or physical char
acter, or if it was due to the use of this morphology.

A wore complex example of using nonwoven wals pro-
duced from recombinant spider silk proteins was exhibited in
Zhu et al,, using MaSpl/Masp2 blended with collagen. The
spinning dopes were at concentrations of 100 mg mi™ and
comprised of either collagen type I, 411 MaSp1/MaSp2, or a
blend of the wo. Here, human decidua perietalis placentad
sten cells were cultured on the nonwoven mats and tested for
proliferation and neural differentiation ] MaSp-based non-
woven meshes had the advaniage that they resisted degrada-
ton it Dulbeceds Modified Eagle Medinm and were mechani-
cally stronger (Young's modulus <1 GPa for collagen-based
and =4.5 GPa for MaSp-bazed fibers). On the other hand, tie
collapgen-based nonwoven mats were more biologically active
with increased attachment as well as increased expression of
Bubulin 11, a structural protein found in the axons of neuw-
rons. To try 1o achieve both of these properties, they experi-
mented with the ratios of collagen and recombinant epider
silk protein in the spinning dope, and it was found that the
fibers produced from 30% MaSp conmtent gseamed to be the
best balance between the two properties, mechanical stability,
and bioactivity, showing resistance to degradation as well asg
significant differentiation of the stem cells. However, these
nomwoven meshes were only cultured for 7 d, and neural cell
differentiation and matiration is a mmich longer process, and
perhaps it would have been more advantageons o use less col-
lagen and allow for longer growth periods.!'™ Another pos-
gible route for this would be instead to use mixtures of recom-
binant protein variants, which have collagen-associated cell-
binding peptides, or other newonal growth factors. Thereby,
the mechanical stability of silk would not be compromised by
blending.

In suwmmary, fiber mats are an interesting morphology
bridging the gap between flat flms and complex 3D networks
like hydrogels. it waz shown that sub-micrometer fiber mor
pholegies can enhance the cell attachment. However, there
geems 1o be further benefits of including cell-recopnition sites,
which should be considered in terms of producing funciional
tissue, but have not been thoroughly analyzed so far.

4.3, Films

Films are the morphology of choice for screening the response
of cells to the bicchemical features {e.g.. cell-binding sites),
cytocompatability, and physical {e.g., charge) character of
the biomaterial. The small amonnt of material required, the
ability to control the effects of topology and mechanical stifh
nesg, ag well as the ease and simplicity for high-throughput
experiments, makes films a particularly powerful tool for ini-
tial characterization of the material. Egpecially in terms of
recorbinant proteing, this can be a crucial point due o the
low amount of available material before the production iz opti-
mized. Films have been produced by recombinant silk pro-
teins 4RepCT, eADF4{C16), N[AS|C, 6/ 15mer, MaSpl/MaSp2
(transgenic goats), Vesitks, EAEFN,, transgenic {broing and
variants thereof.
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4.3.1. Recombinant Silks Processed into Films

Silk filmsg are usually produced by casting a sitk solution within
various solvents like 1,1.1,3,3.3-hexalluoro-2-propanocl (HFIP),
formic acid, aqueous buffers, or mixtures thereof. Due 1o the
rapid evaporation of HFIP after casting, the proteins remain in
the same equilibrium state of secondary structures as if they
were in golution, and films must be post-treated to be rendered
water ingoluible. The posttreatment step usually ig incuba-
tion in primary alcobols like methanol or ethanol at various
percentages ranging from 70% to anhydrous. P34 5788
One exception iz that, if cast out of formic acid, the proteins
tend to imunediately convert into B-sheet rich strictures, and
therefore post-treatment is not necessarily required ¢ Films
out of aqueous solutiong were sometimes posttreated with
alcohiol B1E57380089 44y gometimes 1sed as obtained [7F174-76.90

The surface characteristics of silk films such as surface
topography, roughuvess, and composition are commouly
investigated by various mdcroscopy techniques such as atomic
force microgcopy (AFM) P light microscopy. and scanning
electron microscopy [SEM).F% These types of assays have
shown that generally silk films are smooth. Surface hydro-
phobicity is typically studied on films using contact angle
measurements, which have revealed that recombinant silk
filmg tend to be shightly hydrophilic {contact angle between

55 and 907 (5325 $93] Given how similar recombinant silk
hlms seem in materials characterization tests, the results in
cell enlture were surprisingly different.

Oune of the most common ways 1o evaluate recombinant
gilk proweins fims is by determining cell attachment and
profiferation. 4RepCT fllme were incubated with huwman
fibroblasts, and although no cell recognition sites were pre-
gent, cells adhered, proliferated. and pmdm ed collagen 1.1
Several cell binding motifs—RGP, IKVAY, YIGSR, and RGE
as negative coutrol--were generated. Primary human fibro-
blasts, keratinocytes, endothelial, and Schwann cells were
zeeded on silk films with the different binding motifs. Focal
adhesions of fibroblasts, keratinocytes, and endothelial cells
were best on films of the RGD variant, whereby Schwann
cells seemed to prefer films made of the 1KVAY variant.F¥l
Films of different silk variams besring a fibronectin motif,
with RGD being presented in a loop similar to native ECM,
were incubated with human primary cells, which showed an
increazed anachment, spreading stress fiber formation and
focal adhesion points compared to RGD-4RepCT. Moreover,
buuman dermal microvascular endothelial cells (HDMECQ),
huuman mesenchymal stem cells (hMSCy, and human epi-
dermal keratinocytes {(NHEK) were able to attach and prohift
erate, and NHEK counld be directed to migrate into a wound
area.”™ By contrast. eADF4{C16) films resulted in low cell
adhesion and proliferation of Balb/3T3 mouse fibroblasts,
likely due to the fact that this protein lacks specific domaing
for cell adhesion, hag a net negative charge, and the filing
have a smooth surface. 31 An RGD tag was covalently bound
1o the Coerminug by inmroducing the encoding sequence
directly into the recombinant DNA sequence, or via chemical
coupling of a cyclic RGD-peptide to the N-terminus; both vari-
ants tremendously improved Balb/3T3 adhesion compared to
that on the RGE-modified control. ¥
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In Kambe et al, the attachwenm of chondrocytes isolaved
fromn white rabbits wag tested on films produced from fibreing
with different munbers of RGD motifs per recombiuvant pro-
tein. Indeed, &t was shown dat primary chondrocyies exhib-
ited a spread morphology on fikms of the L-RGDSx2 after
12 h, which was not found on films of native fibroin. A meodi-
fled cantilever was used to determine the adhesive force and
demonstrated an increage in adhesive strength on the RGD
modified fibroin surface. Further, realtime polymerase chain
reaction {qPCR) measurements revealed thae this increased
cell adhesive strength did not cccur at the expense of down-
regulating the chondrocyte-specific phenotype. Thus, filims
of the L-RGDS¥2 fibroin comaining two RGD motifs in
the fibroin lght chain were determined to be a promising
substrate for primary chondrocytes. ™ Films made of four
recombinant silk proteing of Vespa simillima hornets were also
investigated. Tt was shown that Vssilkl and Vssilk2 film sur
faces are positively charged at physiclogical pH and were rather
hydrophobic with water contact angles between 85° and 90°.
It was therefore not surprising that there wag a significant
higher cell adhesion on films made of Vssilkl and 2 than of
Vasilk3 and 4. It was proposed that this effect comes from a
cell-substrate interaction mediated by adsorbed negatively
charged ECM protetns, for instance collagen I or fibronectin 579
In a further study, an RGD motif was added 1o Vssilkl, which
fmproved NIH3T3 fibroblast adhesion 57

Independent of cell-binding motifs, t was also shown that
by structuring films of different eADFA{C16) variants and the
lacewing egg stalk mimic N[ASKC. the attachment of Balb/373
fibroblasts and C2C12 myoblasts can be improved. Moreover,
the cells aligned in the groves of the structured films, inde-
perdent of the silk proteins and variants used, and myoblasts
even formed myotubesF¥ Films of transgenic silkworm silk
have also been analvzed by several groups. In Yanagisawa
et al., a collagen or an RGD motif was added to the light chain
of fibroin tn an attempt to improve cell adhesion. Tests using
Balb/3T3 fibroblasts showed that on films of both constructs
adhesion could be improved compared to that on films of
native fibroin, whereby RGD modified silks resulted in the best
performance 524

Recombinant silk films have also been used as screening
tools for more gpecific applications. On 4RepCT films, mouse
and human pancreatic islands were studied. The cells were
investigated in terms of viability and function by their Ca¥
and insulin release as well as the islet morphoiotfy and immu-
nohistochemistry were assessed.?® Lewicka et al. investigated
neural stem cells (NSCs) on 4RepCT flms and showed that
before differentiation cells could proliferate and after differen-
tation with ciliary neurotrophic factor matured into astrocytes
and after differentiation with bone morphogenetic protein
matured into neurons. However, differentiation with the thy-
roid hormone T3 into oligedendrocytes resubted in a lower
success rate compared to the positive control (poly-L-ornithine
and fbronectin coated plates). These results suggest the appl-
cability of 4RepCT films in combination with NSCs for drug
screening and in the fivure for cell therapy-based treatments
of neurological disorders like Parkinsor’s digease or traw-
matic spinal cord injuries!*™ In the study by An et al. MaSp1
and MaSp2 flms were compared to B. mori stk films, and it
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was shown that cortical neurons grow on MaSp1 films only.
The hypothesized reason for this behavior is that MaSp1 films
are not only stiffer, but also inherently positively charged at
neutral pH. Thus, the neural cell adhesion molecule (NCAM),
which is negatively charged, preferably attaches to this silk
film. A significant increase in NCAM protein level was deter-
mined by qRT-PCR. Additionally, they found a GRGGL (Gly-
Arg-Gly-Gly-Leu) motif in MaSpl, also found in brain aggrecan
core protein, which seems to support neural growth %!
MaSpl derivatives 15mer and 15mer conjugated with the
RGD cell binding motif films were evaluated for the attachment
of hMSCs, as well as the tendency of the MSCs to biominer-
alize the scaffold. Interestingly, a higher amount of calcium
as well as a higher proliferation was obtained on films of the
15mer without the RGD tag. Although experimentally uncon-
firmed, it was speculated that the RGD motif was not acces-
sible an the surface.”'? To remedy the problem, the silaffin
derived RS tag, which is responsible for silica mineralization in
Cylindrotheca fusiformis, wag tagged onto 15mer. hMSCs were
grown on films with and without silica nanoparticles (SNPs)
and on both a comparable cell growth and morphology was
shown in comparison to growth on plain tissue culture plates.
However, an up-regulation of osteogenic genes (alkaline phos-
phatase and bone sialoprotein {BSP)) was found mainly in SNP
containing samples.|””l In a later study, the 6mer was geneti-
cally coupled with BSP to induce bone mineralization in vitro,
Calcium phosphate deposition was confirmed after 6 h incuba-
tion in accelerated calcification solution, and after 7 d in osteo-
genic culture media. Such films also showed a higher hMSC
attachment and proliferation rate as in native 6mer, likely due
to the fact that BSP contains triple RGD (Figure 5).** In the
presence of calcium a higher stiffness of films of the 6mer with
BSP than without BSP was found. Additionally, 6mer films
treated with BSP had a much higher Young's modulus than
of those which were not treated, as determined by AFM meas-
urements. This might be due to the fact that, when calcium is
present, supramolecular networks can be formed, and these

a s
B 6mer+BSP Control
b D émer Control
4 memer+BSP
35 W 6mer

w

CalP ratio
o = r
O 1

www.advmat.de

have the ability to dissipate energy in response to applied force.
This is a highly promising property for bone plasticity, and
therefore it was suggested to use this protein as organic glue for
synthetic nanoscale composites.®"l Another interesting recom-
binant silk is the silk moth derivative EAEFN,, (n = 5 or 10)
from Antheraea pernyi. On EAEFN;, films, an osteoblast cell
line showed an increased adhesion compared to that on B. mori
fibroin films. Further, differentiated cells after 14 and 21 d
deposited more calcium phosphate ontoc EAEFN,, films than
B. mori fibroin films, however, the positive control resulted in
the greatest degree of biomineralization by the osteoblasts.* '

In a separate study, 6Gmer was coupled to the antibacte-
rial peptides, namely human neutrophil defensin 2 and 4 and
hepcidin. Paper discs were immersed in these different pro-
tein solutions and placed on LB plates with gram-negative or
gram-positive bacteria which resulted in clear inhibition zones
for antibiotic-loaded films./%"! Further, films of the 6mer, 6mer
with hepcidin, poly(lactic-co-glycolic acid) film, or no film were
implanted into the subcutaneous pocket in mice. Flow cytom-
etry and histology showed that there was a mild inflamma-
tory response in all implants after two weeks. Fewer and more
localized responses to scaffolds were noted after six weeks **l
In their last study a tag-free purification approach of plain 6mer
and 15mer was developed and shown to be noncytotoxic./%!

In Petzold et al., the response of primary cardiac cells from
3-day-old Sprague-Dawley rats was evaluated on films prepared
from eADF4(k16), a positively charged variant of eADF4(C16).
Cardiomyocytes cultured on eADF4(k16) formed a healthy
monolayer with clear cell-cell communication, and furthermore
the monolayer was shown to contract (Figure 6). Cardiomyocytes
on eADF4(x16) films showed no hypertrophic effect, reacted
to pro-proliferative stimuli, and the contractions were synchro-
nized between cells. Therefore, eADF4(k16) not only performs
with comparable success to fibronectin, but also offers other
advantages, such as no induction of hypertrophy, the possibility
to be transferred into different morphologies, and it can be
produced in much larger quantities.**]

b mb6mer+BSP  mBmer
*
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Figure 5. a) Ca/P ratios found on 6mer and 6mer+BSP films with and without (control) cells were determined using energy dispersive spectroscopy.
hMSC were seeded onto silk films, and after reaching 80-90 % confluence osteogenic differentiation was induced. Controls were incubated in osteo-
genic medium only. The higher ratios found on 6mer+BPS samples can be explained by the affinity of the BPS domain for calcium ions. Remarkably,
the ratios found after 14 d closely resemble ratios found in tricalcium phosphate {1.50) and hydroxyapatite (1.67). b) hMSC viability was investigated on
6mer and 6mer+BSP films and determined using an alamarBlue assay. Here, a higher cell viability/proliferation was found for cells on 6émer-BPS films
than on plain 6mer films, probably due to the BPS binding domain, which contains three RGD sequences (*p < 0.05). Reproduced with permission %
Copyright 2011, Royal Society of Chemistry.
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Figure 6. Cardiomyocytes cultured on fibronectin and eADF4(k16) films. a,b) Heart muscle cells on fibronectin and eADF4(x16) stimulated with 0.2%
or 10% fetal bovine serum (FBS), stained for sarcomeric-a-actinin (green), connexin 43 (red), and DNA (blue). In order to allow contractility, cardiomyo-
cytes must exhibit well-differentiated sarcomers, which can be seen in cells seeded on both materials (green stacked lines). Further, electrical coupling
between the cells plays a significant role in efficient contraction. The efficient coupling in cardiomyocytes on both film types was shown by staining
for the gap junction protein connexin 43 (marked with yellow arrows), where an enhancement could be achieved by stimulation with FBS. Additionally,
FBS stimulation lead to an induction of hypertrophy in heart muscle cells cultivated on silk films. Scale bar: 50 um. c¢) Kymograph analysis showing
contractions and d) its quantitative analysis. Neonatal cardiomyocytes spontaneously show contractile activity, which was recorded and analyzed via
Kymograph analysis software, confirming that cells beat with the same frequency on both film types. e,f) Calcium imaging representing intracellular
change in calcium concentration during contraction. Therefore, the matrices were loaded with a calcium sensitive dye to investigate the effects on the

calcium homeostasis. It was found that neither the number of contractions nor the contraction frequency showed a significant difference between

the two film materials ¢

In conclusion it can be said that many different recombinant
silks from different origin were investigated as materials of film
scaffolds giving an insight into the basic response of various
cell types. Unfortunately, some studies did not characterize the
surface before seeding cells on it,** are missing important
details in material and methodsl®” or did not show any micro-
scopy images to confirm their cell culture data.l>*<5%! Further
should be mentioned that many groups use immortalized cell
lines to test the performance of their silk films, which is helpful
for understanding how cells might react on a basic level, but
are also insensitive to more specific culture conditions."!
As more and more special cell binding motifs are added to
the silk variants, it would be desirable that in future studies a
focus is laid on primary or stem cells specific for these motifs.
Nevertheless, there were some preliminary tests for use in
neural, bone, and cardiac tissue engineering. Unfortunately,

Adv. Mater. 2018, 1704636
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bone tissue engineering showed less promising results com-
pared to established control materials, but results were particu-
larly interesting for cardiac tissue engineering.

4.4. Mesoporous Foams

Mesoporous foams are 3D structures comprised of 3D arranged,
thin-walled pores. One of the most critical parameters is pore
size, where large pores (>100 pm) might prevent vascularization
of the artificial tissue, as endothelial cells are not able to bridge
pores which are larger than a cell diameter,*” but small pores
(<100 nm) will limit the diffusion of nutrients, metabolic waste
products, and gases.[*!

There are several approaches for creating foams which are
used, the most common being salt-leaching, freeze-drying,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and gas foaming. I the case of gas foaming, the polymer is
saturated with a gas, such as CO;, at high pressure. Then, the
pressure s slowly released to stmospheric pressure, which
reduces the solubiity of the pas i1 the polymer and thereby gas
bubbles are formed.’” In solvent-rasting particulate leaching,
salt particles are homogeneously dispersed in a polymer solu-
tion and the salvent is evaporated. The salt is leached ow of the
scaffold in a water bath, which leaves behind a porous foam
structure. ™ Salt leaching is the most common technigue for
producing foams from recombinant silk proteins.

ate a scaffold by freeze-drying, the most simple method
> an aqueons polymer solution, which results in crystal
formation by the solvent, and then w remove the solvent by sub-
limation, leading to a porous foam.”* Here, the pore size can be
controlled by changing the pH or freezing rate % Alternatively,
the pore size can also be controlled by use of errmlsion freeze-
drying, where an aqueous phase is mixed with a watermiscible
organic solvent and subsequently frozen.™ To avoid the neces-
sity of post-treatment, an alternative is to use cryogelation. In this
case, a polymerizing agent is added to the polymer solution, and
due to the formnation of ire crystals, and herice indirect removal of
solvent, the polymer solution and crosslinking agent concentra-
tion become go high that it results in matrix formation, leading
to a stable foam which requires no funther processing ™! Pore
direction can also be controlled by cyrostructuring. Cryostrue-
wiring, or the directional growih of solvent crystals, occurs when
a temperatire gradient is applied, and it follows that the pores
are also aligned into a specific struchure 103

4.4.1. Recombinant Silks Processed into Mesoporous Foarns

eADFACIS) foams were prepared by saltleaching and had a
Bsheet content similar to samples of post-treated eADP4{C16)
films (429312 Scaffolds made of eADFA{C16) were found
to be in the range of soff tssue {elastic compressive moduli =
0.94-3.24 kPa) whicl is compared to r51/9 foams which bad
about 100x the tensile strength at 18 + 5 N cm™ ({180 kPa).#¥l
This, combined with gravimetric analysis of eADF4{C16) foams
determining a porosity of 92%., indicated these foams could
be promising for tissue engineering apphications. Therefore,
foarns made of eADEF4{C16) with and without RGD domain

were further evaluated for the adhesion and proliferation of

Balb/3T3 mouse fibroblasts.

Cells cultured for 10 d on eADF4{C16)-RGD foams
were homogenously distributed and exhibited a spread
morphology.f*! In spite of its high stiffness, a similar result
was obtained testing 373 fibroblasts on 1F9 foams after 14 d in
enltre, ag determined by confocal laser scanning microscopy
(CLS M) [ Moisenovich et al. showed 3T3 fibroblasts attached
and proliferated in r$1/9 scaffolds, whereby a homogeneous
cell distribution throughout the material was obtained after
14 d as found by CLSM.4?1 Further, 15179 foams were com-
pared to B. mori silk fibroin ones, which showed a similar result
in terms of 3T3 fibroblast attachment and proliferation H1l 104
but allowed a 5x faster migration throngh the network, leading
to the conclugion that r$1/9 foams vielded a reduced motiltity
of 373 cells. 5™ Freeze-dried L-RGDSx2 fibroin (LRF) scaffolds
with 2 mean pore diameter of 80 pm showed promising results
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for bone and cartilage tissue engineering, where primary chon-
drocytes from white rabbits produced more cartilage-like tssue
on the gurface of LRE than on native fibroin 53

The Fuprosthenons australis derivaiive 4RepCT and varl
ants thereof were formed into foams with pore sizes between
30 and 200 um. 747876994 Unfortunately, the exact mecha-
nism of foam preparation is not explained i any of these
studies. Human primary fibroblasts seeded onto 4RepCT
foams exhibited ateachmenr, spreading, proliferation, and
collagen 1 production over 11 d.FYU Tn a follow up study, NSCs
were shown to successfully differentiate to astrocyles using
ciliary neurotrophic factorl®®! Further, for culture of human
induced pluripotent stem cells (hiPSCs) and human embry-
onic stem cells (hESC) a xeno-free system was developed where
4RepCT modified with vitronectin {VN-4RepCT) was uszed.
hiPSCs as well as hESCs maintained their pluripotency even

after 30 passages on 4RepCT films, and successfully differenti-
ated into cardiomyocytes and neuroectodert on foams. They
were then mjected in gevere combined immunodeficiency
mice, where they formed teratoma generating cells from all
three germ layers. Further, hiPSCs seeded on silk filing were

successfilly differentiated into endoderm, cardiomyocytes, or
nenroectoderm.?% In a follow up study hPSCs were cultivated
over 1 passages aud they were confirmed to be karyotypically
normal and pluripotent.*"!

Two studies address pancreatic igland englneering using
efther 4RepCT varlants with Ntermina RGD, RGE, TKVAV,
and YIGSRT or Neterminal VN or fibronectin (EN) as well as
RGD meorporated after the second or third Rep motif (2R- or
3R-4RepCT}).7M In Johansson et al., mouse and human pancre-
atie islands were seeded direcdy oo the scaffolds, and it was
shown that the most effective adhesion took place on foams
prepared from RGD-4RepCT. Even afler a month in culture,
the clusters muaintained key finctions such as insulin release
upon glucose stimmulation, and increase in [Ca®} upon potas-
sm or glucose stimulation. The cells on silk Bams showed less
necrosis compared 1o free floating clusiers, and human islands
were found to form sprouts and new iglet like structures from
donors less than 35 years old. Therefore, it was sugpested 10 use
this in vitro model for screening of potential therapeutic treat-
ments and development of novel transplantation strategies.
Ielands from RGD-4RepCT and “free-foating” control samples
were also transplanted into the anterior chamber of mice eyes.
Iglands from RGD-4RepCT were more stable in size, showed a
better vascularization, lower cell death, and less insulin loss than
observed in the control group.79 In a follow-up study, mouse and
human pancreatic islands, as well as MIN6m% mouse beta cell
line, were investigated. Single cell suspensions were seeded onto
the foams, and cluster formation was detenmined. RGD-4RepCT
as well ag 2R-4RepCT resubted in the best cluster formation, and
these chasters alzo showed fimctionality in terms of msulin pro-
duction and & change in [Ca™) after depolarization {Figure 7).
Further, the dusters from 4-RepCT and 2R-RepCT were trats-
planted into the arderior chamber of mice eye, and both groups
facilivated insulin production and the formation of microvascula-
ture, whereby larger vessels were found in 2R-4RepC 175

In further sndies, rS1/9 scaffolds were formed into bar
shaped scaffolds and implanted into the midline dorsal subcu-
taneous area of BALB/¢ mice, where no toxicity or other tigsue
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Figure 7. Human (-cells were cultured on silk protein foams and shown to form viable and functional islet-like clusters. a} Number of clusters
obtained within foams after 7 d in culture on WT {4RepCT), RGD (RGD-4RepCT), and 2R (2R-4RepCT) (n =3, triplicates, *p < 0.05) and determination
of change in internal calcium concentration upon b) depolarization with potassium or c) with glucose. These tests confirm the stimulatory effect and
hence the viability and functionality of the islet-like clusters. The glucose stimulation (c} performed after 7 days in culture showed a slightly more pro-
nounced increase in internal calcium concentration on RGD compared to WT foams. d} Representative micrographs of islet-like clusters on 2R foams.
€) Dynamics in insulin release after depolarization with glucose or potassium of clusters on WT, RGD, and 2R foams. Therefore, cells were stimulated
with glucose first, which showed expected level of insulin production. Afterwards, the release was brought back to a basal level by lowering the glucose
concentration again. Subsequent potassium stimulation showed a successful depolarization. f) Micrograph of cluster stained for insulin (green) and
nucleus {blue}. It shows that most cells stain positive for insulin confirming the presence of B-cells; further some glucagon producing cells were found.
Scale bar: 50 um. Reproduced with permission.”5t Copyright 2016, Elsevier.

pathology was observed. Histology performed after eight weeks
showed clear ingrowth of adipose and fibrous tissue as well as
vascularization and nerve fibers.*! In a separate study, B. mori
fibroin and rS1/9 foams were implanted into midline dorsal
subcutaneous area or into femoral defects. The implants were
well-tolerated, and histology after eight weeks of the subcuta-
neous implants showed the shape of the scaffold was conserved
in both, in r$1/9 and in B. mori fibroin scaffolds; however,
in-growth of connective and fat tissue, cell mediated erosion,
and vessel and nerve fiber formation was more pronounced in
1S1/9 than in B. mori fibrein scaffolds. For the bene implants,
Roentgen and CT studies revealed that after four weeks a
higher recovery took place in case of 1S1/9 in terms of bene
formation and maturation,®!"! Further, scanning probe nano-
tomography confirmed a better regeneration of bone tigsue in
rats using rS1/9 compared to B. mori fibroin, probably due to
higher nanoporosity thereof.1*l

The performance of transgenic silkworm silk foams
[(AGSGAG),EgAS]y was also evaluated for its ability to promote
bone regeneration. This silk contains additicnal glutamic acid
residues, which should enhance calcium binding, and this
was confirmed by X-ray photoelectron spectroscopy and Von
Kossa staining. The sponges were analyzed in femoral defects
in Japanese white rabbits and their performance was com-
pared to that made of mnative silk fibroin. After four weeks,
micro-CT revealed an enhanced bone formation in the trans-
genic silk fibroin, and further improvement was seen after
eight weeks.[*
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In summary, salt leaching, phase-separation freeze drying,
and an unknown foaming mechanism were used for foam
preparation. The foams were in general very well character-
ized in terms of structure (SEM, CLSM), mechanical stability
(compressive test), (secondary) structure content (FTIR + FSD,
BC crosspolarization magic angle spinning nuclear magnetic
resonance), porosity (gravimetric analysis), cell attachment,
and degradation (enzymatic, chemical). The only exceptions
were foams prepared from 4RepCT and LRF scaffolds, which
were unfortunately not as well-characterized, and therefore it
is difficult to draw complete conclusions from these works.
Further, foams were applied in attempts to form functional
tissues including bone, peripheral nerve, and pancreas. Of
these, particularly promising results were seen in terms of
insulin production and calcification of foams, however many
more studies must be conducted to enhance and fully charac-
terize these tissue-like structures.

4.5. Hydrogels

Hydrogels can be most simply defined as polymer or pro-
teing networks, induced by physical or chemical crosslinking
in solution, which are primarily composed of water (>90%)
but still retain their structure.'”” Examples of physical
crosglinking are chain entanglements, hydrophobic interac-
tions, and hydrogen bonds."! Physical crosslinking is nor-
mally a process which occurs spontaneously under certain
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conditions, such as specific concentrations
and temperatures.|'’” Chemical crosslinking
is the use of a chemical agent to induce
covalent bonds between polymer or protein
chains, or salts for ionic bonding,[1962.108]
Compared to other morphologies, hydro-
gels are highly interesting in terms of 3D
cell culture, as the cells are introduced to
a truly 3D environment, as opposed to 2D
or complex 2D surfaces!'™ However, as
implied from adding the 3rd dimension,
significantly more protein or polymer is
required to form hydrogels, as well as con-
sumables used for evaluating the scaffolds,
such as staining reagents. The diffusion of
molecules (waste-nutrient exchange) is also
significantly impeded. However, these dis-
advantages are usually out-weighed by the
fact that hydrogels are the most physiologi-
cally accurate morphology. Further, they
can be used as biomaterial component for
3D bioprinting, when they are able to flow
under shear stress, and recover mechanical
properties after the process is complete.|']
One of the reasons why spider silks are
favorable materials for forming hydrogels for
tissue engineering applications is that they
can be formed without crosslinkers. 17111
The formaticn of hydrogels through self-
assembly ig a thermodynamically driven
process where the principle variables
determining the rate of gelation are the con-
centration and the temperature. In the case
of the investigated spider silk proteins, the
nucleation phase is characterized by a struc-
tural change in the amino acid chain to
more f-sheet rich structures, followed by the
fibril elongation phase, followed by network
formation.'"”? To the best of the authors
knowledge, there is only one case of recom-
binant spider silk hydrogels for tissue engi-
neering, which is eADF4(C16), Table 1.

4.5.1. Recombinant Silk Hydrogels for
Biofabrication

BALB3T3

bioink gelation

MATERIALS

www.advmat.de

bioink preparation by encapsulation of cells in recombinant silk solution

eADF4(C16) -RGD

W|th
W|thout

&. physical crosslinking at 37 °C

microvalve-based

extrusion printing

3D cell culture

~70% cell viability

~70% viability maintained
before and after printing

Figure 8. Biofabrication using eADF4(C16) as the biomaterial component of a bioink. Cells
were encapsulated in highly concentrated eADF4(C16) solution and gelled by incubation at

37 °C. The bioink can either be used for 3D cell culture or for 3D bioprinting with reasonable

eADF4(C16) was shown 1o be effective for ! viability

3D bioprinting, Figure 8.4 In this study

it was shown that the hydrogel was nontoxic to cells when
encapsulated, and although there was a reduction in cell
viability due to the encapsulation process, there was nearly
100% cell viability comparing before printing te after printing,
Although there is room for improvement, this pilot study in
general showed the promise for the use of eADF4(C16) for
3D bioprinting. In the future, these disadvantages should
be improved, and again more sgpecific cell types or growth
factors should be used in an attempt to achieve a specific tissue
function.

Adv. Mater. 2018, 1704636
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5. Implant Coatings

When an implant is introduced into the human body there
are several consequences, including high risk of infections at
insertion site"¥! as well as several reactions of the body to the
chemical, physical, and morphological characteristics of the
implant surface. The foreign body response begins with protein
adsorption followed by monocyte/macrophage adhesion, which
will eventually fuse to form foreign body giant cells as they
cannot digest the implant!''l These foreign body giant cells
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then further initiate more complex inflaimmatory and wound
healing responses, for example, scar tissue formation, Thereby,
fibroblasts are attracted by the giant cells and begin gynthe-
sizing collagen, forming a complete avascular capsule around
the implant!!® Thus, it is of great importance to understand
the environment of and host response to certain biomaterials
in order to use them in meaningful applications, referring to a
review by Anderson et al. for more details.'16)

5.1. Recombinant Silks Used as Implant Coatings

The number of methods used for coating hard and soft med-
ical devices with recombinant silk proteins is limited to dip-
coaling or spray-coating or a combination of both. Aqueous
solutions were used to avoid damaging the implant material
as well as introducing residues of toxic solvents or salts in the
body. In a pilot study by Zeplin et al., silicone implants were
coated with a layer of eADF4(C16) =1 pum thick by dip-coating
the implant into aqueous silk solution three times with the
aim of reducing capsular fibrosis (Figure 9).2°'7 In vivo
studies in Sprague—Daley rats showed a decrease in fibroblast
and histiocyte coverage as well as less collagen deposition on
coated than on uncoated silicone samples. The reduction in
capsule thickness and fibrosis factors was also confirmed by
qPCRI#*! Further, this implant coating was much more suc-
cessful than others in current research. In a follow up study,
eADF4(C16) was exploited to coat silicone catheters. Here, the
material was prepared by oxygen plasma treatment followed
by application of poly{ethyleneimine) (PEL positive charged
polymer) or eADF4(k16) (positively charged silk protein), to
counterbalance the negative charge from plasma treatment,
and finished by an eADF4(C16) {negatively charged silk pro-
tein) coating. The interaction with several cell lines (Balb/3T3
fibroblasts, B50 nerve cells, C2C12 myoblasts, and HaCaT
keratinocytes) was investigated, and neither adhesion nor
proliferation was observed. The coating was confirmed to be
stable against delamination, even after bending.*'l Harris et al.

encapsulation

uncoated silk-coated

www.advmat.de

also used dip-coating, spray-coating, and a combination of
both to apply a 0.5=50 um thick layer of rtMaSp1/rMaSp2 onto
silicon wafers, stainless steel, titanium chips, and PU or sili-
cone catheters. A general smoothening effect of the surface
was observed upon coating of catheters, which was confirmed
by determining the friction coefficient. The best results for
coating homogeneity were observed by using a combination
of spray-coating and dip-ceating. To see if this could also be
used to reduce the formation of biofilms, thrombotic fouling,
and protein accumulation, functional compounds or additives
were added. In order to reduce the likelihood of an infection,
antibiotics (kanamycin, gentamycin, tetracycline, ampicillin,
or chloramphenicol), azole, and/or aminoglycosides were
added. Furthermore, heparin was supplemented as a func-
tional compound to prevent thrombosis. These silk/heparin
coated silicone implants, which were incubated in blood that
was induced to clot, showed a severe decrease in thrombotic
fouling.*?l

In order to functionalize implants with biclogically active
peptides, 4RepCT was modified with either cell-recognition
peptide (FN-4RepCT) or an antimicrobial motif (Mag-4RepCT).
The coating process was analyzed using quarlz crystal micro-
balance and surface plasmon resonance, and it was shown that
silk was adsorbed continuously and that the resulting layer was
stable toward sodium hydroxide, hydrochloric acid (0.1/0.5 m),
and ethanol treatment. The silk coating assembled into fibrils
on the surface, and these nanofibrous coatings, especially
FN-4RepCT, improved viability, spreading, and proliferation
of HDMEC and human dermal fibroblasts. A decrease in
S. aureus density was also observed on both 4RepCT and
Mag-4RepCT.11#l

In summary, it can be stated that recombinant silk coat-
ings were successfully applied onto various surfaces and
fulfilled the desired task in terms of tissue and cell response.
For example, surfaces could be adjusted so that either cell
attachment was decreased or increased. Almost all studies
reported that silk coatings increased smoothness and ren-
dered the surfaces more hydrophilic!¢%*1  Although

less cell proliferation

less ECM synthesis
.{! /and remodeling

N less fibrosis

less contracture

silk-coated

Figure 9. Scheme of bioshield function of silk coating on a silicone implant. Silicone, despite being resistant against enzymatic and hydrolytic degrada-
tion, displays a hydrophobic surface triggering adhesion of unspecific proteins and cells. This leads to a foreign body response, which might end in the
formation of a fibrotic capsule, causing a deformation of the implant and pain and discomfort in patients. By applying a thin spider silk coating, which
causes no immune reaction, the implant can be shielded and thereby capsule formation can be significantly reduced.l?]
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hydrophilic, it was found that 4RepCT
coating formed a nanofibrillar structure./''*!
However, perhaps the most exciting result
of this study was the nearly undetectable
immune response as well as the slow bio-
degradation in vivo.

6. Drug Delivery

Drug delivery systems are designed for
increasing the uptake efficiency and speci-
ficity of a drug for a target tissue.""! Usually
the strategy is to target specific cells or char-
acteristics of a diseased tissue, and to design
the drug delivery vehicle such that it does
not release its drug unless in that particular
environment (Figure 10a). Other advantages
of using drug delivery systems are to increase
the loading efficiency of drugs which have
low water solubility, and increase control
over the release profile of the pharmaceutical
agent'?l Simply stated, drug delivery sys-
tems allow for a reduction in the amount of
drug administered, frequency of drug admin-
istration, as well as the potential side effects
of a drug !t

Drug delivery systems are often char-
acterized as either stationary or mobile.
Stationary systems act as a drug depot which
are implanted in one location and slowly
release drugs over a long period of time.
Examples include implant coatings (films)
or wound dressings (hydrogels).'*? Bioma-
terial-based products are currently available
in the market and are composed of polyan-
hydrides (Gliadel Wafer) and poly(lactic-co-
glycolic acid) (Zoladex). Mobile systems on
the other hand act as transporters carrying
their drug load to the final destination,
where it is released. Therefore, these sys-
tems are further characterized by how they
target the site of interest, either actively or
passively. Active target systems will attach
recognition sequences for molecules such
as nucleic acids, peptides, proteins, small
molecules, or monoclonal antibodies which
are unique to the target site. For example,
ligands attached to the drug delivery system
can bind to cell-specific membrane mole-
cules on the target cell (Figure 10b)./1%l

There are many studies where B. mori silk
fibroin was processed via different routes into

microspheres and nanoparticles, and both were successfully

systemic administration

target tissue

. ﬁtarget tissue
e.g. tumor

www.advmat.de

targeted drug delivery

macropinocytose

mechanisms
of silk particle uptake

endocytosis

* drug
silk * » molecules
particle
target cell

specific ligand

target cell
specific receptor

A

®

endocytosis
mediating protein

Figure 10. Drug delivery via silk particles. a} Comparison of systemic drug administration and
targeted drug delivery. In systemic drug administration the whole body faces the medication,
whereas in targeted drug delivery only desired cells are attacked. b) Cellular up-take of silk
particles either via macropinocytosis or endocytosis. Silk particles were found to be mainly
up-taken by different mechanisms, namely micropinocytosis and endocytosis, depending on

the properties of the silk proteins used.

6.1. Hydrogels

loaded with different (model) drugs. However, B. mori fibroin

suffers, like all naturally derived polymers, from batch-to-batch
variations making quality control, necessary in biomedical appli-
cations, difficult,"*!l highlighting the use of recombinantly pro-

duced silk proteins.

Adv. Mater. 2018, 1704636

Hydrogels are a particularly attractive choice for drug
delivery because they can be easily loaded with relatively high
amounts of water-soluble drugs by diffusion or by encapsula-

tion.[15125] The drug release profile can be easily controlled
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by hrdrogel-specific characteristics, such as crosslinking den-
gity, environment-responsive swelling, or shrinkage. A finther
advastage is that preformed hydrogels are often injectable, or
the hydrogel precussor sclution can be injected as a liquid and
gel on gite. Therefore, hydrogels stay at the site of interest much
more successfully than for example particles, which have a
short residence time in the blood, especially at smaller size 1

Challenges associated with using hydrogels as drug delivery
carriers are that they often have an umomroﬂable burst release,
efther immediately due to rapid diffusion time of small mol-
ecudes, or later from sudden, rapid degradation of the
hydrogel.[?% However, most of these Lh.ilicugcs are simple to
overcome, for example by creating environmentally sengitive
hydrogels,|¥! or by making mudtimembrane hydrogels!®7)
Recombinant silk hydrogels are panicularly inieresting due to
their slow biodegradation, however the ouly type examined so
far is silk-elastinlike proteins {SELPs) (Table 1).

6.1.1. Recombinant Silk Hydrogels for Drug Delfvery

One group focuses on the production of SELP hydrogels, in par-
ticular for cancer therapy. In the foundational publications, they
investigated different variamts of SELP, and showed that SELP-
815K hydrogels (Table 1) had the best release of adenovirus %)

In & paper by Poursaid et al. 1wo variams of SELPs were
tested as chemoembolization agemts: SELP-47K and SELP-
815K 2> Qhemnembﬂhzatiﬂn is a cancerdreatment where
the blood vessels to the tumor are blocked, resulting in tumor
shrinkage, combmed with chemotherapy drugs, to actually kill
the tumor cells ¥ First they conducted in vitro tests in micro-
fluidic channels designed to imitate the hepatic vasewlar system,
where they ohserved that the solgsel transition ccourred at an
appropriate time point, which further resulted in cogging of
the targeted channels only. It performed with similar success
in rabbits, where it gelled i the site of interest and resulted in
stgnificant wimor shrinka i

Although these smdies show these hydrogels to be prom-
ising for chemoembalization, there were a few poins which
were lacking conclusive comments from the researchers.
For example, they reported reduction in tumoer growth rate,
however, they did not mention if there wag complete regression
of the turmor, or il this would be effective against metastatic
forms of cancer. Overall, the hydrogels show highly interesting
properties, and should be further investigated with more
complex models and methods.

6.2, Films

Film-based and membrane-based scaffolds in drug delivery are
ofterr studied due to their simplicity and the possibility to obtain
zeroth-order release kinetics alowing a constant drug adumnis-
tration P Hofmann et al. investigated silk fibroin Glms as drug
delivery matrices by casting films from a protein—drug mixtre.
Indeed it was found that films with higher crystallinity showed
no inital burst releage. Further, the activity of protein drugs
was evaluated and it was shown that horse radish peroxidase
was still active after release from methauol treated filins.3Y
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Long-term studies of etzymes entrapped in silk Obroin films
shiowed 1 40-100% activity of gliscose oxidage, lipase, and horse
radigh peroxidase after 10 mounths of storage ™ It wag fnther
rezolved thar the entrapped enzyme was only released after
proteolytic sitk degradation, which was in turn dependent on
the secondary siructure of the sk matrix. Heuce, controllable
release kinetics of the films could be realized by adjusting the
tructure with different posttreatment techniques andjor
the addition of 1 plasticizer like glycerol 133

6.2.1. Recombinant Sitk Fifms for Drug Defivery

The authors are only aware of two publications utilizing recom-
binant stk films for drug delivery. In both cases, films were
formed from eADF4{C16) by film casting. In order to allow
an easy removal, films were cast omto a polytetrafluorethylene
surface either from organic HFIPI'™ or aquecus solution. ™!
In the study conducted by Hardy et al., eADF4{C16} was addi-
donally blended with pelyeaprolactone and  thermoplagtic
polyurethane at various ratics, ;Lnd 1‘e<ultina films were about
100 wm thick.P The films wera characterized uging dif-
ferential scannimg calorimetry and tensile testing fmung's
moduli with 3500 or 3300 MPal'™h, a5 well as thermogravi-
metric analysis ™ isoelectric point @Y water absorption,!ZY
and water contact angle!'¥ measurementz.

Low molecular weight drg models (methyl violet or ethacri-
dine lactate) were loaded by incubation, and diffusion was
determined in phosphate-buffered saline (PBS) via UV—vis
spectrometyy. The highest Joading and the fastest release were
observed in pure sitk constructs, prebunmblv due 1o the nega-
tive charge of eADF4{C16). The time of release could be {ur-
ther shortened by the addition of enzymes P4 [n Agostini et
al., pure and multilayered films as well ag the impact of addi-
tives glycerol and 2-pyrrolidone on the release of loaded low
molecular weight (etracaine HCl and pamroiamul) and high
molecular wmght {fliores {(FITC)-bovine
serum albumin (BSA) and FITC-dextran) model drugs were
investigated. Paracetamol and FITC-dextran were released
within one day only. and also FITC-BSA showed an initial
burst followed by a steady release from the =30 wm thick mono-
lavers. Multilayer filmg prepared by pressing a FITC-BSA and
glycerol (glue) film between two pure sitk films did not show
any improverment in termg of release. Coating of FITC-BSA
and Z-pyrrolidone (plasticizer) loaded films lead to a decrease in
burst release to 20% followed by a steady release over 90 d.I2Y

In conclusion, films could be loaded with drugs, but not
as effectively as particle systemns, This could potentially be
improved by uging a system which allows for greater dmg
loading {e.g., hydrogels).

6.3, Capsulas

Capsules allow the encapsulation and protection of larger mole-
cules, small particles, or even simall microorganisms /'3 A cap-
sule can be formed around a solid core, mhlch ig then removed
afterwards. This technique was for examnple used to obtain b1~

capsules from modified B. meri fibroin by applying the sitk onto

{18 of 28} © 2018 WILEY ¥CH Yerlag GmbH & Co. KGah, Weinheim



PUBLICATIONS AND MANUSCRIPTS

ADVANCED
SCIENCE NEWS

“AikelirkDs

wwwadvancadscisncenews.com

silica particles, which arc subsequently dissolved.[¢ In the
field of recombinant silks capsules were formed in an emulsion
process, whereby an amphiphilic molecule lines the interface
between water and ofl thereby forming a capsule veall #81%

6.3.1. Recombinant Silk Processed into Drug Delivery Capsules

eADPAYCIS) epider silk capsules were prepared in a water
in-oil ermuidsion using either toluend*® 537 or silicon oil 1374
Toluene has the advaniage that it induces fisheet formation
aud thus, no fAuther postdreatment is n ary (Figure 11a);
however, it also has the disadvantage that it is cytotoxic.*l
Silicon oil on the other hand is FDA-approved, but an additional
post-treatmuent step must be included afier capsule formation.
The capsule diameter ag determined by light microscopy was
1-30 . Mass balance measurements showed that the mem-
brane thickness was 30-70 nm. Compression tesis performed
with AFM gave a Young's modulus of 0.7-3.6 GPa. The capsules
prepared in silicon had a moleculsr weight cut-off (MWCO)
»40 kDa, 7 whereby the capsules prepared in toluene had a
MWCO of ahout 27 kDa #*1378 No rupture was observed under
osTR0tIC 8tress up 1o 107 Pa, and the capsules were chemically
stable in 2% sodium dodecyl sulfate and 8 m urea.

In further studies by Bliim et al., B-galactosidase wag loaded
into capsules.™" It was shown that the enzyme could be
entrapped in the capsule protecting it from proteolysis. Using
such a closed reaction chamber with a semi-permeable mem-
brane, inactive enzymes or their precursors could be encapsu-
lated and then activated from outside by o-complementation of
Bgalactosidage 57

All three studies ghow that it is possible 1o prepare capsules
from recombinant cilk proteing with reasonable stability. This
drig delivery system is still in the early stages of development,
and further studies are required to determine its potential.
The big advantage of this approach is the possibility to encapsu-
late not only large molecules, but even entire microorganisiug,
which makes it attractive for further research.

6.4. Particles

Previously it was shown that regeneraied silk fibroin particles
can be used ag mobile drig delivery systems ' Several dif
ferent methods have been developed for preparation of sik
fibroin particles as for example salting out, microfluidics, phage
separation with polyvinyl alcohol, desclvation in an organic
solution and liquid templating. The most commmonly used
approach for recombinant silk proteins is salting-out in phos-
phiate buffer {Figure 11b), raking advantage of the fact that silk
proteins are less soluble at high salt concentrations due to dec-
trolyte-nonelectrolyte interactions, 2

6.4.7. Recombinant Silks Processed into Drug Delivery Particles

In Lammel et al. paricles were prepared by wmixing an
eAIF4{C16) solution and phosphate bufler with a pipetie,
a wcrornixing device with laminar or turbulent fow, and by
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dialysiz of protein solution against phosphate buffer. Due 1o
the importance of particle size, it wag desired to establish the
relationship between the concemtration of the protein solution,
the concentration of phosphate buffer, as well az the mixing
time for determining particle gize. Particle sizes were found
to be between 250 nm {micromixing with turbulent flow) and
2.1 pm (dialysis) as determined by SEM and laser diffraction
spectrometry (L138].0%) In general it was found that the lower
the protein councentration, the higher the phogphate buffer con-
cemtration and the faster the mixing time the smnaller the final
particles will be.

Particles were also characterized in terms of heat, mechan-
ical, colloidal, and chemical stability. Lucke et al. showed that
eADF4{C16) particles prepared by micromuxing (332 mmy or
iy an ultrasonic atorizer (6.7 um) could be steam sierilized
without any effect on size or secondary structure. ™ A closer
lock on the tmerfacial properties of the particle was obtained
by direct force measurements with 2 colloidal probe. Thereby it
was found that e ADF4{C16) panticles are surrounded by a fuzzy
protein laver protruding into the golution. This diffuse laver
allows long-ranpe interactions, which are based on electrostatic
and steric forces (Figure 11} ¥ Interestingly, an increase in
physical crosslinking, for example, by increasing the molec-
ular weight, had a severe impact on elastic modulug, whereby
chemical crosslinking with amumonium persulfate (APS) and
wis{2.2-bipyridylidichdororuthenium{ll)  (Rubpy) had  ondy
minor stiffening effects, as the initial f-sheet content in non-
crogslinked particles was already hish. Addrionally, a contin-
uous deformation behavior without buckling indicates a high
homogeneity of silk particles.™ Interestingly crosslinking
did have an effect on chernical stability: when ncnbated in
& M guanidinium thiocyanate, formic acid, HFIP, § m guani-
dinium hydrochloride, and 10 x 107% m Tristhydroxymethyl)
aminomethane (Tris) buffer crosslinked particles were stable
for 25 b, whereby non-crosslinked particles were only stable in
guanidinium hydrochloride and Tris buffer, 1l

Colloidal stability of eADF4{C16) particles and iis vari-
antg was determined in several studies. It was found that
eADFHC16) parricles are stable for six months in water, but a
decrease in pHY™ or the addition of kosmotropic saltsi*® leads
to particle agplomeration. Tt is known that particles with a zeta
potential below —20 mV show only listle agglomeration ¥ 1n
a study by Elsner et al,, particles made of eADF4{C16) hybrid-
ized with different motives (RGD. RyG. Tat) and of e ADT4{x16}
were tested and the results remained consistent: partices of
eADF4HC16) and the RGD varant had ~-25 mV (the lowest
zeta potential) and showed low agglomeration, whereby Tat
eADF4{C16)Tat with —8 mV agglomerated [ Also Jastrzebska
et al. found that MS2 particles showed a negative zeta poten-
tial ranging between 10 and ~35 mV depending on the silk
purification method, phosphate, and silk concentraiion, and
on the pH.® A later study detected that MS1 particles had a
positive zeta potential of ~9 mV, and loterestingly a 8:2 iy
wre of MS1:MS2 gave an even higher value of =15 mV. Her2
binding peprides were pgenetically added 1o both varianis
(H2.1/2881/2), which had wo influence on the zeta poten-
tial. The stability was tested by turbidity measurements and
revealed that M 32 particles are more stable than M$1 particles,
and the mixtures are found in between. Importanty, the Her2
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Figure 11. Preparation of mobile drug delivery systems made of silk proteins. a) Capsule formation: Silk solution is emulsified in silicon oil. The silk
molecules adsorb at the water/silicon oil interface and form a film. This film is stabilized via a post-treatment step—here f-sheets are induced in an
ethanol/water mixture. b) Particle formation by salting out: Route 1: the recombinant silk solution is mixed with phosphate buffer and then loaded
with drug molecules by diffusion. Route 2: the recombinant silk solution is mixed with drug molecules before coprecipitation in phosphate buffer.
<) Different layers in particles contributing to their properties: In the core elastic deformation takes place, which mainly determines the mechanical
properties of the particles. On the particle surface brush-like structures (approximated by an Alexander-deGennes type of interaction) can be found,
which determine the interaction with, e.g., drug molecules. A diffuse charged layer is located outside.
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binding peptides did not influence the stability.™7 With stable
particles in solutiorn, it is possible to constder particle loading.

In a study by Hofer et al., they could show using FITC-
labeled proteins that neither uptake of uncharged FITC dextran
nor E’IPGHEEVPE charged FITC-bovine serum albumin into
eADF4H{C16) pamdes. The positively charged FITC-lysozyme
could successfilly be loaded, whereby again pH and ionic
strength plaved a crucial role. Interestingly, the zeta-potential
of the particles wag the same before and after loading M A
sitnilar observation was also made by Schieding et 4. where
particles of several eADF4(C16) derivatives {negatively charged)
were loaded with fluorescently labeled PE! {positively charged)
or eADFA{x16) particles (positively charged) with labeled
ssDNA (negatively charged or with a plasmid DNA doxoru-
bicin (Dox) mixtuwre) and this loading had o effect o the col
loidal stability[** Also negatively charged MS2 particles could
be loaded with rhodamine B or Doxl® In a later study it was
shown that M$1 particles can be loaded with almost double the
amonnt of Dox than M52 particles (645 vs 372 ng per pg silk),
although MS1 and Dox are both pogmvely Lhar;,eai The reason
might be a higher hydrophobicity as well as the loser packing
of MS$1 particles facilitating diffusion. Turther it was shown
that Dox loading efficiency of a 82 mixture with or without
Her2 binding peptide was between that of the pure silk particle
variants.'” In the case of loading eADF4{C16), Lammel et al.
proposed that loading & mainly driven by three parameters: (1)
charge of the dmg (determined by K}, ie., if the particle pos-
sesses a negative charge, only positively charged drugs can be
loaded; (2} octanol water partition coefficient (logpo’,w), hence
the solubility of the molecule; (3) molecular weight of the drug,
whereby (1) and (2) are the dominating factors. ™

Particle loading can also be accomplished by coprecipita-
tion (Figure 11b). Coprecipitation was shown to efficiently load
eADFA(C16) particles with the model drug rhodamine B or
Bcarotene V1% Similar results were observed for H2.1/2MS1,
which could be successfully coprecipitated with Dox. Thereby
=355 ng of Dox were loaded per Lig of silk #% [rierestingly, this
resembles only half the amount loaded via diffision.

Release {)degq from particles was investigated in different
buffer systems usually by UV—Vis spectroscopy.lt7 % M5 147.158]
Superhydrophobic B-carotene could only be released upon
digestion of the silk particle. Here it wag shown that the
eADF4{C16) particles remained intact in artificial gastric {luid,
whereby they were digested in artificlal intestinal fluid.B7
A decrease in pH caused a bumsi-release of lysozyime, methyl
violet, or ethacridine lactate loaded eADF4{C16) particles, as
well as of Dox-loaded H2.IMST and H2.2MS1 (H2.1/2MS31) par-
ticles. Thig could be explained by a change in charge due 1o the
pH change, diminishing the electrogtatic interactions between
silk and drug and thereby promoting drug release 6444145 Gnly
a small burst release of about 209 was reported by Florczak
et al. in M81, MS2, and their mixtires with or without binding
peptide, and decreasing pH had less influence than in gindies
described before!™ Also an increase in ionic strength or
character (i.e., kosmotropic or not) effected the kinericg 50
Furthermore, it was found that in comparison to eADP4{C16)
the lysine bearing eADF4{x16) revealed a burst release of small
molecules like 6-carbouy-fucrescein under all tes
tions. This could be explained by the fact that lysine residnes
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found m eADT4{x16) are more hydrophilic and, hence, can be
eagier asgessed by salts and solvents. A coating of eADF4{x16}
particles with eADF4{C16) using a layerbydayer technology
wag thought o slow down the release, but the opposite was
trize. Thus, the electrostatic repulsion of eADTF4C16) and the
cargo overruled the desired closing effect of eADF4(C16).55H
In another approach crosslivling with APS and Rubpy was
successfidly used 1o slow down the release of the model drug
thodamine B. Further, it was shown that the mechanism of drug
incorporation has a major inflience on the releage profile M
The reason for this effect might be that drug release from silk
particles can be described by second order kinetics. The drug
molecules in the core of the particles bound via dectrostatic and
hydrophobic mteractions first need to be transported to the sur
face due to a concentration pradient driven process. Then they
can be slowly released from the surface, where they are bound
via electrostatic interactions.[4#%3451

The last major step in evaluating drg delivery svstems is the
cellular uptake. Therefore, Elsner et al. mvestigated eADFAC16)
variamts possessing  different motifs, namely eADF4{C16)-
RGD, eADB4{C16}-ReG, eADF4{C10)-Tat, Tat- eADF4C16), Tat-
eADF4(C16)-Tat, and the positively charged eADTP4(x16). First,
it was confirmed that unloaded particles have no cytotoxic effect
on HeLa™®™ and Kelly neuroblastoma cell proliferation™¥ Fur
ther uptake studies were performed using fuorescence activated
cell zoring in which ooly 19% of Hela cells took up eADF4{C16)
particles after 72 b, bt 979% internalized eADF4({x16) particles,
The other variants were up-taken by 30-40% of Hela cefls. 1200

In a follow up study it was shown that even partides loaded
with model drugs did not influence cell growth behavior. DNA/
Dox loaded eADM(AléE particles were algo investigated 1n terms
of cytotoxicity. Balbj3T3 fibroblasts, Fela, and Kelly neuroblas-
toma cells were incubated with DNA/Dox loaded eADT4(x16)
particles. All three onltures were terminated within 48 h when
cultured with particle concentrations greater than 48 ng pL-114!

The uptake mechanism was found to be clathrin-mediated
endocytosis in case of eADF4{CI61-RGD and eADF4(x16)
particles, and macropinocytosis in case of eADFAH{C16) and
eADTFHC16)-RyG particles (Figure 1101M8 CISM confirmed
that H2.1M51 spheres not only targeted bui also success-
fully entered HerZ-overexpressing cancer cells  excsively,
whereby the nucleus was not penetrated (Figure 12) .49 A gigni-
ficant decrease in viability of HerZ-overexpressing cancer cells
was ohserved when HZ1JZMS1 pamicles loaded with Dox
were added compared to MS1 control particles loaded with
Dox. CLSM revealed that Dox effectively emtered the nucdles.
The HerZ-negative control cell line on the other hand showed a
general decreage in cell viability similar to the Her2-positive cells
with MS1-Dox particles, but no difference between the different
particles was observed "% By combining MS1 with MS2 in a
ratio of 8:2 the physmi—fhmnia&] properties could be improved
without losing these favorable drug delivering properties of MS§1
particles. It was shown that the mixiure containing the HerZ
binding peptide successfully targeted Her2-positive cells and
caused =60% toxicity in these (‘:UQ whereby nonfuncrionalized
spheres reduced the viability by 10% only. Also HerZ-nepative
control cells showed a zaihorhlgh viability of 9026147

Besides loading of particles with dm g molecules, recom-
binant silk can be complexed with Pld::l[lld DNA (pDNA) o
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Figure 12. Interaction of Her2 positve (SKOV3 and SKBR3) and control (MSU1.1} cells with fluorescently labeled spider silk particles made of MS 1
(recombinant silk protein particles without the Her2 binding peptide} or H2.1/2MS 1 (recombinant silk protein particles with Her2 binding peptide).
Cell membrane stained with ConA-FITC (green) and particles conjugated with ATTO 647N (red). The Her2/neu gene is overexpressed and/or amplified
in 20-30% of invasive breast carcinomas and is thus an interesting target. Functionalized spheres (H2.1/2MS1) were effectively internalized into the
cytoplasm of Her2 positive cells. Scale bar: 10 um. Reproduced with permission.[*l Copyright 2014, American Chemical Society.

obtain a gene delivery system. Therefore, a silk-based block
copolymer comprising 6mer and a poly(L-lysine) domain was
developed. This protein formed ionic complexes with pDNA
encoding GFP. The complex formation was analyzed with
agarose gel electrophoresis, dynamic light scattering (DLS),
and AFM, showing that the protein self-assembled into glob-
ules with pDNA possessing a solution diameter of about
380 nm. Human embryonic kidney (HEK) cells were trans-
fected with an efficiency of 14% and no cytotoxicity was
observed.I'*’l Several follow-up studies were performed, all
including different tags to increase transfection efficiency.
A ppTG1 peptide was added, which is known to destabilize
and penetrate cell membranes. Here, the protein was com-
plexed with pDNA coding for GFP or Firefly Luciferase.
Transfection efficiency of the complex to HEK cells and a
melanoma cell line were comparable to Lipofectamine 2000,
a golden standard gene vector. The cell viability was with
75% and 69% lower than in previous studies, but similar to
that in presence of Lipofectamine 2000.1° Further, the cell
binding motif RGD was added up to eleven times to the block
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copolymer, which was then complexed with pDNA coding
for Firefly Luciferase. Transfection was investigated with
HeLa and HEK cells, whereby the transfection efficiency was
clearly the highest with the protein complex with eleven RGD
motifs, but approximately an order of magnitude lower than
with Lipofectamine 2000. No significant effect on cell viability
was observed.""l In a follow-up study, the tumor-homing
peptides F3 and CGKRK were genetically added to the spider
silk-poly(L-Lysine) construct. Transfection experiments were
performed with melanoma cells as well as highly metastatic
human breast tumor cells, and nontumorigenic cells were
used as control. Again, a Luciferase assay was used to deter-
mine successful transfection. All complexes preferably trans-
fected the tumorigenic cell lines and showed almost no trans-
fection of the nontumorigenic cells. Further, the constructs
were shown to be noncytotoxic by an MTS cell proliferation
assay. Additionally, an in vivo study in tumor-bearing mice
was performed and showed that from day seven on Lucif-
erase was significantly produced in the tumor.'*) In the latest
study by Numata et al. again tumor-homing peptides, namely
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F3 and Lypl, were investigated in combination with a short-
ened spider silk-polyft-Lysine) construct {(Imer + 15 Lysines).
The goal here wag to increase the molar percentage of the
mmerhoming peptides. The same cells ag in the previous
study were tested and it could be shown that again a selective
transfection of tumorigenic cells ocourred. The F3 bearing
compler with a size of about 100 nm wag less cytotoxic and
showed an overall better transfection efficiency and is there-
fore the more promising candidate 53

I summary, it can be said that particialate drug delivery
gysiems made of recombinant silk proteins have been thor
oughly investigated using SEM 64758062, 1200.139,142-145,147.145)
LDS 13418 o [pgPSs8n 10014 v determine particle size.
Minor changes in the recombinant silk protein, the intrinsic
properties of the (model) drug, the method of preparation and
loading, as well as the releage conditions have a major influ-
ence on loading efficiency and relesse kinetics. Funther it was
found that positively charged particles made of eADF4{x16) are
up-taken more efficiently, showing the usefulness of recom-
binant silks for mechanistic rellularuprake studies 20 Addi-
tioually, systems can be celltargeted by the introduction of
binding peptides as shown for T12.1/2MS1 particles. [ How-
ever, all recombinant silk particles systemsg have to be tested
in vivo to see if these drug delivery systems are effective in a
clinical setting.

7. Summary of Recombinant Silk in BME

In this review, the potential of recombinant il proteins as a
biomaterial was illustrated, Figure 13. They have been applied
withy particular success in tissue engineering and medical
implant coatings, whers it was found that cell behavior can
be controlled by altering the charge ™ by introducing cell-
binding peptidest’ and by changing the morphology of the
scaffold 571 Although there is no obvious, direct correlation
between secondary structure content and cell behavior, it can
have indirect effects due to changes in mechanical properties or
hydrophobicity. However, the secondary structure content has a
direct effect on properties such as chemical stability and drug
loading. Although druw debivery svstems have been shown to be
functional i vitro, nene of the systems developed so far have
tested i argmal models. Although there are many advantages of
uging recombinant spider silk proteins for medical applications
comnipared to other proteins, there are three in particular which
the withors believe make this dass of proteins exceptional.

The de novo production of recombinani proteins guaran-
tees reproducible quality in the necessary quantities. This
thereby also enables tailoring marerials to have a spedal
functionality P11 for example by the introduction of different
binding peptides./™ The latter is particularly interesting, as
most materials made of unmodified recombinant sitk proteins
are inert to cells, not dlowing for attachmment or differentiation,
but aiso ot causing any cytotoxicity. Thig is significant in that it
makes it posgible 1o culiure cells on recombinant sitk, and also
provides a particularly powerful tool for mechanistically stud-
ying the effects of these binding peptides, or any other property
such as topograplv»% A step remaining for approving this
muterial for cell culture is the regular removal of endotoxing, a
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common byproduct from gram negative bacteria fe.g., E. coli).['>]
However, it ig clear from the studies from one group, that it is
possible to achieve a complete removal of these byproducts
using purtfication columnas, as well as sterilize sik proteins

The second property of recombinant silk naterials which
makes them particularly outstanding as a biomaterial is the
way the body responds to them. First demonstrated i 1710
as a wound dressing, spider silk could prevent bleeding and
promote wound healing #5 Tt hag been recemly shown in
animal models that there is no significant fibrous capsule for
mation around recombinant silk-coated implants,*

U as well
ag a significant reduction in the infiltration of inflamumatory
cells compared to controls. ™! Further, spider silk implanted
into pigs subcutaneously was locally tolerated 'l Problems
with biocompaiibility of silkworm zilk only occurred due to
sericing, which are glue-like proteins that encapsulate the raw
fiber {also found in transpenic silkworm silk).”*¥ Hence, uo
nnmune response was observed with silk proteins, providing
the perfect base for biomedical applications.

The third exceptional property of recombinant silks is that
the biodegradability is slow, and it remains mechanically stable
under physiological conditions for a significant amount of time.
This 18 true even for fragile stractures such as films or foams,
which ig unique compared to other naturally derived biomate-
rials; thig i1z Likely due to the low number of available sites for
hydrolysis or active biodegradation of 2k materials P On the
other hand, degradation is still possible piven the availability of
matrix metalloproteinase (MMP) degradation sites in the pri-
mary struciure, making it also more advantageous compared
to stable, synthetic polymers which have no biodegradation
sites P39 However, it is important to note that the silk materials
must be tested case-by-case because protein (olding aliers the
availability of cleavage sites 5% and sometimes it is necessary
to introduce additional degradation sites into the recombinant
silk protein 13

The performance and success of a biomaterial is greatly
determined by itz stability i vivo, the rate of degradation, and
the degradation products. Important hereby ig that the biomate-
rial’s degradation rate is similar compared to the rate that the
cells are producing their own ECM. During the degradation,
the biomaerial ideally keeps it mechanical stability to avoid
collapsing of the newly formed tissue. Furthermore, the deg-
radation products should not only be nontoxic, but in addition
should not negatively influence the surrounding tssue as for
example by lowering the pH, which is a common problem of
polyesters. This is one of the reasons why naturally occurring
or derived materials such as polysaccharides and protetus are
gaining interest in the biomedical fleld; the body recoguizes the
degradstion products and can clear them [*%l

In a foundational sudy on recombinam silk biodegrada-
tion, Lamumel et al. investigated spider silk particle degrada-
tion using elastase and trypsin. It was found that elastase and
trypain first degrade the hvdrophilic parts of the eADF4H{C 16}
particle shell, and the hydrophobic particles then agglom-
erate. & rearrangement in the agglomerated particles leads
to exposure of hydrophilic parts, which can then again be
degraded %% Further it was shown that eADF4{C16} pari-
cles can be completely digested using proteinase ¥ or artifi-
cial intestinal fluid, but not i artificial gastric Anid# In a
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Figure 13. Recombinant silk proteins used as a biomaterial for biomedical engineering applications. Recombinant silk proteins were engineered and
produced in host organisms, enabling the development of different morphologies and screening for putative applications. Silk worm, honey bee and
wasp photos were taken and modified from open source images found on Pexels or Pixabay. 2D cell culture; Reproduced with permission.[”* Copyright
2010, American Chemical Society. 3D cell culture; Reproduced with permission.l7>" Copyright 2016, Elsevier. Cardiac tissue.*** Implant coating.?*l Drug

delivery; Reproduced with permission.“%

follow up study in vitro, the degradation of several different
eADF4(C16) scaffolds was investigated. It was found that the
soluble protein could be immediately degraded by the recom-
binant human proteases MMP-2 and polymorphonuclear
(PMN) elastase within less than a minute. Further, the deg-
radation of particles, films, and nonwoven meshes with and
without crosslinking was investigated over 15 d in the pres-
ence of two bacterial model proteases, namely protease type
XIV (PXIV) resembling a digestive model and collagenase type
IA (CHC) resembling a wound environment, and was shown
to be significantly slower than for soluble silk proteins.!**!

In general, all scaffolds were degraded faster by PXIV than by
CHC, whereby crosslinking the scaffolds with APS and Rubpy
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Copyright 2014, American Chemical Society.

decreased the degradation rate. In absence of proteases almost
no degradation was observed during the whole experiment.
Also the morphology of the silk scaffold played a major role on the
proteolytic stability, here particles degraded the fastest, followed
by films and nonwoven meshes. No correlation was found
between initial secondary structure contents of the scaffolds
and its degradation rate. A 500x higher protease concentration
than occurring in natural environment had to be used in order
to measure degradation in a reasonable time frame. Therefore,
degradation in vivo is supposed to be much slower!3d
This slow degradation in vivo, indirectly determined for
eADF4(C16), was still found on coated silicone implants twelve
months after implantation. /%]
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Spider zilk implant coatings of polvdimethylsiloxane
{(PDMS) resulted in a similar behavior, whereby the coating
wag rather stable apainst degradation by CHC, but was fully
degraded in the presence of PXTV within 6 d.P% Furthermore,
enzymatic degradation of eADF4{C16) foams was investi-
gated using the same enzymes. A 1300 higher protease con-
ceniration than found in natural environment was used and
led to a full degradation in the presence of PXIV within 4 d,
whereby 75% of the scaffolds were gtill left after treatment
with CHC for 15 4% Moisenovich et al. performed two
studies with r81/9 silk foams, wherehy the same degradation
experiment was performed. Foams were incubated in PBS
and Fenton's reagent (0.1 x 107* a FeSO,, 1% 1073 M H;05). It
was shown that the foams are quite stable in PBS {209 loss),
but degrade very fast in Fentor's reapent {>90% lozs) over 11
weeks "l Interestingly, a similar result was obtained in the
follow up study already after 7 weeks /61

The degradation of recombinant honey bee silk AmelF3
was investigated using trypsin and a-chymotrypsin, both com-
meuly found in the digestive gystem in the smalt intestine 1591
Ag i1 the case of eADF4{C16), the protein was completely
stable in buffer, and experienced rapid degradation only
in presence of a protease. In a similar study, attachment of
primary GFP-expressing fibroblasts from rabbits to AmelF3
nonwoven mats, and further degradation of the nonwoven
mezhes, was evalugted B

Price et al. even introduced a sequence recognized by MMPs
to SEIP-815K in order to improve the degradability. In the
presence of 40 % 1077 s MMP-2, there was complete degrada-
tion of the protein in solution within 120 min, and hydrogels
in vitro wete significantly degraded affer 14 d; and there was 4 cor
responding increase in zoluble protein found in solution. For in
¥ivo tegting, mice were infected with JHU-022 human head, and
neck squamous cell carcinoma and the SELP-815K modified with
the degradation sequence were assembled into hydrogels con-
taining either saline or virus and were directly injected into the
wmor. In vitro, hydrogels comtainiing the degradation sequence
conld be degraded by MMP-2 completely after 60 min, whereas
there was no degradation detected for those not containing the
degradation sequence. By talloring the hydrogel formulation,
prolonged expression of the adenovirus could be achieved, and
thereby there was a decreased growth rate of the wimor and an
increase in the swrvival rate over a 50-day period, compared to the
anitnals where adenovirus wag injected alone¥

8. Condlusion

In this review the use of recombinant gilk proteins as a bio-
material assembled imo different morphologies is summa-
rized, and particularly promiging resulis are highlighted.
It can be stated that materials prepared from recombinant silk
proteing show some clear advantages for BME compared to
other biomaterials, such as their high-quality de novo produic-
tion, low immunogenicity, and slow biodegradation. The next
important step is to obtain FDA-approval for recombinant silk
materials and then it is likely thai these biomaterials will be
used more frequently, and with great anticipation and hope
for future success.
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ARTICLE INFO ABSTRACT

There has been a significant increase in the use of sensitive biological components, e.g., growth factors or
enzymes, in implanted scaffolds/devices. To prevent diffusion away from the targeted area and to maximize
access of the biological agent to the desired target, it is necessary to provide a supportive substrate to immobilize
and protect biological agents from the environment. For this purpose, nanofiber fabrics are highly promising due
to their high porosity, capacity for solution flow-through and high surface-to-volume ratio. However, electro-
spinning often requires harsh processing conditions, such as the use of volatile solutions, which can result in loss
of activity of the incorporated biological components. In this study we developed a mild process for electro-
spinning of eADF4(C16), a recombinant spider silk protein. eADF4(C16) is non-cytotoxic, displays excellent
stability against hydrolytic and enzymatic degradation and opens the opportunity for genetic addition of
bioactive factors. Therefore, an aqueous spinning dope of eADF4(C16) was loaded with either green fluorescence
protein (GFP) or the recombinant fusion protein GFP-eADF4(C16). The fluorescence activity of GFP is dependent
on its proper folding, which does not occur in organic solvents, making it an attractive model protein. We were
able to demonstrate the usability as well as the significance of the all-aqueous processing conditions for the

Keywords:
Electrospinning
Aqueous dope
Recombinant spider silk
Bioactivity
Post-treatment

activity of GFP in electrospun spider silk scaffolds.

1. Introduction

Implant devices that incorporate biological components (e.g. en-
zymes, DNA, antibodies, cells) are increasing in use due to the desire to
create devices with more complex functions. Such carriers are required
to retain and protect the biological function of the incorporated bio-
macromolecules under the ambient environmental conditions without
reducing their accessibility. For example, a growth factor should be
accessible to a target cell or an enzyme shoul be asccesible to a sub-
strate. Further, other “wet-environment” devices such as biosensors
(used to detect a chemical or biological analytic in solution) impose
similar requirements [1,2].Consequently, efficient immobilization of
accessible biologically active components onto/into substrate/matrix
materials is regarded the most critical aspect to produce such devices.
Simple approaches such as incorporation of biological components
into/onto films are commonly used, but do not exploit the high po-
tential, that can be achieved by advanced processing techniques . For
example, to improve diffusion rates (i.e. increase in accessibility) na-
nofiber nonwovens or hydrogels are much more promising candidates
as scaffolds. In this respect, nanofiber fabrics are of particular interest,

as they have high porosity, capacity for solution flow-through and high
surface-to-volume ratio. Further, it is be beneficial to prepare the na-
nofibers from biopolymers, so that they can degrade without producing
toxic byproducts.

Many types of polymers or biopolymers can be electrospun, given
that the electrospinning solutions (spinning dopes) are highly con-
centrated (e.g. viscous) and the solvent is sufficiently volatile.
Therefore, organic solvents tend to prevail as the most common choice
for a solvent due to the ease of processing (high solubility and high
volatility). Frequently used solvents include 1,1,1,3,3,3-Hexafluoro-2-
propanol (HFIP), chloroform, acetic acid, and dimethylformamide
(DMF) [3]. An aqueous electrospinning dope is more difficult to pre-
pare, but increases safety of production and possibility for direct in-
corporation of sensitive components without loss of their functionality
[4-6]. Due to the low solubility of many fiber-forming biopolymers in
aqueous buffers, usually an additive is required. Frequently high mo-
lecular weight poly(ethylene oxide) (PEO) is used as an additive as it is
inert, cheap and comes in several different molecular weights, which
allows easy to tune the viscosity. PEO has been widely used to help to
produce fibers, e.g., from alginate [7] collagen [8] or silk [9-11].
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Silks are a class of fibrous proteins composed of highly repetitive
amino acid sequences [12]. Due to their combination of strength and
flexibility, silk fibers are attractive materials for various technical ap-
plications. In addition to their mechanical properties, silks are well-
tolerated by cells and organisms and at the same time are resistant to
hydrolytic degradation as well as degradation by most enzymes
[13-17]. Therefore, silks are particularly interesting for use as a sub-
strate being exposed to physiological fluids or implanted directly into a
patient. Although silk is produced by several different species, the two
most reliable sources for industrial use are silkworm silk (commonly
from Bombyx mori) and recombinant spider silk proteins. A particularly
promising example of recombinant spider silk is engineered Araneus
diadematus fibroin-4 with a consensus sequence, the ‘C-module’, re-
peated 16 times (eADF4(C16)) [18,19].Recombinant Spider silks have
the advantage of excellent mechanical properties [20] and low im-
munogenicity [21]. Further, they are biocompatible when processed as
films or electrospun nonwoven fiber mats [14,22]. Recombinant pro-
duction allows for manipulation and modification of the proteins at the
genetic level enabling incorporation of biological entities in hybrid
proteins. Bombyx mori silk, on the other hand, is available in large
quantities and already well established for several applications where
bioactive components are incorporated into the scaffold including
tissue engineering [6,23] and biosensing [24-26]. In order to prepare
silk scaffolds incorporating sensitive biological components, it is ne-
cessary to prepare the desired morphology (e.g. film, hydrogel, elec-
trospun fibers) using an aqueous process to preserve the biological
activity of the bioreceptor. Further, in the case of films and fibers, a
post-treatment step is required in order to induce formation of beta-
sheet crystal to render the morphology insoluble in water. Conse-
quently, it is necessary to not only prepare an aqueous electrospinning
dope, but also to use an aqueous post-treatment (i.e. water annealing).

In this study, an all aqueous electrospinning process was developed
using the recombinant spider silk eADF4(C16) to demonstrate the po-
tential of spider silk-based fibers for incorporation of biologically active
components. The “all aqueous process” refers to the use of an aqueous
electrospinning dope and the use of water annealing as a mild post-
treatment method. Electrospun fiber mats were the scaffold mor-
phology chosen, as in the future they can be used to promote cell at-
tachment [27] or to allow for air [28] or liquid flow-through for bio-
sensing applications. Green fluorescent protein (GFP) was used as a
model for the biologically active component of the system. The fluor-
escence activity can be detected at low concentrations and is highly
sensitive to proper protein folding [29,30]. Moreover, the genetic fu-
sion of GFP to recombinant spider silk (GFP-eADF4(C16)) enabled the
immobilization of the GFP within the support material. Comparing
conventional processing of organic solutions and post-treatment with
this new apporach, we demonstrated the significance of using mild
conditions for each processing step (solution preparation, electrospin-
ning, post-treatment and incubation in buffer) on the activity of GFP.

2. Materials and methods
2.1. Preparation of aqueous eADF4(C16) protein solution

The recombinant spider silk protein eADF4(C16) (MW: 47,698 Da)
is an engineered protein with thed amino acid sequence (module C)
representing the consensus sequence core motif of the natural dragline
silk Araneus diadematus fibroin 4 (ADF4) of the European garden spider.
The module C (GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP) is
repeated 16 times [18,19]. Recombinant production and purification of
eADF4(C16) was completed as described previously [18]. Lyophilized
protein was dissolved in 6 M guanidinium thiocyanate at a concentra-
tion of 4mg/mL and dialyzed against 10 mM Tris/HCl, pH7.5 over-
night with 4 buffer changes. The solution was then centrifuged for
20 min at 8500 rpm, 23 °C. Separately, poly(ethylene oxide) with MW
of 400,000 Da (PEO400) (Sigma Aldrich, Germany) was dissolved in
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10 mM Tris/HCI, pH7.5 at Sw/v %. This stock solution was used for
either electrospinning pure PEO400 nanofibers, or for further pre-
paration of the aqueous eADF4(C16) electrospinning dope. eADF4(C16)
and PEO400 solutions were blended at mass to mass ratio of 3:1
(eADF4(C16) to PEO400). The low concentrated mixture was subse-
quently dialyzed against (MWCO 8-10 KDa) 25w/v % poly(ethylene
glycol) with MW of 20,000 Da (PEG20) (Sigma Aldrich, Germany) to
adjust the desired final concentration. To remove protein aggregates or
undissolved PEO, the solution was centrifuged for 20 min at 8500 rpm,
23°C before further use. The concentration of eADF4(C16) was de-
termined by UV absorption.

2.2. Preparation of organic eADF4(C16) protein solution

For control experiments, lyophilized eADF4(C16) was directly dis-
solved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) (Alfa Aesar,
Germany) to a desired final concentration as described previously
[27,28]. The solution was vortexed for 60 s and left on a tumbling re-
actor overnight at room temperature. This solution was prepared in
concentrations of 10.0, 12.5 and 15.0 w/v % for electrospinning.

For the simplicity of this text, aqueous eADF4(C16) with ~1.7 w/v
% PEQ400 as an additive will be referred to as Cl16y,0 or ‘aqueous
solution’, and the organic eADF4(C16) solution in HFIP will be referred
to as Cl6y or ‘organic solution’.

2.3. Electrospinning parameters

Electrospinning was conducted for 5min per sample according to
the parameters outlined in Table 1. The initial parameters were based
on values reported previously [28]. Electrospinning was conducted in a
closed container to better control the environmental conditions. The
humidity was controlled by either using condensed air to reduce the
humidity or by using a humidifier to increase the humidity.

Electrospun fibers were post-treated using vapor treatment of either
p.a. anhydrous, ethanol (EtOH) (Sigma, Germany) or Millipore-purified
(MilliQ) water. Undiluted, anhydrous, ethanol p.a. is referred to
throughout this paper as 100% EtOH. To evaluate the various post-
treatment methods, it was necessary to prepare a positive control with
the maximum possible beta sheet content. To prepare the nanofiber
mats with maximum beta-sheet content, nonwoven samples were post-
treated using 100% EtOH vapor at 60 °C for 12 h and further washed in
70% EtOH overnight. The fibers prepared using this procedure are

Table 1
Processing parameters applied in the production of electrospun mats.

Parameters Spider silk-based electrospinning
dopes
Aqueous solvent Organic
solvent
Solution Solvent 10 mM Tris/HC, HFIP
pH7.5
Additives 400 kDa PEO none
(PEO400)
eADF4(C16) 3.0-5.0w/v% 10-15w/v%
concentration(s)
(Wt/v %)
Set-up Needle voltage +15kv +22.5kV
Collector voltage —5kV —5kV
Flow rate 7 uL/min
Needle length 22mm
Needle diameter 0.80 mm

Needle counter
electrode

5cm aluminum ring, 5 em wide

Working distance 18.5cm

Collector geometry 2D circle, 8 cm diameter
Environmental  Relative humidity 15-30% 40-60%

Temperature Ambient Ambient
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referred to throughout this paper as ‘fully processed’ (FP). The washing
step also removed the PEO400 from aqueous dope-derived samples.
Therefore, this control served two purposes: One was to determine
maximum beta-sheet content and compare to the conventional pre-
paration approach [28], the other was to confirm that PEO400 had no
effect on the folding of eADF4(C16). Experimental groups studied the
effect of post-treatment type (EtOH or MilliQ H,0) and temperature
(37 °C or 60 °C) on post-treatment time.

2.4. Scanning electron microscopy (SEM)

Samples of electrospun fibers were prepared for SEM by mounting
onto studs with carbon tape such that the area being viewed would not
be affected by the glue. Mounted samples were sputter coated with
2.0nm of platinum. Images were obtained using the SEM 1540EsB
Cross Beam (Zeiss, Germany). SEM was operated at 3kV with a col-
lector bias of 400. The SE2 lens and 30 pm aperture were used, and a
line averaging method was used for noise reduction. Fiber diameters
were determined using the measuring tool in ImageJ software.
20,000 x images were dissected into quadrants, and five random
measurements were taken in each quadrant. Four regions for each
sample were analyzed for three samples per experimental group
(n = 3).

2.5. Fourier-transform infrared spectroscopy (FTIR)

Secondary structure content of the eADF4(C16) electrospun fibers at
different processing steps was determined using Fourier self-deconvo-
lution (FSD) analysis of spectra collected using a Bruker Tensor 27
spectrometer (Bruker, Germany). Samples were formed as pellets for
these measurements, and the same pellets were later analyzed by dif-
ferential scanning calorimetry (DSC) measurements. Spectra were de-
tected by attenuated total reflection (ATR) with a resolution of 4 cm™ 1
and 120 scans were averaged for a range of 4000-800 cm ™. FSD was
conducted for the amide I band (1595-1705cm ™) to determine in-
dividual secondary structure elements as described previously [31,32].
A sample number of 4-6 (n = 4-6) was used for each experimental
group, each sample was scanned three times, and the FSD was con-
ducted on the spectra with the best signal-to-noise ratio.

2.6. Differential scanning calorimetry (DSC)

DSC measurements were conducted in the DSC1, STAR®-System
(Mettler Toledo, Germany). Samples were first heated to 110°C for
10 min to remove any water, and then returned to 25°C to further
equilibrate for 10 min. The samples were then measured from 25 °C to
400 °C for endothermic and exothermic behavior and allowed to equi-
librate at the final temperature for 10min. Heating rate was
4.98 Kmin~! and cooling rate was —4.98 Kmin~'. Modification and
analysis of the DSC curves were conducted with the instrument soft-
ware STAR®. Curves were modified for baseline correction, and all in-
tegrals of peaks were normalized by mass.

2.7. Recombinant green fluorescent protein (GFP) and GFP-eADF (C16)
fusion

Recombinant green fluorescent protein (GFP) derived from the se-
quence of Aequorea victoria GFP as well as the fusion protein GFP-
eADF4(C16) were produced as described previously [30]. The re-
combinant GFP had a molecular weight of 28,400 Da and an extinction
coefficient of 0.7,(A20 for 0.15% w/v aq.solution) and the fusion pro-
tein GFP-eADF4(C16) had a molecular weight of 74,800 Da and an
extinction coefficient of 0.92. GFP was stored in a 50 v/v % 25 mM Tris/
HCl, 50mM NaCl, pH8 and 50v/v % glycerol mixture and GFP-
eADF4(C16) as a freeze-dried powder and resolved and refolded into
active state as described [30].

Materials Science & Engineering C 106 (2020) 110145

2.8. Loading recombinant spider silk fibers with GFP

The influence of solvent conditions used for the preparation of
electrospinning dopes on the GFP emission was determined either in
10 mM Tris/HCI, pH 7.5 and HFIP in the presence or absence of PEO400
additive. Fluorescence intensity was determined using a plate reader
(Berthold, Germany, ex: 485 nm/em: 535 nm) by diluting the stock GFP
solution in the concentration range from 1.1 to 22.9uM and 1.1 to
57.2 uM for aqueous and organic solutions, respectively. To prepare the
electrospinning dope, GFP or GFP-eADF4(C16) were mixed directly
with highly concentrated eADF4(C16) solutions (4.5-5w/v %).

2.9. Circular dichroism (CD) and fluorescence spectroscopy

Circular dichroism (CD) spectra were recorded on a J-815 CD
Spectrometer (Jasco, Germany) using a 0.1 cm quartz cuvette (Hellma
GmbH & Co. KG, Germany). Fluorescence spectra were recorded at
excitation wavelength of 495 nm using a FP-6500 fluorescence spec-
trometer (Jasco, Germany). Stock solution of GFP (6 mg/mL) was di-
luted in PBS at 0.2mg/mL containing 0-50 v/v % EtOH or 5v/v %
HFIP and incubated at room temperature for 30 min before spectra
recording.

2.10. GFP activity studies

4.0w/v % Cl65z0and 12.5 w/v % C164 were loaded with 0.72 mg/
mL GFP in the spinning dope (a molar ratio of 3 mol% eADF4(C16) to
GFP was obtained). After electrospinning and undergoing different
post-treatment conditions, the samples were analyzed in wet state with
an Ettan DIGE Imager (Cy2 filter: ex: 480/30 nm, em: 530/40 nm) to
determine GFP activity.

2.11. GFP release studies

3.4w/v % C16y,0 was loaded with either 0.2 mg/mL GFP (a molar
ratio of 1 mol% eADF4(C16) to GFP) or with GFP-eADF4(C16) fusion
protein (a molar ratio of 2.77 mol%). The samples were post-treated at
37 °C with MilliQ vapor for 15 min. The cumulative release of GFP or
GFP-eADF4(C16) from electrospun fibers was determined by incubating
nonwoven fibers in 300 pl phosphate buffered saline (PBS) and ana-
lyzing the supernatant after certain time intervals (ex: 485nm/em:
535nm). The results were normalized for the amount of eADF4(C16).
Therefore, the electrospun fibers were re-dissolved in 6 M guanidinium
thiocyanate followed by dilution in 25mM Tris/HCl, pH7.5 (5:95).
This silk solution was analyzed using UV-vis spectroscopy, and protein
concentration was determined using absorption at 280 nm.

2.12. Fluorescent imaging

To confirm results shown for both activity and release studies,
fluorescent images were acquired using a fluorescence microscope
(Leica, Germany). The images, within a particular test, were taken
using the same exposure time or signal enhancement.

3. Results and discussion

For the simplicity of this text, several abbreviations will be used.
400 kDa poly(ethylene oxide) will be referred to as PEO400. Engineered
Araneus diadematus fibroin-4 with the ‘C-module’ repeated 16 times will
be referred to as eADF4(C16) (MW: 47,698 Da). eADF4(C16) fusion to
green fluorescent protein (GFP) will be referred to as GFP-eADF4(C16).
5wt/v% eADF4(C16) dissolved in ~1.7 wt/vol% 400kDa poly(ethy-
lene oxide) (PEO400)/10mM Tris (pH7.5) will be referred to as
Cl6uao or ‘aqueous solution’. eADF4(C16) dissolved in 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) will be referred to as C16yg or ‘organic
solution’.
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3.1. Development of an aqueous electrospinning process for recombinant
spider silk proteins

Electrospinning of recombinant spider silk eADF4(C16) from an
aqueous solution was tested in the presence or absence of PEO400 at
different concentrations. As reported previously, it was not possible to
conduct electrospinning without an additive [9,10], and PEO400 was
utilized at its minimum possible concentration (~1.7 w/v %) to develop
a suitable spinning dope for eADF4(C16). It was further determined
that concentrations in the range of 3.0-5.0 w/v % eADF4(C16) resulted
in fiber formation, whereas concentrations below 3 w/v % resulted in
electrospraying and concentrations above 5 wt/v% resulted in gelation
during dope preparation time to spinning. Another important para-
meter was the relative humidity inside the electrospinning device; at a
relative humidity =30% fiber production was not possible. As shown
by De Vrieze et al., humidity is often the “forgotten” parameter, which
can be critical in determining if electrospinning will be successful or not
[33].

Produced fibers were characterized using scanning electron micro-
scopy (SEM), differential scanning calorimetry (DSC) and Fourier-
transform infrared spectroscopy (FTIR); key results for the optimized,
aqueous processing route are summarized in Fig. 1. Additional data for
SEM (SI Figs. 1 & 2) and FTIR (SI Fig. 3) can be found in the supple-
mentary information. DSC measurements indicated that after post-
treatment and washing steps, PEO is successfully removed from the
Cl6y20 fibers. After electrospinning, it is necessary to post-treat silk
fibers to convert the protein structure from prevalently amorphous
random coil into compact beta-sheets, which renders the electrospun
fibers water insoluble [34].Therefore, electrospun fibers were evaluated
immediately after electrospinning and post-treatment for secondary
structure content analyzing the amide I band. Water annealing of
Cl6y2o fibers at 37 °C resulted in maximum conversion to beta-sheets
after 10 min.

Fiber diameter, as determined from “fully processed (FP)” samples,
demonstrated that there is a clear advantage of the aqueous electro-
spinning since the fiber diameter distribution is much narrower than
that of HFIP-derived fibers (Fig. 1, SI Fig. 1, SI Fig. 2). This is likely due
to the presence of PEO400, which is known for being advantageous in
terms of a consistent viscosity. Further, it can be seen that there is no
significant difference in the secondary structure content between the
nonwoven mats derived from the two different solutions. In previous
studies on silk films it was shown that, depending on the solvent used,
the secondary structure content after casting and drying was different,
being higher after casting in aqueous solvents and lower when cast from
organic solvents [35]. However, in case of films from aqueous solution
drying takes over an hour and, therefore, allows the proteins to fold into
beta-sheet rich structures, whereas in electrospinning drying occurs
within milliseconds. Thus, the proteins are frozen immediately in the
solution-like state rich in random coil/alpha helical structures, which is
likely the reason for the lack of differences in secondary structure
content immediately after electrospinning.

Concerning post-treatment, water annealing and ethanol post-
treatment work by opposite principles; ethanol removes water and the
dehydration results in hydrogen bond formation, and the peptide chain
remains less mobile. On the other hand, during water annealing water
molecules incorporate into the scaffold inducing chain flexibility
(plasticizer) contributing to fast peptide backbone transformation into
more stable beta-sheets. Inducing flexibility as opposed to dehydrating
could explain the fiber melting.

3.2. Incorporation and release of GFP within electrospun silk fibers

As a proof-of-concept for using eADF4(C16) electrospun fibers as a
substrate encapsulating sensitive biologicals (e.g. growth factors, DNA,
enzymes), green fluorescence protein (GFP) was incorporated into
electrospun fibers. GFP was chosen as an analytical tool to assess the
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compatibility of the material and the processing conditions for several
reasons. GFP is a globular protein, and its fluorescence activity is di-
rectly related to its native tertiary structure [29,30]. Further, previous
studies demonstrated that GFP and eADF4(C16) are compatible. The
folding and self-assembly of the spider silk protein into dense beta-sheet
structures did not restrict the native GFP folding, even in GFP-
eADF4(C16) fusion constructs. Similarly, the folding of GFP did not
affect the assembly of eADF4(C16)30]. Herein, the activity of GFP was
observed after each major processing step (dissolution in the solvent,
electrospinning and post-treatment).

To observe the effects of the solution preparation step, the fluores-
cence activity of GFP was measured in solution using a plate reader,
fluorescence spectrometer as well as by circular dichroism (CD) spec-
troscopy (Fig. 2A-C, SI Fig. 4). Dissolution of GFP in HFIP based silk
spinning dope resulted in significantly diminished fluorescence activity,
whereas GFP in the aqueous silk dope retained its activity. Addition of
PEO400 had no significant impact on the fluorescence activity of GFP in
organic or aqueous solutions. To observe the effect of electrospinning,
fibers were observed using an Ettan DIGE Imager or fluorescence mi-
croscope. Fibers produced from C164,0 exhibited a strong fluorescence,
whereas there was no recovery of GFP in C16y-derived fibers (Fig. 2D&
E). To observe the effects of post-treatment, GFP was either dissolved in
EtOH or GFP-containing fibers were post-treated with ethanol vapor.
Dissolved GFP was measured using CD or fluorescence spectroscopy,
which demonstrated that GFP activity was lost above concentrations of
30v/v% EtOH (Fig. 2B&C, SI Fig. 4). GFP-loaded fibers were imaged
using an Ettan DIGI Imager or fluorescence microscopy. Post-treatment
with water vapor at 37 °C or 60 °C had no apparent effect on GFP ac-
tivity, and treatment with 100% ethanol vapor strongly diminished the
fluorescence of GFP, independent of the temperature (Fig. 2D&E).

As a further step, to determine the release of GFP from electrospun
fibers, GFP or GFP-eADF4(C16) were added to the dope and processed
using the all-aqueous procedure. The release of GFP was detected by
incubating the electrospun fibers in phosphate buffered saline (PBS,
pH 7.2) and measuring the fluorescence of the supernatant (Fig. 2F).
There was a clear burst release of the unbound GFP from the fibers, and
there was complete release within 30 min incubation in PBS. There was
no observed release of GFP from fibers incorporating GFP-eADF4(C16).

In solution, only minimal changes of the protein secondary structure
were observed as reflected by the CD spectra with a minimum at
218 nm indicative of a significant presence of B-sheets of the p-barrel
fold [36]. When GFP was in solution, increasing EtOH concentration up
to 40 v/v % enhanced the emission of the fluorophore, an effect which
can be attributed to the hydrophobicity of the alkyl chain of the alcohol
[371, or changing the dielectric constant. At concentrations above this
or at low concentrations of HFIP (5v/v %), there was a shift of the
minimum towards 230 nm. This shift towards a higher wavelength is
indicative of loss of the native conformation due to aggregation
[38,39].

GFP-loaded fibers prepared from HFIP solution did not regain
fluorescence activity after electrospinning or post-treatment. The like-
lihood that GFP could refold into its native structure within the dense
spider silk fiber matrix after electrospinning is low due to steric hin-
drances, hydrophobic interactions and electrostatic effects.
Interestingly, in the case of Cl6y20, there was not a complete loss of
GFP activity after fibers were post-treated with 100% EtOH vapor at
37 °C. This indicates that using a lower temperature could also be sig-
nificant for retaining GFP activity. Therefore, for release studies C16y20
solutions and a post-treatment at 37 °C (water annealing) were used to
prepare the fibers.

As a further step, the release of GFP from the fibers was observed in
PBS. The ratio of activity of GFP from before electrospinning to after
release was calculated to be 90%. Although this was an excellent result
in terms of activity, as mentioned in the introduction, it was desired
that GFP remains in the fibers (or is released from them in a slow,
controlled manner). Although it was not surprising to observe a burst
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Fig. 1. Characterization of C16y50 electrospun fibers post-treated at 37 °C using water vapor (A) Representative SEM images of electrospun fibers and post-treated
(water-annealing). All samples were washed before imaging. Scale bar = 1 pm or = 10 pm as indicated in the images. (B) Representative FTIR spectrum as well as the
Lorentz oscillators (C) The secondary structure content as determined by Fourier self-deconvolution (FSD). (D) DSC measurements of 4.5 wt/vol% C16,0 or 12.5 wt/
vol% Cléyr nonwoven mats, either measured immediately after electrospinning (no post-treatment, 0 h) or after post-treatment with 100% EtOH at 60 °C and
washing steps in 70% EtOH (fully processed (FP)) as a positive control DSC curves were offset by 0.5 Wg-1 for clarity. 400 kDa PEO powder (solid black line) was
used as a further control; the PEO melting peak was detected between 60 and 70 °C. Characterization for all experimental and control groups can be found in the

supplementary information, SI Figs. 1-3.

release, as negatively charged biologicals have shown rapid release
from eADF4(C16) scaffolds [40], eADF4(C16) has a unique advantage.
As it is produced using recombinant technology, it is relatively simple
to engineer new sequences in order to add a functionality [30,41].
Therefore, the fusion protein GFP-eADF4(C16) was added to the aqu-
eous spinning dope of eADF4(C16) before electrospinning, and the fi-
bers were water annealed at 37 °C. In this case, the release of GFP was
completely inhibited (Fig. 2F & SI Fig. 5), and GFP activity was main-
tained within the fibers for three days at room temperature in PBS (data
not shown). In GFP-loaded fibers stored dry at room temperature, GFP

was stable for weeks (data not shown).

4. Conclusion and outlook

We have shown that eADF4(C16) can be used to electrospin sub-
micron fibers through an all-aqueous processing route for incorporation
of sensitive biological compounds. Green fluorescent protein (GFP) was
used as a model to follow activity changes throughout the fabrication of
the electrospun fibers. Through this work, we were able to demonstrate
the significance of using an all-aqueous processing route for retaining
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Fig. 2. Secondary structure and fluorescence activity of GFP in solution, within electrospun fibers or released from fibers into solution. (A-C) GFP was diluted in
either 10 mM Tris/HCl, pH 7.5 with or without PEO400, HFIP with or without PEO400 or EtOH and measured by (A) plate reader (B) CD (0.2 mg/mL GFP) (C) and
fluorescence spectroscopy (0.2 mg/mL GFP). (D) Activity of GFP as observed by inverted fluorescence scanner images immediately after electrospinning or after post-
treatment. Post-treatments was either 100% EtOH vapor (60 °C or 37 °C), or 100% MilliQ vapor (60 °C or 37 °C). The intensity goes from white (no fluorescence) to
black (maximum fluorescence detected). (E) quantified pixel intensity of the images shown in section D. (F) Cumulative release of GFP in PBS, implemented with or
fused to eADF4(C16), from C16y¢ electrospun fibers post-treated with 100% MilliQ vapor at 37 °C.

high activity of sensitive biological agents through various processing
steps. Further, we exploited the compatibility of globular and structural
moieties in the fusion construct GFP-eADF4(C16) to prevent burst re-
lease of the biological model as observed in the case of unmodified GFP.
eADF4(C16) is a bacteriostatic material [42], and nonwoven fiber
meshes based thereof have exceptional mechanical properties and
durability in high mechanical stress environments [43,44] and are

biocompatible [22]. Considering these and previous published results,
the same platform could potentially be modified for biosensor or tissue
engineering applications; e.g., a growth factor could be implemented
with a linker which allows for triggered release (e.g., by enzymatic
cleavage).
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Sl Figure 1: Representative SEM images of nonwoven meshes produced from C16xr (A-F, M&O) and
C16H20 (G-L, N&P). A&D: 10 w/v % eADF4(C16), B&E: 12.5 w/v % eADF4(C16) C&F: 15.0 w/v %
eADF4(C16). G&J: 4.0 w/v % eADF4(C16), H&K: 4.5 w/v % eADF4(C16), I1&L: 5.0 w/v % eADF4(C16). For
images A-L, all samples were ‘fully processed’ (FP) as a positive control. Nonwoven meshes were also post-
treated using water vapor at 37 °C (M-P). M&O: 12.5 w/v % C16ur N&P: 5 w/v % C16120. All samples were
washed before imaging. Scale bar = 10 um or 1 um as indicated in each image.
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Sl Figure 2: Fiber diameter as determined from SEM images of eADF4(C16) in aqueous solution (4.5 w/v %,
light gray) or in HFIP solution (12.5 w/v %, dark gray); (A) the average fiber diameter and (B) the distribution
of fiber diameters. All samples were post-treated for 12 hours using 100 % EtOH at 60 °C vapor, as well as
washing with 70 % EtOH (fully processed (FP)).
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Sl Figure 3: The secondary structure content as determined using Fourier self-deconvolution (FSD) of

C16h20 and C16+r electrospun fibers immediately after electrospinning (no post-treatment (0h)), after post-
treatment for 10 min with 100 % MilliQ vapor (MQ, 37 °C, 10min) and after post-treatment with 100 % EtOH

at 60 °C and washing steps in 70 % EtOH (fully processed (FP)) as a positive control.
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Sl Figure 4: Secondary structure and fluorescence activity of GFP in solution (0.2 mg/m| GFP). GFP was
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measured using (A) CD and (B) fluorescence spectroscopy.
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Sl Figure 5: Fluorescence microscopy to visualize release of incorporated GFP or fused GFP from C16120

GFP

GFP-
eADF4(C16)

electrospun fibers post-treated for 10 min with 100 % MillQ at 37 °C. Fluorescence images were taken
directly after electrospinning or after 0 min, 15 min, and 1 d in PBS buffer.
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Abstract:

Purpose: Selenium nanoparticles (Se NPs) are promising antibacterial agents to tackle the
growing problem of antimicrobial resistance. The aim of this study was to fabricate Se NPs with a
net positive charge to enhance their antibacterial efficacy.

Methods: Se NPs were coated with a positively charged protein — recombinant spider silk protein
eADF4(k16)—to give them a net positive surface charge. Their cytotoxicity and antibacterial activity
were investigated, with negatively charged polyvinyl alcohol coated Se NPs as a control. Besides,
these eADF4(k16) coated Se NPs were immobilized on the spider silk films, and the antibacterial
activity of these films was investigated.

Results: Compared to the negatively charged polyvinyl alcohol coated Se NPs, the positively
charged eADF4(k16) coated Se NPs demonstrated a much higher bactericidal efficacy against the
Gram-negative bacteria E. coli, with a minimum bactericidal concentration (MBC) approximately 50
times lower than that of negatively charged Se NPs. Cytotoxicity testing showed that the
eADF4(k16) coated Se NPs are safe to both Balb/3T3 mouse embryo fibroblasts and HaCaT
human skin keratinocytes up to 31 pg/mL, which is much higher than the MBC of these particles
against E. coli (8 = 1 pg/mL). In addition, antibacterial coatings were created by immobilising the
eADF4(k16) coated Se NPs on positively charged spider silk films and these were shown to retain
good bactericidal efficacy and overcome the issue of low particle stability in culture broth. It was
found that these Se NPs needed to be released from the film surface in order to exert their
antibacterial effects and this release can be regulated by the surface charge of the film, such as
the change of the spider silk protein used.

Conclusion: Overall, eADF4(k16) coated Se NPs are promising new antibacterial agents against
life-threatening bacteria.

Keywords: Gram-positive, Gram-negative, E. caoli, antibacterial film, cytotoxicity
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Introduction

Bacterial infections are a major cause of chronic wounds and mortality.” Currently used antibiotics
kill bacteria mainly targeting cell wall synthesis, translational machinery, or DNA replication
machinery.” However, bacteria can develop resistance to antibiotics by producing modified
enzymes that decompose antibiotics,2 changing cell components to inhibit antibiotic interaction,?
and increase the expression of efflux pumps to excrete different types of antibiotics.* In recent
years, excessive use of antibiotics has induced the rapid development of drug-resistant bacteria.®
Bacteria resistant to all antibiotics (pandrug-resistant bacteria) have already been reported.® These
multi drug-resistant bacteria have become a potential global public health threat. Therefore, new
antibacterial strategies are urgently needed to tackle the growing problem of these pandrug-
resistant bacteria, the so-called “superbugs”.

Nanoparticles (NPs) are considered to be promising antimicrobial agents to kill antibiotic-
resistant bacteria, as most of the antibiotic resistance mechanisms have very limited effect on NPs."
Several types of NPs have been explored for antimicrobial applications, such as Ag NPs,” Au NPs,8
Se NPs,? Pd NPs,'° TizO NPs," CuO NPs," and so on. Among these NPs, the antibacterial Se
NPs have attracted increasing attention, with studies showing promising antimicrobial activities
against bacteria and fungi'?14.15.16 gs well as the ability to disrupt biofilms.'” Unlike Ag, Au, Pd, Ti
and Cu, selenium is a trace element in the human body."8 It is an important component in at least
25 selenoenzymes and a cofactor for glutathione peroxidases and thioredoxin reductases.’® Ag
NPs, as the most widely researched nanoparticles for antibacterial applications exhibit excellent
antibacterial activity, but at the same time, show high toxicity to human cell lines.2%2" Qur previous
work compared the cytotoxicity and antibacterial activity of chitosan/polyvinyl alcohol scaffolds
loaded with either Ag NPs or Se NPs. Both types of scaffolds showed antibacterial activity, but the
scaffolds decorated with Se NPs were more cytocompatible with fibroblasts than the Ag NPs loaded
scaffolds.?2 Recent reports from our group®?® and others?*2> showed that negatively charged Se

NPs showed strong antibacterial effects against Gram-positive bacteria but were less effective
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against Gram-negative bacteria. The electrostatic attraction between positively charged
nanoparticles and the negatively charged membranes of bacterial cells plays an important role in
the antibacterial activity of nanoparticles.?627 Since the membrane of Gram-negative bacteria is
generally more negatively charged than that of Gram-positive bacteria,282° they have been
observed to be more sensitive to positively charged nanoparticles.2® Therefore, positively charged
nanoparticles have been explored for effective antibacterial applications.3%3132 For example, Liu et
al reported that positively charged Ag NPs showed a much lower minimum inhibitory concentration
(MIC) than negatively charged Ag NPs against the Gram-positive bacteria Bacillus subtilis, the
Gram-negative bacteria E. coli, and the pathogenic yeast Candida albicans.?® Thus, modifying the
surface of Se NPs with positive charge is a promising approach to improve the antibacterial activity
of Se NPs against Gram-negative bacteria. However, most previous studies on antibacterial Se
NPs have used negatively charged coatings to stabilize the particles.®2%24.2534 One study that did
use a positively charged chitosan coating on Se NPs did not find that it improved their antibacterial
efficacy over negatively charged polyvinyl alcohol (PVA) coated Se NPs. In fact, the chitosan
coated Se NPs were found to show much higher MIC than the PVA coated Se NPs against both S.
aureus (500 pg/mL vs. 125 ug/mL) and E. coli (500 pg/mL vs. 250 pug/mL).35 This unexpected result
may be due to different sized NPs being used with the different coatings (195 nm for the chitosan
coated Se NPs vs. 136 nm for the PVA coated Se NPs). Importantly, size is one key factor
influencing the uptake of NPs by cells in general and the antibacterial efficacy of Se NPs in
particular.?® Another factor could be surface charge, as a positively charged surface coating has
been shown to increase the uptake of Se NPs by cancer cells.*® Thus, the influence of positive
charge on cytotoxicity and antibacterial activity of Se NPs still needs to be investigated.

Several synthetic and biopolymers with positive charge have been previously used as
coatings of inorganic nanoparticles to enhance the antimicrobial activity, such as branched
polyethyleneimine (PEI),3” poly-allylamine hydrochloride (PAH),%8 chitosan3940 and oligochitosan.*!
The PEI has disadvantages including toxicity and nonbiodegradability.*2 PAH has high toxicity
toward various mammalian cells.#?® Although chitosan has good biocompatibility and antibacterial

activity,** its physical properties are highly pH dependent.*® To overcome the poor solubility, water
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110  soluble oligochitosan has been made by hydrolysis of chitosan.®6 However, the yields of
111 oligochitosan were often low and lead to a mixture of products.*¢47 Moreover, since chitin is sourced
112 from shellfish, and chitosan and oligochitosan are derivatives of chitin, their use may not be
113  appropriate for people with shellfish allergies.*® Compared to these polymers, the positively
114 charged spider silk protein eADF4(k16) has several advantages, including good biocompatibility,
115  low immunogenicity, nontoxicity, and biodegradablity.*95051525354 Recombinant spider silk protein
116 eADF4(k16) is a variant of polyanionic eADF4(C16), where the naturally occurring glutamic acid
117 residue in the sequence of the eADF4 core C-module (GSSAAA AAAAAS GPGGYG PENQGP
118 SGPGGYGPGGP) is replaced with lysine.*® eADF4(C16) is based on the consensus core
119  sequence of the garden spider Araneus diadematus dragline silk fibroin 4 (ADF4) and comprises a
120  consensus (C) module repeated 16 times.>> Importantly, both recombinant spider silk proteins have
121 similar physiochemical properties and therefore can be processed into several morphologies like
122 particles, films, coatings, and fibers.*¢ These properties show that recombinant spider silk can be
123 used as a suitable biopolymer to modify the surface charge of nanoparticles to enhance their
124 antibacterial activity.

125 In this work, the positively charged spider silk protein eADF4(k16) was selected to stabilize
126 Se NPs and provide a net positive surface charge. Se NPs coated with the positively charged
127 eADF4(k16) were expected to show increased interactions with negatively charged bacterial cell
128 membranes. Their antibacterial properties against Gram-negative bacteria, such as E. coli, and
129  cytotoxicity for mammalian cells were assessed. In addition, PVA coated Se NPs were studied in
130  comparison to the eADF4(k16) coated NPs. PVA is a commonly used stabilizing agent for Se
131 NPs,57:%8 and the antibacterial activity of PVA coated Se NPs have been investigated in many
132 studies.®233559 Fyrthermore, the eADF4(k16) coated NPs were immobilised on positively or
133 negatively charged spider silk protein films, and their ability to exert their antibacterial activity was

134 assessed.
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Material and methods

Materials

Selenium dioxide (SeOz2, 98%), PVA (MW 9000-10000, 80% hydrolysed), formic acid (= 98%) and
Mueller-Hinton broth were purchased from Sigma Aldrich (Germany). L-ascorbic acid (= 99%) and
agar were obtained from Roth Carl Roth GmbH (Germany). 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP, 99+%) was purchased from Alfa Aesar (Germany). Dimethyl sulfoxide (DMSQO, = 99.5%)
was bought from Fluka (Australia). Phosphate-buffered saline (PBS) tablets were bought from
Gibco (UK). In all the experiments, ultrapure water from a Milli-Q-system (Billerica, MA, USA) was
used.

Proteins: eADF4(C16) was purchased from AMSilk GmbH (Planegg/Minchen, Germany).

eADF4(k16) was produced and purified as described previously. 4955

Se NPs synthesis

For fabrication of positively charged Se NPs, the recombinant spider silk protein eADF4(k16) was
first dissolved in formic acid (298%) at a concentration of 4 mg/mL and further diluted with water to
obtain a concentration of 0.1 mg/mL. SeO2 powder was added into this solution to a concentration
of 5 mM. Then, 4 mL of 0.1M r-ascorbic acid was added into 4 mL of 0.1 mg/mL eADF4(k16) and
5 mM SeO: solution. The reaction mixture was stirred at a speed of 300 rpm using a magnetic
stirrer. After 10 min, the solution was transferred into 2 mL Eppendorf tubes and was centrifuged
at a speed of 13300 rpm (17000 g) for 3 min using a Heraeus Pico 17 centrifuge (Thermo Scientific),
followed by removal of supernatant and washing the particles twice with water. Particles were
stored in water for all experiments. Similarly, negatively charged Se NPs were fabricated using

PVA dissolved in water at a concentration of 2 mg/mL.
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157 Characterization of Se NPs

158  The zeta potential of Se NPs was measured using a Zetasizer (Malvern, ATA Scientific). Zeta
159 potential was measured at 25 °C; selenium with a refractive index (RI) of 2.6 and absorption of 0.5
160 was set as the material, a dielectric constant of 78.5 for water as the dispersant.®®° The morphology
161 of the Se NPs was observed using transmission electron microscopy (TEM, JEOL, Japan) at an
162 accelerating voltage of 80 keV. The particle sizes were determined by measuring 200 nanoparticles
163 from more than 4 TEM images of each sample in different areas. Energy Dispersive Spectroscopy
164 (EDS) within an equipped-on scanning electron microscope (SEM, Zeiss Sigma 300 VP,
165  Oberkochen, Germany) was used to detect the component elements of the nanoparticles. The
166 interaction between Se NPs and eADF4(k16) or PVA was investigated by measuring their
167  Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectra in the range of 4000-
168 800 cm™ on a Bruker Tensor 27 spectrometer (Bruker, Germany). For each spectrum, 100 scans
169 were recorded at a resolution of 4 cm™'. The individual secondary structure elements were
170 determined by analysing the amide | region (1595-1705 cm-") with Fourier self-deconvolution (FSD)
171 using Opus software (Bruker, Germany). To measure the Se concentration of the Se NPs solutions,
172 nitric acid (HNOs) was used to dissolve the Se NPs into ions, and ICP-OES (Perkin Elmer Optima
173 7300 DV, USA) was adopted to test the Se ion concentrations.

174

175  Cytotoxicity tests of Se NPs

176  AlamarBlue® was used to test the cytotoxicity of Se NPs. Balb/3T3 mouse embryo fibroblasts and
177 HaCaT human skin keratinocytes (European Collection of Cell Cultures) were used to evaluate the
178 cytotoxicity of Se NPs. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
179 with 10% fetal bovine serum (FBS), 100 U-mL-" gentamycin and 100 ug-mL-" glutamine, 5% COg,
180 95% relative humidity, and at 37 °C.

181 Se NPs solution at a concentration of 500 ug/mL in water was serially diluted with DMEM
182 from concentrations of 0.97 to 31.2 pyg/mL. The control groups comprised DMEM medium as the

183 negative control and DMEM with 10% (v/v) DMSO as the positive control, according to ISO 10993-

7
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5 standard.®' Cells at a density of 5x10° per 100 uL medium per well were added into the 96-well
plates and incubated for 24 h at 37 °C to allow attachment. The medium was then replaced by 100
WL of DMEM with Se NPs or control media. After 24 h incubation, the DMEM with Se NPs was
removed and washed once by PBS. Then, 120 uL of DMEM with 10% alamarBlue® reagent was
added to all wells and incubated at 37 °C. After an incubation time period of 3 h, 100 uL medium
was transferred from each well to a black 96-well plate. The transformation of the blue fluorescent
dye resazurin into red fluorescent resorufin (Aex= 530 nm; Aem= 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. The cell viability (X) of each experimental group
was calculated based on three samples according the formula below according to ISO 10993-5.6"

_ (0D, -0D,)

= x100% (1)
(OD,-0D,)

where OD1 represents the mean fluorescence density of the experimental groups or the
positive control group, OD2 represents the mean fluorescence density of the negative control group,

ODy represents the mean fluorescence density of the blank control.

Antibacterial tests of Se NPs

Colony forming units (CFU) assays using Escherichia coli (E. coli, strain BL21-Gold, Novagen,
Merck, Germany) were performed for testing the antibacterial activity of Se NPs and the particles
made of plain eADF4(k16). Firstly, a single colony of E. coli taken from an agar plate was inoculated
into 20 mL Mueller Hinton Broth (MHB) and was cultured overnight at 37 °C. Then 200 uL of the
overnight bacterial solution was transferred into 10 mL fresh MHB and cultured for 4h at 37 °C. 100
uL of water with different concentrations of Se NPs or plain eADF4(k16) particles was added into
each well of 96-well plates. The bacteria were centrifuged at 13300 rpm (17000 g) for 15 min, then
washed using water once and resuspend into water. 100 pL of 1x107 cells/mL of E. coli in water
were added into each well. After 4 h incubation at 37 °C, the bacterial suspensions were diluted to
101, 102, 10" and 10 times with water, then 10 uL of these solutions were transferred to agar

plates with MHB. The agar plates were incubated overnight at 37 °C, then the bacterial colony
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210  forming units were observed and counted. The minimum bactericidal concentration (MBC) was
21 calculated according to the method published in Ref. 62. Concentration-killing curves were plotted
212 with CFUs/mL as a function of antibacterial agent concentration, and linear regression analysis was

213 used to determine the lowest concentration (MBC) at which the CFU/mL becomes zero.

214  Bacterial morphology imaging

215  The morphology of E. coli cells after treatment with Se NPs was imaged using SEM (Zeiss Sigma
216 300 VP, Oberkochen, Germany). The samples were prepared as follows: 100 pL of 150 ug/mL Se
217 NPs in water was added into each well of 96-well plates, then 100 yL MHB with 5x107 cells/mL
218 bacteria was added into each well. After 2 h incubation, 10 pL of the bacteria with Se nanoparticles
219 solution was dropped onto a clean silicon wafer, followed by drying at 37 °C for 40 min. Afterwards,
220  2.5% viv glutaraldehyde was used to fix the bacteria cells for 1 h, then gradient ethanol solutions
221 (30%, 50%, 60%, 70%, 80%, 90%, 95% and 100% v/v) were used for dehydration. After overnight

222 drying in the air, the samples were coated with platinum prior to imaging.

223 Fabrication of eADF4(k16) coated Se NPs immobilized on spider
224  silk protein films

225  To prepare films, recombinant spider silk proteins eADF4(k16) or eADF4(C16) were first dissolved
226 in HFIP to a concentration of 30 mg/mL, and 10 uL of the solution were dropped into each well of
227 a 48-well plate. The samples were allowed to dry inside a fume hood and were post-treated with
228  70% ethanol to induce B-sheet formation.5%5* Then, 10 uL of eADF4(k16) coated Se NPs at a
229  concentration of 3 mg/mL in HFIP were quickly dropped onto the films and allowed to dry in a fume

230 hood. All the films were sterilized by UV exposure for 1 h.
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Antibacterial tests of Se NPs immobilized on spider silk protein
films

CFU assays on E. coli were performed for testing the antibacterial activity of Se NPs immobilized
on spider silk protein films. Firstly, a single colony of E. coli taken from an agar plate was inoculated
into 20 mL MHB and was cultured overnight at 37 °C. Then, 200 pL of the overnight bacterial
solution was transferred into 10 mL fresh MHB and cultured for 4h at 37 °C. 250 uL of 1x108
cells/mL of E. coliin MHB were added into a 48-well plate with films and incubated for 4h. The later
steps for diluting the bacteria suspensions and culturing colonies on agar plates were the same as

those used for CFU assays on Se NPs.

Releasing tests of Se NPs immobilized on spider silk protein films

The eADF4(k16) coated Se NPs immobilized on eADF4(x16) films or eADF4(C16) films were
fabricated into a 48-well plate, as mentioned above. For each type of films, 250 yL of MHB was
added into each well of six sample wells and incubated at 37 °C for 4 h. In three of these six sample
wells, 150 uL of MHB was directly taken from each well and transferred to a 10 mL centrifuge tube.
For the other three sample wells, 150 uL of MHB was taken after 5 times pipetting from the surface
of films using a 1 mL pipette (Eppendorf® Research® Plus) and transferred to a 10 mL centrifuge
tube. 350 pL HNOs was added into each of the centrifuge tubes and allowed to react overnight to
dissolve the Se NPs. Then the solution was diluted using water and analysed by inductively coupled
plasma-optical emission spectrometry (ICP-OES, Varian 720-ES) to determine the Se ion

concentrations.

Statistical analysis

Data in this work are expressed as means + standard deviation of three measurements. Statistical
analyses for all results were performed by one-way analysis of variance (ANOVA with Tukey’s Post

Hoc Test using SPSS 25.0) and p-values less than 0.05 were considered statistically significant.
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Results and discussion

Synthesis and characterization of selenium nanoparticles

Selenium nanoparticles (Se NPs) were synthesized by chemical reduction of selenous acid,
obtained by adding selenium dioxide in water. eADF4(k16) and polyviny!l alcohol (PVVA) were used
as stabilizing agents and L-ascorbic acid as reducing agent. TEM images of different sized Se NPs
are shown in Figure 1 a-b. These nanoparticles were all spherical and quite monodisperse,
indicating that both eADF4(x16) and PVA are good stabilizers for Se NPs yielding a stable surface
coating. The size distribution of these nanoparticles evaluated from their TEM images is shown in
Figure 1 c-d. The mean diameter of Se NPs stabilized with 0.1 mg/mL eADF4(k16) (46 nm)
matched that of 2 mg/mL PVA stabilized Se NPs (46 nm). The zeta potentials of the eADF4(k16)
coated Se NPs and PVA coated Se NPs were +46.0 + 0.6 mV and -7.3 £ 0.1 mV, respectively. The
zeta potential distributions are shown in Figure S1.

Energy Dispersive Spectroscopy (EDS) analysis of eADF4(k16) coated Se NPs is shown
in Figure S2 a. Peaks corresponding to O, N and Se confirm the eADF4(k16) coating of the Se
NPs. Also, EDS of control samples was measured, prepared by washing the eADF4(k16) coated
Se NPs with guanidinium thiocyanate, as shown in Figure S2 b. Guanidinium thiocyanate denatures
the protein structure of the eADF4(k16) coating, which is thereby removed from the Se NP surface,
leading to aggregation of Se NPs and disappearance of the nitrogen peak in the EDS. The
eADF4(k16) coated Se NPs were observed visibly to be stable in water for more than 3 months,
indicating that the coating made of eADF4(k16) on the Se NPs was stable, preventing particle
aggregation.

FT-IR was used to investigate the structural features of Se NPs and eADF4(k16), and the
spectra are shown in Figure 1 e. eADF4(k16) coated Se NPs showed very similar spectra to that
of plain eADF4(k16) particles used as controls. After washing with guanidinium thiocyanate, the
protein peaks of the coated Se NPs significantly decreased. Fourier self-deconvoluted absorbance
spectra of the amide | band of eADF4(k16) particles and eADF4(k16) coated Se NPs were

evaluated and are shown in Figure S3. The percentages of the secondary structure elements are
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listed in Table 1. Comparing to eADF4(k16) particles, eADF4(k16) coated Se NPs showed similar
features with a slightly decreased percentage of side chains and increased percentage of turns.
FT-IR was also used to investigate the structural features of Se NPs coated with PVA
(Figure 1 f). Plain PVA showed a peak at 3307 cm-' corresponding to O-H stretching vibrations.
The peaks at 2850 cm-1, 2920 cm™' and 2941 cm™ corresponded to C-H stretching from the alkyl
group. In comparison, PVA coated Se NPs showed a shift in the hydroxyl peak to 3369 cm-'. This

blue-shift indicated that PVA was conjugated to the surface of Se NPs through the —OH group.3®

Cytotoxicity test of selenium nanoparticles using fibroblasts and
keratinocytes

The cell viability of Balb/3T3 mouse embryo fibroblasts and HaCaT human skin keratinocytes
exposed to different concentrations of eADF4(k16) coated Se NPs and PVA coated Se NPs were
measured using the alamarBlue® assay (Figure 2). Balb/3T3 mouse embryo fibroblasts are
frequently used to test materials’ carcinogenicity®s and cytotoxicity,®86” and HaCaT keratinocytes
are a preliminary in vitro model to investigate skin toxicity.%® Both of these cell lines have been
widely used for cytotoxicity tests of nanoparticles.67.6%70.7" The PVA coated Se NPs exhibited no
obvious cytotoxicity at concentrations up to 31.2 pg/mL. The viability of Balb/3T3 mouse embryo
fibroblasts did decrease somewhat with increasing concentrations of Se NPs, but their viability was
not below 70% even at the highest dose of 31 pg/mL (one-sample t-test, p=0.41). According to ISO
10993-5,6" a material reducing cell viability below 70% of the negative control is considered to be
potentially cytotoxic, so the effects of these Se NPs would not be classified as cytotoxic at these
doses. All in all, up to 31 pg/mL, eADF4(k16) coated Se NPs and PVA coated Se NPs were not
considered to be potentially cytotoxic for Balb/3T3 mouse embryo fibroblasts.

After 24 hours’ exposure, both the eADF4(k16) coated Se NPs and the PVA coated Se
NPs showed no significant cytotoxicity to the HaCaT human skin keratinocytes at doses up to 31.2
pa/mL. The viability of HaCaT human skin keratinocytes exposed to PVA coated Se NPs showed
a trend of first increasing to 153+12% with 3.9 pg/mL of PVA coated Se NPs and then decreasing

with increasing Se concentrations. This trend, which is consistent with our previous findings,? may

12
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be attributed to the antioxidant activity of Se NPs.16.72 At low levels, Se cannot sufficiently scavenge
reactive oxygen species (ROS), whereas at high levels, Se can catalyse the production of ROS,
which can be toxic to human cells, making an intermediate dose favourable. The eADF4(k16)
coated Se NPs did not show this trend, possibly due to differences in their interactions and uptake
by the cells. As selenium has a very low solubility in physiological conditions, the ways the NPs
themselves interact with the cells is expected to govern their effects.

The greater decrease in the viability of the Balb/3T3 mouse embryo fibroblasts with the
eADF4(k16) coated Se NPs compared to the PVA coated Se NPs may be ascribed to the surface
charge of the Se NPs. High positive surface charge of NPs has been reported to be more cytotoxic
than negative surface charge.” The cellular uptake process can be divided into two steps: first,
particles attach to the cell membrane, and second, they are internalized by the cells.” The step of
attachment is mostly affected by the surface charge of the nanoparticle.”¢ As the cell membrane
is dominated by negatively charged sulphated proteoglycans,”” nanoparticles with high positive
surface charge can therefore more easily approach cells and become strongly bound to the cell
membrane, resulting in a higher cellular uptake.”® As the eADF4(k16) coated Se NPs have a high
positive surface charge (+46.0 + 0.6 mV), they may induce higher cellular uptake resulting in greater
effects on the cells. The PVA coated Se NPs have a slightly negative surface charge (-7.3 £ 0.1
mV), which may reduce their ability to be taken up by the cells, consistent with them being less

cytotoxic.

Antibacterial activity of selenium nanoparticles

eADF4(k16) coated Se NPs and PVA coated Se NPs were tested for their antibacterial activity
against E. coli as a model organism. Both types of Se NPs showed dose-dependent antibacterial
effects against E. coli (Figure 3 a). However, the bactericidal effect of eADF4(k16) coated Se NPs
was much higher than that of its counterpart, with a minimum bactericidal concentration (MBC)
against E. coli of 8 £ 1 pg/mL, which is 50 times lower than that of the PVA coated Se NPs with a
MBC of 405 + 80 ug/mL. Figure 3 b-d shows the agar plates with E. coli colonies after treatment

with Se NPs. It could be clearly shown that no colonies were detected when treated with at least
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15.6 ug/mL of eADF4(k16) coated Se NPs. By contrast, a large number of colonies appeared even
after treatment with 31.2 pg/mL of PVA coated Se NPs. As shown above, eADF4(k16) coated Se
NPs are safe for both Balb/3T3 mouse embryo fibroblasts and HaCaT human skin keratinocytes
up to 31 pg/mL, which is much higher than the MBC (8 + 1 pg/mL) of these NPs against E. coli.
Therefore, it should be safe and effective to use these particles at doses below 31 pg/mL for
antibacterial applications. However, further testing would be needed to confirm their
biocompatibility for specific in vivo applications.

The morphologies of E. coli before and after treatment with the Se NPs are shown in Figure
3 e-g. The negatively charged PVA coated Se NPs were repelled by E. coli (Figure 3 f), whereas
the eADF4(k16) coated Se NPs were able to attach to E. coli (Figure 3 g). The greater attachment
of the Se NPs with the positively charged coating to E. coli correlates well with the lower
concentration of these NPs required to show antibacterial efficacy, as demonstrated in Figure 3 a.
These results confirmed the importance of electrostatic attraction between positively charged
nanoparticles and negatively charged membrane of bacterial cells for the antibacterial activity of
nanoparticles.?6.79

Particles made of plain eADF4(k16) alone showed no antibacterial effects up to 250 pg/mL
against E. coli (Figure S4), so the antibacterial activity of the eADF4(k16) coated Se NPs can be
primarily attributed to their selenium content. Our previous work revealed that Se NPs show multi-
modal mechanisms of action on Gram-positive bacteria, including depletion of internal adenosine
triphosphate (ATP), promotion of ROS production, and disruption of membrane potential.?3 ATP is
an important energy source of living organisms, the depletion of ATP can seriously affect both
respiration and metabolism of bacteria.8# Over production of ROS can induce the damage of
cellular components including lipids, DNA and proteins.8283 Disruption of membrane potential can
cause changes of a series of cellular processes.® Chudobova et al also found that Se NPs could
impair the bacterial DNA structure of the zntR gene amplified in vitro® and Liu et al reported that
Se NPs could weaken bacterial membranes and decrease the function of adhesion-mediating
proteins.®® Tran et al proposed that the antibacterial effect of Se NPs is also related to free

intracellular thiol depletion of Se NPs.®” Besides, the positive charge could enhance the interactions
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between NPs and cell membranes, and then induce more intense membrane damage,® which can
also be an antibacterial mechanism of eADF4(k16) coated Se NPs. Further studies would be
needed to elucidate the specific mechanisms of action of eADF4(k16) coated Se NPs.

In a previous study, PVA coated Se NPs with effective antibacterial activity against Gram-
positive bacteria S. aureus were fabricated.?* However, these particles were found to be less
effective against the Gram-negative bacteria E. coli. In the present work, the eADF4(k16) coated
Se NPs showed a much higher antibacterial activity against E. coli than PVA coated ones.
Meanwhile, these particles also retained good antibacterial activity against S. aureus (Figure S5),
with a MBC value of 32 + 1 yg/mL. Notably, the MBC of eADF4(k16) coated Se NPs against E. coli
was four times lower than that against S. aureus. Positively charged NPs often work better against
Gram-negative bacteria than Gram-positive bacteria as the Gram-negative bacteria are more
sensitive to positively charged materials.®%° The antibacterial activity of these eADF4(k16) coated
Se NPs is very high compared to previously reported PVA coated Se NPs, which normally show a
minimum inhibitory concentration (MIC) higher than 60 pg/mL®17.3435 gagainst S. aureus, and even
worse performance against E. coli, with no significant effect,®2425.35 or MIC values higher than 100
ug/mL17.3491  Although the MBC was not tested in most of these studies, the MBC is generally
higher than the MIC. By contrast, the eADF4(k16) coated Se NPs showed relatively low MBC
values of 32 + 1 pyg/mL against S. aureus, and 8 + 1 ug/mL against E. coli. The PVA coated Se
NPs showed a MBC of 35 + 16 pg/mL against S. aureus,?? but they were found to have only weak
antibacterial effects against E. coli as mentioned above. One study showed Se NPs with MIC of 4
Mg/mL against both S. aureus and E. coli.®? However, this required additional antimicrobial
compounds to boost the efficacy of Se NPs. Although the eADF4(k16) coated Se NPs showed
higher antibacterial activity than previously reported Se NPs, it is worth noting that the antibacterial
tests of these eADF4(k16) coated Se NPs were conducted in water rather than bacterial culture
medium as used for other studies due to the tendency of the eADF4(k16) coated Se NPs to

aggregate in bacterial culture medium.
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Antibacterial test of spider silk coated Se NPs immobilized on
spider silk films

The eADF4(k16) coated Se NPs were found to quickly aggregate and deposit in Mueller-Hinton
broth (MHB). MHB is a nutrient-rich medium, which is representative of the physiological
environment® and regarded to be the gold standard culture media for antibacterial susceptibility
testing.949 Thus, in order to stabilize the particles against aggregation in MHB, they were
immobilized on the surfaces of films made of the positively charged eADF4(k16) and negatively
charged eADF4(C16). Physicochemical properties as well as secondary structure of spider silk
films have been thoroughly characterised in previous studies.®*% Then, the antibacterial activity of
the immobilized Se NPs was tested. The charge of the films was expected to influence both the
immobilization and potential release of the eADF4(k16) coated Se NPs.

The CFU test results for E. coli after treatment with eADF4(k16) coated Se NPs
immobilized on the two types of spider silk protein films are shown in Figure 4 a. eADF4(k16) coated
Se NPs immobilized on eADF4(k16) films (with the identical surface charge) showed a significant
antibacterial activity, whereas particles on eADF4(C16) films (with the opposite surface charge)
showed no significant difference in CFU counts relative to the control.

These results demonstrated the effect of the charge of the surface used to immobilize the
coated Se NPs. The positively charged eADF4(k16) coated Se NPs would be expected to adsorb
more strongly to the negatively charged eADF4(C16) films through electrostatic interactions than
to the positively charged eADF4(k16) films. This was confirmed by comparison of the amounts of
Se released from the two types of films with immobilized eADF4(k16) coated Se NPs (Figure 4 b).
Very little Se was released from the films after 4 h under static immersion in MHB. Upon applying
gentle shear forces via pipetting, the positively charged eADF4(k16) films released significant
amounts of selenium into the culture broth, however, no significant release was seen from
negatively charged films. Thus, the Se NPs could be more easily released from the eADF4(k16)
films, and this correlates with the lower CFU counts found for E. coli exposed to these films. This

indicates that these Se NPs need to be released from the spider silk surface in order to exert their
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417  antibacterial effects on E. coli. Besides, unlike Ag NP coatings which could rely on the released
418  silverions to provide the antibacterial activity,®” the present work implied that Se NP coatings need
419 to rely on NPs themselves to combat bacteria rather than operating via the release of selenium
420 ions. This correlates well with the much lower solubility of selenium compared to that of silver.97.98
421 These new insights will help enable the future design of effective antibacterial surface coatings

422 based on Se NPs.

423 Conclusion

424 Previous studies have reported that negatively charged Se NPs showed good antibacterial activity
425  against Gram-positive bacteria, but they are less effective against Gram-negative bacteria which
426 are more sensitive to positively charged nanoparticles. In this work, positively charged eADF4(k16)
427 coated Se NPs and negatively charged PVA coated Se NPs with the same mean diameter (46 nm)
428  were fabricated. Both the eADF4(k16) coated Se NPs and PVA coated Se NPs were safe to
429 Balb/3T3 mouse embryo fibroblasts and HaCaT human skin keratinocytes up to 31 pg/mL.
430  Comparing to PVA coated Se NPs, eADF4(k16) stabilized Se NPs showed a much higher
431 bactericidal efficacy against the Gram-negative bacteria E. coli. Particularly, the MBC of
432 eADF4(k16) coated Se NPs (8 £ 1 pyg/mL) was approximately 50 times lower than that of PVA
433  coated Se NPs (405 + 80 pg/mL). Immobilizing the eADF4(k16) stabilized Se NPs on positively
434  charged eADF4(k16) films showed a good bactericidal effect against E. coli in culture broth.
435 Together, these results indicated that eADF4(k16) coated Se NPs can be considered as promising
436 new antibacterial agents.
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Table 1 Percentages of secondary structure elements of eADF4(k16) and eADF4(k16) coated Se

NPs based on the Fourier self-deconvoluted absorbance spectrum of the amide | band

Samples Percentage of secondary structure elements (%)
Side chains  B-sheets Random coils a-helices Turns
eADF4(k16) particles 5%1 411 24 +1 71 221
eADF4(k16) coated Se NPs 2+1 39+2 25+ 1 9+1 26+ 1
23
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Figure 1 TEM images and the corresponding size distributions of Se NPs coated with (a, c)
0.1mg/mL eADF4(k16), and (b, d) 2mg/mL PVA. Inset images inside (a, b) are high resolution
images. FT-IR spectra of Se NPs coated with (e) 0.1mg/mL eADF4(k16), and (f) 2mg/mL PVA and

comparison with control spectra of eADF4(k16) and PVA.
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703 Figure 2 Effects of Se NPs on the viability of mammalian cells in culture. Balb/3T3 mouse

704 embryo fibroblasts incubated with (a) eADF4(k16) coated Se NPs, and (b) PVA coated Se NPs;
705 HaCaT human skin keratinocytes incubated with (c) eADF4(k16) coated Se NPs, and (d) PVA
706 coated Se NPs for 24 h, at 37 °C. One-Way ANOVA with Tukey’s Post Hoc Test was used to
707 compare means of experimental groups to that of the negative control group, * p-value < 0.05, **
708 p-value < 0.01, *™** p-value < 0.001. The dashed horizontal line represents 100% viability, and the
709  solid line represents 70% viability.
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Figure 3 Colony forming units (CFU) assay using E. coli after treatment with eADF4(k16) and

PVA coated Se NPs with varying concentrations from 3.9 pg/mL to 250 ug/mL. One-Way ANOVA
with Tukey’s Post Hoc Test was used to compare means of experimental groups at each
concentration, * p-value < 0.05. (b-d) Agar plate images of CFU test of E. coli, (b) control without
particles, (c) PVA coated Se NPs, (d) eADF4(k16) coated Se NPs. 10%is the original (bacteria +
Se NPs) solution, 10, 10%, 10° and 10™* mean diluting the original solution 10, 100, 1000 and
10000 times, respectively, to make the colonies more countable. SEM images of 2.5 x107
cells/mL E. coli before and after treatment with 75 pg/mL Se NPs: (e) plain E. coli, (f) E. coli

incubated with PVA coated Se NPs, and (g) E. coli incubated with eADF4(k16) coated Se NPs.
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Figure S4. Colony forming units (CFU) assay using E. coli after treatment with eADF4(k16) particles. No
antibacterial activity was observed at concentrations from 0.97 pg/mL to 250 pg/mL.
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Surface Features of Recombinant Spider Silk Protein
eADF4(x16)-Made Materials are Well-Suited for Cardiac

Tissue Engineering

Jana Petzold, Tamara B. Aigner, Filip Touska, Katharina Zimmermann,

Thomas Scheibel, and Felix B. Engel*

Cardiovascular diseases causing high morbidity and mortality represent a
major socioeconomic burden. The primary cause of impaired heart function
is often the loss of cardiomyocytes. Thus, novel therapies aim at restoring
the lost myocardial tissue. One promising approach is cardiac tissue engi-
neering. Previously, it is shown that Antheraea mylitta silk protein fibroin

is a suitable material for cardiac tissue engineering, however, its quality is
difficult to control. To overcome this limitation, the interaction of primary rat
heart cells with engineered Araneus diadematus fibroin 4 (x16) (eADF4(k16))
is investigated here, which is engineered based on the sequence of ADF4 by
replacing the glutamic acid residue in the repetitive unit of its core domain
with lysine. The data demonstrate that cardiomyocytes, fibroblasts, endothe-
lial cells, and smooth muscle cells attach well to eADF4(x16) films on glass
coverslips which provide an engineered surface with a polycationic char-
acter. Moreover, eADF4(x16) films have, in contrast to fibronectin films, no
hypertrophic effect but allow the induction of cardiomyocyte hypertrophy.
Finally, cardiomyocytes grown on eADF4(x16) films respond to pro-prolif-
erative factors and exhibit proper cell-to-cell communication and electric
coupling. Collectively, these data demonstrate that designed recombinant
eADF4(k16)-based materials are promising materials for cardiac tissue
engineering.

1. Introduction

The adult mammal is unable to regenerate
heart tissue after an injury, resulting in
the loss of cardiomyocytes, the contrac-
tile muscle cells of the heart.l/ Due to the
major socioeconomic burden of cardiovas-
cular disease, which has been predicted to
further increase,”?! there is a great interest
in the development of approaches to
reverse the loss of cardiomyocytes. Prom-
ising approaches are the activation of
endogenous stem cells, induction of cardi-
omyocyte proliferation, stem cell therapy,
and cardiac tissue engineering,”

In recent years, cardiac tissue engineering
has been established as a prospective option
for the treatment of cardiac disease. In
a landmark study, Zimmermann et al.
showed that cardiomyocytes embedded
in a nonstructured composite hydrogel
made of type I collagen and Matrigel sig-
nificantly improved heart function after
implantation on myocardial infarcts in
immune-suppressed rats.! Subsequently,
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it has been confirmed that tissue-engineered cardiac patches
can improve recovery from myocardial injury in small and large
animal models.’) Moreover, first clinical trials applying tissue
engineering to heart disease patients have been performed. In
the most recent trial, Menasché et al. delivered human embryonic
stem cell-derived cardiac progenitor cells in a fibrin patch into
heart failure patients, demonstrating the overall feasibility and
safety of cardiac tissue engineering to treat heart failure.[ Never-
theless, the field is still in its infancy and it remains to be shown
that the application of tissue engineering can indeed improve
heart function in heart failure patients.

Currently, cardiac tissue engineering faces many problems,
such as: (i) the choice of cell type or combination of cell types to
generate a cardiac patch; (ii) providing hierarchically structured
scaffolds to enable vascularization of cardiac patches to enlarge
graft sizes; (iii) connecting the graft to the host vascularization;
(iv) ensuring electrical coupling within the graft; (v) electrome-
chanically integrating the graft to avoid arrhythmia; and (vi) the
correct choice of biocompatible scaffold material with proper
hierarchical structures and mechanical characteristics.*>7)

Previously, it has been demonstrated that silk materials are
excellently suited for tissue engineering applications. ! Silk pro-
teins are natural products which have several advantages com-
pared to other materials that are currently used in cardiac tissue
engineering. They can be fabricated into diverse morphologies.
Moreover, silk materials have unique mechanical strength, bio-
compatibility, and silks exhibit noncytotoxic properties as well
as low level of inflammatory response.®? In addition, we have
demonstrated that the natural Antheraea mylitta silk fibroin is
a suitable material for cardiac tissue engineering.'% It enables
efficient attachment of cardiomyocytes without affecting their
response to extracellular stimuli, promotes sarcomere alignment,
synchronous contraction, and electrical coupling.'’) However,
naturally obtained silk fibroins have also significant limitations.
For example, Antheraea mylitta cannot efficiently be bred in cap-
tivity, and thus its silk fibroin cannot be mass-produced and the
latter’s quality depends on a variety of variables that cannot be
controlled (e.g., feedstock quality and uptake). The resulting
batch-to-batch variation of this natural polymer and the lack of
suitable quantitative and qualitative in vivo analyses are some of
the issues currently restricting its medical application.®"!

In order to overcome these limitations, we utilized here geneti-
cally engineered spider silk proteins, which make it possible to
provide new biopolymers with a complexity and functionality
not found in nature. The cell membranes of animal cells contain
negatively charged proteoglycans, glycolipids, and glycoproteins.
Therefore, mammalian cells attach preferentially to polycationic
surfaces."'l Consequently, the aim of this study was to determine
if engineered recombinant spider silk protein engineered Araneus
diadematus fibroin 4 (x16) (eADF4(k16)) processed into films
with a polycationic surface is a suitable adhesive for cardiac cells.

2. Results and Discussion

2.1. Surface Properties of Recombinant Spider Silk Protein
eADF4(k16) Films

eADF4(C16) is engineered based on the sequence of ADF4, a
component of the major ampullate silk of the European garden
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spider, also called the dragline or “lifeline.” Previously, we have
shown that polyanionic eADF4(C16) films are not suitable sub-
strates for cell adhesion.”) As the extracellular side of most
mammalian cells is negatively charged and thus cells prefer-
entially attach to polycationic surfaces,'!) we engineered a so-
called kmodule by replacing the naturally occurring glutamic
acid residue in the repetitive units of the ADF4 core domain
with lysine: GSSAAAAAAAASGPGGYGPKNQGPSGPGGYG-
PGGP (Figure 1a)." The xkxmodule was adjusted to Escherichia
coli (E. coli) codon-usage and then repeated 16 times to mimic
the repetitive core of ADF4. The product is the engineered posi-
tively charged spider silk protein eADF4(x16) (Figure 1a).

In order to determine the interaction of cardiac cells with
eADF4(x16), glass coverslips were dip coated with eADF4(x16)
out of formic acid (Figure 1b). Successful coating of glass cov-
erslips was confirmed by Hoechst 33342 staining, resulting
in apparent background illumination (Figure Sla, Supporting
Information). Previously, eADF4(C16) film coatings showed
already the formation of thermodynamically stable B-sheet
rich structure during solvent evaporation.I"l To assess the sec-
ondary structure content of eADF4(x16) coated glass cover-
slips, ATR-FTIR measurements were performed (Figure 1c).
Fourier self-deconvolution (FSD) was performed analyzing the
amide I band according to Hu et al.'”) As expected, the here
investigated eADF4(x16) films showed a high f-sheet content
(34 + 1%; orhelix: 9 £ 0.4%; turns: 26 £ 2%; random coils:
15 + 1%; side chains: 16 + 2%), explaining its insolubility in
water even without methanol post-treatment (Figure 1c).

To determine if the high B-sheet content results in a hydro-
phobic film-air surface as previously described for cast
eADF4(C16) films on glass,' we characterized the surface
hydrophilicity of all tested protein surfaces by using water con-
tact angle measurements (Figure 1d). As control, in addition to
eADF4(C16)-coated glass coverslips, we utilized noncoated as well
as glass coverslips coated with fibronectin (dissolved in water or
phosphate-buffered saline (PBS)) and gelatin that are often used
as adhesive for cardiomyocytes['*!% Coating with eADF4(k16) as
well as gelatin reduced the contact angle of glass (38° + 9° and
29° + 7°, respectively, vs 56° * 5°, Figure 1d). The contact angle
on fibronectin-coated surfaces was in comparison quite hydro-
phobic (H,0: 111° + 2°, PBS: 80° * 7°, Figure 1d). These data
demonstrate that eADF4(x16) films are hydrophilic. Thus, in
contrast to cast eADF4(C16) films on glass,*" eADF4(x16) films
are not covered by a layer of B-sheets (Figure 1b).

While we have previously shown that cast eADF4(C16)
films on glass are hydrophobic,!*l our data revealed that the
eADF4(C16) film—air surface on silanized glass was more
hydrophilic (54° * 14°, Figure 1d). Note that dip coating
required the silanization of the glass coverslips, making them
hydrophobic, in order to immobilize eADF4(C16) films. In con-
trast, eADF4(k16) films directly adhered to glass surfaces upon
dip coating.

Importantly, it is unknown at what water contact angles car-
diomyocytes attach well. For fibroblasts, maximal cell adherence
occurs at water contact angles between 55° and 85°.17) How-
ever, it is known that the attachment of cells to surfaces is also
strongly dependent on the presence of surface charges and func-
tional groups.['*'¥ Arginine-Glycine-Aspartic acid (Arg-Gly-Asp
or RGD) domains, which are present in fibronectin, improve,
for example, cardiomyocyte attachment./%)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Cardiomyocytes efficiently attach to eADF4(x16) films. a) Design of eADF4(k16). b) Processing of eADF4(k16) into films. c) Fourier self-
deconvoluted absorbance spectrum of the amide | band of a eADF4(x16) film on glass. Black line: deduced absorbance band, others: individual
contributions to the amide | band assigned according to values published in literature (n = 5). d) Water contact angle measurements (n = 8-10).
e,f) Cardiac cells isolated from ventricles of 3 d old rats were cultured after attachment overnight for 48 h on the indicated matrices in the presence
of 0.2% (e) or 10% FBS (f). Subsequently, cardiomyocytes were stained with sarcomeric-a-actinin (actinin, green) and Hoechst 33342 (nuclei, blue).
g) Quantitative analysis of sarcomeric-a-actinin-positive cardiomyocytes. h) Quantitative analysis of sarcomeric-a-actinin-negative nonmyocytes. Data
are mean + SD. n = 4 independent experiments. *: p < 0.05. n.s.: statistically not significant. Scale bars: 50 um.

2.2. Cardiomyocytes, Nonmyocytes, and Human Umbilical Vein cardiac cells. Previously, it had already been demonstrated that
Endothelial Cells (HUVECs) Attach to eADF4(k16) Films engineered recombinant spider silk proteins based on ADF4

are nontoxic.l'” As control, adhesive fibronectin was chosen
To determine if polycationic eADF4(x16) films are a suitable  since it is a component of the cardiac extracellular matrix and
adhesive for cardiac cells, cells from postnatal day 3 (P3) rat a well-established material for neonatal cardiomyocyte attach-
hearts were isolated and cultured on eADF4(x16) films after ~ ment.'%?’] Moreover, we have previously demonstrated that it
attachment overnight for 48 h. In parallel to attachment assays,  exhibits similar properties as Antheraea mylitta silk fibroin.'%
we performed live/dead assays to verify that the recombinant  The cells were cultured in presence of 0.2% as well as 10% (v/v)
spider silk protein eADF4(x16) exhibits no cytotoxic effect on  fetal bovine serum (FBS) as 10% FBS is commonly used to seed
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cardiomyocytes for improved attachment?!] However, 10%
FBS is known to induce hypertrophy and/or cell cycle activity
in neonatal cardiomyocytes as well as cardiomyocytes derived
from human induced pluripotent stem cells.?2 Moreover, this
hypertrophy might result in pathological hypertrophy.?¥ Thus,
it is pertinent to examine the effect of materials on cardiomyo-
cytes also in culture media without or in low concentrations of
serum.

Cells were stained with calcein-acetoxymethyl ester
(calcein-AM) (0.25 pL mL™")/ethidium homodimer-1 (EthD-1,
1 uL mL7Y)/PBS (live/dead assay) (Figure S2, Supporting
Information). Our data demonstrate that cardiac cells attach
to eADF4(k16) films (Figure S2a,b, Supporting Information).
Moreover, there was no statistically significant difference in
the number of attached calcein-AM-positive (live) or EthD-pos-
itive (dead) cells per field between eADF4(k16) and fibronectin
films (n = 3 independent experiments, p > 0.2; Figure S2c,d,
Supporting Information). These data suggest that eADF4(k16)-
based materials are suitable for cardiac tissue engineering.
In contrast, cardiomyocytes attached as expected pootly to
polyanionic eADF4(C16) as previously shown for fibroblasts
(Figure S2e,f, Supporting Information).!?!

It is important to note that the heart contains a large variety
of cell types including fibroblasts, endothelial cells, smooth
muscle cells, and cardiomyocytes.** Thus, we assessed next
whether cardiomyocytes, the primary functional cell type of
the heart, attach to eADF4(x16) films. After cell isolation and
cardiomyocyte enrichment, cells were allowed to attach over-
night. After 48 h of culture in the presence of 0.2% or 10%
FBS, cell cultures were stained for the cardiomyocyte-specific
protein sarcomeric-a-actinin (Figure lef). Quantitative anal-
yses revealed that cardiomyocytes equally efficiently attached
to eADF4(k16) films as to fibronectin films (Figure 1g).

Previously, it has been shown that cardiac patches that con-
tain both cardiomyocytes and nonmyocytes exhibit improved
tissue structure and function.?” In addition, vasculariza-
tion of cardiac patches is required to ensure cardiomyocyte
survival.”?l Consequently, it is important to assess if also non-
myocytes can attach to eADF4(k16)-based materials. A closer
analysis of the cardiomyocyte attachment data revealed that
the number of nonmyocytes (sarcomeric-c-actinin-negative) on
eADF4(k16) films was significantly lower than on fibronectin
films (0.2% FBS: 4 £ 1 vs 10 £ 5 nonmyocytes; 10% FBS:
7 £ 1 vs 18 £ 5 nonmyocytes; data are mean + standard devia-
tion (SD), n = 4 independent experiments, p < 0.05; Figure 1h).
To determine if the most important cell types for cardiac tissue
engineering (cardiomyocytes, endothelial cells, fibroblasts, and
smooth muscle cells) can attach to eADF4(k16) films, cardiac
cells were isolated without cardiomyocyte enrichment. Cells
were allowed to attach for 3 h as well as 48 h. Subsequently,
cells were stained with cell type-specific markers to identify car-
diomyocytes (sarcomeric-o-actinin or troponin I), fibroblasts
(collagen 1), smooth muscle cells (smooth muscle actin), and
endothelial cells (vascular endothelial- (VE-)cadherin). Our data
demonstrate that fibroblasts (yellow arrowheads, Figure 2a),
smooth muscle cells (blue arrowheads, Figure 2b), as well as
endothelial cells (orange arrowheads, Figure 2c) can attach to
eADF4(k16) films. However, the data suggest that nonmyocytes
attached less efficiently to eADF4(x16) than to fibronectin films.
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As the number of endothelial cells in the cultures was
low, we tested whether eADF4(x16) films are suitable for the
attachment of HUVECs, which are often used to investigate
the proangiogenic effect of materials or to engineer vessels.*]
HUVECs were cultured on eADF4(k16) as well as fibronectin
films and stained for VE-cadherin. HUVECs attached to and
grew on both matrices to 100% confluency (Figure 2d). VE-cad-
herin staining on both matrices indicated a narrow adherens
junction architecture. Collectively, our data demonstrate that
eADF4(x16) films allow not only the attachment of cardiomyo-
cytes but also of other cell types present in the heart. The fact
that nonmyocytes attach less to eADF4(x16) films might be of
advantage considering that they proliferate in contrast to cardi-
omyocytes. Thus, the use of eADF4(k16) might be beneficial in
generating cardiac tissue patches with a higher concentration
of cardiomyocytes.

2.3. eADF4(k16) Films Have No Hypertrophic Effect but Allow
Cardiomyocytes to Respond to Hypertrophic Stimuli

Hearts, and especially cardiomyocytes, respond to a variety of
extracellular stimuli that modulate heart function. For example,
cardiomyocytes undergo physiological hypertrophy (increase
in cell size) induced by hormones and growth factors that are
released upon increased workload in athletes or during preg-
nancy.?!) To determine if eADF4(k16) affects cardiomyocyte
hypertrophy, we assessed cell size by determining the area of
individual cardiomyocytes. While fibronectin is an obvious
control for cardiomyocyte attachment, it is not the right nega-
tive control to determine whether a material exhibits a prohy-
pertrophic effect as it has been demonstrated that fibronectin
induces hypertrophy on neonatal cardiomyocytes and contrib-
utes to pathophysiological hypertrophy in vivo.””] Therefore, we
utilized gelatin, a commonly used and cheap moderate adhe-
sive for cardiomyocytes,/'*% as it has so far not been described
to exhibit a prohypertrophic effect. In agreement with these
data, we observed that the size of neonatal cardiomyocytes on
fibronectin films was increased 1.34-fold compared to that of
cardiomyocytes on gelatin films at low serum conditions (0.2%
FBS, n = 3 independent experiments, p < 0.05, Figure 3a,d).
Cardiomyocytes cultured on eADF4(k16) films were similar in
size to cardiomyocytes cultured on films made of inert gelatin
(1.05-fold, n = 3 independent experiments, p > 0.05, Figure 3a,d).
These data suggest that eADF4(k16) films exhibit no pharmaco-
logical effect.

In order to assess whether neonatal cardiomyocytes on
eADF4(x16) films respond properly to hypertrophic stimuli, we
subjected cardiomyocytes to a weak (50 x 107% M phenylephrine,
PE) as well as a strong hypertrophic stimulus (10% FBS)
(Figure 3b,c). Quantitative analyses of cell size showed that
neonatal cardiomyocytes on all matrices stimulated with 10%
FBS increased significantly in cell size by around twofold
(n = 3 independent experiments, p < 0.05, Figure 3d). While
stimulation with PE also showed a trend toward increased cell
size, the change was not statistically significant. It should be
noted that cell size was measured based on cross-sectional area
which neglects that cells can also grow in size by increasing
their thickness. Moreover, cross-sectional area is greatly affected
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Figure 2. Nonmyocyte attachment on eADF4(x16) films. Isolated neonatal rat cardiac cells (no enrichment) were seeded for 3 or 48 h on different
matrices as indicated. a~c) Cells were stained with (a) anti-collagen 1 antibodies (fibroblasts, red) and anti-sarcomeric-a-actinin (cardiomyocytes, green),
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and (c) anti-VE-cadherin antibodies (endothelial cells, red) and anti-sarcomeric-oractinin (cardiomyocytes, green). Nuclei were visualized with Hoe-
chst 33342 (blue). Yellow arrowheads: examples of fibroblasts. Blue arrowheads: examples of smooth muscle cells. Orange arrowheads: examples of
endothelial cells. d) HUVEC cell culture on matrices as indicated stained for VE-cadherin (red) and nuclei (Hoechst 33342, blue). Scale bars: 50 um.

by cell density. Therefore, we stained cardiomyocytes in parallel
for atrial natriuretic factor (ANF, also atrial natriuretic peptide,
ANP), which is expressed around the nucleus in hypertrophic
cardiomyocytes.|*8!

Quantitative analysis of ANF-positive cardiomyocytes indi-
cates also that only fibronectin films exert a prohypertrophic
effect (n = 3 independent experiments, p < 0.05, Figure 3e).
Moreover, ANF expression analyses revealed that cardiomyo-
cytes on all matrices responded to 10% FBS as well as PE.
Note that cardiomyocytes on gelatin and on eADF4(x16) films
responded in a similar manner to both stimulations in regards
to cell size and ANF expression (n = 3 independent experi-
ments, p > 0.05, Figure 3d,e). Collectively, these data indicate
that eADF4(k16) is an inert material exhibiting no pharmaco-
logical effect but allows cardiomyocytes to respond properly to
hypertrophic stimuli.

2.4, Cardiomyocytes on eADF4(x16) Films Respond Properly
to Pro-Proliferative Stimuli
A current problem in cardiac tissue engineering is to gen-

erate cardiac tissues containing high densities of cardio-
myocytes.'%?] This is due to the problem of seeding 3D
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scaffolds with cardiomyocytes or printing bioinks with high
cell densities. Thus, it might be of advantage to utilize pro-
proliferative factors to promote cardiomyocyte prolifera-
tion in the generated constructs to increase cardiomyocyte
density and thus contractility. Previously, it has been shown
that stimulation of cardiomyocytes with FBS or fibroblast
growth factor 1 (FGF1) plus an inhibitor of the mitogen-
activated protein kinase p38 (p38i) induces cell cycle re-entry
in neonatal as well as adult cardiomyocytes resulting in the
synthesis of deoxyribonucleic acid (DNA).BY Our data demo-
nstrate that FBS, in a concentration-dependent manner, as
well as FGF1/p38i, induce DNA synthesis in cardiomyocytes
attached to eADF4(k16) or fibronectin films (white aster-
isks, incorporation of the nucleoside analog of thymidine
5-ethynyl-2"-deoxyuridine (EdU), Figure 4), with no statistically
significant difference between the two matrices (Figure 4d).
These data indicate that eADF4(x16) is a neutral substrate
that does not influence cardiomyocyte behavior but permits
the proper response of cardiomyocytes to extracellular stimuli.
In addition, we observed that cardiomyocytes stimulated with
FGF1/p38i exhibited on eADF4(k16) an elongated morphology,
a similar phenotype as previously observed for neonatal and
adult cardiomyocytes cultured on the inert substrate gelatin
(see also Figure S3a in the Supporting Information).l3%!
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Figure 3. Cardiomyocytes respond properly to prohypertrophic stimuli on eADF4(x16) films. Cardiomyocytes were stimulated with 0.2% or 10% FBS
or 50 x 107® m phenylephrine (PE) and analyzed for a hypertrophic response (perinuclear ANF expression, cross-sectional area). a—c) Cardiomyocytes
stained for sarcomeric-a-actinin (green), ANF (red), and DNA (Hoechst 33342, nuclei, blue). Yellow arrowheads: examples of ANF-positive cardio-
myocytes exhibiting a clear perinuclear ANF signal (see inserts). d) Quantitative analysis of the cross-sectional area of sarcomeric-c-actinin-positive
cardiomyocytes. Left panel: fold-change in relation to the mean cardiomyocyte size on gelatin films. Right panel: fold-change in relation to the mean
cardiomyocyte size upon 0.2% stimulation on the respective matrix. e) Quantitative analysis of the number of ANF-/sarcomeric-a-actinin-positive
cardiomyocytes (n = 3 independent experiments, mean + SD, *: p < 0.05, **: p < 0.01. n.s.: statistically not significant). Scale bars: 50 um.

2.5. Cardiomyocytes on eADF4(k16) Films Exhibit Proper cardiomyocytes exhibit well-differentiated sarcomeres. This was
Cell-to-cell Communication and Contractility observed in all our experiments based on the staining of sarco-

meric proteins (Figure S3b,c, Supporting Information). In addi-
Since the major function of the heart is to contract, it is  tion, we utilized the fact that neonatal cardiomyocytes exhibit
important to assess if cardiomyocytes contract well on  spontaneous contractile activity and recorded movies of cul-
eADF4(k16) films. To allow high contractility, it is crucial that  tures grown on eADF4(x16) and fibronectin films and analyzed
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Figure 4. Cardiomyocytes respond properly to pro-proliferative stimuli on eADF4(k16) films. Cardiomyocytes were stimulated with 0.2% or 10% FBS
or FGF1 and a p38 inhibitor (p38i) and analyzed for DNA synthesis (EdU incorporation). a—c) Cardiomyocytes stained for sarcomeric-a-actinin (red),
EdU (green), and DNA (Hoechst 33342, nuclei, blue). White asterisks: examples of EdU-positive cardiomyocytes. Yellow arrowheads: examples of EdU-
positive nonmyocytes. d) Quantitative analysis of the number of EdU-/sarcomeric-o~actinin-positive cardiomyocytes (n = 3 independent experiments,

mean £ SD, n.s.: statistically not significant). Scale bars: 50 um.

them via Kymograph analysis software (Image J). This analysis
showed that cardiomyocytes contract with the same frequency
on eADF4(k16) films as on fibronectin films and exhibit no
arrhythmia (Figure 5a,b and Movies S1 and S2 (Supporting
Information)).

In addition to proper contractility, it is important to deter-
mine if cardiomyocytes can communicate and electrically
couple with each other, as efficient contraction of the heart is
coordinated by propagating excitation waves. To assess if car-
diomyocytes grown on eADF4(k16) films are able to couple
electrically, cardiomyocyte cultures were stained for the gap
junctional protein connexin 43, which takes part in regulating
electrical signal propagation between cardiomyocytes.*!) Immu-
nofluorescence analyses revealed that cardiomyocytes grown on
eADF4(k16) and fibronectin films expressed connexin 43 along
cellular junctions. This was enhanced upon stimulation with
10% FBS (Figure 5¢,d).

Finally, to test effects on the calcium homeostasis, cultures
on either matrix were loaded with the Ca?*-sensitive indicator
Fura-2 AM. This allowed the visualization of Ca*" carried
excitation waves (Figure 5e—j). The number of contractions
on either fibronectin or eADF4(k16) films was not signifi-
cantly different. The contraction frequency for cardiomyocytes
cultured on fibronectin films was on average 12 + 4 min™*
(n = 15) and for eADF4(x16) films 12 = 4 (n = 16) (data are
mean + SD, Figure 5e). Peak amplitude of intracellular cal-
cium was 0.54 + 0.10 (arbitrary units) on fibronectin films
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(n=15) and 0.53 + 0.06 on eADF4(k16) films (n = 16) (data are
mean * SD, Figure 5f).

To visualize the changes of intracellular calcium, sample
recordings were extracted from cardiomyocytes plated on
fibronectin (Figure 5g and Movie S3 (Supporting Informa-
tion)) or eADF4(x16) films (Figure 5h and Movie S4 (Sup-
porting Information)). Examples of local calcium minima
(left panel) and peak calcium concentration (right panel) for
cardiomyocytes grown on fibronectin or eADF4(k16) films
are shown in Figure 5i,j, respectively. In conclusion, these
data demonstrate that cardiomyocytes grown on eADF4(x16)
films exhibit proper cell-to-cell communication and electric
coupling.

3. Conclusion

We have demonstrated that eADF4(k16) films exhibit adhesion
properties for the most important cell types in cardiac tissue
engineering (cardiomyocytes, endothelial cells, fibroblasts,
and smooth muscle cells) comparable to that of films made
of fibronectin, a component of the native extracellular matrix
of the heart and well-established coating material for neonatal
cardiomyocytes. In addition, our data show that eADF4(x16)
films are noncytotoxic and have no pharmacological effect.
Moreover, cardiomyocytes grown on eADF4(k16) films
respond properly to extracellular stimuli and exhibit proper
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Figure 5. Cardiomyocytes on eADF4(k16) films exhibit proper cell-to-cell communication and contractility. a) Example of Kymograph analysis visual-
izing contractions (peaks). b) Quantitative analysis of (a). c,d) Examples of cardiomyocytes seeded on different matrices stimulated with 0.2% (c) or
10% FBS (d) and subsequently stained for connexin 43 (red), sarcomeric-e-actinin (green) and DNA (Hoechst 33342, nuclei, blue). Note that cardio-
myocytes on eADF4(k16) films express connexin 43 (yellow arrowheads) suggesting well-established cell-to-cell communication. Ratiometric intracel-
lular calcium imaging of cultured cardiomyocytes. e,f) Quantification of cardiomyocyte contraction frequency (e) and peak amplitude of intracellular
calcium concentration (f) on fibronectin or eADF4(k16) films. Note that the contraction frequency is lower than in (b) as data collection was performed
at room temperature and in a different medium. g,h) Representative examples of intracellular calcium changes of cardiomyocytes cultured on either
fibronectin (g) or eADF4(k16) films (h). i.j) Representative images of local calcium minima (left panel) and peak calcium concentration (right panel)

for cardiomyocytes cultured on either fibronectin (i) or eADF4(k16) films (j). Left image depicts cardiomyocytes between contractions. Right image:
depicts cardiomyocytes during contraction. Scale bars: 50 pm.

excitation propagation. Our data demonstrate that eADF4(k16)
exhibits similar properties as fibronectin and thus also as
Antheraea mylitta silk fibroin. In conclusion, we introduce the
designed recombinant eADF4(x16), previously developed for
drug delivery applications," as a new promising material for
cardiac tissue engineering that also provides the known advan-
tages of silk proteins®!% such as biodegradability*’ and low
immunogenicity.'* As shown previously, eADF4 variants can
be produced at large scale with high yields and high purity.[’]

Interestingly, eADF4(k16) could in the future even be further
genetically modified in order to optimize its performance
as a substrate for cardiac tissue regeneration, for instance,
by integrating additional functional domains.">*}! Recombi-
nant spider silk proteins can be processed into a diverse set
of morphologies including fibers, foams, hydrogels, particles,
nonwoven meshes, capsules, and films.*! Moreover, we have
recently demonstrated that cell-loaded recombinant spider
silk bioinks can be printed by robotic dispensing without the
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need for crosslinking additives or thickeners for mechanical
stabilization,*”! it could be assessed whether it is possible to
print stem-cell derived cardiomyocytes in eADF4(k16)-based
bioinks in order to biofabricate cardiac tissues for therapeutic
applications.

4. Experimental Section

Rat  Neonatal Cardiomyocyte lIsolation and Cell Culture: The
investigation conforms with the Guide for the Care and Use of
Laboratory Animals published by the Directive 2010/63/EU of the
European Parliament. Extraction of organs and preparation of primary
cell cultures were approved by the local Animal Ethics Committee
in accordance with governmental and international guidelines on
animal experimentation (protocol TS—5/13 Nephropatho). Ventricular
cardiac cells were isolated from 3 d old (P3) Sprague Dawley rats
using the gentleMACS Dissociation kit (Milteny Biotec) according
to the manufacturer's instructions. In order to isolate nonmyocytes,
hearts were processed as previously reported.’®) For cardiomyocyte
enrichment, cells were preplated for 90 min in Dulbecco’s Modified Eagle
Medium (DMEM)/F12 + GLUTAMAX (GIBCO) containing penicillin/
streptomycin (100 U mg™' mL™") and FBS (109%). Nonattached cells,
enriched in cardiomyocytes, were then collected, centrifuged for 5 min at
330 x g, resuspended in DMEM/F12 + GLUTAMAX containing penicillin/
streptomycin (100 U mg™' mL™"), and counted. Before seeding, serum
was added as indicated in the figures or as described below. Cells were
seeded in 24-well plates at a density of 150 000 cells after cardiomyocyte
enrichment, 200 000 nonmyocytes, or 50 000 HUVECs per 500 pL per
well and were cultured at 37 °C in a CO,/air humidified atmosphere
(5%/95%).

Preparation of Silk: The recombinant spider silk protein
eADF4(k16) consists of 16 repeats of a kmodule (sequence:
GSSAAAAAAAASCPGGYGPKNQGPSGPCCYGPGGP).P1 The  spider
silk protein was produced and purified as described before.’”) Briefly,
eADF4(k16) was produced in E. coli (BL21 gold), which was grown in a
fed batch fermenter. The protein was purified using a heating step and
ammonium sulfate precipitation.

Coating Procedure: Glass coverslips (@ 12 mm, Thermo Fisher
Scientific) were placed in 24-well tissue culture plates, washed twice
for 5 min with 70% ethanol, once with 100% ethanol for 5 min, and
air dried under UV light for 30 min. For fibronectin-coating, coverslips
were incubated with 100 pL of fibronectin (Sigma-Aldrich, F1141)/
PBS (25 ug mL") for 1 h at 37 °C. Cells were seeded immediately
after removing the remaining solution on the coverslips. For gelatin-
coating, coverslips were incubated for 2 h at 37 °C with 500 pL gelatin
(Sigma-Aldrich, G1890)/water (1%, w/v). Subsequently, the gelatin
solution was replaced with fresh 500 uL gelatin solution. After 2 h
incubation at 37 °C, the remaining solution on the coverslips was
removed and coverslips were dried for another 1 h at 37 °C. For spider
silk-processing, purified and lyophilized eADF4(x16) or eADF4(C16)
was dissolved in formic acid and subsequently diluted with water (5:1,
formic acid:water) to obtain a silk solution (0.34%, w/v). Coverslips
were dip coated in this silk solution and dried on Parafilm M. Spider silk
coatings from formic acid are water insoluble, therefore, further post-
treatment was not necessary.*¥l Before coating with eADF4(C16) (and
only in that case), the coverslips were silanized with (3-aminopropyl)
trimethoxysilane to prevent detachment of eADF4(C16) films due
to electrostatic repulsion of the silk and plain glass. A homogeneous
spreading of silk films was confirmed by subsequent Hoechst
33342-staining. For recording movies, cells were grown on eADF4(k16)-
or fibronectin-coated 8-well IBIDI slides. Note, eADF4(k16)-coating was
not performed as described above but according to another previously
described method.?l Briefly, purified and lyophilized eADF4(x16) was
dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and films were
cast from a solution (2%, w/v) directly into the wells (0.15 mg cm™).
After evaporation of HFIP, the water-soluble and o-helix-rich films
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were post-treated with ethanol in order to induce B-sheet formation,
rendering them water-insoluble.l*!

Water Contact Angle Measurements: Coating was performed as
described above with the following changes. All films were dried
overnight on Parafilm. Fibronectin was diluted either in water (for better
comparison to the other films) or PBS (as in the other experiments).
Note that glass coverslips coated with fibronectin diluted in PBS were
washed once with water before their transfer to Parafilm. Contact angles
of coated glass coverslips were measured by sessile drop method at
room temperature (RT) using a contact angle goniometer OCA-20
(DataPhysics Instruments, Filderstadt, Germany) and evaluated with the
software SCA20-F. Uniform drops with a volume of 7 uL were deposited
using an automated dispensing system. The contact angles were
determined 60 s after drop deposition using Young—Laplace algorithm.
For each material, eight to ten measurements were performed
(n=38-10).

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR)
Spectroscopy: ATR-FTIR spectra of eADF4(k16) films on glass and
glass as control were measured in the range of 4000-800 cm™ on a
Ge-crystal with a Bruker Tensor 27 sprectrometer (Bruker, Germany).
For each spectrum, 100 scans were recorded at a resolution of 4 cm™,
The secondary structure content was determined by analyzing the amide
| region (1595-1705 cm™') with FSD using Opus software (Bruker,
Germany) according to Hu et al.'l Five samples were analyzed (n =5).

Live/Dead Assay (Calcein-AM/Ethidium Homodimer-1): Cells were
seeded on coated coverslips, allowed to attach for 24 h, and after washing
once with PBS, incubated in medium for another 48 h. Cells were then
washed three times with PBS for 5 min and incubated with calcein-AM
(0.25 uL mL7)/EthD-1 (1 uL mL™)/PBS (Life Technologies, L2334)
for 10 min at 37 °C in a CO,/air humidified atmosphere (5%/95%).
Subsequently, live images from ten randomly chosen microscopic fields
(0.1 mm?) per experiment were taken to quantify living and dead cells.

Immunofluorescence  Staining:  Cultured cells were fixed in
formaldehyde (3.7%, Sigma-Aldrich; F1635) for 20 min. All antibodies
were diluted in blocking buffer (5% Bovine Serum Albumin (BSA)/0.2%
Tween 20/PBS) and all manipulations were carried out at RT. Samples
were permeabilized for 10 min with Triton X-100/PBS (0.5%), blocked
for 20 min in blocking buffer, and incubated for 1 h with primary
antibodies. Primary antibodies used in this study were: mouse
monoclonal anti-sarcomeric-o-actinin  (Abcam, ab9465, 1:500), rabbit
polyclonal anti-connexin 43 (Santa Cruz Biotechnology, sc-9059, 1:500),
rabbit polyclonal anti-ANP/ANF (Phoenix Pharmaceuticals, H-005-24,
1:500), rabbit polyclonal anti-collagen 1 (Rockland, 600-401-103-0,
1:250), rabbit polyclonal anti-VE-cadherin (Abcam, ab33168, 1:200),
rabbit polyclonal anti-Troponin | (Santa Cruz Biotechnology, sc-15368,
1:50), and mouse anti-smooth muscle actin (Sigma-Aldrich, A2547,
1:250). For EdU (a thymidine analog which will be incorporated into the
DNA during DNA synthesis) incorporation assays, cells were seeded in
1% FBS and allowed to attach for 48 h. Cells were then washed with
PBS and stimulated as indicated for 72 h. Note that the p38 inhibitor
(p38i, 10 x 10°® m, SB203580-HCI, Tocris) was added every 24 h and
that FGF1 (50 ng mL™", R&D Systems)/p38i stimulation was in the
presence of 0.2% FBS. EdU (30 x 107 w, Life Technologies, C10337)
was added after 24 and 48 h. Cells were fixed after 72 h and stained for
EdU according to manufacturer's instructions. Immune complexes were
detected with ALEXA 488- or ALEXA 594-conjugated donkey anti-mouse
or anti-rabbit antibodies (1:500, Life Technologies). DNA was visualized
by incubation with Hoechst 33342 (1:5000/PBS) for 10 min.

Cell Adhesion: Cell adhesion was quantified by determining the
average number of attached cells from ten randomly chosen microscopic
fields (0.1 mm?) per experiment.

Hypertrophy Assay: Cells were seeded in 0.2% FBS and allowed to
attach for 24-48 h. Then, cells were washed and cultured in DMEM/
F12 + GLUTAMAX containing 100 U mg™' mL™" penicillin/streptomycin
and 0.2% FBS, 10% FBS, or phenylephrine (50 x 107 v, Sigma-Aldrich,
P6126). After 48 h, cells were fixed and ten randomly chosen microscopic
fields (0.1 mm?) per experiment were analyzed to determine the number
of ANF-positive cardiomyocytes. In addition, the cross-sectional area of
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at least 50 cardiomyocytes from five randomly chosen microscopic fields
per experiment was determined via Photoshop.

Movie Capture and Kymograph Analysis: Movies of beating
cardiomyocytes were recorded on a Keyence BZ9000 Fluorescence
Microscope (Keyence, Osaka, Japan) and analyzed using the Image |
Kymograph, which allows velocity measurements of moving structures
in image time series. The x-axis of the kymograph is a time axis. A line
in the kymograph in parallel to the x-axis indicates that there is no
movement. A peak represents one contraction.

Intracellular Calcium Imaging: Cells were seeded in 10% FBS
and allowed to attach for 48 h. Then, cells were washed once
with PBS and cultured with DMEM/F12 + GLUTAMAX containing
100 U mg' mL" penicillin/streptomycin and 10% FBS for 5 d.
Subsequently, cardiomyocyte medium was replaced with bathing solution
(145 x 107 m NaCl, 5 x 107 m KCl, 1.25 x 1073 m CaCl,, 1 x 103 m
MgCl,, 10 x 107 wm 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethansulfonic
acid (HEPES), 10 x 107 m glucose, adjusted to pH 7.4 with NaOH) and
loaded with Fura-2 AM (3 x 10°¢ m) (Invitrogen, USA) supplemented
with 0.02% pluronic acid (Molecular Probes, USA). The cells were
incubated for 30 min, followed by a 15 min washout period at 37 °C
in a CO,/air humidified atmosphere (5%/95%). Afterward, cells were
imaged within 5-15 min at RT. Several samples of three independent
cultures were analyzed. Fura-2 AM was excited at 340 and 380 nm with
30 ms exposure time at 7 Hz sampling frequency using Lambda DG-4
Plus (Sutter Instrument, USA). Note that due to the measurement at
RT and the different ionic composition of the incubation medium, the
contraction frequency of cardiomyocytes was reduced. Ratiometric
calcium imaging was performed using an Olympus 1X83 microscope
and acquired with a complementary metal-oxide-semiconductor
(CMOS) camera (Orca-Flash4.0 LT, Hamamatsu, Japan) using SlideBook
6 software (3i, USA).

Statistical Analysis: Data are expressed as the mean £ SD of at least
three independent experiments. Statistical significance of differences
was evaluated by a two-tailed Student's t-test (Excel) or where
appropriate by one way analysis of variance (ANOVA) followed by
Bonferroni's post hoc test (GraphPad Prism). p < 0.05 was considered
statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S2. eADF4(x16) is non-cytotoxic. a,b) Cardiac cells isolated from ventricles of 3-
days-old rats were cultured in the presence of 0.2% (a) or 10% FBS (b). Living and dead cells
were stained by calcein-AM (0.25 pl/ml, green, living) and ethidium homodimer-1 (EthD-1, 1
ul/ml, red, dead) (life/dead assay), respectively. Yellow arrowheads: examples of dead cells.
¢) Quantitative analysis of calcein-AM-positive living cells. d) Quantitative analysis of EthD-
1-positive dead cells. e,f) Cardiac cells isolated from ventricles of 3-days-old rats were
cultured after attachment overnight for 48 hours on the indicated matrices in the presence of
0.2% (e) or 10% FBS (f). Subsequently, cardiomyocytes were stained with sarcomeric-o-
actinin (actinin, green) and Hoechst 33342 (nuclei, blue). Data are mean = SD. n = 3

independent experiments. n.s.: statistically not significant. Scale bars: 50 um.
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Figure S3. Cardiomyocytes respond to FGF1/p38i stimulation and exhibit well-differentiated
sarcomeres on eADF4(k16) films. a) Cardiomyocytes were stimulated with FGF1 and a p38
inhibitor (p38i) and stained for sarcomeric-a-actinin (red), EAU (green), and DNA (Hoechst
33342, nuclei, blue). Note, cardiomyocytes on gelatin exhibit an elongated morphology. b,c)
Examples of cardiomyocytes stimulated with 0.2% (b) or 10% FBS (c) stained for

sarcomeric-a-actinin to visualize sarcomeres.
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Supplementary Movie Captions

Movie S1. Cardiomyocyte culture on a fibronectin film

Movie S2. Cardiomyocyte culture on an eADF4(x16) film

Movie S3. Calcium imaging of a cardiomyocyte culture on a fibronectin film

Movie S4. Calcium imaging of a cardiomyocyte culture on an eADF4(k16) film
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The current gold standard in peripheral nerve repair is nerve autografts for bridging gaps larger than a centimeter.
However, autografts are associated with a low availability and the loss of function at the donor site. Nerve
guidance conduits (NGCs) made of biocompatible and biodegradable materials reflect suitable alternatives.
Clinically approved NGCs comprise either wraps that are rolled around the loose ends of the nerve or steady-state
tubes; however, both lack internal guidance structures. Here, we established self-rolling NGCs to allow for gentle
encapsulation of nerve cells together with supportive microenvironments, such as (1) an inner tube wall coating
with a bioactive spider silk film, (2) an inner tube wall lining using an anisotropic spider silk non-woven mat, or
(3) a luminal filler using an anisotropic collagen cryogel. Neuronal cells adhered and differentiated inside the
modified tubes and formed neurites, which were oriented along the guidance structures provided by the spider
silk non-woven mat or by the fibrillary structure of the collagen cryogel. Thus, our size-adaptable NGCs provide
several features useful for peripheral nerve repair, and distinct combinations of the used elements might support
and enhance the clinical outcome.

1. Introduction Basically, there are several properties the NGC has to meet to increase

the success of the clinical outcome. The NGC must be biocompatible and

Peripheral nerve injuries, such as crushes or sections, can be con-
sequences of vehicle or industrial accidents, falls, or penetrating
trauma [1]. The peripheral nervous system in vertebrates reacts to
such injuries by active degeneration and regeneration [2,3]. Prob-
lematic are gaps, which are larger than 1 cm, thus, original nerve
function cannot be restored using bioinert nerve guidance conduits
(NGCs) [4,5]. In those cases, the current gold standard is nerve auto-
grafts, providing the extracellular matrix, viable Schwann cells, and
growth factors needed for optimal regeneration [6-8]. Therewith, a
physical guidance is given, allowing the nerve tissue cells to sprout
their axons from the proximal end to the distal stump [9]. Unfortu-
nately, the number of supplies in donor nerve tissue is limited and
nerve removal causes a loss of function at the donor site. Further, a
complete functional restoration cannot be guaranteed at the acceptor
site [6,10]. An alternative to nerve autografts is using artificial
NGCs [11-13].

* Corresponding author.
E-mail address: thomas.scheibel @bm.uni-bayreuth.de (T. Scheibel).
& contributed equally.

https://doi.org/10.1016/j.mtbio.2020.100042

biodegradable to not provoke any immunological reaction or other side-
effects and to avoid compression caused by non-degraded components
[13]. The NGC must be flexible and soft because the gap to be bridged
might cross a joint but at the same time should possess enough stability to
be implanted by surgeons [13]. NGCs, which are mostly based on tubular
structures, should be semipermeable allowing the diffusion of gases and
nutrients but should avoid infiltration of inflammatory cells and scar
tissue formation. Furthermore, the presence of bioactive molecules and
adhesion of supporting cells, such as, for instance, Schwann cells, has
been found to be crucial [11-14].

Filler materials within the tubular structure can create a cell friendly
microenvironment promoting cell adhesion, proliferation, migration and
differentiation, and directed growth of neuronal cells and their neurites.
For instance, multilumen or microporous fillers, hydrogels or fiber con-
taining conduits, and microgrooves or nanoimprints on the inner wall
have been under investigation [11,12]. Another possibility is the use of
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Available online 27 January 2020

2590-0064/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nend/4.07).

175



PUBLICATIONS AND MANUSCRIPTS

176

T.B. Aigner et al.

cryogels, which provide a three-dimensional environment [15,16]
favorable for this application.

Clinically approved NGCs are either wraps that are rolled around the
loose ends of the nerve or steady-state tubes, in which both nerve ends
are inserted [17]. Those NGC variants are not modified with internal
guidance structures and they are made of either synthetic polymers,
such as polyglycolic acid (Neurotube®), polylactide-caprolactone
(Neurolac™) and polyvinyl alcohol (Salutunnel™), or collagen type I
(NeuraGen®, NeuraWrap™, NeuroMend™, NeuroMatrix™, Neuro-
Flex™) [17], which is an extracellular matrix protein also found in
peripheral nerves, providing myelinated axons with functional support
[12,18,19] and generally exhibiting excellent biocompatibility,
extremely low immunogenicity, chemotaxis, and biodegradability [20,
21].

Besides collagen, other naturally derived materials such as chito-
san and spider silk are promising candidates for NGC fabrication
because of their excellent compatibility with the human body. Chi-
tosan is a derivative of naturally occurring chitin, a by-product of the
seafood industry. It shows antimicrobial properties [22] and is used in
food, cosmetics, and pharmaceutical and biomedical applications [23,
24], including peripheral nerve repair [25,26]. Natural spider silk
fibers exhibit remarkable mechanical properties [27,28] and have
performed well in in vivo peripheral nerve repair studies [29,30].
Owing to the difficulties (i.e., cannibalism) in spider farming, which
prevent the production of large amounts and a constant material
quality [31], recombinant spider silk proteins can nowadays be pro-
vided, and materials made thereof have exhibited suitable properties
in neuronal in vitro tests [32-34]. Recombinant spider silks can be
processed into several tailorable morphologies, for example, films,
foams, non-woven mats, or hydrogels [35-42], and these materials
were shown to not induce an immune response in the body and to
degrade rather slowly [43-46]. In comparison with electro-spun
collagen nanofibers, recombinant spider silk nanofibers are less prone
to swelling [47], allowing a higher degree of nerve cell orientation
along the fiber axes. Furthermore, different modifications are possible
on the genetic level, for instance, the introduction of an arginine—-
glycine-aspartic acid (RGD)-bearing cell binding motif [48].

We have recently shown the application of self-rolling tubes as
containers for enzymatic reactions [49]. In the present study, we
designed a biocompatible and biodegradable self-rolling tubular NGC.
Although the commercially available NeuroMend™ exhibits
self-rolling properties, its lack of internal structures, which would be
beneficial for cell vitality and differentiation, as well as directed nerve
growth and neurite elongation, is regarded as one severe drawback
limiting the success of the clinical outcome. Therefore, we studied the
benefit of a self-rolling tube made of chitosan and different filler
morphologies, which adapts to the dimensions of the injured periph-
eral nerve upon rolling around the loose ends and the filler material. It
could be shown that the new NGCs ensured the viability of neuronal
cells during encapsulation. In this study, all variants tested allowed
differentiation of neuronal PC-12 cells within the NGCs, and aniso-
tropic structures provided guidance of neurites. Our study combines
the usefulness of the self-rolling property of a tube with the incorpo-
ration of suitable internal morphologies and is therefore of high
importance to the development of new materials for peripheral nerve
repair.

2. Materials and methods
2.1. Fabrication of self-rolling chitosan films

A filtered chitosan solution (1% w/v in 2% v/v formic acid,
190-310,000 g mol ', Sigma-Aldrich) was cast into a Petri dish (Steri-
lin™, diameter: 90 mm) yielding a density of 2.36 mg cm™~2, and the film
was air dried overnight. This film was post-treated with 0.2 M NaOH for
5 min and subsequently washed with ultrapure water.

Materials Today Bio 5 (2020) 100042

2.2. Fabrication of self-rolling chitosan films with an internal
eADF4(C16)-RGD coating

The preparation of self-rolling chitosan tubes with an internal spider
silk eADF4(C16)-RGD coating was conducted according to Aigner and
Scheibel [49]. In brief, an eADF4(C16)-RGD [48] solution in 1,1,1,3,3,
3-hexafluoro-2-propanol (HFIP, 8.33 mg ml™!, 0.08 mg cm~2, 48,
583¢g mol 1) was cast into a Petri dish (Sterilin™, diameter: 90 mm) and,
after drying, post-treated with 70% (v/v) ethanol to render the silk film
to be insoluble in water by inducing f-sheet formation. Then, a chitosan
film was cast on top of the eADF4(C16)-RGD film according to the pro-
cedure outlined in Section 2.1.

2.3. Fabrication of self-rolling chitosan films with an internal eADF4(C16)
anisotropic non-woven mat

A chitosan film was prepared as depicted in 2.1 and removed from the
Petri dish and fixed on a rotating drum with double-sided tape. The
rotating drum allowed production of aligned fibers yielding an anisotropic
non-woven mat. Electrospinning of eADF4(C16) was performed according
to the study by Lang [50]. A 150 mg ml ! solution of eADF4(C16) (47,
698 g mol !, AMSilk GmbH) in HFIP was electrospun onto the chitosan
film (voltage: 30 kV; distance to collector: 15 cm; flow rate: 300 pl min !;
relative humidity: 50%). The spider silk non-woven mat was post-treated
first in pure ethanol vapor for 3 h, followed by a treatment in 90% ethanol
in the vapor phase (corresponds to 87% v/v ethanol) for 2 h to render the
mat to be insoluble in water and to obtain a tight connection between the
spider silk non-woven mat and the chitosan film.

2.4. Fabrication of anisotropic collagen cryogels

Collagen type I extracted from calf skin (Sigma-Aldrich) was dis-
solved in 0.5% (v/v) acetic acid at pH 3 for 20 h. After centrifugation at
17,700 g for 10 min, the supernatant was removed and showed a collagen
concentration of 4.8 mg ml 1. Then, an aqueous glutaraldehyde solution
(25% v/v in water, Carl Roth GmbH + Co. KG) was mixed with the
collagen solution yielding a final concentration of 1% glutaraldehyde (v/
v). This solution was then immediately transferred into a vertically
standing plastic tube, which was tightly fixed to a copper plate. After
sealing the top opening of the filled plastic tube with parafilm and
mounting a thermal insulation (tube filled with cotton wool) on top, the
whole setup was transferred into a —20 °C temperature freezer for 48 h.
Subsequently, the frozen collagen cryogel precursor was pushed out of
the tube into phosphate buffered saline (PBS), pH 7.4 at room tempera-
ture to neutralize the acidic pH, thereby preventing reversible dissolution
of the collagen cryogel. After 20 h gelation in PBS, the collagen cryogel
was washed three times with PBS containing 0.1 M glycine. The washing
was continued using two further washing steps during the next 24 h to
ensure complete capture of any free glutaraldehyde groups. Finally, the
collagen cryogel was washed using PBS and stored in PBS until further
experiments were carried out.

2.5. Chitosan tube formation

The underlying self-rolling mechanism of the used chitosan film was
based on the difference of the swelling behavior between its bottom and
top layer (Section 2.1). A more detailed explanation of this process can be
found in the study by Ionov [51]. Here, chitosan films were cut into
rectangles with desired sizes. The self-rolling process was induced by
immersing this film into an aqueous solution, that is, into phosphate
buffered saline (pH 7.4). However, self-rolling was induced as well in
contact with cell culture medium, which resulted in entrapping the cell
suspension. To encapsulate cryogels, they were placed on the film, which
self-rolled forming a tube filled with cryogel. The tube diameter could be
tailored to a certain extend by varying the film thickness and the diam-
eter of the filler, for example, the cryogel.
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2.6. Morphological characterization of NGCs

NGC components were analyzed using stereo microscopy (Leica
M205C) and scanning electron microscopy (SEM; Sigma VP 300, Zeiss).
For SEM, the samples were mounted on aluminum studs with adhesive
carbon tape and then sputter coated with platinum (2 nm). Collagen
cryogels were prepared for imaging by washing and storing them for
further use in 10 mM ammonium hydrogen carbonate buffer. After flash
freezing in liquid nitrogen, the collagen cryogels were placed in a
lyophilization device (Alpha 1-2 LDplus, Christ) for one week. The cry-
ogel cross-section was prepared in advance to flash freezing and lyoph-
ilization by cutting the soaked cryogel using a sharp razor blade.

2.7. Determination of water content and swelling degree of collagen
cryogels

Collagen cryogels were prepared having 2 cm in length (number of
samples n = 6). The weight of the fully soaked cryogels in PBS (Msgaked)
and of the cryogels after removing unbound PBS with a paper tissue
(Mremoved) Was determined using a microbalance (Practum 224-1S,
Sartorius Lab Instruments). The water content in soaked cryogels was
calculated using Eq. (1).

water content of collagen cryogels (%] = (Myoated — Mremovea) / Msoatea % 100
1)

The swelling ratio of the collagen cryogels was calculated using Eq.
(2). Therefore, the diameter of the fully soaked cryogels was measured in
PBS (Vsoqked) and that of the cryogels after removing unbound water with
a paper tissue (Viemoved) using a stereo microscope (Leica M205C)
(number of samples n = 4). The cryogels were assumed to be tubular, and
their volumes were calculated using their diameter values.

swelling ratio (%] = (Vsaea = Viemovea) | Vremovea % 100 2)

2.8. Mechanical characterization of chitosan films and collagen cryogels

The chitosan films used for conduit fabrication and the collagen
cryogels were analyzed using a tensile testing device (Bose Electroforce
3220) equipped with a 2.45 N load cell. Dry chitosan films were glued
onto plastic frames using a high viscosity glue (UHU® Supergel), and
they were immediately transferred into a fume hood for drying. The films
on the frames were incubated in PBS before analysis using a strain rate of
0.05 mm s~ * (number of samples n = 5). Engineered stress of the films
was calculated as the force divided by their cross-sectional areas assumed
to be rectangular (film width x film thickness).

The mechanical properties of the collagen cryogel were analyzed
referring to its longitudinal axis. Free PBS in collagen cryogels was
removed using a paper tissue, and the diameters after this procedure
were measured at three different positions. The moist cryogel was
clamped between two plastic frames, applied to the tensile testing device,
and measured at a strain rate of 0.05 mm s~ ! (number of samples n = 4).
Engineering stress of the cryogels was calculated as the force divided by
the respective cross-sectional area, which was assumed to be circular. In
terms of the films and the cryogels, the gauge length was adjusted to
2 mm. Strain was defined as the change in sample length divided by its
original length. The Young's modulus was determined as the slope of the
stress-strain plot in the linear elastic deformation range.

2.9. Seeding of PC-12 cells on the individual components and in the NGC

The different NGC components were prepared in untreated cell cul-
ture plates (24 wells, Thermo Fisher). For collagen surface treatment, the
collagen type I solution (diluted 1:5 with sterile PBS, Cellmatrix®, Nitta
Gelatin Inc) was used to coat the wells for 30 s. Then the solution was
removed and the film was air dried. The eADF4(C16)-RGD film was cast
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directly into the wells using HFIP (33.3 mg mlY, 0.25 mg em2) as a
solvent. After drying, films were post-treated with 70% ethanol (v/v).
The eADF4(C16) non-woven mats were prepared by electrospinning of a
150 mg ml~' eADF4(C16) solution in HFIP onto plastic coverslips
(12 mm diameter, Thermo Fisher). The same spinning and post-
treatment conditions were used as explained in section 2.3. A fixation
of the plastic coverslips onto the rotating drum for fiber alignment was
not possible, thus, an isotropic non-woven mat was spun onto the cov-
erslips. The collagen cryogel was glued into well plates using a silicon
glue.

The neuronal cell line PC-12 (ATCC® CRL1721™) [52] was cultured
in the growth medium (Dulbecco’s Modified Eagle’s Medium (DMEM)
with 10% (v/v) heat inactivated horse serum (Gibco), 5% (v/v) fetal
bovine serum (FBS, Merck), 1% (v/v) GlutaMAX (Gibco), 1% (v/v)
penicillin/streptomycin (10,000 U ml~!, Thermo Fisher), 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, Carl
Roth)). For the adhesion test, 25-30,000 cells were seeded per square
centimeter on the aforementioned materials and allowed to adhere for 7
days with medium changes on day 3 and 5. Treated cell culture plates
were used as control. After 1, 3, and 7 days, cell morphology was
observed using bright field microscopy (Leica DMi8).

2.10. Differentiation of PC-12 cells on NGC components

A density of 10,000 cells cm™2 were cultured on the aforementioned
materials and incubated in the growth medium. After 1 day of culture,
the growth medium was exchanged with the differentiation medium
(DMEM with 2% (v/v) horse serum, 1% (v/v) GlutaMAX, 1% (v/v)
penicillin/streptomycin, 20 mM HEPES buffer, 100 ng ml~! nerve
growth factor (NGF, 2.5s Native Mouse Protein, Thermo Fisher)), which
was changed on day 3 and 5 of differentiation. After 7 days of differen-
tiation, the cells were immunostained for detecting endogenous levels of
B-III tubulin, and neurite outgrowth was evaluated. The staining pro-
cedure was as follows: cells were fixed with formaldehyde (Carl Roth;
3.7% in water, 15 min, at room temperature) and made permeable with
Triton x-100 (Carl Roth; 0.3% (v/v), 5 min, at room temperature). A
glycine solution (Carl Roth, 300 mM, 10 min, at room temperature) was
added to deactivate aldehydes. Bovine serum albumin (BSA) blocking
buffer was applied (Carl Roth; 5% (w/v), 30 min, 37 C) before adding the
image enhancer (30 min, 37 C) of the Alexa FluorTM 488 Goat Anti-
Rabbit SFX Kit (Thermo Fisher). Then, the samples were incubated in
primary polyclonal antibody anti-g-III tubulin (Abcam, rabbit; 1000 x
diluted in 0.1% (w/v) BSA buffer, overnight, 4 °C). On the next day, cells
were stained using the secondary antibody goat-anti-rabbit with an Alexa
Fluor 488 label (Sigma-Aldrich; 1000 x diluted in 0.1% (w/v) BSA buffer,
1 h, 37 °C) and Hoechst (Invitrogen; 1000 x diluted in 0.1% (w/v) BSA
buffer, 1 h, 37 °C). Imaging was performed using a fluorescence micro-
scope (Leica DMi8). For cryogels, Z stacks were taken and overlaid using
the maximal projection option provided by the software (LAS X 3.6.0).

2.11. Encapsulation of cells in tubes

Tube materials were cut to rectangular shapes (1.5 x 0.5 cm for pure
chitosan, eADF4(C16)-RGD-chitosan and eADF4(C16) aligned fiber mat-
chitosan tubes and 1.5 x 1 em for chitosan tubes filled with the collagen
cryogel), and the film thickness was determined to be 29.7 + 3.0 pm
[49]. These samples were allowed to roll in PC-12 cell suspension (10,
000 cells ml™1) to entrap the cells. In the case of the cryogel, the gel was
first soaked in cell suspension and then applied on a chitosan film, which
smoothly rolled around it. Collagen-coated cell culture plates were used
as a positive control. After one day of culture, the medium was changed
to differentiation medium. The differentiation medium was refreshed
every two days. On day 7, cells were immunostained as described pre-
viously and analyzed using a wide field fluorescence microscope (Leica
DMi8), and the images were processed using the software LAS X 3.6.0 by
adjusting the brightness and the contrast. Z-stacks in combination with
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the maximal projection mode were used to analyze all 3D samples.
Importantly, cryogels were cut to slices giving a thickness of 1-3 cell
layers (corresponding to 10-36 pm) and put on a glass slide covered with
a coverslip to observe, whether adhered and differentiated cells could be
found throughout all layers. Neurite length was determined by
measuring neurites of nerve cells grown on each type of surface using
ImageJ. The neurites were traced starting from their extrusion point from
the cell body to the neurite's outer end, and this line was subsequently
measured with the ‘Measure’ tool in ImageJ (collagen coating: 425
neurites, eADF4(C16)-RGD-coated tubes: 135 neurites, eADF4(C16)
anisotropic non-woven mat tubes: 231 neurites, collagen cryogel in tube:
248 neurites). Then, the percentage of neurites was determined in each
10 pm length segment (0-10, 11-20, 21-30, and so on). Further, the
number of cells in the images was counted using ImageJ ‘Multi-point’
modus to determine the neurite length per cell.

3. Results and discussion
3.1. Fabrication and characterization of NGCs

All NGC variants exhibited a tubular structure because of the used
self-rolling chitosan film. The self-rolling mechanism has been recently
described in Aigner and Scheibel [49] where the tubes were used as
enzyme-reaction containers. The tubes could be prepared with various
lengths (up to 10 cm), were stable between pH 3 and 11 and exhibited
diffusion permeability with a molecular weight cutoff of 20,000 g mol %,
which enables influx of nutrients, as well as gas exchange and metabolite
removal. The self-rolling property of the chitosan film allowed an easy
modification with other films or structured materials, the gentle and
homogenous encapsulation of cells during rolling and, in principle, the

(1

chitosan film + spider silk film

insulation

unidirectional cryogelation

+ anisotropic spider
removal of tube, silk nonwoven mat
neutralization
at RT in PBS,
washing with

PBS + glycine

(3)
A

anisotropic collagen + anisotropic collagen
cryogel cryogel
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adaption of the tube size to the nerve ends or filler material.

To test the applicability of the self-rolling chitosan-based tubes for
nerve regeneration, three variants of inner tube materials were tested to
yield NGCs. An overview of the three NGC variants is schematically
depicted in Fig. 1. Setup 1 used a hollow tube with an inner film coating
made of the spider silk variant eADF4(C16)-RGD to provide a surface,
where cells can efficiently adhere to; setup 2 used a hollow tube with an
inner surface made of an anisotropic eADF4(C16) non-woven mat to
provide a structure, where cells can adhere to and align on; setup 3 used a
tube filled with a collagen cryogel with an anisotropic lamellar structure
allowing cell adhesion and alignment. The first two NGCs (setups 1 and
2) possessed quasi-irreversible physical connection between the tube and
the modifying materials. On the contrary, the collagen cryogel structure
(setup 3) was not strongly connected to the chitosan tube, due to the
processing conditions.

Upon fabrication of setups 1 and 2, rolling was induced by incubating
the modified chitosan sheets with a PC-12 nerve cell suspension. For the
preparation of setup 3, the cryogel was soaked in the PC-12 suspension
and subsequently transferred onto the chitosan sheet, whereby immedi-
ate rolling of the sheet occurred and the encapsulation of the cryogel with
cells was accomplished. The PC-12 cells were entrapped without
applying mechanical stress, and they differentiated to form neurites,
which has been previously shown to be crucial for peripheral nerve repair
[53].

Fig. 2a,A shows the cross-section of a plain chitosan tube, and in
Fig. 2a,B, the inner surface topography is presented. The chitosan tube
soaked in PBS exhibited high transparency (Fig. 2a,C). Modifying the
chitosan inner tube wall with an eADF4(C16)-RGD film yielded bio-
functionalization, which was not visible in the cross-section because of its
low thickness (Fig. 2b,A). In the particular case, the poor solubility of the

- PN

+ nerve cells

folding

cell
differentiation

self-rolled tube

NGC

W stimuli-responsive polymer: chitosan
cell-supporting polymer: spider silk
[Ocell-supporting polymer: collagen

Fig. 1. Nerve guidance conduit (NGC) fabrication. Chitosan sheets were modified by either (1) a film on top of the inner wall made of the recombinant spider silk
protein eADF4(C16)-RGD, (2) a layer of an anisotropic non-woven mat on top of the inner wall made of the recombinant spider silk protein eADF4(C16), or (3) an
anisotropic collagen cryogel filling the inner volume of the tube. The collagen cryogel was produced using unidirectional cryogelation at —20 °C, followed by thawing,
solvent neutralization, and several washing steps. The various NGC precursor constructs were placed in a PC-12 nerve cell suspension inducing self-rolling of the
chitosan film used as the outer layer, and thereby encapsulated the cells, which had then the possibility to differentiate.
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Fig. 2. Morphological characterization of NGCs. (a) (A) Scanning electron microscopy (SEM) image of the cross-section of the self-rolled chitosan tube; (B) its inner
surface topography; and (C) photograph showing the whole tube after self-rolling in PBS. (b) (A) SEM image of the cross-section of the chitosan tube coated with
eADF4(C16)-RGD on the inner surface (not visible here); (B) of the resulting inner surface topography; and (C) photograph showing the whole tube after self-rolling in
PBS. (c) (A) SEM image of a chitosan tube comprising an inner lining with an anisotropic non-woven mat made of eADF4(C16); (B) magnified image of (c) (A) (white
box): The chitosan tube and the non-woven mat are physically connected because of the processing conditions. (¢) (C) Magnified image of (c) (A) (black box): The
eADF4(C16) non-woven nanofibers were deposited on the chitosan inner surface in an anisotropic manner (the white arrow indicates the direction of nanofiber
orientation). (c) (D) Photograph showing the whole tube after self-rolling in PBS. (d) (A) Photograph of a collagen cryogel stored in PBS; (B) Bending of the collagen
cryogel in PBS resulted in a sharp bending edge indicating its anisotropic character; and (C) PBS removal from a collagen cryogel yielded a significant volume
reduction. (e) (A) SEM image of a freeze-dried collagen cryogel and (B) its cross-section in the chitosan tube. (f) (A) Stereo microscopy image of the anisotropic
collagen cryogel within a chitosan tube and (B) of its cross-section; (C) photograph of the chitosan tube filled with the anisotropic collagen cryogel. NGCs, nerve
guidance conduits; PBS, phosphate buffered saline.

post-treated eADF4(C16)-RGD film at low pH values, compared with eADF4(C16)-RGD layer was physically cross-linked with the chitosan

other biopolymers such as collagen, prevented its resolubilization when layer [49]. This bilayer tube was slightly turbid (Fig. 2b,C) compared
the acidic chitosan solution was cast thereon during fabrication. The with the plain chitosan tube.
eADF4(C16)-RGD layer exhibited a smooth surface topography The second NGC variant had an anisotropic non-woven mat as a cell

(Fig. 2b,B). Owing to the preparation procedure of the bilayer, the guiding element on the inner tube wall (Fig. 2¢,A). Owing to the post-
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treatment during tube fabrication, the chitosan surface was molten with
the non-woven mat preventing delamination (Fig. 2¢,B). The silk fibers
with diameters ranging from 0.5 to 1.0 pm were longitudinally oriented
(Fig. 2¢,C) because of the processing condition (Section 2.3) and led to
slight turbidity of the tube (Fig. 2¢,D). Importantly, the low thickness of
both, the spider silk film and the non-woven mat, was negligible in
comparison with that of the chitosan layer. Therefore, no differences in
the rolling behavior and only minuscule differences in bilayer thickness
were observed (data not shown).

The third NGC was fabricated slightly differently: the tubular collagen
cryogels were stored in PBS buffer, transferred to the PC-12 cell sus-
pension, and enclosed with the self-rolling chitosan film. Upon bending
the tubular cryogels, sharp edges appeared indicative of having aniso-
tropic features within this material (Fig. 2d,A and B). The bending was
observed to be fully reversible. Furthermore, removing all unbound
water showed the high water absorption capacity of the collagen cryogels
(Fig. 2d,C). The water content of the collagen cryogels, when fully soaked
in PBS, was determined to be 90.7 + 1.4% (w/w). Accordingly, the
collagen cryogels showed an 11-fold volume increase during swelling. A
closer look onto the surface of freeze-dried collagen cryogels using
SEM revealed longitudinally oriented structures (Fig. 2e,A), and a
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lamellar structure could be observed in the cross-section (Fig. 2e,B). The
anisotropic structure was well maintained after rolling (Fig. 2f,A), and
the cryogel completely filled the chitosan tube lumen (Fig. 2f,B). Fig. 2f,C
shows a photograph of the cryogel within the chitosan tube.

The chitosan films and the collagen cryogels were analyzed in wet/
moist state using tensile testing. Because fully PBS-soaked collagen cry-
ogels were observed to lose their unbound water during fixation, we
removed the water in advance using a paper tissue, thereby ensuring a
defined cross-sectional area for tensile property calculation. The tensile
strength, maximum strain, and Young's modulus were determined to be
47 4+ 17 MPa, 101 + 24%, and 30 + 13 MPa for wet chitosan films, and
0.15 + 0.04 MPa, 70 + 7%, and 0.22 + 0.04 MPa for moist collagen cry-
ogels, respectively, (values for rabbit tibial nerves are: 11.7 + 0.7 MPa
tensile strength and 38.5 + 2% maximum strain [54]). Both the films and
the cryogels showed large ramps of linear elastic deformation. In contrast
to films, cryogels did not show a sharp material rupture but showed a
gradual deformation after reaching the yield point (Supplementary
Fig. S1). The deformation process of the cryogels continued up to 300%
strain until no more force was detected. Importantly, the Young's modulus
of the moist cryogels was in the range of that of peripheral nerve tissue
(0.15-0.3 MPa) [55], presumably yielding a suitable environment for

Hoechst merge

Fig. 3. Investigation of PC-12 nerve cell differentiation on all materials in tubes used in this study at day 7. A collagen film was used as a positive control for dif-
ferentiation. Brightfield (BF) imaging showed the general material appearance; immunostaining against p-III tubulin (green) visualized the microtubule-forming
protein present in differentiated neurons; Hoechst (blue) staining visualized cell nuclei. All images are at the same scale. C16, eADF4(C16)
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nerve cells, while the chitosan film could provide stability during and after
implantation, as well as structural integrity of the filler material and cells.

3.2. Differentiation of neuronal cells on individual materials

According to Orlowska et al. [56], attachment of PC-12 cells to
polystyrene tissue culture flasks/plates is poor at laboratory conditions,
and the cells form floating aggregates and grow in clusters [57].
Furthermore, this weak cell adhesion results in poor differentiation and
insufficient levels of neurite outgrowth [57]. In agreement with Klein-
man et al. [58], we therefore used collagen type I to coat the surface of
our plates, yielding improved PC-12 cell attachment. Consequently, this
coating was used as a positive control in our experiments. The suitability
of the three different tube modifications in terms of PC-12 nerve cell
adhesion was first investigated on plain materials individually. As it is
shown in Supplementary Fig. §2, PC-12 cells equivalently adhered on a
collagen film (positive control), an eADF4(C16)-RGD film, an
eADF4(C16) spider silk non-woven mat, and on an anisotropic collagen
cryogel. We did not observe any differences in terms of cell attachment or
floating aggregates between these samples in comparison with the pos-
itive control within 7 days of culture.

PC-12 cells further possess the ability to differentiate upon lowering
the serum content and adding NGFs [59]. This factor helps to protect
neurons  against  camptothecin, serum  deprivation, and
etoposide-induced cell death. PC-12 cells offer advantages in comparison
with cultured primary cortical neurons, including the ability to differ-
entiate and show neurite formation. Studies have shown that a specific
signaling pathway including the mitogen-activated protein kinase is the
major mediator of PC-12 differentiation in response to NGFs. However,
more signaling pathways are activated by the NGF, which is reviewed in
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detail [60]. Therefore, in a second experiment, the growth medium was
exchanged with differentiation medium on day 2, and cells were then
monitored for seven days. Since the specific doubling time of these nerve
cells is 48 h [52], they were first given time to adhere to the surface
without proliferation before initiating differentiation. Cells were immu-
nostained for p-III tubulin expression, which is a microtubule-forming
protein produced in the early differentiation phase of neuronal cells [61].
On all substrates, the majority of the cells differentiated as indicated by
the formation of neurites (Supplementary Fig. S3). Although cells on
eADF4(C16)-RGD films showed only few and short neurites, the positive
§-IIT tubulin staining confirmed that the cells started to differentiate.
Both, the collagen film and the eADF4(C16) non-woven mat showed
clear neurite outgrowth. Remarkably, nerve cells cultured and differen-
tiated on collagen cryogels showed a high number of neurites, which
were aligned with the underlying structures and they were interacting
with other neurites forming bundles (Supplementary Fig. S4).

3.3. Entrapment of neuronal cells in NGCs

PC-12 cells were entrapped in the self-rolling NGCs by allowing the
rolling process to occur directly in cell suspension. Thereby, the cells
were distributed homogeneously throughout the tube and they were
subsequently induced to differentiate for seven days (Fig. 3). Pure chi-
tosan tubes showed poor cell adhesion, and aggregated cell clusters
indicated that chitosan tubes did not promote effective cell adhesion. In
contrast, chitosan tubes modified with an eADF4(C16)-RGD film coating
showed good cell adhesion and isotropic neurite outgrowth similar to
that on collagen films (Figs. 3 and 4A, B) because no guidance cue was
provided in both cases. Chitosan tubes lined with anisotropic
eADF4(C16) non-woven mats yielded adhered and differentiated PC-
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Fig. 4. Analysis of neurite lengths grown on the materials used in this study. Neurites are marked with white lines to highlight their direction of outgrowth. (A) On a
collagen film (positive control) and (B) on an eADF4(C16)-RGD film, neurites grew isotropically, whereas (C) an anisotropic eADF4(C16) non-woven mat and (D) an
anisotropic collagen cryogel allowed guidance of neurites into longitudinal direction. Yellow arrows indicate the orientation of anisotropic structures observed in the
eADF4(C16) non-woven mat and in the collagen cryogel. (E) Neurite length distribution as detected on the materials used.
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12 cells, which aligned with the nanofibers (Figs. 3 and 4C). The aniso-
tropic collagen cryogels also allowed PC-12 cell adhesion and differen-
tiation, and neurites followed their longitudinally oriented structure
(Figs. 3 and 4D). To image the cells within the cryogels, they were cut
into slices. The presence of cells within the interior of the cryogel
confirmed that cells were able to migrate into the lamellar structures and
that they spread their neurites longitudinally within the cryogels.
Moreover, it can be assumed that sufficient perfusion of nutrients, oxy-
gen, and waste metabolites throughout the cryogel supported the
viability and differentiation of the cells. The spreading of long and par-
allel neurites within the lamellar structures of the cryogels is depicted in
Fig. 3 and Fig. 54.

Next, neurite lengths were measured and the quantitative distribution
of their lengths was determined. Therein, ‘10 pm’ includes all neurites
with a length ranging from 0 to 10 pm, ‘20 pm’ includes all neurites with a
length between 10 and 20 pm, and so on (Fig. 4E). NGCs comprising either
an anisotropic eADF4(C16) non-woven mat or a collagen cryogel, as well
as the collagen film (positive control) promoted outgrowth of neurites with
lengths exceeding 250 pm. However, the longest neurites in the NGCs with
an eADF4(C16)-RGD film were shown to have a length of 180 pm. Further,
it could be observed that NGCs modified with an eADF4(C16)-RGD film
showed the highest occurrence of neurite length in the range of 10-20 pm
and, therefore, seemed to lead to the shortest neurites in this test. The
chitosan tube with aligned eADF4(C16) non-woven mats peaked at
20-30 pm neurite length. The collagen film and constructs comprising the
collagen cryogel exhibited most neurites at a length of 30-40 pm, hence,
double the length as observed in eADF4(C16)-RGD-modified constructs.
Most of the neurites longer than 250 pm were found in the collagen cry-
ogel, which is remarkable, because the neurites in these samples could
only be determined in a thin z-layer. Therefore, it can be assumed that the
actual neurite length could be even longer.

To determine neurite length per cell, the number of cells in each
image was counted. Cells on collagen films showed an average neurite
length of 16 pm, 19 pm on eADF4(C16)-RGD films within a tube, 34 pm
on eADF4(C16) anisotropic non-woven mats within a tube, and 47 pm on
collagen cryogels within tube. This result further indicates the suitability
of collagen cryogels encapsulated in self-rolled tubes as a promising
candidate serving as an NGC.

4. Conclusions

Self-rolling tubes made of chitosan are beneficial for designing NGCs,
because they enable gentle encapsulation of neuronal cells and the
dedicated modification of the inner tube wall or its lumen with sup-
porting materials, such as a bioactive recombinant spider silk film, an
anisotropic recombinant spider silk non-woven mat, or an anisotropic
collagen cryogel. All tube modifications were shown to be functional
concerning enhancement of nerve cell attachment and differentiation.
Anisotropic non-woven mats and collagen cryogels even supported
guidance of neurites. This in vitro study opens the road toward in vivo
studies to demonstrate the feasibility of the individual NGC or even
combinations thereof and if the self-rolling properties of the NGCs will
support the surgical procedure.
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Fig. S1. Stress-strain plot of (A) a wet chitosan film used for fabricating self-rolling tubes and

(B) a moist collagen cryogel.
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collagen film
(positive control)

eADF4(C16)-RGD
film

eADF4(C16)
nonwoven mat

collagen cryogel

Fig. S2. Optical microscopy images showing adhesion of PC-12 cells on different substrates.
Brightfield images of cells incubated in growth medium were taken after 1, 3 and 7 days to
analyze cell adhesion on an eADF4(C16)-RGD film, an eADF4(C16) isotropic nonwoven mat
and an anisotropic collagen cryogel in comparison to a collagen coating as the positive control.

All scale bars correspond to 75 um.
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Fig. S3. PC-12 nerve cells on a collagen film (positive control), eADF4(C16)-RGD film,

collagen film
(positive control)

film

eADF4(C16)-RGD

eADF4(C16)
nonwoven mat

collagen cryogel

isotropic eADF4(C16) nonwoven mat and on an anisotropic collagen cryogel after 7 days of
differentiation. Brightfield (BF) images show the surfaces of the films, nonwoven mat or the
collagen cryogel. Immunostaining against -III tubulin visualized the microtubule forming

protein present in differentiated neurons, whereas Hoechst staining visualized cell nuclei.
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Fig. S4. PC-12 nerve cells on collagen cryogel forming bundle-like structures (red box)

compared to single neurites (yellow arrows). The bundle-like structure is aligned with the

collagen cryogel (dashed line).
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ABSTRACT: Encapsulation of enzymes is often necessary to stabilize them
against environmental conditions or to protect them from other harmful
enzymes such as proteases. Here, a refillable spatial confinement system was
produced using a fully degradable self-rolling biopolymer bilayer. The enzyme
containers comprise spider silk and chitosan and enable one-pot reactions in
the micro- to milliliter regime by trapping the enzyme inside the
semipermeable tube and allow the substrate and/or product either to diffuse
freely or to be entrapped. The tubes are stable toward several organic and
aqueous solvents. A one-tube system with esterase-2 was used to establish the
system. Further, a two-tube system was applied to mimic enzymatic cascades,
where the enzymes have to be separated, because they, for example, inhibit

self-rollin:
around needle

2-tube
system

Fam—

1-tube
system
®.

' S

each other. The entrapment mode was also tested in the two-tube system, which is beneficial for toxic products or for obtaining

high concentrations of the desired product.

KEYWORDS: recombinant spider silk, layer-by-layer assembly, enzyme catalysis, microstructures, stimuli-responsive materials

1. INTRODUCTION

Nature is supposedly our best teacher, showing how to
perform site-specific and enantiopure reactions using bio-
catalysts in an all-aqueous system at identical reaction
conditions. In addition, all these reactions occur mainly in
cells in our body, often in specific compartments thereof, in a
one-pot reaction manner. The compartmentalization in cells
helps to organize all reaction processes and further enhances
their efficiency. Hence, it is not surprising that a lot of effort is
put into the design of artificial catalyst systems mimicking or
even improving the enzymatic arrangements found in nature to
obtain high enantiopurity and chemical diversity, using time-
and cost-effective one-pot synthesis.”

One-pot synthesis allows to improve the efficiency and
environmental sustainability of (bio)chemical reactions by
circumventing the purification of intermediates and thereby
minimizing waste and time.” In the context of sustainability,
the use of renewable feedstock and environmentally friendly
reagents and catalysts (ie., enzymes) are inevitable compo-
nents of establishing “green chemistry".3 One-pot synthesis is
especially very useful if an intermediate is unstable, toxic, or
hazardous, or if there is an equilibrium between the educts and
the intermediates, driving the reaction to completion by
constant conversion of intermediates into products. In
addition, if the side products themselves can be converted
into products, or if subsequent reactions use the same reagents,
one-pot synthesis is advantageous. Occurring problems are low
yields, too many byproducts, and/or side products, as well as
the lack of solvents allowing all reactions to take place

< ACS Publications @ Xxxx American Chemical Society

simultaneously or the removal of solvent for an exchange.”
Enzymes as natural catalysts enable substrate selectivity and
site specificity’ in an all-aqueous system at identical reaction
conditions. These biocatalysts can lose their activity rather
easily through alterations in their structure. Covalent alteration
of enzymes often occurs during proteolysis or in contact with
other reactive molecules, and structural changes can be
induced for instance by change in temperature, solvent, pH,
or mechanical forces. Therefore, several approaches, such as
extraction of variants from extremophiles or biotechnological
engineering of enzymes to enable protection via immobiliza-
tion, enzyme PEGylation or other chemical modifications, or
micro- and nanoencapsulation of the respective enzyme, have
been developed to obtain stable enzymes.”

Volume-confined encapsulation systems comprise reverse
micelles, ie., formed by surfactants or ionic liquid emulsions,”
water-in-oil droplets, i.e., semipermeable capsules formed from
amphiphilic molecules,®™” vesicles, ie., liposomes with bio-
logical bilayers,'® or polymersomes based on amphiphilic block
copolymers,  protein cages, i.e, boundaries composed of
proteins like virus capsids or prokaryotic microcompart-
ments,'” polymer capsules, ie, polyelectrolytes forming a
capsule using a layer-by-layer approach around a removable
templa‘ce,13 or arrays of small reaction vessels, i.e., obtained by
chemical etching.'* All these systems are designed for yokto- to

Received: January 25, 2019
Accepted: March 29, 2019
Published: March 29, 2019

DOI: 10.1021/acsami.9b01654
ACS Appl. Mater. Interfaces XXXX, XXX, XXX=XXX

191



PUBLICATIONS AND MANUSCRIPTS

192

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Tube Preparation and Experimental Design”

application of
T
4 p—
m passive layer: spider silk
M stimuli-responsive polymer: chitosan

e =
% upon immersion in buffer

rollingaround needle

1-tube system l

tube

remove needle, cut and glue tube
into well plate,
fill in enzyme and substrate

l 2-tube system

“A bilayer of spider silk (passive layer) and chitosan (active layer) was prepared. A needle was applied as a template, and the bilayer rolled around it
upon immersion in PBS. After drying, the needle was removed from the tube, which was cut and glued into a well plate. One tube was glued into
the well to prepare a one-tube system (left) or two tubes for a two-tube system (right). The lower panel shows the possible reaction pathways:
Enzymes (E, E1, and E2) are captured in the tubes, whereby the substrates (S), intermediates (1), and products (P) can diffuse freely across the

membranes. Alternatively, products (P*) can be trapped inside the tube.

nanoliter volumes, and in most cases are closed and, thus, not
(re-)fillable.

Here, spider silk and chitosan bilayers were used to generate
tubular enzyme containers enabling easy-to-use one-pot
reactions in the micro- to milliliter regime. The tubular
structures were obtained by the preparation of a self-rolling
bilayer. The principle behind this self-rolling mechanism is an
inhomogeneous reaction of an inhomogeneous film or
different layers of a film in response to an environmental
stimulus."*'® Commonly, the layers are termed as active and
passive, where the active layer responds to the stimulus and
thereby causes a change in the passive layer. In the case of a
hard passive layer, wrinkles and creases are formed, whereas
soft passive layers curl and roll to release the internal
stress. 1718 Advantages are not only the controlled, quick,
and reproducible fabrication but also the possibility to control
the morphology and the chemical properties of the inner and
outer surfaces of the constructs.''™"” Pioneering work in this
field was done by Smela et al.”” and Jager et al,*" both of who
utilized metal—polymer films responding to an electric signal.
To transfer this principle to biomedical applications, a focus
was laid on stimuli-responsive polymers responding to mild
physical or chemical changes in their environment,” like
poly(N-isopropylacrylamide) derivatives'®*>™>" or biodegrad-
able polysuccinimide,'” gelatin®" or even silk.*

The enzyme container system used in this work is accessible
from its open top, through which, e.g,, an enzyme solution can
be applied and it shields the enzymes without the need of an
otherwise necessary genetic modification or immobilization of
the enzymes on solid carriers.”® Although the enzyme is
trapped inside the tubular container, its substrates and/or
products can diffuse freely through the semipermeable
engineered tube wall. With such a setup, sufficiently high
local enzyme concentrations can be achieved without the need
of total high amounts thereof. Further, enzyme cascades can be
mimicked by either keeping the enzymes separate in different
tubes, avoiding their contact, or putting them together into one
tube.

2. RESULTS AND DISCUSSION

2.1. Tube Preparation. The tubular containers are made
of a self-rolling bilayer of recombinant spider silk protein and
chitosan. Spider silk fibers are known for their high toughness
and nontoxicity, and spider silk films have selective semi-
permeability.”* > Chitosan is a cationic film-forming hydrat-
ing polysaccharide found to be not only nontoxic but also
antimicrobial, especially against Gram-positive bacteria.’”*® If
this polysaccharide film is subjected to an aqueous solution, it
starts to swell, whereas the silk film does not significantly react
at these conditions (see below). Thus, in a bilayer setup of
these two components, rolling is induced. This self-rolling
tubular system was prepared by a simple casting process
without the need of adding cross-linkers,”” ™" which could
harm sensitive enzymes to be encapsulated.'’”'**3 734
Further, due to the self-rolling process, an easy adjustment of
container dimensions is possible.

Here, the bilayer from recombinant spider silk eADF4(C16)
and chitosan was allowed to roll around a needle to adjust the
inner diameter of the tube, whereby the silk formed the inner
layer and chitosan the outer layer. The needle ensured tubes
with controllable diameters after drying. Note that the needle
was not required for the rolling process itself. This process
takes less than § s. Scanning electron microscopy (SEM)
images before and after rolling were taken and showed no
apparent difference in surface topography (Figure S1). The
bilayer possesses a thickness of 29.7 + 3.0 ym in dry and 56.5
+ 4.3 ym in wet state, whereby it took up 250 + 20% of its dry
weight in water. The swelling degree of spider silk eADF4-
(C16) films was determined to be 9.9 + 8.3% by atomic force
microscopy (AFM) analysis (Figure S2). Therefore, it can be
concluded that the water uptake of the thin silk film can be
neglected, and the determined water-induced swelling of the
bilayer can be attributed to the chitosan layer. Mechanical
properties of the single layers were already studied before by
Wohlrab et al,** Lintz et al,** and Alekseeva et al.* The
Young’s modulus of eADF4(C16) films is 3.2 MPa** and that
of chitosan films is 7.06 MPa.*’ Once rolled, the tubes kept
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Figure 1. One-tube system. (a) Diffusion (D) test to determine the molecular weight cutoff of the tube wall using differently sized fluorescein
derivatives (c-fluorescein = 5(6)-carboxyfluorescein and FITC—dex = fluorescein isothiocyanate—dextran with three different MW ranges as
indicated). (b) Reaction mechanism of esterase-2 (Est2) catalyzed hydrolysis of p-nitrophenyl acetate (pNPA) yielding p-nitrophenyl (pNP) and
acetate. (c) Est2 was retained inside the tubes. pc = positive control: Est2 + buffer; nc = negative control: plain buffer; Est2 in tube: Est2 in tubes +
buffer in surrounding. After 15 min, the solutions were mixed with pNPA, allowed to react, and then absorbance (A) at 405 nm was measured; pc
was diluted 1:9 to get A < 1 (statistics: t-test: p < 0.05). (d) pNP production observed via absorbance measurements. Positive control: Est2 in
buffer + pNPA (diluted 1:9); Est2 in tubes: Est2 in tubes and buffer + pNPA in surrounding; negative control: buffer + pNPA (plain or 1:9) was

subtracted from positive control and sample. The reaction rate depended on the diffusion rate.

their tubular shape, and no delamination of the bilayer was
observed (Figure S1). This was achieved by two factors: (i)
The used spider silk protein is negatively charged and chitosan
is positively charged, allowing electrostatic interactions
between the two layers. (ii) Since the chitosan film was cast
on top of the silk film from an acidic solution, it presumably
slightly roughened the silk surface by partial dissolution,
enabling a tight connection.

Next, the stability of the tubes was analyzed in several
organic and aqueous solvents at different pH values gravi-
metrically and by SEM (Figure $3). Both layers showed no
apparent response to dimethylformamide (DMF), ethanol, and
glycerol treatment. Dimethylsulfoxide (DMSO) caused wrin-
kling on the silk layer, and 5% hydrogen peroxide caused little
disintegration on the chitosan layer. Silk was stable in all
aqueous solutions, whereas chitosan showed little bubbles on
the surface at pH 3 and slight disintegration at pH 11.
Chitosan dissolves in acidic solutions; therefore, the described
bubbles presumably derive from partially dissolved material.
Next, gravimetrical analysis showed a reduction in weight of
about 10% in all cases except at pH 3 and S, presumably due to
the removal of the remaining phosphate-buffered saline (PBS)
(self-rolling buffer) during the washing steps (Figure S4). In
case of pH 3 and §, the solvent stability test showed an
increase in weight of about 10%. The reason for this could be
the interaction of chitosan (positively charged) with the used
citrate buffer (negatively charged). Nevertheless, none of the
solvents caused a complete destruction of both layers within at
least 3 h of incubation at room temperate, and the tubular
structure was maintained in all solvents, confirming the

usability of the system for different enzymatic reaction
solutions.

2.2. One-Tube System. The hollow tubes were removed
from the needle after drying and cut into the desired length
before they were glued into tissue culture well plates, yielding
reaction containers with one open end on the top for loading
and semipermeable side walls (Scheme 1 and Figure S5). Note
that the bottom end of the tubes was tightly closed by gluing,
and the level of the surrounding medium was always lower
than the height of the tube, yielding diffusion only through the
tube walls. The molecular weight cutoff (MWCO) of the
biodegradable reaction containers was determined using
differently sized fluorescein derivatives placed inside the
tubes. Then, their diffusion into the surrounding media was
measured over time (Figures la and S6a). The MWCO was
determined to be above 20000 g mol ..

In the next step, the tube (one-tube system) was filled with
esterase-2 (Est2). Est2 possesses a typical a/f-hydrolase fold
showing the highest activity at 70 °C."*" Its long-term
stability and activity at wide ranges of temperature and pH
predestines it as a model for biosensor development.**™" The
catalytic activity of Est2 is described in Figure 1b. With a
molecular weight of 34.2 kDa, it was above the MWCO
(Figures lc and S6b). p-Nitrophenyl acetate (pNPA) was
added as a substrate to the surrounding, and the reaction
(hydrolysis yielding p-nitrophenol (pNP, yellow) and
acetate’®'®) was monitored. The substrate was able to enter
and the product to leave the tube after the reaction. The
overall reaction time was slowed down due to the diffusion
limitation (Figure 1d). The specific activity of the entrapped
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Figure 2. “Product trapping” two-tube system. (a) Reaction mechanism of H,0, production from glucose catalyzed by glucose oxidase (GOX) as
well as 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) oxidation catalyzed by horseradish peroxidase (HRP). (b) GOX and HRP
were retained inside the tubes. pc = positive control: GOX or HRP + buffer; nc = negative control: buffer; tubes: GOX or HRP in tubes + buffer in
surrounding. After 15 min, the solutions were mixed with the respective substrates, and absorbance (A) was measured (statistics: t-test: p < 0.03).
(c) Production of ABTS"*. Positive control: GOX + HRP + substrates in buffer (diluted 1:9); negative control: substrates in buffer; tubes: GOX

and HRP in tubes + substrates in buffer in the surrounding.

enzyme was 12770 U gmol™!, which corresponds to 30% of
the activity of the nonencapsulated soluble enzyme as
determined by Humenik et al.’> The reduction in specific
activity can be attributed to the double diffusion of the
substrate (into the tube and out of the tube).

2.3. Two-Tube System. To test an enzymatic cascade in
one-reaction setup, an exemplary two-tube system containing
glucose oxidase (GOX) and horseradish peroxidase (HRP)
was investigated next. GOX is a glycoprotein consisting of two
80 kDa subunits possessing two FADs as co-enzyme, which act
as electron carrier during the catalytic reaction. GOX catalyzes
the oxidation reaction of p-glucose to p-gluconolactone, and
H,0, is produced as a byproduct.®® This byproduct is used as
a substrate by HRP to enable the oxidation reactions, e.g., of
2,2’ -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
(Figure 2a) and 5(6)-carboxyfluorescein (Figure 3a). HRP is a
heme-bearing glycoprotein with two calcium atoms, which are
essential for functional and structural integrity of the enzyme.
The 442 kDa enzyme comprises two domains and four
disulfide bridges connecting the mainly a-helical parts. Several
substrates ranging from aromatic phenols to indoles, phenolic
acids, sulfonates, and amines can be oxidized.”* The diffusion
test showed that both enzymes retained inside their tubes
(Figures 2b and S6c). Then, wells with two tubes, one for each
enzyme, were prepared in the same reaction mixture but
without direct contact. Such a system is especially of interest
when the enzymes or products inhibit each other and close
contact should be avoided to achieve a full function. ABTS is a
nontoxic substrate for peroxidase reaction with H,0,, which

was here created by GOX (Figure 2b,c). The petrol-blue

product of the reaction with HRP and H,0, is a metastable
radical cation. This radical cation disproportionates only
slowly, giving azodication, and thus, the reaction could be
observed for an hour without facing a problem.:”\'b(' Here, the
desired petrol-blue product was formed in the samples as well
as in the positive control. Importantly, the product was not
able to diffuse out of the tubular structures and retained inside
(Figure S6d). A reason therefore could be that the product, as
a radical cation, is prone to stick to or react with various
surfaces.”” ABTS™ was harvested by pipetting it out of the
tube. The yield of the two-tube system was lower than that of
the positive control, as some product was presumably captured
in the tube walls. However, such a system will be very useful in
case such species should be removed from a solution or toxic
products are gained.

To show a second two-tube system, where the goal was to
release the intermediate/product to the surroundings,
carboxyfluorescein was used as a substrate and its degradation
was analyzed over time (Figure 3b,c). In the presence of HRP
and H,0,, first radical species are formed, which could further
react by radical polymerization or degradation as proposed in
Figure 3a. Due to the presence of different radical and anionic
species in the reaction mixture, also further reactions and
degradation routes are possible.®® It was shown that
degradation occurs in the two-tube system as well as in the
positive control, where the enzymes were floating freely in the
reaction mixture. In case of the positive control, a very fast
drop in fluorescein concentration could be detected, whereas
the encapsulated enzymes showed a slower and steadier
decrease in fluorescein concentration. It was shown that in case
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Figure 3. “Free product” two-tube system. (a) Possible routes for 5(6)-carboxyfluorescein (c-fluorescein) degradation reactions catalyzed by
horseradish peroxidase (HRP). (b) Degradation of c-fluorescein (Dec = decrease compared to that of the negative control). Positive control: GOX
+ HRP + substrates in buffer; tubes: GOX and HRP in tubes + substrate in buffer in the surroundings (statistics: f-test: p < 0.0S; * = significant
difference; # = no significant difference). (c) as (b) but surrounding media of tubes was removed after 90 min, and fresh substrate solution was

added after washing, followed by determining the degradation.

of the positive control, the reaction stopped after 180 min,
whereas in the case of the two-tube system, it prolonged to 240
min. Nevertheless, the overall degree of degradation was higher
in the free-floating system (Figure 3b). Importantly, the tube
container allowed the exchange of the surrounding media, thus
fresh substrate could be added as shown in Figure 3. The
media were exchanged after 90 min, and it was confirmed that
the fluorescein continuously degraded; thus, the enzymes were
still active. In addition, the one-tube system was applied as a
negative control in this experimental setup by pipetting both
enzymes into one tube to show putative inhibitory effects.
Therein, a carboxyfluorescein degradation of only 16 + 1% was
detected (results not shown). Presumably, the high H,O,
concentration decreased the respective enzyme activity.

3. CONCLUSIONS

Tubular reaction container for enzymes were established by
self-rolling spider silk and chitosan bilayers. Two modes of
action were shown: either the product of the enzymatic
reaction can diffuse out of the tube, thus allowing harvesting
the product, which is thereby separated from the enzyme.
Alternatively, the product can be retained inside the tubes,
which is of high interest, if the product is toxic or high
concentrations are desired. The advantage is that the system
allows exchanging the surrounding reaction medium without
the need to exchange costly enzymes. In addition, a
multienzyme cascade combined with constant substrate flow,
as, for instance, in a microfluidic device, could be employed.
Since the enzymes can be kept separately encapsulated,
enzymes can be studied, which would otherwise inhibit each

other. Another application is the use of the system as the
biological recognition element of a biosensor, in which the
sample can be added to the surrounding, and an enzyme in the
tube catalyzes the production of a detectable signal in response
to the presence of a distinct biomolecule. Further, one could
imagine encapsulating cells (bacterial or eukaryotic) inside the
tube and analyze their metabolism in response to environ-
mental changes. Additionally, the encapsulated cells could be
modified to produce a desired product, which can be
continuously harvested from the surrounding.

4. MATERIALS AND METHODS

4.1. Tube Formation. 4.1.1. Bilayer Preparation. Bilayers were
prepared by subsequent casting of spider silk and chitosan solutions.
Therefore, lyophilized eADF4(C16) powder (AMSilk, My, = 47 698 g
mol™)*? was dissolved overnight in 1,1,1,3,3,3-hexafluoro-2-propanol
(8.33 mg mL™"), and this solution was cast in Petri dishes (Sterilin,
diameter: 90 mm) to obtain 0.08 mg cm™2 Afterward, the film was
allowed to air-dry for 4 h before it was post-treated for 2 h using 70%
ethanol to induce fi-sheet formation to render it water-insoluble.*” A
1% chitosan solution was prepared by dissolving the chitosan powder
(190—310 000 g mol™", Sigma-Aldrich) in 2% formic acid for 6 h and
by subsequent filtering through polyester cloth to remove insoluble
parts. This solution was cast on top of the silk film and air-dried
overnight to obtain 2.36 mg cm % The chitosan layer was post-treated
with NaOH (0.2 M) for 5 min to render the film water-insoluble and
then washed with H,O.

4.1.2. Self-Rolled Tube Preparation. The dried bilayer was cut into
rectangles (1.5 X 0.5 cm”). A needle (0.80 X 22 mm?, B. Braun) was
applied onto the silk layer, and the bilayer was allowed to self-roll in
phosphate-buffered saline (PBS, pH 7.4). The tubes were dried on the
needle and then cut into 7 mm length. These tubes were glued into
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48-well tissue culture plates (Thermo Scientific) with clear nail polish
(OPI).

4.2. Characterization. 4.2.1. Scanning Electron Microscopy
(SEM). For the bilayer analysis, the bilayer and the wet tubes were
frozen in N, j;; and then broken. For the solvent stability tests, the
tubes were immersed in organic solvents (dimethylformamide
(DMF), ethanol (EtOH), glycerol, dimethylsulfoxide (DMSO), and
hydrogen peroxide (H,0,; 5—7%)) in aqueous buffers at different pH
(pH 3 and §: citrate buffer, pH 7.4: 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 9: tris(hydroxymethyl)-
aminomethane/HCI (Tris/HCl), pH 11: Na,CO;/NaHCO; buffer)
and in H,O as a control for 3 h. Then, the samples were washed twice
with H,O to remove residual salts, dried, and cut. All samples were
prepared by mounting them onto studs with an adhesive sticker for
SEM. The samples were sputter coated with platinum (2.0 nm) and
images were taken by an SEM 1540EsB Cross Beam (Zeiss). The
device was operated at 2 kV with a collector bias of 300 V. Images
were detected with an SE2 lens, and a 30 um aperture and a line-
averaging method were used to reduce noise.

4.2.2. Gravimetric Solvent Stability Test. The tubes were weighed
before and after immersion into different organic and aqueous
solvents (as mentioned in section “Scanning Electron Microscopy
(SEM)”) using an analytical balance (Sartorius Lab Instruments
GmbH & Co. KG). For each condition, five samples were analyzed (n
=5).

4.2.3. Light Microscopy. Dry and wet (freshly rolled) tubes were
placed upright on a glass plate and analyzed using a light microscope
(Leica, DMI3000B).

4.2.4. AFM. Silk films were prepared on a silica wafer using the
same method as described above. Then, the films were scratched with
tweezers to allow for thickness measurements. The films were
measured dry and after incubation in PBS for 10 min. AFM scanning
was performed using a Dimension Icon (Bruker) in a tapping mode
with 0.01-0.02 Q cm Si-cantilevers (OTESPA-R3, Bruker, spring
constant of 26 N m™, resonance frequency of 300 kHz). AFM scans
were processed using NanoScope Analysis software Version 1.9
(Bruker, Santa Barbara, CA). AFM analysis was done using
NanoScope Analysis software Version 1.5 (Bruker, Santa Barbara,
CA). For the determination of the film thickness, the tool section and
the depth were used on 6 different spots on 3 different scratches and
pictures (n = 3 X 6).

4.2.5. Water Uptake. The dry and wet weights of the bilayer were
measured using an analytical balance (Sartorius Lab Instruments
GmbH & Co. KG) to determine the amount of bound water. The test
was performed with 46 samples (n = 46).

4.2.6. Thickness Measurements. The thicknesses of the dry and
wet bilayers were determined using a micrometer screw (Holex).

4.2.7. Diffusion Measurements. The fluorescein derivatives 5(6)-
carboxyfluorescein (M, = 376.32 g mol ™, Sigma-Aldrich), fluorescein
isothiocyanate (FITC)—dextran 3—5000 (M = 3—5000 g mol™,
Sigma-Aldrich), FITC—dextran 20 000 (M, = 20 000 g mol™, Sigma-
Aldrich), and FITC—dextran 59—77 000 (M, = 59—77 000 g mol ™/,
Sigma-Aldrich) were used for analysis. Stock solutions of these
fluorescein derivatives were prepared in DMSO (10 mM in case of
5(6)-carboxyfluorescein, FITC—dextran 3—5000 and 20000 and 2
mM in case of FITC—dextran 59—77 000). The stock solutions were
diluted with PBS (to 2 and 0.5 mM) just before usage, and 2 L were
injected into each tube. Then, PBS (700 pL) was transferred to the
surrounding and the measurement was started. At each time point (1,
5,10, 15, 20, 30, 45, 60, 90, 120, 150, 180, 240, 300, and 1440 min),
100 uL of the surrounding solution were transferred to a 96 black
bottom well plate (Nunc), and the fluorescence (ex: 485 nm, em: 535
nm) was measured using a plate reader (LB940, Mithras). Further, a
calibration curve was measured to calculate the diffusion. Each test
was done in triplicates with a sample number of 6 (n = 3 X 6) per
experimental group.

4.3. Enzyme Tests. 4.3.1. Diffusion Test of Est2. For the diffusion
of esterase-2 (Est2, My = 34303 g mol™), the solution (3 uL, 0.25
mg mL™" in 0.1 M potassium phosphate buffer, pH 7 (KPi)) was
pipetted into the tubes, and KPi (300 yL, 0.1 M) was added to the

surrounding and incubated for 15 min. Then, the surrounding
solution was transferred to a fresh well, p-nitrophenyl acetate (pNPA,
predissolved in acetonitrile, S mM final concentration, Sigma-Aldrich)
was added and allowed to react for S min. The reaction mixture was
analyzed using a plate reader (abs: 405 nm). Plain KPi buffer with
pNPA was used as a negative control, and Est2 in KPi with pNPA
diluted 10 times was used as a positive control. The sample number
was 6 (n = 6), and t-test was used for statistical analysis.

4.3.2. pNPA Reaction Test. The reaction test was performed as
before, except that pNPA was added directly to the surrounding
mixture. At each time point (1, 5, 10, 15, and 20 min), absorbance
was measured using a plate reader (abs: 405 nm). Est2 in KPi with
pNPA diluted 10 times was used as a positive control. KPi buffer with
pNPA (plain or diluted 10 times) was used as negative control and
subtracted from the results of the tube test and the positive control.
The experiment was performed twice with a sample number of 6 (n =
2 X 6). The specific activity was calculated according to Humenik et
al.** Linear least-spares analysis of the absorption measurements was
used to determine the enzyme activity (U), which was defined as the
amount of esterase-2 catalyzing the reaction of 1 uM of pNP (& = 14
000 M cm™') per minute.

4.3.3. Diffusion Test of GOX/HRP. For the diffusion of glucose
oxidase (GOX, EC 1.1.3.4,, from Aspergillus niger, My, = 160000 g
mol ™", Sigma-Aldrich) and horseradish peroxidase (HRP, EC 1.11.1.7,
My = 44200 g mol™', Sigma-Aldrich) each solution (3 L, 0.25 mg
mL™ in 0.1 M KPi) was pipetted into a tube, and KPi (250 L) was
added to the surrounding and left for 15 min. Then, the surrounding
solution was transferred to a fresh well. Glucose solution (129 mM
final concentration, Sigma-Aldrich), 2,2'-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) (ABTS, 2.74 mM final concentration, Sigma-
Aldrich) were added, and the reaction mixture was allowed to react
for 5 min. The reaction mixture without enzymes was used as a
negative control and that with both enzymes was used as a positive
control. All mixtures were diluted 1:3 and analyzed using a plate
reader (abs: 405 nm). The sample number was 6 (n = 6), and t-test
was used for statistical analysis.

4.3.4. ABTS Reaction Test. For the reaction test, two tubes were
glued into one well, and one tube was filled with GOX and the other
with HRP solution (3 yL, 0.25 mg mL™"). The reaction mixture was
the same as stated in “Diffusion Test GOX/HRP”. At distinct time
points (10, 30, and 60 min), the product was removed from the tubes,
diluted with KPi, and measured using a plate reader (abs: 405 nm). As
negative control, the plain reaction mixture was used, and GOX and
HRP solution (3 yL, 0.25 mg mL™" in 0.1 M KPi) were added as a
positive control. The controls were diluted 1:9 before measurement to
obtain a dilution factor comparable to that of the samples. For each
time point, three experiments were performed (n = 3 X 6) with 6
samples each.

4.3.5. Fluorescein Degradation Test. The setup was prepared as in
“ABTS Reaction Test”, except higher enzyme concentrations were
used (1.5 mg mL™"). The reaction mixture was the same as stated in
Diffusion Test of GOX/HRP, except 5(6)-carboxyfluorescein (5 M
final concentration) was used as a reagent instead of ABTS. At each
time point (1, S, 15, 30, 45, 60, 90, 120, 180, 240, and 300 min) the
emission was measured using a plate reader (ex: 485 nm, em: 535
nm). The reaction mixture without enzymes was used as a negative
control, and the reaction mixture with both enzymes was used as a
positive control. The experiment was performed three times with a
sample number of 6 (n = 3 X 6).
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chitosan

Figure S1. SEM images of bilayers before (a) and after (b) rolling in PBS. Both layers can clearly
be identified, and no delamination was observed in both samples. There is apparently no difference

in the layers before and after rolling.

200



PUBLICATIONS AND MANUSCRIPTS

+, 500.0 nm

iy

Height Sensor 6.0 pm’ j

600
500 | i
400 | i
300
200 i
100 |

N DR

nm
5 10 15 20 25 Hm

Figure S2. AFM analysis of silk film thickness. (a) Height sensor and phase image of the scratch
in 2D (left) and 3D (right), (b) yellow frames mark the analyzed areas of the scratch. (c) Height

profile.
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Figure S3. Stability test of tubes within organic and aqueous solvents. Samples were subjected to
corresponding solvents for 3 h and subsequently washed, dried and cut. Here, the samples are
shown, where the surface was affected by the solvent treatment. In all other cases a plain flat

unchanged surface could be detected.
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Figure S4. Gravimetric solvent stability test. The graph shows the decrease (Dec) of weight due
to immersion in different solvents in percent. Around 10 % decrease was observed in all samples
except at pH 3 and 5, presumably due to removal of PBS from the self-rolling buffer during the
washing steps. In case of pH 3 and 5 citrate buffer was used, which could interact with chitosan

explaining the increase in weight.
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Figure S5. Tubular structures: (a) Photo of tube on needle (dashed red lines indicate the tube); (b)

and (c) light microscopy images of dry (b) and wet (c) tubes, respectively, diameter and wall

thicknesses are shown as determined by light microscopy.
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Figure S6. Photo of (a) diffusion of different fluorescein derivatives (tube openings marked with
dashed circles). (b) Diffusion tests with Est2 from Figure lc. Positive control: Est2 + buffer;
negative control: plain buffer; Est2 in tube: Est2 in tubes + buffer in surrounding. After 15 min the
solutions were mixed with pNPA, allowed to react, and then pictures were taken. (c) Diffusion test
with glucose oxidase (GOX) and horseradish peroxidase (HRP). Positive control: GOX + HRP +
buffer; tubes: GOX and HRP in tubes + buffer in the surrounding. After 15 min the solutions were
mixed with substrates, allowed to react, and then pictures were taken. (d) Reaction of ABTS with

GOX (left tube) and HRP (right tube) providing substrates in the surrounding.
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