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Summary

For medicine to advance such that it would be possible to regenerate tissue after iliness or injury, it is necessary
both to achieve a better understanding of human physiology and to apply engineering techniques. The field
dedicated to these goals and this type of approach is tissue engineering. The most common approach to forming
tissues in vitro is by creating scaffolds with specific characteristics and then seeding the surface with selected
cell types. As the field of tissue engineering has progressed, and there is more evidence indicating that this
approach alone is not satisfactory, more elegant tactics have arisen. Biofabrication is the simultaneous
processing of biomaterials, cells and other biologically active agents to form constructs that have biological
functions. However, one of the major bottlenecks for biofabrication is appropriate biomaterials, which has made

biomaterial development for biofabrication of significant relevance.

Spider silk is a valuable natural resource for high-performance textiles due to its mechanical toughness and
stability. More recently, it has not only been valued for its use as a textile, but for its use as a biomaterial.
However, natural spider silk suffers from batch-to-batch variability, and farming of spiders is difficult as they are
cannibalistic. A solution to this problem is to produce recombinant spider silk protein. The key characteristics of
natural spider silk are captured in the sixteen repeats of a spider silk protein amino acid sequence, the C
module, that constitute the engineered spider silk protein Araneus diadematus fibroin 4 (eADF4(C16)), which
exhibits similar toughness to natural spider silk, hypoallergenicity and biocompatibility, and can be produced
consistently in large quantities. Moreover, it can be modified with the cell binding peptide RGD to promote cell
attachment onto various scaffolds produced of eADF4(C16)-RGD. For this reason, this protein was investigated
for use as a cell-loaded hydrogel for 3D bioprinting, that is, as a bioink. This approach proved to be promising

and inspired subsequent work with these proteins as a biomaterial for biofabrication.

The purpose of this work was to develop different biofabrication techniques using the recombinant spider silk
protein eADF4(C16), in particular to develop bioinks for 3D printing and for biologically-friendly dopes for
electrospinning. The motivation for combining these two approaches is that they complement each other. 3D
bioprinting allows for precise deposition of cell-loaded hydrogels into complex macrostructures whereas
electrospinning produces fibers in the nano- to micron- range. These two approaches together, therefore, can

cover a broad spectrum of scaffold features.

Although eADF4(C16) has already been used to produce electrospun mats for fine particle filters and in vitro cell
culture, the processing conditions have not been biocompatible. Therefore, an aqueous electrospinning dope
was developed using highly concentrated eADF4(C16) solution and 400 kDa poly(ethylene oxide) (PEO) as an
additive. Furthermore, the post-treatment method was modified from ethanol vapor treatment at 60 °C to water
vapor treatment at 37 °C. Using green fluorescent protein (GFP) as a model for a biological active agent, it was
demonstrated that GFP remained fluorescent using the all-aqueous processing route. However, fluorescence
activity was diminished when added to the traditional spinning dope containing hexafluoroisopropanol (HFIP), or

when post-treated by ethanol, thereby demonstrating the significance of the all-aqueous electrospinning route.



eADF4(C16) and eADF4(C16)-RGD bioinks were also developed and characterized in this work. By simple
observation, it was clear that both the addition of cell culture media and the RGD peptide sequence have an
effect on the final properties of the bioinks. It was found that RGD increases the stiffness and the gelation rate of
the bioinks, when compared to the same concentration of eADF4(C16), however the addition of cell culture
media had a more pronounced effect in terms of increasing the gelation rate and stiffness. After the bioinks were
characterized based on their formulation, they were optimized for 3D cell culture. By changing the seeding
regime, it was possible to have 100 % cell viability after encapsulation, and the cells were also able to proliferate
in eADF4(C16)-RGD bioinks. By simply blending with a low amount of unmodified gelatin the resolution of the

printed bioinks were improved, although the cells had reduced viability and proliferation post-printing.

Overall, through this work it was shown that the recombinant spider silk protein eADF4(C16) is a versatile
biomaterial for biofabrication. In particular, it was successfully used for electrospinning biologically active
nonwovens and as a platform for 3D cell culture. Possible future work could include using other variants of the
protein to tailor the release of biologicals from electrospun nonwovens, or to promote certain cell behaviors, or to
adapt bioink properties. Furthermore, these two types of processing could be used together to create composite
scaffolds with variable morphologies.



Zusammenfassung

Ein besseres Verstandnis der menschlichen Physiologie und die Anwendung von Ingenieurstechniken sind
notwendig, um die Medizin soweit voranzutreiben, dass die Heilung von durch Krankheit oder Verletzung von
geschadigtem Gewebe mdglich ist. Dieses Aufgabengebiet und diese Methoden werden dem Fachbereich oder
-gebiet Tissue-Engineering (TE), (z.Dt. die kiinstliche Herstellung biologischen Gewebes) zugewiesen. Die
haufigste Herangehensweise, um Gewebe in vitro herzustellen, ist es dies nach spezifischen Vorgaben
herzustellen und anschliellender mit den gewiinschten Zelltypen zu besiedeln. Die Fortschritte auf dem Gebiet
des TE zeigen weisen zunehmend darauf hin, dass diese Arbeitsweise alleine nicht ausreicht, um biologisch
funktionelle Materialien herzustellen. Demzufolge sind vielseitige Ansatze entstanden, um das Ziel vollstandiger
Geweberegenerierung zu erreichen. Ein vielversprechendes neues Verfahren ist die Biofabrikation, welche die
gleichzeitige Verarbeitung von Biomaterialien, Zellen und anderen biologisch aktiven Substanzen fur die
Erzeugung von kinstlichem Gewebe nutzt. Jedoch gibt es in der Biofabrikation bis dato wenige geeignete
Biomaterialien, folglich wird der Entwicklung von Biomaterialien flr die Biofabrikation eine hohe Relevanz und

Bedeutung zugesprochen.

Seit Hunderten von Jahren wird nattrliche Spinnenseide auf Grund der hervorragenden mechanischen
Eigenschaften (Zugfestigkeit und Dehnbarkeit) als auf3erordentliches Material (z.B. Textilien) verwendet. . Seit
Kurzem findet Spinnenseide nicht nur in der Textilbranche sondern auch als Biomaterial seine Anwendung.
Naturliche Spinnenseide leidet jedoch unter Qualitatsschwankungen und die Gewinnung von natirlicher
Spinnenseide gestaltet sich schwierig wegen des Kannibalismus der Tiere. Ein Lésungsansatz hierfir ist die
rekombinante Produktion von Spinnenseidenproteinen. Die wichtigsten Eigenschaften der natirlichen
Spinnenseide wurden in einer kinstlichen Aminosauresequenz (dem C Modul) sechzehn Mal wiederholt und das
kiinstliche Spinnenseidenprotein ,engineered* Araneus diadematus Fibroin 4 (éADF4(C16)) daraus gebildet.
Dieses Protein besitzt ahnliche Eigenschaften wie das nattirliche Spinnenseidenprotein hinsichtlich der
Zahigkeit, Biokompatibilitdt und Immunantwort und kann zusatzlich in konstanter Qualitat in groRen Mengen
produziert werden. Des Weiteren kann eADF4(C16) mit der zellbindenden Aminosauresequenz

“RGD* modifiziert werden, um die Zellanlagerung an unterschiedlichen Morphologien zu verbessern. Deshalb
war es moglich lebende Zellen in Hydrogele aus diesem Protein einzubetten. Dieses Material wird

“Biotinte” genannt und fur den 3-D Druck untersucht. Diese Herangehensweise erwies sich als vielversprechend

und dient als Richtlinie flr das weitere Arbeiten mit diesen Proteinen als Biomaterial.

Ziel dieser Arbeit war es unterschiedliche Techniken, mit besonderem Augenmerk auf Biotinten fiir den 3D-Druck
und Spinnlésungen fir biologisch kompatibles Elektrospinnen, mit dem kinstlichen Spinnenseidenprotein
eADF4(C16) in der Biofabrikation zu entwickeln. Die treibende Kraft hinter der Kombination dieser beiden
Technicken/Verfahren ist, dass sie sich gegenseitig ergdnzen. Wahrend das 3-D-Drucken das prazise Auftragen
von Biotinte zu komplexe Makrostrukturen erlaubt, bildet das Elektrospinnen Fasern im Nano- bis
Mikrometerbereich. Diese zwei Methoden kénnen demzufolge eine weite Bandbreite von Eigenschaften fir

Zelltrager abdecken.



Obwohl elektrogesponnene Vliesstoffe aus eADF4(C16) schon fur Kleinpartikelfilter und in vitro Zellkultur
verwendet wurden, waren die Verarbeitungsbedingungen bis jetzt nicht biokompatibel. In dieser Arbeit wurde
eine hochkonzentrierte wassrige Spinnlésung mit 400 kDa Poly(ethylenoxid) als Zusatz entwickelt und
dementsprechenddie Nachbehandlungsmethode von Ethanoldampf bei 60°C durch Wasserdampf bei 37°C
ersetzt. Da unteranderem mitbiologisch aktiven Substanz wie zum Beispiel dem grun fluoreszierenden Protein
(GFP) gearbeitet wurde, basiert der Prozess komplett auf wassriger Ebene, um die Aktivitat das
Fluoreszenzfarbstoffes zu erhalten. Ferner wurde gezeigt, dass die herkdmmlichen Spinnldsung mit

Hexafluorisopropanol (HFIP) und die Nachbehandlung mit Ethanoldampf die Fluoreszenzintensitat — verringert.

Zusatzlich wurden in dieser Arbeit eADF4(C16) und eADF4(C16)-RGD Biotinten weiterentwickelt und
charakterisiert. Einfache Beobachtungen haben ergeben, dass das Zellkulturmedium sowie das RGD-Peptid die
Eigenschaften der Biotinten beeinflussen. Es wurde festgestellt, dass das RGD-Peptid in eADF4(C16)-RGD die
Steifigkeit und die Gelierungsrate im Vergleich zu eADF4(C16) in gleicher Konzentration erhéht, jedoch die
Zugabe von Zellkulturmedium noch deutlichere Auswirkungen auf diese Eigenschaften zeigte. Nachdem die
Zusammensetzung der Biotinten charakterisiert wurde, wurden sie fir 3D-Zellkultur optimiert. Eine Anderung
des Protokolls fir die Zellbesiedelung ermoglichte eine 100%-ige Zellviabilitat, sowie Zellproliferation nach dem
Einbetten in eADF3(C16)-RGD Biotinte. Durch einfache Zugabe einer geringen Menge Gelatine konnte die
Auflésung der gedruckten Biotinten verbessert werden, jedoch wiesen die Zellen reduzierte Viabilitat und

Proliferation nach dem 3D-Druck auf.

Insgesamt konnte durch diese Arbeit gezeigt werden, dass das rekombinate Spinnenseidenprotein eADF4(C16)
flr die Biofabrikation ein vielseitig einsetzbares Material ist. Insbesondere konnte es erfolgreich zum
Elektrospinnen von biologisch aktiven Vliesstoffen und als Tragermaterial fir 3D-Zellkultur verwendet werden.
Klnftige Arbeiten kdnnen unter Anderem unterschiedlich modifizierte Varianten des Proteins untersuchen, um
die Freisetzung von biologischen Wirkstoffen aus elektrogesponnenen Vliesstoffen anzupassen und
ausgewabhltes Zellverhalten zu fordern oder Eigenschaften von Biotinten zu regulieren. Dartber hinaus kénnten
diese zwei Verarbeitungsmethoden verwendet werden, um zusammengesetzte Zelltragermaterialien

unterschiedlicher Morphologien zu kreieren.



1. Introduction

Ageing, illness and injury are inevitable human sorrows, and it is therefore not surprising that the search for the
fountain of youth continues, albeit not in the literal sense. Rather than find the fountain of youth, modern
scientists and engineers are striving to create it. In spite of the many years spent pursuing this endeavor, we are
far away from vaccinating all diseases, curing cancer or achieving complete wound regeneration, however,
astounding progress has been made. With modern medicine, it is possible to alleviate pain, symptoms, and to
improve prognosis for many medical complications, for example, tissue injury, tissue debilitation, organ failure,
cardiovascular disease, cancer, nervous system injuries, and congenital disorders. However, most available
products are non-curative; primarily drugs or implants made from artificial materials. This leaves patients
dependent on treatment for long periods, if not their entire life. The field of regenerative and personalized
medicine has therefore emerged in attempt treat the root cause of various afflictions. Regenerative medicine, or
personalized medicine, is based on the principle that, by using a scientific understanding of the pathological
state as well as the capacity of the human body to generate or self-heal (e.g. heal wounds, fight diseases, form a
fetus), we can engineer products that allow the body to fully recover from any ailment. As stated by Mason and
Dunnill, “regenerative medicine replaces or regenerates human cells, tissue or organs, to restore or establish
normal function” [1], which can be accomplished, for example, by using drugs, cell therapy, or tissue
engineering. Tissue engineering is the combination of cells, biomaterials, and bioactive factors or stimuli to
create tissue-like constructs with a desired functionality [2, 3]. Scaffolds are designed using either bottom-up or

top-down approaches, as illustrated in Figure 1.
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Figure 1: Tissue engineering using cells, biomaterials and stimulation factors as ‘building
blocks’. Traditional tissue engineering is differentiated by top down or bottom up approach



The dogma of top-down approach is ‘shape equals function’, that is, the hypothesis is that controlling cell
location and scaffold morphology will result in functional tissue formation. An example of this type of approach
would be to form a biomaterial into the shape of blood vessel, and then seed relevant cell types in each
compartment of the scaffold (intravascular, extravascular) [4]. The alternative hypothesis is that the best way to
regenerate tissue is by taking a developmental biology approach. Proprietors of bottom-up approach use either a
development biology approach, or combine these two concepts. The human embryo begins as a large mass of
cells that matures into the developed fetus by properly responding to complex factors; therefore, the assumption
is that engineered cells cultured in the proper environment should be able to engage in this sort of behavior for
wound healing. An example of this approach would be cell growth directed by mechanical stimulus from external
forces or by internal stresses that occur between cells themselves [5]. Alternatively, when both models are used,
first cell-laden modules are developed, and then they are assembled or self-assembled into larger structures. An
example of this is making microgels loaded with cells, maturing them, and then using microfluidics to fuse them
together [6]. Biofabrication, a specific subset of bottom-up approaches in tissue engineering, is the simultaneous
processing of cells and biomaterials into a bioactive constructs, Section 1.4. This type of fabrication imposes
special requirements on biomaterials, in addition to those that are normally required. In the case of regenerative
medicine, typically the objective is to make the biomaterial such that it imitates the extracellular matrix (ECM) of
the tissue or tissue niche of interest in terms of the biomaterial’s biochemical composition and mechanical
properties. ECM is the biopolymer network (matrix) surrounding cells (extracellular) which provides mechanical

support, biological cues and many other functions to the tissue [7].

1.1 Material design concepts for tissue engineering and biofabrication

Materials are classified as ceramics, metals, polymers, or composites [8]. Composite materials being
combinations of the three other material classes that result in a material with unique properties. Examples of
these classic engineering materials are found everywhere, Figure 2. Other, more specialized material classes
include semi-conductors (electrical conductivity properties between metal (conductor) and glass (insulator)) [9],
smart materials (perform certain functions upon a particular stimulus) [10], and nanomaterials (nanoscale
structures or fabrication) [11]. Biomaterials represent another specialized class of materials that interact with the
human body to augment a tissue function or promote tissue formation, and there are examples of biomaterials in

every materials classification, Figure 2.
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Figure 2: Well-known examples of each material class: ceramics (left, blue boxes), metals
(middle, yellow boxes), polymers (right, red boxes) and composites (middle, gradient color).
Examples are further separated for traditional engineering materials (top, light gray box) and
biomaterials (bottom, dark gray box).

Ceramics and glasses are highly brittle materials composed of inorganic compounds that form a matrix mainly by
covalent and ionic bonding. In terms of crystal structure, they can have any degree of crystallinity. For
engineering, they are particularly valuable due to their electrical and thermal insulation, low friction, high
mechanical strength and chemical resistance. Ceramics have therefore been traditionally used as fire-resistant
utensils or parts of ovens. Modern applications for fiber reinforced ceramics include high performance composite
materials (e.g. fiber-reinforced, high-performance brake pads) and thermal barrier layers (e.g. paneling on
spaceships) [12, 13]. For biomedical engineering, technical ceramics are used for their low friction properties and
biocompatibility as the joint for the hip implants [14], for their bone-conductive properties for bone tissue
engineering (e.g. bioglass, bone graft pastes) and for dental implants [15]. Metals, on the other hand, have
highly ordered atomic structure, but their electrons move freely in electron clouds. This leads to metals having a
high strength to mass ratio, but also being malleable, ductile and fusible. These properties make metals ideal for
load-bearing applications, for example as automotive parts [16]. Metals are usually electrically conductive, and
their surfaces are chemically reactive (in particular they are sensitive to oxidization and corrosion when not pre-
treated), therefore they are also used for conducting electricity, and avoided for parts which come into contact
with water, salts or harsh chemicals [9, 17]. For biomedical engineering, metals have many uses, which range
from relatively simple devices such as surgical tools to complex ones such as implants. For example, metals
have a high strength to mass ratio as well as tensile strength, which is appropriate for the stem of hip implants

[14]. Moreover, the surface reactivity of metals is useful for dental applications [18].



Unlike metals and ceramics, it is difficult to generalize the properties and behaviors of polymers, as this
class of materials is large and diverse. The common definition that holds them together is that polymers are
large macromolecules that are comprised of repeated monomer sequences, most commonly with covalent
bonding between monomers [8]. Polymers have a broad range of uses; a few common examples are for food
and water packaging [19] and for textiles [20]. Due to the broad definition and range of potential applications of
polymers, they are further categorized as either natural or synthetic. Synthetic polymers are derived from
petroleum and created in a laboratory setting by monomer synthesis and polymerization of the monomers [21]
and natural polymers (or biopolymers) are extracted from natural resources (biosynthesized) or can be
synthesized in a laboratory, and may self-assemble or may require moderators for polymerization [22]. Examples
of synthetic polymers are plastics, and examples of biopolymers are polypeptides, polysaccharides, and
polynucleotides. One key difference between common synthetic and natural polymers is that most natural
polymers readily degrade and synthetic polymers are nearly non-degradable, although there is significant
research in the field of biodegradable polymers [23]. For biomedical engineering, polymers are used for
disposable, sterile parts (e.g. IV bags) [24], in implants that replace the function of normal tissue (e.g. hip
implants, stents) [25] and as biomaterials for tissue engineering [26].

For the purpose of this dissertation, it is important to consider which specific materials from these
classes can be used as biomaterials and why. Although a few examples were given for biomedical applications
of each material class, not every example listed would actually be considered an example of a “biomaterial”.
Although the definition has evolved since then, as stated in one of my co-authored reviews [27], “a biomaterial
was defined by the National Institutes of Health in the 1980’s 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’ [28]".
Therefore, in order to design biomaterials, it is necessary to understand the cellular and molecular level factors

that underlie healthy human physiology.

1.1.1 Our muse for biomaterial design: The extracellular matrix (ECM)

As stated in the previous section, the ECM is the biopolymer network (matrix) surrounding cells (extracellular)
which provides mechanical support, biological cues and many other functions to the tissue [7]. The function of
ECM depends on the macromolecules that it is comprised of; for example, collagen type | provides important
structural support for both cells and the tissue as a whole, and therefore the ECM of load-bearing tissues are rich
in collagen type | [29]. Collagen is a fibrillar protein comprised of three protein chains wound to form a triple
helix. There are nearly 30 identified forms of collagen, however the five most common types are type | (skin,
bone, tendon, vasculature), type Il (cartilage), type 11l (co-expressed with type | in reticular fibers), type IV (basal
lamina) and type V (placenta). Most of these collagen types will form fibrils and fibers by parallel arrangement of
the tropocollagens (the tightly wound triple helix of collagen chains). However, there are a few collagens, such
as collagen IV, which form a looser triple helix, and link head-to-head instead of parallel [30]. Depending on the
collagen, there are many cell-binding or molecule-binding sites. Collagen | for example has binding sites for

calcium phosphate (biomineralization) [31], integrin recognitions sites for integrins a1f31 and a2p31 [32], and



fibronectin [33]. Excessive and disorganized production of collagen leads to poor mechanical properties of
tissues, and is characteristic of fibrotic scar tissue formation [34]. Although essential, collagen alone is not
sufficient to provide all structural functions of ECM, in particular due to its high stiffness. Elastin is a hydrophobic,
highly stretchable protein that is highly important for recovering the shape of certain tissues after deforming
them, and is abundant in skin, tendon or ear cartilage [35]. The elastin precursors, tropoelastin, include
alternating blocks of hydrophilic and hydrophobic residues. Although not ascertained, most believe that elastin
has high mechanical toughness due to large, aggregated elastin molecules (hydrophobic components) being
surrounded by a loose, amorphous phase (hydrophilic components). When elastin is stretched, hydrophobic
regions are exposed, and these regions impose constraints upon water molecules. When tension is released,
the released energy from the more ordered system drives the elastin to recoil back to its original shape. Without
elastin, or with poor production of elastin, skin hangs from skeletal muscle (cutis laxa) [36] and arteries can be
overly stiff [37]. Another important ECM molecule for resisting mechanical forces is hyaluronic acid. Hyaluronic
acid is an anionic, non-sulfated glycosaminoglycan that can bind a large quantity of water molecules [38]. For
this reason, it is an important ECM molecule in skin, cartilage and muscle. The biological activity of hyaluronic
acid depends on its molecular weight, where low molecular weights promote angiogenesis and result in
inflammation, and high molecular weights repress angiogenesis and reduce inflammation. Cells recognize
hylaruonic acid with the cell-surface protein CD44 [39, 40]. Excess production of hyaluronic acid is common for
inflamed tissues and when found in tumor or cancer tissue is a sign of poor prognosis. Although structural
proteins are of utmost significance to healthy tissues, proper cell adhesion, coordination, and ECM matrix
formation are also critical, and mediated by proteins such as fibronectin.

Fibronectin is a protein that contains binding sites for heparin, collagen type |, fibrin and cell integrins,
and is in particular “famous” for the cell-recognition peptide sequence Arginine-Glycine-Aspartic Acid (RGD)
(PubChem CID: 104802) [41, 42]. The discovery of RGD in fibronectin was a great step in understand binding of
cells to ECM due to the ubiquitous recognition of different integrin classes to RGD [43]. Fibronectin is also a
mediator between collagen IV and laminin in the basal lamina [44]. Therefore, fibronectin play a major role in
building organized ECM and mediating cell-ECM interactions, Figure 3. For example, it was discovered that
knockout of fibronectin is embryonic-lethal in mice [45]. Fibronectin is also found in a soluble form in the blood
stream, and thereby performs important functions for blood clotting and wound healing, as can be inferred from
its binding activity to fibrin and fibroblasts [46].
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shown. Reprinted from The American Journal of Pathology, 184 Thannickal, V. J., Henke, C. A.,
Horowitz, J. C., Noble, P. W., Roman, J., Sime, P. J., Zhou, Y., Wells, R. G., White, E. S.,
Tschumperlin, D. J., Matrix Biology of Idiopathic Pulmonary Fibrosis, 1643-1651., 2014 with
permission from Elsevier; this article is published under the terms of the Creative Commons
Attribution-NonCommercial-No Derivatives License (CC BY NC ND) [47].

When designing biomaterials, the most obvious approach would be to extract this ECM from donors and use it

directly, or to try to engineer exacts mimics. However, there are two major problems to doing this.

(1) Source: Although it is possible to access and isolate human ECM, the number of donors is limited,
and, depending on the ECM molecule, the yield is low, and there is possibility for batch-to-batch
variation. Therefore, for the purpose of biomaterials engineering and design, it is rare that ECM is
isolated from human tissue. Instead it is either isolated from an animal source which is available in larger
quantities (e.g. bovine skin), a biopolymer with similar characteristics (e.g. alginate, synthetic polymers)

is used instead of the native ECM or it is produce using biotechnology (e.g. recombinant collagen).

(2) Biology: The ECM found in the body is in homeostasis, in particular from mature donors, or, worse,
in a pathological state. Therefore, the native ECM does not necessarily have the same types of cues that
will promote tissue regeneration [48]. Engineers must design their biomaterials in order to promote cell

behavior and thereby tissue regeneration.

By recapitulating key characteristics of the material, biomaterials can be engineered instead of being isolated
from human tissue and used directly, Table 1.



Table 1: Natural ECM molecules, biomolecule type and the tissues containing them.

the RGD sequence; exists in a soluble

form in the bloodstream (blood clotting)

ECM Biomolecule Type | Key characteristics or functions Tissues

collagen type | protein the most abundant protein in the connective (bone)
human body; fibrillar collagen; contains | epithelial (dermis)
several binding sequences (cell muscle (heart)
binding, protein binding, and mineral
binding)

elastin protein highly elastic; resistant to permanent connective
deformation epithelial (arteries)

fibronectin glycoprotein ECM molecular organization; contains | connective

epithelial (basal lamina)

muscle

nervous

hyaluronic acid glycosaminoglycan

(GAG)

Absorbs large quantities of water connective (cartilage)

(hyaluronan, HA) epithelial (skin)

muscle

nervous (brain)

Table 1 should not be considered an exhaustive list of all molecules in the matrisome [49]. The table is missing
many main ECM components such as laminin (forms the basal lamina of the basement membrane), heparan
sulfate (found in nearly all tissues), chondroitin sulfate, keratin sulfate, tenascins, only one of twenty-nine types
of collagen are listed, and vitronectin (glycoprotein important for cell attachment and homeostasis). It also
contains the RGD cell-binding sequence, and is in particular known for binding to integrin av33, found primarily in
platelets. Further, this table does not include non-ECM proteins such as fibrinogen, or nucleic acid-based
materials such as DNA or RNA, which are also sometimes utilized as biomaterials. Instead, Table 1 provides a

helpful guide for some ECM molecules that are common templates for engineering biomaterials.

1.1.2 Biomaterial selection and design

Engineering design begins by creating a list of requirements and corresponding specifications, as well as
weighing the relative importance of each requirement. Based on the “reg-spec” chart, possible design features
and materials can be selected. Biomaterial selection begins in a similar manner; however, the relative weight of
importance of each requirement is different for biomedical engineering than it is for traditional engineering (e.g.
mechanical or electrical engineering). For example, in traditional engineering cost assessment is usually a high
priority requirement, however, in designing biomaterials cost is usually a low priority factor due to the fact that
tissue engineering has a low manufacturing readiness as well as the high cost associated with medical products
and research [50]. Instead, usually the first question that a researcher should ask is if the material is toxic.
Material toxicity is evaluated in vitro by incubating cells on biomaterial or with biomaterial in the

supernatant followed by a method of evaluation such as cell staining or colorimetric assays. Some biomaterials



are non-toxic when they are intact, however become toxic when they are degraded. For this reason, the toxicity
of degraded products should be tested, and it should also be determined at what concentration they are toxic.
Related to this, it should be evaluated if the degraded products have a tendency to sequester in one place; that
is, what is the biodistrubtion of the degraded products. Biodistribution is evaluated in vivo where an animal
model, typically a small rodent, is administered a drug or biomaterial. The distribution of the different
components is either monitored live by optical methods [51] or by monitoring blood concentration levels for
clearance rate [52]. After a specified period of time, the animal is sacrificed and relevant tissues (e.g. injection
site, liver) are examined for presence of the biomaterial [53]. If the biomaterial meets this basic requirements,
more specialized functions such as inducing certain biological or physiological behaviors can be considered,
Table 2.

Table 2: Generalized requirements and specifications for tissue engineered scaffolds, and the
design elements that could possibly be used to meet the requirement.

requirement specification design elements

carry or transmit 1. specific Young’s modulus biomaterial, scaffold morphology
force 2. specific elastic/plastic behavior (e.g. Creep)

a certain biological 1. gene expression and stability cell type and source, biomaterial,
function 2. single cell morphology and function scaffold morphology

3. complex, coordinated cell function (tissue or

organ function, e.g., muscle contraction)

biocompatible 1. low immunogenicity biomaterial, removal of
2. no toxicity processing residues (e.g. emulsion
3. no toxicity of degradation products oils, crosslinking reagents)
sterile 1. must be free of all contaminants (bacteria, processing technique, biomaterial
viruses, endotoxins or PAMPSs) (tolerates sterilization techniques)
specialized functions | 1. opacity, conductivity, mechanical stiffness; cell type and source, biomaterial,
(light/electricity/sound | depends on the desired function scaffold morphology

transmission)

To summarize, a biomaterial should be selected based-on desired physical (optical/electrical), chemical,
physiochemical (hydrophobicity), biochemical, mechanical and biological properties. Important
biological properties include its biocompatibility, its immunogenicity, and its toxicity. Further, the
suitable morphology must be considered as well, as how the morphology is generated is partially
determined by the selected biomaterial. Overall, different material classes have different benefits based upon
these basic requirements, however, as inducing certain biological/physiological responses is such an important
feature to a biomaterial, metals or ceramics are rarely considered in the material selection process, [54]. A few
exceptions, especially for bone tissue engineering, are titanium oxide, bone graft paste and bioglass [55]. These
types of materials tend to be more popular in industry due to their more predictable behavior, practicality
(fabrication, storage, sterilization) and cost-effectiveness. Implants produced from these types of materials (e.g.

hip implants) can significantly improve the quality of a patient’s life; however, they also have many drawbacks.



For example, most hip implants have to be replaced after 15-20 years, or, worse, there can be a critical failure of
the implant due to breakage at the bone-implant interface or debris production at the artificial joint [56]. In the
academic sphere, the use of metals and ceramics has significantly diminished, and most researchers
concentrate on developing polymer-based implants.

Common synthetic polymers used as biomaterials are poly(caprolactone) (PCL) [57, 58], poly(lactic acid)
(PLA) [59], poly(glycolic acid) (PGA) [60], poly(lactic-co-lycolide) (PLGA) [61, 62], ultra-high molecular weight
polyethylene (UHMWPE) [63] and PEG-based (PEO-based) polymers and derivatives [64-66]. PLA is a unique
synthetic polymer in that it is produced from renewable resources. PLA is also a popular biomaterial due to
adhesion of cells and slow degradation by hydrolysis. In contrast, PGA degrades rapidly and in bulk by
hydrolysis, however, its monomers are absorbable, whereas the degradation product of PLA (lactic acid) have
acute toxicity. Therefore, to tailor both the degradation and decrease the potential toxicity of the PLA, the block
co-polymer PGLA was developed. PGLA also exhibits erosion due to hydrolysis of the ester bond; however, this
can be adjusted based upon the amount and sequence of the monomers. Nevertheless, in terms of polymers
that degrade by hydrolysis, PCL has the slowest rate of biodegradation and is therefore especially well-suited for
drug delivery. Further, PCL has been shown to promote collagen synthesis by mammalian cells, and is therefore
appropriate for scaffolds for tissue engineering. Conversely, UHMWPE is rarely used for tissue engineering;
however, due to its strength as well as low-friction properties is a popular choice for the surface of the joint for
hip implants. PEG/PEQO are one of the first biomaterials to be implemented; proteins do not readily adsorb to
PEG, and they are biologically inert and nontoxic. PEG can be used as-is for drug delivery, or is an excellent
platform to modify for special applications. For example, PEG can be produced as crosslinkers, block co-
polymers, grafted with other polymers, or blended with other synthetic or natural polymers.

Of natural polymers, common protein-based biomaterials are collagen (type | or V) [67, 68], gelatin
(including methylacrated gelatin (GelMA)) [69, 70], Matrigel [71] and silks [27, 72], and common polysaccharide-
based are chitosan [73-75], alginate [76], hyaluronic acid [77-79], Figure 4.
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Figure 4: A comparison of common natural polymers (biopolymers) used as biomaterials. The
general structure is shown, and some key properties are listed. In the top half of the figure,
proteins collagen, Matrigel and silks are shown, and in the bottom half polysaccharides alginate,
chitosan and hyaluronic acid are shown. The chemical structures of alginate, chitosan and
hyaluronic acid are taken from the PubChem database [42].

Collagen-based biomaterials are sourced from rat-tail, bovine skin, or porcine skin, and rarely from humans;
thereby, the use of native collagen has the risk for immune response or disease transmission [80]. Alternatives to
using native collagen are gelatin and recombinantly produced gelatin/collagen. Gelatin, essentially a single
collagen strand, has the advantage that it is far easier and cheaper to extract and produce, and is easier to
functionalize or manipulate [69]. For example, it can be methylacrated to produce GelMA, which allows for rapid,
cytocompatible photo-crosslinking. Furthermore, due to its additional production steps, it has nearly no problems
in terms of antigenicity or sterility [70]. However it has the disadvantage that it can only be produced from
collagen type I rich tissues, without modification gelatin-based hydrogels are unstable at 37 °C and will undergo
a sol-gel transition [81]. Recombinant production of gelatin/collagen, on the other hand, is difficult to scale-up
and, when native-like protein folding is desired, are challenging to develop [80, 82]. However, recombinant
collagen/gelatin has the distinct advantage that the researcher has fine control over the end-product, as well as

the ability to make any type of collagen. Another interesting, collagen-rich biomaterial is Matrigel, in particular as
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it has a high collagen type IV content, as opposed to collagen type |. Matrigel is roughly composed of ~60%
laminin proteins and ~30% collagen IV proteins, as it is isolated basement membrane from mouse tumors [71].
The main advantage of Matrigel is that these proteins, normally difficult to isolate, are easily obtained and
promote high cell attachment and proliferation. However, due to the imprecise composition of Matrigel (contained
trapped growth factors) the results achieved with Matrigel are not highly repeatable. Overall, it is clear that there
are many disadvantages to harvesting ECM from animal sources. There is one ECM macromolecule that is
commercially produced using biotechnology, hyaluronic acid. Hyaluronic acid is a non-sulfated, anionic
glycosaminoglycan which is primarily disaccharide repeats of D-glucuronic acid (GIcUA) and N-
acetylglucosamine (GIcNAc). Hyaluronic acid is biologically synthesized in the Gram-positive bacteria
Streptococcus zooepidemicus [77]. Hyaluronic acid is useful for its high water binding activity, which helps
sequester growth factors and increase mechanical stability against cyclic loading. A disadvantage is, as stated
previously, low molecular weight hyaluronic acid causes inflammation, and it is therefore should be considered
when selecting a molecular weight [78]. Interestingly, accumulation of low molecular weight degradation products
can promote angiogenesis [79].

Although it is reasonable to use the native macromolecules found in the ECM, it is also possible to
consider alternative sources of biopolymers to reduce the common risks of these molecules such as immune-
rejection, disease transmission and batch-to-batch variations in the biomaterial quality. Therefore, materials such
as cellulose, agarose, alginate, chitosan, silks, and non-animal collagen can be used. As stated previously,
particularly popular and interesting biomaterials are alginate, chitosan and silk. Alginate is an anionic
disaccharide isolated from seaweed (usually brown seaweed) that can have varying amounts of B-D-mannuronic
(M-block) and a-L-guluronic acid (G-block), which plays an important role in determining its final characteristics
[76]. Its properties are further determined by its production method. Alginate can be purified by precipitation with
calcium (calcium alginate), or it can be purified by using an acid to form a gel, diluting the gel, and then further
precipitating using sodium carbonate (sodium alginate). Alginate is advantageous in terms of its simple
production and low antigenicity, however, it contains no native cell binding peptides. This, combined with its
anionic nature, results in low cell adhesion to alginate. Further, as it is crosslinked by positive ions like calcium, it
tends to erode in solutions containing cations [83]. Chitosan, on the other hand, is a cationic linear
polysaccharide comprised of D-glucosamine (randomly acetylated or deacetylated) and sourced from
exoskeleton of crustaceans [84]. Chitosan has hemostatic properties (can quickly stop blood flow) making it an
excellent wound dressing. Although it has no cell-binding sites, the positive charge can promote cell attachment
[73]. The positive charge also allows for complexing to negatively charged nucleic acids, making it favorable for
gene delivery [74]. Major disadvantages of chitosan are that it is susceptible to seasonal availability and batch-
to-batch variability, it is difficult to adapt the mechanical properties and it tends to be mechanically weak [85]. In
contrast, silk-based proteins have high mechanical strength and toughness, and depending on the type of silk,
how this silk is processed, or if the silk is crosslinked, several types of mechanical behaviors can be obtained
[72, 86]. Silk proteins are glycine-rich polypeptides usually sourced from the cocoons of Bombyx mori silkworms.
Different types of silk fibroins are defined primarily by differences in their repetitive core domain, and their non-
repetitive termini. The mechanical toughness of silks is attributed to the combination of strong, highly ordered

beta sheet crystals embedded in an amorphous, alpha-coil and coil-coil phase. Further, due to a lack of enzyme
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recognition sites and resistance to hydrolysis, silks have slow biodegradation, and are particularly well-suited for
applications that require slow biodegradation [87, 88]. The main disadvantage of silks is that they have also no
cell binding peptides, with a few exceptions, and usually has a negative charge, leading to low cell adhesion
[27]. Further, silk obtained from natural sources is also susceptible to variations.

As made apparent throughout this discussion, many common biomaterials have both advantages and
disadvantages. Therefore, in order to overcome these disadvantages, or increase the number of advantages,
novel biomaterials have to be produced. This can include creating biomaterial hybrids [75], functionalization of
biomaterials with chemical reactive sites (e.g. for photo-crosslinking [89]) or biologically active sites (e.g. RGD

[90]), or by developing new materials.

1.2 Recombinant spider silk protein

1.2.1 Biotechnological production

Spider silks are highly versatile materials that are used as a textiles or textile coatings [91, 92], for cosmetic
products [93] and for biomedical products [27]. However, producing all of these spider silk-based products with
natural spider silk would be difficult and time-consuming. Farming spiders requires a lot of space due to their
cannibalistic behavior, and the amount of silk that can be harvested from each spider is low. Therefore,

biotechnology is used to produce recombinant spider silk protein, or engineered spider silk protein, Figure 5.
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Figure 5: Biotechnological production of recombinant spider silk proteins based on ADF-4 (C
module proteins, blue) and ADF-3 (A and Q module proteins, green and orange). (A) Derivation
of the engineered sequence based on the natural sequence and translation to E. Coli codons (B)
Insertion of consensus sequence using restricted insertion sites (C) Demonstrates the flexibility
of the recombinant production; full-length or partial-length synthetic proteins, or different
patterns of the modules, can be generated for better understanding of spider silk. Reprinted
from Microbial Factories, 3, Schiebel, T., Spider silks: recombinant synthesis, assembly,
spinning, and engineering of synthetic proteins, 2004 with permission from BioMed Central Ltd.
[94]; this is an Open Access article distributed under the terms of the Creative Commons
Attribution License.

To produce recombinant spider silk it was first necessary to determine the DNA sequence that encodes the
protein, normally this requires extraction of the silk producing gland, followed by purification of the mRNA and
conversion into complementary DNA (cDNA). For this reason, recombinant spider silk proteins are usually
based-on a specific spider, type of silk, and protein. The silk genes are identified from their 5’ or 3’ ends, and the
different DNA fragments (cDNA library) are then compared against a database of known, whole genome
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sequences and mass spectrometry patterns obtained from enzymatically digested silk proteins found in silk
glands. Subsequently, consensus sequences can be derived from the newly identified protein [95]. Once the
natural DNA sequence is determined, a synthetic DNA can be created based on mimicking important properties
of the desired product.

In spider silk, repetitive sequences found in the proteins core domain are critical for the functionality of
spider silk protein within the fiber, and their secondary structures within the fiber are in turn responsible for their
mechanical strength and stability. Due to host-determined limitations for producing large proteins, the natural
sequence must be shortened and simplified. Therefore, to imitate the key properties of spider silks, the
consensus sequence is determined, that is, most commonly found repetitive amino acid blocks are determined.
The consensus sequence is then used as the template for designing the engineered consensus module.

In addition to the core domain, artificial constructs also often include the design for the highly conserved
terminal domains, which are critical for the stabilization of the highly concentrated proteins in the gland and the
alignment of the protein chains along fiber formation [96, 97]. The gene design method further allows for
introducing specific functionalities that do not necessarily have to be derived from silk, such as cell binding motifs
or biomineralization domains or domains from other structural proteins such as elastin.

The next step of recombinant protein production is to build a vector, a vehicle designed to deliver recombinant
DNA. Normally vectors are plasmids, circular structures that contain the DNA sequence with other necessary
components. This means that they are able to replicate independently from chromosomes, which gives them an
advantage in terms of their simplicity. Plasmids include the recombinant DNA itself, an “instruction” for how many
times the plasmid should be copied (a replicon), a promoter gene to turn expression on, a sequence encoding
an affinity tag for purification and one encoding a cleavage site, which allows for removal of the affinity tag, and a
gene encoding antibiotic-resistance for selecting properly expressing colonies (a selection marker) [98]. The
plasmid is selected and the synthetic gene designed, expression vectors are first created and replicated by
expansion of positively expression colonies, primarily in Escherichia coli (E. coli) [98-100]. Plasmids are then
extracted and transduced into the host for final production of the recombinant protein. For unicellular (prokaryote
and eukaryote) systems this is most commonly done by heat shock, which makes the host vulnerable to foreign
DNA. Based on limitations or strengths of a host, the recombinant DNA or the plasmid may have to be re-
designed if there is improper production of the recombinant protein. Then the transfected host culture is allowed

to expand, protein expression is transduced and then later the host cells are lysed and the proteins purified.

1.2.2 Recombinant spider silk protein eADF4(C16)-based biomaterials

Recombinant spider silk engineered Araneus diadematus fibroin 4 with 16 repeat C-module (éADF4(C16)) is,
much like other silks, an anionic biopolymer with no native attachment sites for cells [101-103]. However,
eADF4(C16) outperforms most other silks (and biopolymers) in terms of its toughness [104] and low
immunogenicity [105]. Further, eADF4(C16)-based materials are biocompatible [103, 105] and have slow
biodegradation [88, 106], Figure 6.
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Figure 6: Key properties of recombinant spider silk eADF4(C16) as a biomaterial and
corresponding citations where each property was evaluated and determined. Partially adopted
from Biotechnology and Applied Biochemistry, 55, A. Leal-Egana, T. Scheibel, Silk-based
materials for biomedical applications, 155-167, 2010, with permission from John Wiley and Sons
[107].

Unmodified eADF4(C16) does not promote cell adhesion, which, although useful when trying to “cloak” implants
from an immune response [105, 106], is typically an undesirable trait. However, due to the biotechnical
production of this protein, it is simple to modify the protein to promote basic cell behavior such as attachment,
spreading and proliferation. Variants of the recombinant spider silk protein eADF4(C16) which promote these cell
behaviors include eADF4(C16)-RGD and, for some cell types, eADF4(k16). eADF4(C16)-RGD contains the
RGD peptide sequence at the C-terminal end of the eADF4(C16) protein. This simple addition was shown to
increase cell attachment from 75 % to 120 % (normalized to attachment on cell culture plate), as well as promote
cell proliferation [103]. eADF4(k16), on the other hand, can promote cell adhesion, depending on the cell type,
by changing the physical properties of the protein by switching glutamic acid (E) residue with lysine (K), resulting
in a net positive charge (eADF4(C16) has a net negative charge) [108]. An alternative method to promoting cell
attachment onto eADF4(C16) is by changing the topography, for example to channels [109] or to nonwovens
[110].
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1.3 Scaffold design

1.3.1 Scaffold design in tissue engineering

After a material is selected, it has to be processed into a specific morphology that will essentially be the
scaffolding of the final tissue engineered product. The most common morphologies used in tissue engineering
are films, foams, nanofiber meshes and hydrogels. Other common morphologies in regenerative medicine are

fibers and particles, which can be used for suturing/weaving or drug delivery, respectively, Figure 7.
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Figure 7: Scaffold morphologies used in regenerative medicine. Partially adopted from Advanced
Materials, 30, Aigner T., DeSimone E. and Scheibel T., Biomedical Applications of Recombinant
Silk-Based Materials, 28, 2018, with permission from John Wiley and Sons [27].

The different morphologies shown in Figure 7 are achieved by using different processing techniques. Particles
and capsules are usually produced by either mixing solution, creating an emulsion in solution, using microfluidics
[111] or by emulsion/salting-out [112]. Particles are particularly useful for drug and gene delivery [113], or to
modify the mechanical properties of another scaffold type (e.g. particle-reinforced hydrogels) [114]. Fibers in the
range of micrometers are usually produced by wet-spinning or microfluidics, or can be isolated directly from
tissue or silkworm silk cocoons, and are useful for producing nerve-grafts, vascular grafts, or tendon-
replacements [115-117]. Fibers in the range of nanometers are usually produced by electrospinning for wound
dressings, 2D cell culture and tissue engineering membrane tissues such cornea [118-120]. Films are produced
using solution casting, dip coating, spin-coating for 2D cell culture, drug delivery and implant coatings [121, 122].
Foams are produced by cyrogelling, salt leaching, and freeze-drying and are advantageous for their resistance
to compression and are utilized for bone tissue engineering or as additional mechanical support in composite
scaffolds [123]. Hydrogels are produced by crosslinking a low concentration polymer solution, and are commonly
used for fillers, 3D cell culture and drug delivery depots [124].

Generally, a particular morphology is selected based upon the application. For example, flat films would
not be used to create a large 3D tissue such as muscle, but can be useful for thin tissues or membranes such as
skin or cornea. However, certain morphologies tend to be more widely applicable than others; in particular,
hydrogels can be used for almost any application, given that they are made mechanically stable either by
maturation with cells in vitro or by being prepared as a composite with a more mechanically stable morphology
like nanofibers or foams.

As hydrogels and nanofibers are the morphologies that were used for the work presented in this

dissertation they will be discussed in greater detail.
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1.3.2 Electrospinning

Electrospinning is the production of micro/nanofibers by applying a driving voltage to a slowly moving jet towards
a collector, which usually has a voltage of the opposite charge. Ideally, generating this electrical field leads the
formation of a Taylor cone, from which a jet should originate. This jet will undergo whipping instabilities, and this
draws out the fiber to the point where the diameter is on the micro to nano-scale. Key parameters in
electrospinning include solution concentration, solvent used, flow rate, needle length and diameter, driving
voltage, working distance, collector voltage, collector geometry and substrate, air humidity, and the use of other
design features such as insulation elements [125]. As an example, the set-up for the device used for this

dissertation is shown, as well as key parameters that relate to electrospinning the solution, Figure 8.
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Figure 8: The electrospinning process. A syringe is driven at a particular speed (F) and a high
voltage difference is applied between the capillary tip and the collector plate, which are kept a
certain distance apart (h), producing a nonwoven mesh. Translated from the dissertation of
Gregor Lang, Herstellung und Charakterisierung von Fasern aus rekombinanten
Spinnenseidenproteinen und deren potentielle Applikationen, University Bayreuth under the
terms of the CC-BY 3 license [126].

Although the idea of forming fibers from ‘whipping instabilities’ sounds chaotic, by fine-tuning the mentioned
parameters the fiber mat production can be significantly controlled. For example, different fiber diameters can be
produced by changing solution concentration [127], or aligned fibers or patterned fibers can be produced by

patterning the electrical field through use of insulation elements, aligned electrodes or a rotating mandrel [128].
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Nonwoven as well as aligned fiber mats are most commonly characterized by SEM and then further analyzed for
fiber diameter distribution and degree of alignment [129]. Determining the mechanical properties of nonwovens
is complicated due to the different scales (nano-sized fibers, millimeter sized mats), as well as the potential
effect of pre-tension existing in the fibers before measurement. The most common methods used are atomic
force microscopy (AFM) or nanoindentation to measure the nanoscale properties, and tensile testing of a yarn

formed of the mat for the macroscale properties [130, 131].

1.3.3 Hydrogels

Hydrogels, by their simplest definition, are low concentration polymer networks containing high percentages of
water. Hydrogels are fabricated by crosslinking a low concentration polymer solution; methods of crosslinking
can be physical (e.g. temperature) or chemical [124], Figure 9. Crosslinkers can either be added directly into the
hydrogel precursor solution, or the hydrogel precursor solution can be dipped in or sprayed with crosslinker. In

case of the latter, it is important to differentiate between forming a hydrogel, a coagulated fiber or a film.
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Figure 9: A generalized figure for crosslinking hydrogels and the typical properties of the
polymer network. Physically crosslinked synthetic polymers (with the exception of co-block
polymers) hydrogels are not common, and therefore indicated by dashed arrow.

Important properties of hydrogels to fabricate suitable scaffolds important parameters to consider include
gelation rate, swelling, stiffness, porosity (mesh size), biodegradation as well as the functional response of cells
to the biomaterial itself. Mesh size and degree of swelling can determine how well the hydrogel permits nutrient
and waste exchange, as well as the mechanical stiffness of the hydrogels. Swelling is usually one of the simplest
characteristics to observe, and is done by recording changes in weight or size before and after incubation in
buffer [132]. Mesh size is most commonly determined by tracking the diffusion of different molecular weight

markers through the hydrogel [132]. The degradation rate is significant parameter, and should be tailored such
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that the rate of tissue regeneration and the rate of degradation matches perfectly. Degradation can be monitored
by changes in weight, size, or measuring soluble polymer or protein or drug found in the supernatant, however
there are other methods such as imaging or changes in stiffness that can be used [133]. Mechanical stiffness
itself playing a significant role as this can determine stem cell fate and differentiation, or significantly change cell

behavior. Stiffness of hydrogels is measured using rheology [134], or by compression testing [132].

Achieving a functional cell response by controlling variables in scaffold processing is a complicated issue, due to
limited understanding of the biological mechanisms behind regeneration, but also due to the crude techniques
used to generate the different morphologies. These methods can result in residues of cytotoxic chemical
crosslinking agents, inhomogeneous cell distribution, no control over cell position and poor nutrient/waste
exchange in scaffold bulk (for large, 3D constructs). Therefore, there has been a strong movement to make

scaffold processing more cell-friendly, and to enhance control over scaffold generation.

1.4 Biofabrication

The term biofabrication has been around since 1994, where it was first used to describe biomineralization. Since
then it has been used by many different fields, many of which have their own definition [135]. Within biomedical
engineering, it was first used in 2004 to describe the use of biological materials or catalysts to aid in
microfabrication. For example, using microorganisms to create nano-structure surfaces [136]. The most well-
accepted use of the term today is the fabrication of materials by living organisms [135]. For the tissue
engineering community, this term is used to categorize techniques where scaffolds are produced with a relatively
short fabrication time and high precision, normally in the presence of living cells. These types of techniques have
been used for years, for example, 3D bioprinting has publications dating back 15 years; however, the use of this
term is increasing due to the increasing number of publications and interest within this field. Due to this
complicated past and parallel use [137], the term “biofabrication” is confusing and often misused. A few attempts
have been made to made a universal definition of biofabrication, that is, a term that is used by all fields of
discipline, however the lack of consensus is likely to continue if the community continues to write independent
reviews instead of meeting, for example at a conference, where terms such as biomaterials and tissue
engineering were defined.

Due to these many complications, a clear definition of biofabrication that will be used for this dissertation
is as follows: Biofabrication is the simultaneous processing of biomaterials and biological materials to
create constructs with a biological function. Examples of biofabrication techniques include simple 3D cell
encapsulation, modified 3D cell encapsulation using microfluidics or force-driven (e.g. dielectrophoresis-driven,

magnetic-driven), biospraying, electrospinning with bioactive compounds and 3D bioprinting, Figure 10.
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Figure 10: Generalizations of common biofabrication techniques including cell encapsulation by
simple gelation, magnetic or electrically-driven positioning of cells in the matrix before
encapsulation, and microfluidic-flow to produce fibers or beads before encapsulation. Cells
suspended in matrix or in solution can also be delivered or patterned using biospraying,
electrospinning or 3D bioprinting.

Cell encapsulation refers to the process where cells are suspended in a biomaterial solution followed by
crosslinking of the solution to produce a hydrogel. Cells encapsulated in matrix are referred to generally as 3D
cell culture systems; however, when they are used for 3D bioprinting they are termed bioinks [138, 139]. Cell
encapsulation itself results in uncontrolled cell location, and therefore more novel biofabrication techniques
include driving the cells to a particular position using similar principles to dielectrophoresis, or by driving in a
magnetic field. This technique has therefore been used to pattern cells in a 3D medium and promote cell-cell
interactions, one great advantage of this technique [140]. However, this technique tends to be limited in the z-
direction, and therefore does not allow for the production of thick structures. Microfluidics can be used to
encapsulate single cells or to produce complex composite materials. For example, single cells could be
encapsulated with antibody capture beads, and could thereby be sorted and analyzed for antibody production
[141]. The disadvantage to microfluidics is that, although it is relatively simple to scale-up to mass production,
the produced scaffolds are too small to be used directly as a tissue replacement, and therefore the components
have to be further assembled after production. Alternatively, there is bio-electrospraying, which can deliver a high
number of cells to a large surface areas directly in situ. However, the resulting structures are 2D and not 3D, and
therefore have limited use to spraying on top of scaffolds or into wound sites. 3D bioprinting, one of the most
promising techniques in biofabrication, is the 3D assembly of bioinks into large 3D constructs. Although this
technique can certainly be improved, most agree that the 3D bioprinters themselves are quite advanced, and
that the main challenge behind producing 3D bioprinted scaffolds is the manufacture of novel biomaterials
suitable for biofabrication.
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1.4.1 Biomaterials for biofabrication

As implied, developing materials for biofabrication imposes additional requirements on the biomaterial that were
outlined previously in Table 2. Some of these additional requirements for biofabrication are general, such as all
crosslinking processes must be non-cytotoxic. Others are process-dependent restrictions, for example, material
used for microfluidics must undergo a sol-gel transition within seconds or minutes. Cell encapsulation in a
hydrogel, on the other hand, may take a few hours without reduction in the cell viability. In the case of bioinks, it
depends on the desired behavior; if the bioink is crosslinked before printing, the crosslinking process can take a
few hours, whereas if the bioink is crosslinked post-printing, it must occur within seconds or minutes. Choosing
between these two modes of crosslinking, before or after printing, will further have different advantages in terms
of its printability.

For a bioink to be printable, it must be injectable, in other words, it must yield under process-relevant
conditions. Yield stress of a material has many forms of evaluation, but two common methods are rheology
(strain sweep) and by measuring the force required to eject the hydrogel from a syringe [142]. If it meets this
basic requirement, then the material can then evaluated for its “printability”. Printability refers to the quality of the
fiber formation, the printing resolution and the shape fidelity [143, 144], Figure 11. Fiber formation refers to the
stream of material that appears after actuation, and the important characteristics include the tendency of the
material to stress-relax at the tip and the flow rate. Printing resolution is usually defined as the diameter of the
printed strand. Shape fidelity refers to the tendency to hold the form of the printed fiber under the forces of
gravity.

fiber formation resolution shape fidelity

B B BB

high low high low high low

Figure 11: Characteristics of a bioink to determine its printability: fiber formation, resolution and
shape fidelity. “High” on the scale indicates that this indicates high printability, and vice verso
for “low” on the scale.

To understand the mechanisms which underlie printability, it is also important to clarify the dynamic mechanical
behavior (shear-dependent behavior) of the material, which underlies its printability. These are usually evaluated
using rheology, for example, by a shear-thinning test. In order to avoid needle clogging, however also have high
shape-fidelity, it is necessary for a material to have a high viscosity at low shear-rates, and a low viscosity at high
shear rates [143]. Refer to section 1.4.3 and Figure 14 for more details.

Combining the characteristics of an excellent 3D culture system and a highly printable material is further
complicated by the interaction between these two characteristics. For example, to have high shape fidelity

usually a high elastic modulus is required, which usually translates as a dense biopolymer mesh [132]. A dense
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mesh, however, is usually not beneficial for 3D cell culture due to limited nutrient/waste diffusion; it is more
difficult for cells to proliferate, and it limits the ability to tune the biomaterial stiffness to the desired differentiation
path of the cells. Therefore, novel materials for bioinks should have low mesh density combined with high
stability [138].

Common bioinks thar are particularly promising are produced from alginate, GelMA, modified hyaluronic
acid (for rapid polymerization), PEG and PEG-derivatives (e.g. 8-arm PEG, Pluronic), blends with gelatin, blends
with hyaluronic acid and blends with PEG or PEG crosslinkers [138, 139, 145]. Although less well-studied,
peptide-based or recombinant protein-based hydrogels, such as recombinant spider silk protein, are alternatives
to the more common bioinks. For example, a short peptide-based biomaterial could form mechanically stable
hydrogels at low concentrations (5 mg/mL to 10 mg/mL) and there was cell spreading after two weeks [146].
GelMA, on the other hand, generally does not form stable gels at such low concentrations; however has great
flexibility in terms of tuning its mechanical properties through changes in the concentration of GelMA,
concentration of crosslinker, and crosslinking time [147]. Overall, in order to maintain the advantages of different
bioinks and minimize the disadvantages, further materials must be engineered and studied, and likely, these
materials will have to be used in combination either by synthesizing new biomaterials or by creating composites,
for example by blending. Once a printable bioink is developed, other key outcomes such as maximum building

volume and the fabrication time can be determined, which is also effected by the printer that is utilized.

1.4.2 3D bioprinting

3D bioprinting is the most popular biofabrication technique due to its short fabrication times, precision and the
wide availability of commercial 3D bioprinters [137]. The most common types of 3D bioprinters are laser-

assisted, extrusion-based, and inkjet, Figure 12
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Figure 12: Types of 3D printers and their modes of actuation, the materials that can be printed
based on their viscosity, and the type printed structure. Reproduced with minor corrections from
Pure and Applied Chemistry, 87, DeSimone E, Schacht K. and Scheibel T., Biofabrication of 3D
constructs: fabrication technologies and spider silk proteins as bioinks, 1-13, 2015, with
permission from De Gruyter [139].

Extrusion bioprinting is the application of pneumatically or mechanically-drive pistons or screws to dispense
fibers. This method is advantageous in its simplicity, short fabrication time and breadth of compatible materials. It
is disadvantageous in terms of its low precision compared to the other printing modes [138]. Inkjet printing is
useful for printing low viscosity, or cell-only solutions, with a micrometer resolution, however, cannot print high
viscosity hydrogels and thick constructs [148]. Laser-induced transfer printing (LIFT) has similar advantages and
disadvantages to inkjet printing; a few distinctions include that the cell viability is much higher, however, the set-
up is much more complicated and the fabrication time is longer [148, 149]. Inspired by LIFT, there are also
methods that use a similar approach to stereolithography, where laser energy and masks are used to create
hydrogel patterns into a layer of solution [150]. This allows for generating larger constructs, but again is more
limited in terms of types of bioinks that can be used. Although each method of 3D bioprinting has its advantages
and disadvantages, most will use either inkjet or extrusion-based bioprinting; there is a greater variety of printers

available, and they are less limited in terms of their working volume.
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Extrusion-based bioprinting, due to its popularity, also has many modified forms and available products
for purchase. Popular, commercially available bioprinters include 3D Bioplotter (EnvisionTEC), NovoGen MMX
(Organovo), BioBot (BioBot), BioAssemblyBot (Advanced Solutions), Bioscaffolder (GeSim) and the 3D
Discovery (RegenHU). Most of these printers dispense by a mechanically or pneumatically driven piston, and the
higher-end printers usually also have some special modifications to this simple set-up. For example, the 3D
Discover bioprinter (RegenHU), which was also the bioprinter used to complete the work presented in this
dissertation, uses a magnetically-driven spring to open and close a valve, that is, the company created valve-
assisted extrusion printing Figure 13. This modification allows for much more precise control over viscous

hydrogels.

Figure 13: The microvalve used in microvalve-assisted printing from RegenHU. The ball valve is
comprised of an electromagnetically-driven spring, a ball (pink) and the seat (clear with
opening). Reproduced with modifications from RegenHU user manual v1.4, page 26, figure 23.

The performance of a biofabricated construct by 3D bioprinting is subject to the type of 3D bioprinter and the
bioink (biomaterial and cell types) that are used. Evaluating bioprinted scaffolds is further complicated by the fact
that the choice of bioprinter and bioink cannot be made independently from each other, so these variables must

be tested in combination, as well as separately.

1.4.3 Evaluating 3D bioprinted scaffolds

As discussed in previous sections of this dissertation, there are several important characteristics that
biomaterials must have, as well as biomaterials used for biofabrication. 3D bioprinted scaffolds should the
scaffolds should also be evaluated before, during and after printing to fully understand the effect the process has
on the outcome. For example, within an unprinted bioink the cells may be viable and proliferate, however, after
being exposed to mechanical stress during printing the viability might be low and/or the proliferation is inhibited
[151, 152]. In other words, the relationship between the bioink and the 3D bioprinter on the performance

outcome must be evaluated in a time-dependent manner, Figure 14.
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Figure 14: Evaluating 3D bioprinted scaffolds before (1,2) during (3) and after (4,5) printing.
Important parameters to evaluate are materials properties (1,3,4), printability (4) and the

response of cells (2,5).

Although there are many elements to the printing process that could affect the bioink, the essential variable is
exposure to shear stress. The exposure to shear stress can result in changes and/or damage to the polymer
network. As stated in previous sections, this will result in a change in the mechanical behavior, the degradation
behavior, and the ability of molecules to diffuse through the mesh (the porosity of the mesh), which will further
result in effects on the cell behavior. The shear stress can also have direct influence on the encapsulated cells; if
shear stress is too high it will result in reduction in viability and in proliferation potential. The reduction in
proliferation can be due to cell destruction (lower seeding density) as well as an increase in the amount of stress
factors (reduces the proliferation potential of remaining viable cells) [151, 153]. However, likely due to the short
exposure time to high pressure or shear stress, cells usually recover to a high viability [153, 154] and it does not
typically effect cell phenotype [153]. In spite of challenges associated with 3D bioprinting, it is worth investing
time and effort into optimizing a system such that it is compatible with 3D bioprinting. This is because, when the
system is optimized, 3D bioprinting significantly expands the possibilities, making for some quite dazzling

examples of tissue engineering.
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1.4.4 State-of-the-art in 3D bioprinting

Given a suitable bioink or bioinks, 3D bioprinting can be used to generate an endless number of structures and
scaffolds. Although there are many reasons why this is incredibly useful, | would propose there are two reasons
why this is so relevant and significant to current research: for the development of pre-vascularized scaffolds, and

to create physiologically-relevant, composite/gradient scaffolds:

The importance of pre-vascularization has been demonstrated several times as large scaffolds, without

any pre-vascularization, will usually develop a necrotic core when implanted [155].

Normal adult tissues are highly complex with a hierarchy of ECM molecules, cells types and structures.
Within tissues and tissue niches, these distinct microenvironments are not sharply demarcated, but
rather have gradient interfaces. These gradients can include incremental changes in cell types, growth

factors, ECM molecules, arrangement of ECM molecules, and so forth.

Although pre-vascularization seems like a specific topic, there are a diverse number of approaches to pre-
vascularizing scaffolds using 3D bioprinting. In a study by Kolesky et al. 2014, they combined GelMA loaded with
either human neonatal dermal fibroblasts (HNDFs) or mouse fibroblast cell line 10T Y2, and printed sacrificial
channels made of Pluronic [156]. After removing the sacrificial ink, the remaining channels were then perfused
with human umbilical vein endothelial cells (HUVECS). After two days in culture, it could be demonstrated that
the HUVEC:s lined the inner lumen, and that the scaffolds could be perfused without losing the distinct fibers of
different cell types. In a further study, they were able to demonstrate the flexibility of 3D printing by printing a
perfusion chamber around their scaffold [157]. By combining vascular structures with a perfusion chamber, they
were able to promote the differentiation of MSCs into bone-like tissue that exceeded 1 cm in thickness. In an
alternative approach, hollow channels were generated by printing using a co-axial needle set-up [158]. Using
alginate- based bioink, they printed into a CaClz bath as well as perfused CaCl2 through the core of the alginate
bioink, leading to rapid fabrication of hollow fibers with viable cells, which could later be perfused with media.
There are also alternative methods to developing pre-vascularized scaffolds in the early stages of
development. Due to the approaches’ high potential, they will also be mentioned here. One technique is to print
relatively flat, 2D structures that will later fold into the vasculature in response to a stimulus (e.g. osmotic
pressure, magnetic field). This combination of 3D bioprinting and origami, often referred to as “4D bioprinting”, is
advantageous because it eliminates the need for a sacrificial ink or media, which can potentially effect cell
viability, to support the inner vascular structure until the printing process is complete. This disadvantage is that it
is more difficult to directly integrate into a tissue-like scaffold, and after printing you have a free-standing
vasculature which needs to be incorporated into a tissue in a second processing step. Currently, to the best of
my knowledge, studies using 4D bioprinting approaches are limited to single tubes or single structures, and has
yet to be used for creating a complete vascular network [159]. Another alternative to directly printing tubes is to
print the “negative space” into a matrix using some sort of media or hydrogel to be removed later. In a study by

Wou et al., they printed a fugitive ink into a Pluronic hydrogel-based matrix. This set-up allows for “defying
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gravity”, and allowed the authors to create a free-standing, high-resolution vascular network. Although this
approach was cell-free and requires quite a bit of modification to become a tissue, the method has high potential
of the application to combine complex curvature with a complex hierarchy [160].

Although it is important to pre-vascularize scaffolds, as stated previously, it is not the only significant
factor to consider; it is also necessary that constructs contain structural, material and growth factor gradients.
For example, pore size can play a major role outside of improving the diffusion of nutrients or cell seeding
efficiency. In a study by Trachtenberg et al., they examined the effect of pore size and gradient pores and their
orientation, both in static conditions and under perfusion [161]. From this study they were able to demonstrate
that pore size gradients and scaffold orientation relative to the flow direction, different shear stress profiles were
produced, which effected not only cell viability about also cell differentiation. This being not only interesting from
the perspective of tissue engineering, but also for scientific studies on cell biology.

Another interesting approach is to create composite scaffolds. In a study by Xu et al., they were able to
hybridize a solvent electrospinning and inkjet bioprinting process to create scaffold for cartilage tissue
engineering [162]. By hybridizing the two morphologies, they were able to improve the mechanical properties as
well as improve performance of composite, cell-loaded scaffold in vivo. In particular, they were able to show
increased production of GAGs and collagen Il in cell-loaded versus cell-free scaffolds, indicating better cartilage
formation. By extension, this study exemplifies the significance of bioprinting over cell-free, printed scaffolds. To
the best of my knowledge, there are no other examples of bioprinting with electrospinning, although there are
interesting examples of melt-electrospinning [163] and extrusion printing combined with electrospinning [164] to
make cell-free scaffolds with micro and nano-sized features, which could represent potential future technologies
to adapt such that they can be combined with 3D bioprinting.

There are countless examples of well-designed, multi-material bioinks [138]; however, in the examples
above with modified printing techniques, almost all used “simple” bioinks. Although they represent incredible
progress in the field, the “next generation” of bioinks need to be fabricated. | would propose that would be
bioinks need to contain microenvironments. In a study by Du et al, they encapsulated 22 ym long, BMP-2
functionalized collagen microfibers into a GelMA-based bioink with human mesenchymal stem cells (hnMSCs)
[165]. Using the complete set-up, they were able to demonstrate upregulation of osteogenic markers compared
to all control groups.

Although the examples presented here are quite impressive, development of bioinks and 3D bioprinting
techniques need to be taken further, in particular the most novel bioprinting techniques and bioinks need to be
combined into one complete system. This dissertation presents progress on the use of recombinant spider silk

proteins, a powerful biomaterial platform, for use in biofabrication.

27



2. Aim

The aim of this project is to use electrospinning (ESP) and 3D bioprinting (3DBP) biofabrication techniques to
create bioactive or tissue engineered constructs using recombinant spider silk protein eADF4(C16) as one of the
principle biomaterials.

The main motivations behind this objective is to enable the production of complex scaffolds comprised of
recombinant spider silk protein. All human tissues are made up of multiple materials, cell types (or sub-types),
biological agents, and geometries. Recombinant spider silk proteins represent a unique tool to develop
biomaterials with specific biological characteristics. Further, cells respond differently to each dimension (1D, 2D,
3D); therefore, having multiple scaffold morphologies is a powerful tool to guide cell behavior. Due to the broad
range of dimensions covered between electrospinning and 3D bioprinting, they were the chosen processing
techniques to develop.

Due to the breadth of this objective, it has been broken down into three objectives:

Objective (1) is to develop and characterize an aqueous spinning dope as well as aqueous post-
treatment process of recombinant spider silk proteins in order to improve the biocompatibility of the
process. In previous publications, the solvent used for electrospinning eADF4(C16) was HFIP, and the
post-treatment method was 60 °C, 100 % ethanol vapor. This “toxic” method was the control for the

characterization of the all-aqueous system that was developed.

Objective (2) is optimize and characterize previously established eADF4(C16) and eADF4(C16)-RGD
bioinks for cell response and material properties. In particular, bioinks should be tested before and after

printing for short-term cell viability, gelation-rate, rheological behavior, and long-term proliferation.
Objective (3) is to optimize the 3D bioprinting with recombinant spider silk bioinks. The printability of

eADF4(C16) and eADF4(C16)-RGD based on the appearance of printed fibers and scaffolds, as well as

their rheological properties.
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3. Synopsis

This dissertation is comprised of two first author research publications (publication 1 and publication 2), one
second author research publication (publication 4), two first author review articles (publication 5 and
publication 6), one second author submitted research article (publication 3) and unpublished research. The
publication list is found in section 5; my contributions to each publication are described in section 6.

Engineered Araneus diadematus fibroin 4 with 16 repeat C-module (eéADF4(C16)) recombinant spider
silk proteins, or variants thereof, were used for the research presented in this dissertation. Recombinant spider
silk variants eADF4(C16), eADF4(C16)-RGD and eADF4(k16) are well established biomaterials for tissue
engineering and regenerative medicine, even compared to other recombinant silks, as reviewed in publication 5.
eADF4(C16)-RGD refers to the variant of eADF4(C16) with and RGD peptide introduced at its C-terminal end,
and eADF4(k16) where the glutamic acid (E) residue found in the C-module is switched out for a lysine (K),
resulting in a net positive charge. Examples of the use of these proteins for tissue engineering include
electrospinning eADF4(C16) to produce nonwovens that enhance cell attachment compared to films [110],
patterning films of eADF4(C16) and eADF4(k16) to enhance cell attachment [109], casting films from
eADF4(k16) alone for cardiac cell culture [108], developing foams of eADF4(C16) and eADF4(C16)-RGD to
improve waste and nutrient transport to 3D cell cultures [123], and 3D bioprinting with eADF4(C16) and
eADF4(C16)-RGD hydrogels [166]. Although these were successful, all except one of these examples used
classical tissue engineering approaches. As previously stated, the disadvantage of this is that the fabrication
time is long, and there are potentially toxic byproducts.

The aim of this work was to adapt protocols to allow for biofabrication using recombinant spider silk
proteins, in particular for use in robotic dispensing and electrospinning. These two techniques were chosen
because of the possibility to produce a broad range of substructures in the scaffolds from nanometers
(electrospinning) to micrometers (electrospinning/3D bioprinting) to millimeters and centimeters (3D bioprinting).
The adjustability of these patterns is of importance when attempting to create functional tissues or organs.

The general processing of the silk proteins includes solubilization and dialysis to create the variously

concentrated solutions suitable for either 3D bioprinting or electrospinning, Figure 15.
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Figure 15: The processing steps to produce eADF4(C16) and eADF4(C16)-RGD solutions for the

studies presented in this dissertation. Steps found in the black squares are common steps to
both protocols, green circled steps are those specific to the electrospinning dope preparation,
and pink rounded square steps are those specific to the bioink preparation.

30



eADF4(C16) had been previously used for electrospinning nonwoven mats for developing vacuum filters [92,
167] and for basic in vitro studies [110]. However, in these studies eADF4(C16) was dissolved in a volatile,
organic solvent (Hexafluoroisopropanol, HFIP) and post-treated using 100 % ethanol (anhydrous, denatured)
vapor (60 °C) to induce secondary structure formation (render water insoluble). These conditions are typically
not compatible with biological activity of biomacromolecules as well viability of cells, making encapsulation of the
bioactive components via in vitro electrospinning impossible. Further, if implanted in vivo, it is possible that
residual HFIP inside of the fibers could damage local tissue or cause an immune response. Therefore,
development of an all-aqueous electrospinning process was crucial to introduce this technique into the
biofabrication field. To achieve this goal, the solvent was change to Tris buffer, and water annealing at 37 °C was
used for post-treatment. This was shown to improve the fluorescence activity of green fluorescent protein (GFP)
compared to the traditional method (unpublished research).

Based on pilot studies by Schacht et al. 2015 [166], which are reviewed in publication 6, it was clear that
there is an effect of cell culture medium as well as the RGD peptide sequence on the formation and properties of
the eADF4(C16) and eADF4(C16)-RGD hydrogels. Therefore, the effect of these on hydrogel assembly was
determined in publication 2. Related works discusses the potential mechanisms behind the increased gelation
kinetics and stiffer properties in the presence of cell culture media, as well as the difference in behavior of
eADF4(C16) and eADF4(C16)-RGD hydrogels. These properties being of utmost importance, as gelation
kinetics have a large impact on cell viability, mesh network and size have a large effect on cell proliferation, cell
morphology, and oxygen/waste/nutrient diffusion, and mechanical properties partially determine cell
differentiation. Further, change the mechanical properties can also significantly influence the printability of the
bioink, which was also studied in a second author publication by comparing eADF4(C16) and engineered major
ampullate spidroin 1 short (eMaSp1s) hydrogels in publication 4. Using this basic information on the behavior of
the bioinks, they could be optimized to overcome previous shortcomings as shown in publication 1. In this study
we focused on the effect printing on basic cell behavior (viability and proliferation), as well as methods to
improve printability by use of gelatin in the bioink formulation. Further, in publication 3 it was demonstrated that
the bioink exhibits antimicrobial behavior, indicating the high potential of recombinant spider silks for
biofabrication due to both their inherent properties, reviewed in publication 5, as well as their flexibility for
modification (e.g. addition of RGD peptide).

3.1 Electrospun eADF4(C16) nonwovens from aqueous solution and aqueous
post-treatment process

Although there are many benefits to using an aqueous solution for electrospinning, as indicated in the motivation
and aim of this dissertation, it is more challenging than in traditional approaches. One of the main determinates
of the ‘spin-ability’ of a solution is its viscosity, which is ultimately determined by its concentration, molecular
weight and to a minor degree the solvent it is dissolved in [168]. The aqueous solution of eADF4(C16) has a
maximum concentration of 7 % (wt/vol) [86], which is close to the minimum concentration for electrospinning in
HFIP (6 %) [92]. Therefore, it is not surprising that aqueous solutions comprised of eADF4(C16) alone could not

be electrospun. Based on literature of silk fibroin [168, 169], PEO was chosen to use as an additive as a fiber
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forming agent. Therefore, an aqueous electrospinning dope was prepared by blending PEO weight-to-weight
with eADF4(C16) one to three (3 mg of eADF4(C16) to 1 mg of PEO), and, to the best of our knowledge, this is
the first-time spider silk protein was electrospun from aqueous solution, [170]. The usable concentration range
was determined as between 4.5 % and 5 %; concentrations below 4.5 % resulted in highly beaded fibers and
above 5 %, the protein aggregated excessively or spontaneously gelled during dialysis. Due to the narrow
concentration window of “spin-able” eADF4(C16) solutions, it was not possible to alter the fiber diameter, and the
average fiber diameter was determined to be ~240 nm.

Generally, the spider silk scaffolds generated out of the HFIP solution (casted films, electrospun mats)
contain low amounts of beta-sheets (~20 %) and high amounts of amorphous protein structures, rendering them
water-soluble. Thus, post-treatment is generally applied to induce the protein folding into beta-sheet rich
structures (to ~40 %) rendering scaffolds water-insoluble. There are several post-treatment methods available;
usually alcohol vapors of MeOH, EtOH or i-PrOH, sometimes mixed with water, are used [126]. Alternatively,
silks fibroin scaffolds could be post-treated by water vapors at increased temperature (annealing) [171, 172].
These two types of post-treatment, alcohol-based and water-based, work by opposite mechanisms. Ethanol
dehydrates the proteins and induces inter- or intramolecular hydrogen bond formation whereas water annealing
allows incorporation of water molecules that act as plasticizers and thereby introduce more chain flexibility.
These post-treatment methods are further concomitant with increasing temperature enhancing hydrophobic
effect responsible for beta-sheet formation in polyalanine regions of the protein sequence [173]. In this study we
compared both methods of post-treatment, and both resulted in similar secondary structure content (~40 %),
independent of the solvent system used (HFIP or 10 mM Tris buffer supplemented with PEO), as determined by
FSD analysis of FTIR spectra [174]. To demonstrate the significance of this all-aqueous system in potential
applications, green fluorescent protein (GFP) was incorporated into electrospinning dopes as a model of

bioactive molecule, Figure 16.

ethanol vapor post-treatment
60°C 37°C

as spun water vapor post-treatment

60°C 37°C

eADF4(C16) in...

13 mm

Figure 16: The bioactivity of GFP after electrospinning and after ethanol vapor or water vapor
post-treatments at two different temperatures, 37 °C and 60 °C. Modified from DeSimone, E.,
Aigner, T., Humenik, M., Lang, G. and Scheibel T., Aqueous electrospinning of recombinant
spider silk proteins. Materials science & engineering. C, Materials for biological applications,
2020. 106: p. 110145. [170]; as the author of this Elsevier article, | retain the right to include it
in a thesis or dissertation, provided it is not published commercially.
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Addition of GFP into HFIP solution of eADF4(C16) resulted in apparent loss of the fluorescence activity caused
by disruption of GFP tertiary structure. Conversely, mixing the GFP into water-based eADF4(C16)/PEO dopes
resulted into fluorescent nonwovens, indicating native GFP conformation. Further, the post-treatment in ethanol
also had a negative effect on the fluorescent activity of GFP; the bioactivity was completely diminished after the
ethanol vapor treatment. This is likely due to rapid dehydration disrupting the GFP structure. Further, the post-
treatment could also be performed at 37 °C, which also improved GFP activity, and would be necessary for
directly electrospinning onto cells in vitro or wounds in situ.

Overall, the significance this work in future development is utilization the all-aqueous approach for
biofabrication, e.g., in vitro electrospinning directly on top of cells or hydrogels encapsulating cells, incorporation
of growth factors or as biosensors. Another significant point is that it is possible that the all-aqueous production
could influence the behavior of cells [171], and would likely influence the reaction to the nonwoven in vivo.
Further, drug encapsulation and release studies could be done, and in order to regulate the release kinetics of
the biological agents, the genetic fusions of the protein of interest with the recombinant spider silk eADF4(C16)
can be used to anchor them to the eADF4(C16) based nanofibrillar scaffold [175]. The positively charged variant
of the silk protein eAF4(k16) could be also used to prepare eADF4(C16)/(k16) blend nonwovens, which enable

regulation of the release kinetics according to change of the biological agent.

3.2 Recombinant spider silk bioinks

In the pilot studies of 3D bioprinting with eADF4(C16) and eADF4(C16)-RGD hydrogels it was observed that cell
culture media and the addition of the RGD peptide have effects on the material properties of the hydrogels.
Therefore, the studies presented in publication 2 concentrated on determining the effect of cell culture media on
the hydrogels as well as the effect of the RGD peptide tag. The addition of cell culture media (referred to as
DMEM in the publication text) to highly concentrated hydrogel precursor solutions did not change the fibril
morphology of eADF4(C16) or eADF4(C16)-RGD hydrogels, as determined using transmission electron
microscopy (TEM). However, there was increased gelation rate (turbidity measurements), increased the stiffness
of the hydrogel (quasi-static rheology measurements) and increased the viscosity of hydrogels (flow shear ramp)
in the presence of cell culture media. The increased rate of hydrogel formation, and subsequent increase in the
hydrogel stiffness, could be explained by the positive ions in solution, such as Ca?", interacting the negatively
charged glutamic acid residues between the protein chains [176]. To test this hypothesis, specific concentrations
of CaClz was added to hydrogel solutions, and a similar effect was observed, where the addition of CaCl:
increased the stiffness of the hydrogels, implying that it is decreasing solubility and supporting ionic network
formation, Figure 17.
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Figure 17: Rheological characterization of hydrogels made of recombinant spider silk proteins.
Stress-strain curves of 3 % w/v eADF4(C16) and 3 % w/v eADF4(C16)-RGD hydrogels in the
absence and presence of 5 mM CaCl, and DMEM (15 % v/v). Reproduced from Materials

Letters, 183, DeSimone E., Schacht K., and Scheibel T. Cations influence the cross-linking of
hydrogels made of recombinant, polyanionic spider silk proteins, 101-104, 2016 [177]; as the
author of this Elsevier article, | retain the right to include it in a thesis or dissertation, provided it
is not published commercially.

Addition of the RGD peptide had similar effects to cell culture media, albeit less pronounced. For example,
although there was an increase in the gelation rate and the stiffness, the rheology tests conducted at higher
shear rates showed that viscosity of eADF4(C16) and eADF4(C16)-RGD are identical. It is known from previous
work that eADF4(C16)-RGD particles have a lower zeta potential than eADF4(C16) particles [178]. Therefore,
the attraction between the proteins of the RGD variant seem to be higher, which could explain some of these
differences seen in the quasi-static testing of the hydrogels. However, the increased interactions are likely weak
and easily disrupted, as the stiffening effect of the RGD sequence was not observed in shear sweep tests [139,
179]. Further supporting this point is that the increase in stiffness by the RGD peptide was minimal compared to
adding the cell culture media, and at the high concentrations of cell culture media there was no longer a clear
effect of the RGD peptide. Overall, the studies presented in publication 2 could be used to enhance the
performance of bioinks in further studies presented in publication 1. In the next figure captions for figures 18, 19
and 20, different experimental groups will be abbreviated as seen in the legend in publication 1, provided again

below.
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Legend

20 mg/mL eADF4(C16) (15-% DMEM),
1x108 BALB3T3/mL of hydrogel 2C-D15-B

30 mg/mL eADF4(C16) (15-% DMEM)
1x108 BALB3T3/mL of hydrogel 3C-D15-B

40 mg/mL eADF4(C16) (15-% DMEM)
1x10° BALB3T3/mL of hydrogel 4C-D15-B

30 mg/mL eADF4(C16) (15-% DMEM)
1x108 BALB3T3/mL of hydrogel 3C-D5-B

30 mg/mL eADF4(C16) (5-% DMEM),
1x108 BALB3T3/mL of hydrogel 3C-D5-g-B
0.15 mg/mL gelatin

20 mg/mL eADF4(C16)-RGD (15-% DMEM),
1x10® BALB3T3/mL of hydrogel 2R-D15-B

30 mg/mL eADF4(C16)-RGD (15-% DMEM)
1x106 BALB3T3/mL of hydrogel 3R-D15-B

20 mg/mL eADF4(C16)-RGD (5-% DMEM),
1x106 BALB3T3/mL of hydrogel 2R-D5-B

20 mg/mL eADF4(C16)-RGD (5-% DMEM),
1x108 BALB3T3/mL of hydrogel 2R-D5-g-B
0.1 mg/mL gelatin

An example where the data collected in publication 2 informed publication 1 is the gelation kinetics data, the cell
seeding protocol could be optimized such that cell viability is nearly 100 % after encapsulation inside of the
hydrogels. With the cell encapsulation protocol optimized, the cells were also able to proliferate in the
eADF4(C16)-RGD bioinks, Figure 18.
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Figure 18: Proliferation of mouse fibroblasts cell line BALB3T3 in unprinted bioinks over 15 d as
measured by: (A) Absorbance of cell titer blue (B-D) Fluorescence microscopy images of cells
stained with calcein A/M (live cells: green) and ethidium homodimer | (dead cells: red) (scale
bars = 250 um) and (E-J) photographs of cylinders (diameter = 0.65 cm) removed from cell
culture inserts (B) 3C-15D-B, (C) 2R-15D-B, (D) 3R-15D-B, (E) 3C-15D, (F) 3C-15D-B, (G) 2R-
15D, (H) 2R-15D-B, (I) 3R-15D, (J) 3R-15D-B. Three to four samples were measured per
experimental group (n = 3-4). Standard deviation is indicated using error bars. Reproduced from
Biofabrication, 9, DeSimone E., Schacht K., Pellert A., Scheibel T. Recombinant spider silk-
based bioinks, 044104, 2017 with permission from IOP Publishing [179].

There was no difference in the proliferation of cells in 2 % and 3 % eADF4(C16)-RGD bioinks, however, due to
the different protein concentrations, the mechanical stiffness for each bioink was different. Therefore, given that
there was no clear difference in the proliferation of cells in 2 % and 3 % eADF4(C16)-RGD, and to match the
gelation kinetics and mechanical properties, the concentration of eADF4(C16)-RGD was reduced to 2 % (20
mg/mL). The cell culture media concentration was reduced from 15 % to 5 % to improve the homogeneity of the
bioink, and there was no difference found in terms of cell viability and proliferation upon this change. Gelatin was
tested at as an additive to improve printability, and had no significant effect on the stiffness of the hydrogels,
Figure 19.
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Figure 19: Young’s modulus calculated using Hooke’s law for 3C-5D, 3C-5D-g, 2R-5D, and 2R-
5D-g. Three to four samples were measured per experimental group (n = 3-4). Asterisks indicate
significance differences in the mean where * indicates significance level a = 0.05, No significant
difference were found using a significance level of a = 0.01. Standard deviation is indicated
using error bars. Reproduced with modifications from Biofabrication, 9, DeSimone E., Schacht
K., Pellert A., Scheibel T. Recombinant spider silk-based bioinks, 044104, 2017 with permission
from IOP Publishing [179].

BALB3T3 cells (mouse fibroblasts) cannot differentiate between a Young’s modulus of 3.5 kPa and 5.5 kPa
[180]. For this reason, the fact that the moduli are statistically significant different from each other was
considered not important, and the bioinks were considered appropriate choices for use in further experiments.

2 % eADF4(C16)-RGD bioinks were more appropriate to compare to 3 % eADF4(C16) in terms of static
3D cell culture, however, it was found that under printing conditions the eADF4(C16)-RGD bioinks were softer
and had lower printability. Further, although the resolution of eADF4(C16) bioinks could be improved by the
addition of gelatin, however no clear changes were observed for the eADF4(C16)-RGD bioink, Figure 20.
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Figure 20: Recovery of bioinks after a large, non-linear deformation and printed 2-layer
scaffolds. Reproduced with modifications from Biofabrication, 9, DeSimone E., Schacht K.,
Pellert A., Scheibel T. Recombinant spider silk-based bioinks, 044104, 2017 with permission
from IOP Publishing [179].
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The dynamic viscosity of the 2 % eADF4(C16)-RGD bioink at a higher shear rate, e.g., under printing conditions,
was lower than 3 % eAD4(C16). In oscillation measurements, the 2 % eADF4(C16)-RGD bioink was much
weaker (in terms of storage and loss modulus) than the 3 % eAD4(C16) bioink. However, in shear ramp data, the
viscosity of the two bioinks, 2 % eADF4(C16)-RGD and 3 % eAD4(C16), was found to be nearly the same. The
discrepancy between data collected from flow measurements and oscillation measurements could be explained
by the fact that in the flow measurements absolute or dynamic viscosity are measure (inherent resistance to
flow) whereas in oscillation measurements intramolecular forces or kinetic viscosity (density-dependent instead
of force dependent) are measured. Therefore, there are fewer molecular chains or ionic bonds to break in the
lower concentration bioink, however, due to the weak interactions of RGD the overall resistance to force is
higher. Regardless of the mechanism, this lower storage and loss modulus led to the eADF4(C16)-RGD bioinks
to have a lower resolution and shape fidelity.

Although gelatin improved the resolution of the eADf4(C16) bioink there was no clear difference in the
shape fidelity, the viscosity or in the recovery behavior of the bioinks containing gelatin. This indicates that the
gelatin might improve the homogeneity or stress-relaxation of the bioink, possibly acting as a plasticizer by
binding more water molecules [181]. Further, both eADF4(C16) and eADF4(C16)-RGD exhibited rapid recovery
to nearly original values for storage modulus, and over the course of 5 minutes had complete recovery. Although
this behavior is important for printing and high shape fidelity, it is also necessary to have high storage and loss
modulus to have high printability, as is evident from the 2 % eADF4(C16)-RGD bioinks. The low viscosity could
explain why, although the cell viability after encapsulation in the hydrogels was improved, the post-printing cell
viability was not improved in comparison to the initial study [166].

The reason behind reduced cell viability could be mechanical shear stress during the printing process,
dehydration of the bioink before additional cell media could be added, or both. Although no cell proliferation was
observed, the cells that survived the printing process were still viable, although they retained a round
morphology, indicating that there was no cell spreading or maturation. There are a few possible explanations for
this behavior. One is that the hydrogel network is too dense for the cells to spread and proliferate without
degrading the matrix, however degrading the matrix is difficult with low cell number, and therefore the cells
remained viable, but were caged [182, 183]. A second possible reason is that the cells that remained viable were
under stress (mechanical shear from printing, exposure to debris from perished cells) and became senescent
[151].

Future work for this project would be to use higher concentrations of bioinks or to add additional
crosslinkers to the bioinks in order to increase the viscosity, which improves the post-printing viability, however
has to be balanced with preventing reduction of cell proliferation. Further, the seeding density could be

increased, which could improve the post-printing viability and proliferation.
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3.3 Conclusion and outlook

Throughout these studies it was demonstrated that recombinant spider silk protein eADF4(C16) and its variant
eADF4(C16)-RGD can be used for biofabrication. Highlights of this work include demonstrating the maintained
bioactivity of GFP in the electrospun nonwovens prepared using the all-aqueous route, rheological studies that
elucidated some possible deterministic properties of printable bioinks and the proliferation of cells encapsulated
in unprinted eADF4(C16)-RGD bioinks. Interesting future improvements to the scaffolds presented here could
include tailoring the release of biological agents from the nonwovens and enhancing viability and proliferation of
cells within printed bioinks. Larger projects based on this work could include creating composite scaffolds with a
hybridized electrospinning and bioprinting process, composite bioinks with electrospun fibers, or blended bioinks

with other biopolymers to optimize the properties or towards a specific application.
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Abstract

Bioinks, 3D cell culture systems which can be printed, are still in the early development stages.
Currently, extensive research is going into designing printers to be more accommodating to bioinks,
designing scaffolds with stiff materials as support structures for the often soft bioinks, and modifying
the bioinks themselves. Recombinant spider silk proteins, a potential biomaterial component for
bioinks, have high biocompatibility, can be processed into several morphologies and can be modified
with cell adhesion motifs to enhance their bioactivity. In this work, thermally gelled hydrogels made
from recombinant spider silk protein encapsulating mouse fibroblast cell line BALB /3T3 were
prepared and characterized. The bioinks were evaluated for performance in vitro both before and after
printing, and it was observed that unprinted bioinks provided a good platform for cell spreading and
proliferation, while proliferation in printed scaffolds was prohibited. To improve the properties of the

printed hydrogels, gelatin was given as an additive and thereby served indirectly as a plasticizer,
improving the resolution of printed strands. Taken together, recombinant spider silk proteins and
hydrogels made thereof show good potential as a bioink, warranting further development.

1. Introduction

Tissue-like constructs prepared by 3D bioprinting
(3DBP) are now beginning to appear in pre-clinical
and clinical testing next to other products made by
other particularly promising techniques such as organ
decellularization and recellularization [1]. However,
to achieve 3DBP for personalized medicine, the
constituent components of the entire procedure, from
imaging of patient to final product, require a far deeper
understanding. One of the most complicated and
researched steps being bioink design, characterization
and implementation [2, 3].

Bioinks are cell-encapsulating biomaterials used in
the 3DBP process and must therefore be suitable for
both 3D cell culture and printing [4]. For 3D cell cul-
ture, no matter the final objective, encapsulated cells
must be viable as well as able to attach, spread and pro-
liferate, and there must be proper nutrient and waste
exchange [5]. Bioinks should also net induce any
strange, unstable or pathological phenotypes in cells.
This depends not only on the selected biomaterial, but

on the chosen cell type as well: for example, in studies
by Engler and colleagues comparing different cell
types on the same substrates, it was shown that
mesenchymal stem cells (MSCs) are extremely sensi-
tive to tissue-level elasticity, myoblasts were less sensi-
tive than MSCs to substrate stiffness but required
specific ECM coatings to form striated myotubes, and
fibroblasts in general showed the least sensitivity
between the different culturing surfaces [6, 7]. In
other words, for each bicink, there are specific
requirements that depend on the selected cell types
and the tissue that should be replicated. Some of the
design attributes that must be considered, amongst
others, include cell-binding peptide sequences, charge
of material, mesh size, triggering of vascularization,
and mechanical behavior [8]. Mechanical properties
are one of the most challenging properties of a bioink
to be optimized, as bicinks must both replicate tissue
stiffness and also be printable. ‘Printable’ meaning
that the material deforms under process-relevant
shear stress, but upon the removal of that stress it
should stop flowing [9].

© 2017 IOP Publishing Ltd
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In summary, there are many characteristics of
bioinks which should be controlled and measured;
ideally before, during, and after 3DBP. These include
properties of the biomaterial (e.g. stiffness, degrada-
tion, and mesh size) as well as the cell response (e.g.
attachment, proliferation, biodegradation, differentia-
tion). In terms of physically cross-linked bioinks, one
of the greatest challenges is that these tend to be softer,
and usually require some additional medification to
be printable. For example, in one of the first publica-
tions using a thermally gelled bioink, they used a
heated gelatin bath [10]. In a more recent study, a twe
component bioink combining an engineered peptide
with alginate was used to combine the benefits of
cross-linking before and after the printing process,
where it was shown that the post-printing cell viability
was enhanced compared to alginate-alone [11]. Dis-
cussing the several bioinks which have already been
established is out of the context of this paper, thus
authors refer readers to comprehensive reviews
[3,4,9, 12].

The recombinant spider silk protein eADF4(C16) is
based on the repetitive core sequence of Araneus
diadematus dragline silk fibroin 4 and comprises a con-
sensus module repeated 16 times [13, 14]. eADF4(C16)
was shown to be suitable for medical applications exhi-
biting no toxicity and low to no immunogenicity, can
be formed into several morphologies, and also per-
forms particularly well compared to other native and
engineered silks [15-17]. Additionally, the protein
could be modified to include integrin binding peptides,
for example the ~-RGD peptide sequence, and thereby
promoted cell attachment and proliferation [18].
In more recent work, eADF4{C16) in the form of a
hydrogel was successfully employed as a bioink for
3DBP with a highlight of ~97% cell viability after
printing [19]. The material properties were further
characterized, in particular observing how the content
of solutions carrying cations (i.e. cell culture medium)
affects the properties of the hydrogels [20]. Although
these studies together provide a strong foundation for
the use of recombinant spider silk proteins and their
variants as biomaterials for bioinks, it was also clear that
the bioinks must be improved (e.g. for cell viability after
encapsulation, printing strand reseclution) and alse
more thoroughly characterized. To improve the print-
ing resolution, gelatin was tested as an additive. Gelatin
is de-natured collagen which has a slightly positive
charge {depending on gelatin type and pH), thermally
gels at room temperature, and is hydrophilic. Gelatin
has therefore been used in other bioinks to improve the
printability such as bioinks based on silk fibroin [21]
and alginate [22].

The broad objective of this work was to improve and
characterize the performance of recombinant spider silk-
based bioinks, net to design a particular tissue. Thus a
‘work horse’ cell line, BALB/3T3 mouse fibroblasts, was
chosen. The biomaterial variations induded eADF4(C16)
and eADF4{C16)-RGD either with or without addition of
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gelatin in a weight-to-weight ratio of 200 mg of recombi-
nant spider silk protein to 1 mg of gelatin (i.e. 200-fold
excess of recombinant spider silk protein). Recombinant
spider silk bioinks were characterized for the first time for
long-term proliferation of mouse fibroblasts (15-18 d),
the slow biodegradability of the bicink, the recovery of
the hydrogel after a large strain, high shear deformation,
and the printing resolution was improved to have fiber
strands nearly half the diameter of previously published
results. These recombinant spider silk protein-based
bioinks are competitive with other hydrogel-based
bicinks for the properties evaluated, and should be con-
sidered for specific applications in the future.

2. Materials and methods

There were several bioink formulations utilized for
this work. Therefore, a legend was made and the
abbreviations will be used throughout the rest of this
text. In cases that hydrogels were prepared without
cells, ‘B’ (for BALB/3T3) will not be included in the
abbreviation.

Legend:

20 mg ml™" eADF4(C16) (15% DMEM),

1 % 10°BALB3T3 ml~' ofhydrogel 2C-DI5-B
30 mg ml ™" eADF4(C16) (15% DMEM)
1 % 10°BALB3T3 ml~' ofhydrogel 3C-DI5-B
40 mg ml™! eADF4(C16) (15% DMEM)
1 % 10°BALB3T3 ml~" of hydrogel 4C-DI15-B

30 mg ml~' eADF4(C16) (15% DMEM)
1 % 10°BALB3T3 ml™' of hydrogel 3C-D5-B
30 mg ml~' eADF4(C16) (5% DMEM),

1 % 10°BALB3T3 ml™" ofhydrogel 3C-D5-g-B
0.15 mg ml™! gelatin

20 mg ml™" eADF4(C16)-RGD (15% DMEM),

1 % 10°BALB3T3 ml~' of hydrogel 2R-DI15-B
30 mg ml™" eADF4(C16)-RGD (15% DMEM)

1 % 10°BALB3T3 ml~" of hydrogel 3R-DI15-B

20 mg ml™" eADF4(C16)-RGD (5% DMEM),

1 % 10°BALB3T3 ml™" of hydrogel 2R-D5-B
20 mg ml™~' eADF4(C16)-RGD (5% DMEM),
1 % 10°BALB3T3 ml~" ofhydrogel

0.1 mg ml~" gelatin

2R-D5-g-B

2.1. Hydrogel preparation

The recombinant spider silk protein eADF4(Cl6)
consists of 16 repeats of module C (sequence:
GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPG
GP), which mimics the repetitive core sequence of
dragline silk fibroin 4 (ADF4) of the European garden
spider Araneus diadematus [13, 14]. eADF4(Cl6)
(MW?: 47 698 g mol ™ ') and eADF4(C16)-RGD (MW:
48583 gmol ™'} were produced and purified as
described previously [13, 18]. All protein variants were
stored as lyophilized particles. The particles were
dissolved in 6M guanidinium thiocyanate at
4mgml™" and dialyzed against 10 mM Tris/HCl,
pH 7.5 overnight at room temperature using dialysis

2
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Table 1. Optimized cell-seeding protocol for different formulations of eADF4(C16) and (C16)-RGD-based bioinks. After the addition of
cells, all formulations were incubated at 37 °C, 95% relative humidity overnight before adding fresh media on the next day.

Time (h)
Bioink
0.0 0.5 1.0 1.5 2.0 2.5 3.0

2C-DI15-B After3 hat37 °C, 95% r. h. add cells
3C-D15-B After3 hat37 °C, 95% r. h.add cells
4C-D15-B After 1.5 h at room temperature, add cells Incubate at37 °C, 95%r. h.

3C-D5-B After3 hat37 °C, 95% r. h.add cells
3C-D5-g-B After 2.5 hat 37 °C, 95%r.h. add 1.5 mg ml™" gelatin Further 0.5 h, add cells

in 10% v/v{final concentration 0.15 mg ml™")

2R-D15-B After 1.5 hat4 °C, add cells Incubateat37 °C, 95% r. h.
3R-D15-B Immediatelyadd cellsand incubate at 37 °C, 95% . h.

2R-D5-B After 1.5 hat4 °C, add cells Incubateat37 °C,95% r. h.
2R-D5-g-B After | hat4°C add Further 0.5 h, add cells Incubateat37 °C, 95%r. h.

1 mg ml™" gelatin in 10%
v/v{final concentration
0.10 mg ml™")

membranes with a molecular weight cutoff of
60008000 Da with three buffer changes. Subsequent
dialysis against 25% w/v poly{ethylenglycol) (PEG,
35000gmol "), 10mM Tris/HCl pH 7.5 with a
volume extent of PEG between 50 and 400 was used to
prepare high concentration protein solutions as
described previously [15]. For the pre-gelling protocel,
refer to table 1. Gelatin from bovine skin, Type B
(~225 g Bloom, G9391, Sigma-Aldrich, Germany) was
dissolved for 30 min in pre-warmed 10 mM Tris/HCI,
pH 7.5 and sterile filtered before adding to the
concentrated recombinant spider silk sclution in a
weight-to-weight ratio of 200 mg of recombinant
spider silk protein to 1 mg of gelatin. Cells were added
in 5%- or 15% vol/vol Dulbecco’s modified eagle
medium (DMEM) (Biochrom, Germany) supplemen-
ted with 10% vol/vel fetal bovine serum (Biochrom,
Germany), 1% vol/vol GlutaMAX (Gibco, USA) and
0.19 vol/vol gentamicin sulphate (Sigma-Aldrich,
Germany). After incubation at 37 °C, 95% relative
humidity (r. h.) overnight, supplemented DMEM was
added.

2.2. Transmission electron microscopy (TEM }

For TEM analysis, 3C-D5-g and 2R-D5-g hydrogels
were diluted to 1 mg ml ™. 5 pi of the diluted hydrogel
was scattered on 100-mesh Formvar-coated copper
TEM grids (Plano GmbH, Germany), incubated for
10 min, washed two times using 5 pil of double distilled
water (ddH,0), and fibrils were negatively stained
using 5 pl 2% uranyl acetate solution for 2 min.
Samples were allowed to dry for at least 24 h at ambient
temperature before imaging. TEM imaging of dry
samples was performed with a JEM-2100 transmission
electron microscope (JEOL, Tokyo, Japan) operated at
80kV and equipped with a 4000 x 4000 charge-
coupled device camera (UltraScan 4000; Gatan, Plea-
santon, CA).

2.3. Turbidity

To analyze the gelation kinetics of different hydrogel
preparations, turbidity changes upon gelation were
monitored at 570 nm using a Microplate Reader
{(Mithras LB 940, Berthold Technologies, Germany) in
absorbance mode. Sample volume was 100 pd per well
in clear-bottom 96-well plates (Nunc, Germany). A
representative sample was used for 3C-5D. A sample
number of 3 (n = 3) was used for every other
experimental group.

2.4.Rheology

Stress—strain curves of different hydrogel preparations
were analyzed according to a protocol established
previously[15, 19, 20]. Briefly, samples were measured
using an AR-G2 rheometer (TA instruments, New
Castle, DE, USA) for 10 min at a constant shear rate of
3.0 x 1077 s~ with 25 mm plate geometry and with a
modification of a 100 gm gap. Sample volumes
prepared were 200 ul, and samples were allowed to
equilibrate at room temperature before measurement
for at least 30 min. A solvent trap with a wet sponge
was used to minimize evaporation. Young's modulus,
or the elastic (E) modulus, was calculated as described
in a previous publication [15] according to Hooke’s
law using the Poission’s ratios published by Urayama
etal 1993 [23]. A sample number of 1 = 34 was used
for each experimental group. Additionally, as quality
control, the shear-thinning behavior of hydrogels was
confirmed by measuring the effect of shear rate on the
viscosity using the steady state flow where the shear
ratewas increased from 0.01t0 500 s~ 1. 200 pl samples
were measured with 25 mm plate geometry and a
100 ym gap. One sample was measured per exper-
imental group. Only one sample was measured per
experimental group as these data have been well-
established in previous works, and no abnormal
results were collected for control or experimental
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Table 2. Printing parameters used for production of recombinant
spider silk bioink scaffolds. For every experimental group a feed rate
(avelocity) of 40 mm s~ ' was used.

Pressure Daosing Valve opening
Bioink (bar) distance (mm) time (gs)
3C-5D-B 2 0.12 200
3C-5D-g-B -2 0.10 200
2R-5D-B 0.5 0.12 175
2R-5D-g-B 05 0.12 150

groups [19, 20]. Samples were allowed to equilibrate at
room temperature {climate controlled at 20 °C}) before
measurement for at least 30 min, and were measured
under controlled temperature (25 °C).

Hydrogels were additionally evaluated for recov-
ery by measuring the storage and loss modulus before
and after a large deformation using the following pro-
tocol: the first step was to measure before deformation
for 10 min (600 s) by small oscillations (10 rads™,
0.05 strain). The linear strain value was determined by
the stress—strain tests and the shear rate from data pre-
viously reported [19]. The second step was the large
deformation step in a flow mode for 40 s™* shear rate
for 1s. The third step was to measure the modulus
after the deformation over a period of 300 s by small
oscillations (10 rad s, 0.05 strain), A sample number
of n = 3 was used for each experimental group. Sam-
ples were allowed to equilibrate at room temperature
(climate controlled at 20 °C) before measurement for
at least 30 min, and were measured under controlled
temperature (25 °C).

2.5. 3D bioprinting (3DBP)

The 3D Discovery (RegenHU, Villaz-Saint-Pierre,
Switzerland) was operated according to manufac-
turer’s instruction with the micro-valve print-head
using a needle with an inner diameter of 0.33 mm.
Two-layer scaffolds, layer thickness of 0.24 mm, were
printed as an automatically filled 12 mm circle with
1.5 mm spacing, one layer with vertical and the other
with horizontal strands. Printing parameters for each
bioink formulation are summarized below in table 2.

2.6. Stereomicroscopy

A Leica M205C stereomicroscope {Wetzlar, Germany)
was used to capture images of printed scaffolds. The
images of hydrogels were taken using light reflected
from dark field with a 0.63 objective equipped with a
polarization lens. One representative scaffold was
imaged per group, and this same scaffold was imaged
at each time point with the exception of immediately
after printing, where non-sterile conditions were used.

2.7. BALB/3T3 cultivation
BALB,/3T3 mouse fibroblasts (European Collection of
Cell Cultures) were cultivated in DMEM (Biochrom,

E DeSimone etal

Germany) supplemented with 10% vol/vol fetal
bovine serum (Biochrom, Berlin, Germany), 1% v/v
GlutaMAX (Gibco, USA) and 0.1% vol/vol gentami-
cin sulphate (Sigma-Aldrich, Germany) in controlled
atmosphere of 5% CO,, 95% relative humidity and
37 °C. Viability and number of cells were analyzed
using trypan blue (Sigma-Aldrich, UK) and a Neu-
bauer chamber (Laboroptik, UK). 3D bioprinted
scaffolds were cultured in p-dish>*™™"i glass bot-
tom (IBIDI, Germany) with 2ml of com-
pleted DMEM.

2.8.Live/dead staining

Different bioink preparations were either pipetted into
an eight-well chamber (IBIDI, Germany) or 3D
bioprinted into p-dish®™™ glass bottom (IBIDI,
Germany) and cultivated under controlled atmos-
phere of 5% CO,, 95% relative humidity and 37 °C for
15 or 18 d. Cell culture medium was changed every
second day. For the live/dead assay cells were stained
with calcein acetoxymethyl ester (calcein A/M) and
ethidium homedimer-I (EthD-I) (Invitrogen, USA)
after 24 h and after 15 d of incubation for unprinted
bioink, or 18 d for printed bioink. A solution contain-
ing calcein A/M at a final concentration of 2 M and
Ethd-I at a final concentration of 4 M in phosphate
buffered saline (PBS) was added to samples and
incubated for 30-45min at 37°C. At the end of
incubation, the staining solution was removed and
fresh PBS was added. Live and dead cells were
visualized using a fluorescence microscope (Leica
DMi8, Wetzlar, Germany) and processed using either
Leica Application Suite or Image].

2.9. Cell titer-blue

Unprinted bioink solutions with encapsulated
BALB3T3 (1 x 10°cellsml™" of hydrogel) were
placed in Millicell inserts with 5 gm pore diameter,
and the hydrogels were formed at 37 °C. For cell
culturing of printed bioink, scaffolds were directly
printed into p-dish®*™™"85 glass bottom (IBIDI,
Germany). To analyze cell proliferation, different
bioink preparations were incubated for 2.5 h with 10%
v/v CellTiter-Blue reagent (Promega, Germany); in
the case of unprinted scaffolds this was prepared fresh,
and in the case of printed scaffolds, to avoid unneces-
sary mechanical stress from excessive pipetting, the
CellTiter-blue reagent was added directly to the Petri
dishes (200 pl of reagent for 2 ml of DMEM). Cell
proliferation was quantified by determining the fluor-
escence intensity of resorufin {ex 530 nm; em 590 nm)
by using a plate reader (Mithras LB 940, Berthold
Technologies, Germany) on 1001 samples. The
scaffolds were then washed with PBS and incubated in
fresh medium under controlled atmosphere until the
next day. The proliferation was analyzed for 15d
(unprinted hydrogel) or 18 d (printed scaffolds), and
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Figure 1. Proliferation of mouse fibroblasts cell line BALB3T3 in unprinted bioinks over 15 d as measured by: (A) absorbance of cell
titer blue (B)-(1D) fluorescence microscopy images of cells stained with caleein A /M (live cells: green) and ethidium homodimer |
(dead cells: red) (scale bars = 250 jom)and (E)}~(]) photographs of bioink cylinders (diameter = 0.65 cm) removed from cell culture
inserts (B) 3C-15D-B,(C) 2R-15D-B, (12) 3R-15D-B, (E) 3C- 151, (F) 3C-15D-B, (G) 2R-15D, (H) 2R-15D-B, (1} 3R- 15D, (J) 3R-15D-
B. Three to four samples were measured per experimental group (n = 3-4). Standard deviation is indicated using error bars.

the test was repeated twice with three to four replicates
per experiment (n = 3—4 per experimental group).

3. Results and discussion

3.1. Characterization of bioinks before printing

Recombinant spider silk protein eADF4(C16) was first
prepared as hydrogels using 10% methanol as a
solvent, with or without cross-linking by ammonium
peroxodisulfate (APS) [24]. In a modified protocol
introduced by Schacht and Scheibel (2011), a fully
aqueous process was implemented to assemble the
hydrogels. Rheological analysis of the hydrogels
revealed that the shear elastic modulus could be tuned
within the range of human tissues by altering protein
concentration or by using APS as a cross-linker [15].

Therefore, due to the high biomedical potential of
these proteins [16, 18] as well as relevant mechanical
properties and aqueous processing of hydrogels [15],
eADF4(C16) and eADF4(C16)-RGD hydrogels were
recently utilized as a cell-encapsulating bioink [19].
The recombinant spider silk-based bioinks were
printable, and showed high cell viability immediately
after printing (~97%). However, the initial cell
viability after encapsulation was low (~70%), the cells
were cultured for a short period of 7d where no
proliferation was observed, and the printing resolution
was reported as 654 gm (compared to average, pub-
lished values of 200, or a range of 100-500 ;im for
other bioinks) [3, 4, 25]. The first objective of this work
was to improve the cell encapsulation process, and to
better characterize the bioinks before printing.
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Figure 2. Wet weight and dry weight of bioinks 3C-15D-B
and 3R-15D-B over the course of 20 d. Four samples were
measured per experimental group (n = 4). Standard devia-
tion is indicated nsing error bars.

In solution, cADF4(C16) can convert from dis-
ordered structure into f3-sheet rich fibrils, and this
self-assembly process is triggered by temperature, kos-
motropic phosphate ions and increased protein con-
centration [15, 26]. It was hypothesized that this initial
nucleation process, as well as an extended period with-
out an insoluble network to provide attachment sites
(solution starts to gel after 4 h), were responsible for
the cell death during encapsulation. Similar results
were also observed in the case of a different self-assem-
bling, beta-sheet forming peptide. In the latter case it
was seen that the same population of chondrocytes
had much higher viability when encapsulated in an
agarose hydrogel than in the peptide-based one
(~95% versus ~80% viability) [27]. Therefore, for a
certain amount of time as indicated by data collected
on gelation rate, (figure 3(C), [20]), the solutions were
first pre-gelled without cells, and then the cells were
encapsulated at a later time (table 1). The cell viability
increased to nearly 100% as measured by live/dead
staining, which was relatively independent of protein
concentration (figure 81 is available online at stacks.
iop.org/BF/9/044104/mmedia).  This  therefore
makes the recombinant spider silk-based bioinks
competitive with other, more common biomaterials
for example alginate (~90%) [28], agarosc (~95%)
[27] and gelatin (~98%) [29]. With the cell viability
optimized, cell proliferation was first tested in unprin-
ted bioinks for 15 d (figure 1).

As expected, there was significant proliferation
and spreading of BALB3T3 cells only in eADF4(C16)-
RGD hydrogels [18, 19, 30]. The lack of proliferation
in eADF4(C16) is also consistent with another study
where primary dermal fibroblasts were encapsulated
in either alginate, fibrin or fibrin-alginate hydrogels.
The fibroblasts exhibited a spherical shape in alginate
hydrogels, this being a good comparison as alginate is
also an anionic polymer with no natural cell-binding
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sequences [31]. However, interestingly, even with no
spreading or proliferation, cells encapsulated in
30 mgml ' eADF4(C16) hydrogels remained viable
(figure 1(B}). Although the rounded shape of the fibro-
blasts indicates that eADF4(C16) did not provide sites
for focal adhesion, which regulate cell behaviors such
as morphological changes and migration, it is possible
that the network of spider silk proteins could be rela-
tively dense, which is allowing for some kind of cell
contraction and physical support [32, 33]. Compared
to 2D cell culture, the speed of cell migrationina 1D or
3D environment is far less dependent on the density of
cell-binding ligands; in the confined environment,
usually cell contraction is responsible for cell mobility
[34]. Further, this type of result has also been observed
in alginate-gelatin hydrogels; after 7 d in culture there
was no obvious cell spreading or proliferation, but the
cells also remained viable [35].

Although there was good cell viability after 15 d, it
could be clearly scen from the yellow hue of the
pH indicator (phenol red) present within the DMEM
that there was not efficient transport of nutrients and
waste in the solid hydrogel cylinder, (figures 1{E)X~1)),
which would also explain the plateau in the prolifera-
tion in the case of eADF4(C16)-RGD. Further, there
was no clear degradation of the hydrogels over a 20 d
period, which would also reduce the proliferation rate
(figure 2).

Interestingly there was nearly no additional swel-
ling of the hydrogel in DMEM. There seemed to be an
increase in the dry weight, but this likely originated
from salt or protein deposition as opposed to an
increase in biomass, as there was no proliferation in
eADF4(C16), and the increase in dry mass was com-
parable between both groups. On one side this data is
surprising as it is known that encapsulated fibroblasts
accelerate degradation [36], however on the other side
it is expected as it is also well-known that silk tends to
degrade slowly in vitro, even in the presence of highly
concentrated protease mixtures [37=39]. In general,
this data indicates that these hydrogels are more sui-
table for applications where slow degradation is
required, such as in long-term drug release and slow
regencrating tissues.

In first printing attempts of eADF4(C16) the
reported resolution was 654 y:m [19], which falls short
of average published values of 200 pm [3, 4, 25]. The
printability of the eADF4(C16) could not be sig-
nificantly improved by reducing the DMEM content
and altering the printing parameters (data not shown),
therefore, we chose to continue with 5% DMEM con-
tent and 30 mgml ' eADF4(C16). When DMEM was
added, 20 mgm! ' eADF4(C16)-RGD hydrogels were
found to behave nearly the same as 30 mgml ' cAD4
(C16) hydrogels (figure S2). Further, in a previous
study it was determined that 30 mg ml ' eADF4(C16)
hydrogels had a lower storage and loss modulus than
30 mg ml™' eADF4(C16)-RGD hydrogels (prepared
without DMEM) [19). Therefore, 30 mg ml ! eADF4
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1 4

(C16) and 20 mg ml~ ' cADF4(C16)-RGD were sclec-
ted for use for the rest of this study, and shown to have
comparable elastic moduli (figure 4). To be compar-
able to previous proliferation tests, 1 x 10° BALB3T3
cellsml ™" of hydrogel was used. In an attempt to
improve the printability, there were two additional
formulations where gelatin was added to the bioink in
a weight-to weight-ratio of 200:1 (200 mg of eADF4
(C16) to 1 mg of gelatin). Gelatin was the chosen mat-
erial due to its tendency to bind water molecules (and
therefore indirectly acting as a plasticizer) and pre-
vious success when combined with silk for other appli-
cations [21,40].

For the following experiments, 30 mgml '
eADF4(C16) containing 1 x 10° BALB3T3 cells ml !
in 5% vol/vol DMEM in the absence or presence of
0.15mgml ' gelatin, and 20 mgml ' eADF4(C16)-
RGD containing 1 % 10® BALB3T3 cellsml ' in 5%

les were d per experi

I group (n = 3). Standard deviation

vol/vol DMEM in the absence or presence of
0.1 mgml ' gelatin were evaluated for suitability as
bioinks. First, using TEM, it was confirmed that gela-
tin does not disrupt the formation of spidroin fibrils
(figures 3(A) and (B)). The fibrils were 10 nm thick in
case of eADF4(C16) and 9 nm thick in case of eADF4
(C16)-RGD, comparing well to previously reported
values [20, 41]. It is known that the addition of DMEM
does not affect fibril formation but the gelation rate
[20], however, there was no apparent further changes
to the gelation kinetics when gelatin was included,
figure 3(C).

1t seems that gelatin has no effect on fibril forma-
tion or gelation kinetics of the recombinant spider silk
proteins made under the used conditions. Although it
would be potentially difficult to find gelatin fibrils
within the recombinant spider silk fibrils, there were
no appearance of sub-unit, alpha-helical fibrils

7
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(~1.5 nm) or thicker, collagen-like fibrils (12-50 nm)
in the prepared samples [42, 43]. In other works it was
hypothesized that gelatin forms an interpenetrating
network with silk fibroin, for example in silk-gelatin
films [40], or in gelatin methacrylamide (GelMA)-silk
hydrogels [37]. However, in these cases the gelatin
concentration was much higher, and although diffi-
cult to confirm given this data set, it is more likely that
the gelatin strands were not able to assemble triple
helices in this environment and were somehow inte-
grated into the silk fibril network. Furthermore,

unmodified gelatin is soluble at this concentration and
temperature [44], and if not integrated in the network
will likely simply dissolve when introduced in media,
and have no effect. There was also no observable effect
of gelatin on the gelation rate, indicating that the gela-
tin does not cause any protein aggregation or compac-
tion, as seen in the case of DMEM. To see if there were
any effects on the rheological behavior, hydrogels were
measured for stress—strain behavior (figure 4).

The data in figures 4(A) and S2 are in good agree-
ment with previously reported data, where formulations
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with high DMEM content have an apparent yield
around 0.2 strain, and those with low content around
0.6 strain [15, 20], This increase in elastic modulus com-
paring DMEM-free to those prepared with DMEM fur-
ther supports the idea that there is additional cross-
linking or compaction of protein due to the salt content,
as strong evidence exists which correlates a decrease in
optical clarity with an increase in spatial inhomogeneity,
and thercby a decrease in mechanical strength in the
case of hydrogels [45].

Although fibroblasts are not as sensitive as other
cell lines to stiffness, it is clear that they are not

9

unresponsive, as seen in figures 1{C) and {D) as well
as in other reports in literature [46, 471, Therefore,
another important note to the results in figure 4 is
that the selected formulations have had similar stiff-
ness. Although there was a statistically significant
difference between the elastic modulus of
20mgml~" eADF(C16)-RGD and of 30 mgml™'
eADF(C16), the overall range of the moduli is within
3-5kPa. It is not likely, based on other studies, that
the fibroblasts would respond to such a range, as they
rather show changes in behavior around 5 kPa and
then again around 10kPa [438]. There was no
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significant difference in the elastic modulus of
bioinks due to the addition of gelatin, however the
apparent yield of bioinks including gelatin occurred
at a much larger strain, supporting the hypothesis
that the gelatin should indirectly plasticize the
bioinks by binding water molecules [49, 50]. Not
only could this softening improve the printing reso-
lution, but it could possibly reduce unpredictable
phase-separation events characteristic to silk pro-
teins and hydrogels [51, 52].

10

3.2. Characterization of bioinks during and
after 3DBP
As known from previous work, hydrogels made of
cADF4(C16) and cADF4(C16)-RGD arc printable
without any additives [19]. To observe the behavior of
the bioinks in an environment similar to printing, time
sweep measurements were done before and after a
large, high shear rate deformation (figure 5).

All experimental groups recovered their solid-like
behavior instantaneously, and within the 5 min period
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Figure 7. Cell viability of encapsulated mouse fibroblasts (BALB/3T3) in printed scaffolds as evaluated by cell staining with calcein A
M (live cells: green) and ethidium homodimer I (dead cells: red). 3C-3D-Bafter (A) 0 dand (C) 18 d. 3C-51)-g-B after (B) 0 dand (1))

18 d.2R-51)-Bafter (E)0 dand (G) 18 d. 2R-5D-g-Bafter (1) 0 dand (H) 18 d. Scale bars = 200 jom. Sample number of three to four
per n:\pcmncmal group (n = 3-4).

Table 3. Resolution of different bioinks immediately after printing (0 d) and after 18 din

culture.
3C-5D-B 3C-5D-g-B 2R-5D-B 2R-5D-g-B
Resolution (xm) 0 d 628 + 124 361 + 18 385 + 87 348 + 48
Resolution (zm) 18 d 615 + 47 387 £ 36 399 £+ 45 389 £ 63
11
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nearly recovered completely. The shear-thinning of
the formulations was shown to be identical (figure $3).
With clear indication that the recovery behavior is sui-
table in all bioinks, hydrogels were printed with cells
(figures & and 7).

From figure 6, with printing resolution reported in
table 3, it was clear that including gelatin as an additive
improved the resolution and the precision of printed
eADF4(C16) strands. In the case of eADF4(C16)-RGD
this effect was not observed.

This result was impressive at such alow concentra-
tion of gelatin, as in the case of silk fibrein it was repor-
ted that there was a minimum of 50 mg ml ™ of gelatin
required for the bioink to be printable, classifying the
bioinks as blends [21]. Further, the largest weight-to-
weight ratio used, silk to gelatin, was 2 to 1, compared
to the ratio used here of 200 to 1. Further, this is
impressive to most other physically cross-linked
hydrogel systems, for example collagen, gelatin, and
agarose [4]. Interestingly, the eADF4(Cl16)-RGD
groups showed lower shape fidelity, and the effect of
gelatin seemed to be less. This could be due to the fact
that, although the stiffness’s measured in quasi-static
conditions were similar {figure 4), the eADF4(C16)-
RGD was softer in terms of storage modulus (figure 5)
and had a lower viscosity under similar conditions
found in printing (figure 53). A similar result was
observed for GelMA, where hyaluronic acid was blen-
ded to increase the viscosity, and the resulting shape
fidelity was greatly improved [53].

The swelling data in figure 2 and the stereomicro-
scopy images in figure 6 were in good agreement; there
is nearly no swelling and degradation of the bioink,
independent of whether they are printed or not. A visi-
ble improvement when comparing printed to non-
printed bioink was the small molecule transport,
where phenol red dye present in DMEM was quickly
and easily washed away from the printed ones with
one wash, whereas several washes could not remove
the dye from the solid, unprinted cylinders of bioink
(fgures 2(E)-(])). The other visible difference from 1 d
to 18d was that the turbidity of the hydrogels
increased. This supports the conclusion that there is
some sort of salt binding as previously reported
regarding cation binding during hydrogel forma-
tion[20].

There was relatively significant cell death after
printing (figure 7). Interestingly, particularly obvious
in the case of eADF4(C16)-RGD, the cell density
seemed lower in the groups without gelatin than with
gelatin. This supports the hypothesis that phase-
separation might occur during the printing process.
Although this contradicts the previously reported high
cell viability after printing in Schacht et al 2015, this is
likely due to the fact that the initial cell viability after
encapsulation was low (~70%) compared to the nearly
1009 cell viability after using the modified encapsula-
tion protocol (table 1, figure $1) [19]. As confirmed by
both CellTiter blue {data not shown} and cell viability

E DeSimone etal

staining, there was minimal proliferation and spread-
ing in the printed hydrogels, even in the case of
eADF4(C16)-RGD bioinks. To be certain this was an
effect of printing, and not of the batch, the test was
repeated including unprinted bioinks as a control, and
using 15% DMEM content as in previous experiments
(data not shown). Again it was shown there was good
proliferation in eADF4(C16)-RGD unprinted bioinks,
and no proliferation in eADF4(C16) and printed
bioinks, asalready observed infigures 1 and 7. Thelow
proliferation and spreading in printed bioinks could
be due to either cell debris from initial cell death caus-
ing a stress response, or, if there is some sort of water
removal, the mesh size is becoming too dense [52].
The cell viability could have also been reduced due to
dehydration from water removal or due to printing in
air instead of media [11]. Interestingly, although there
was no proliferation, there was also no additional cell
death; the cells which were viable after printing
seemed to remain viable, and cell debris were com-
pletely removed at 18 d with significantly reduced
dead cell staining compared to after 1 d in culture
(figure 7). On the other hand, in other bicinks where
cell viability is reduced after printing, such as GelMA,
there is still significant proliferation [54], so it is diffi-
cult to determine if this is due to a lack of recovery of
the cells from the printing process, or some change in
the hydrogel itself due to the printing process.

4. Conclusion

It could be shown that recombinant spider silk
proteins eADF4(C16) and eADF4(C16)-RGD can be
gelled at 37 °C in the presence of cells and used for 3D
cell culture, and can be printed into 3D scaffolds.
Although chemically cross-linked systems are used
successfully [53, 54], having a thermally gelled system
is advantageous in terms of cell viability after encapsu-
lation, it circumvents cell settling in the printing
cartridge, and helps to prevent cell damage during the
printing process by protection against shear stress
[L1]. It could be said from this study that the eADF4
(C16) hydrogels are permissive, but it is necessary to
maximize cell viability as well as include a binding
peptide in order for them to be considered promoting
hydrogels [5]. Further, the printability of the eADF4
(C16)-based bioinks could be improved by using
gelatin as an additive, but there was no effect on those
prepared from eADF4(C16)-RGD. In summary, in
this study the bioinks were characterized at the
foundational level, including small improvements
such as initial cell viability, proliferation in unprinted
hydrogels, and improvement of the printability in
some Cases,

Another important consideration when designing
bioinks is which cells are used and how many are
encapsulated in the bioink. In other studies, cell load-
ing has been shown to play a significant role, and
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therefore the cell density within the hydrogel should
also be altered [55]. Further, cell-cell interactions are a
significant variable in proliferation rate and tissue dif-
ferentiation [56]. Additionally, an important factor to
consider will be the chosen cell type to fit the slow
degradation profile of eADF4(C18), or, alternatively,
to somehow influence the degradation. In future
work, higher concentration or addition of a thickening
agent to bioinks will also be considered, due to the fact
that high viscosity should improve cell viability after
printing [11].

In conclusion, e ADF4{C16) and its variants can be
used successfully as a bioink, performing comparably
to mest bicinks and out-performing them in terms of
long-term stability. Further improvements have to be
made, but initial tests using a small amount of gelatin
confirmed that these improvements should be
feasible.

Acknowledgments

The authors wish to acknowledge Tamara Aigner for
operating the transmission electron microscope as
well as thank her for stimulating discussion about the
results. The authors would also like to thank Thomas
Frank, Maximilian Reinhardt and Catrin Herpich for
their assistance in early work establishing the best
printing conditions as well as cell culture conditions.
The authors further would like to thank Eileen Lintz
for her thorough proof reading and scientific
discussions.
This work was funded by SFB 840 TP A8.

ORCIDiDs

Thomas Scheibel © https: /orcid.org/0000-0002-
0457-2423

References

[1] Mao ASand Mooney D] 2015 Regenerative medicine: current
therapies and future directions Proc, Natl Acad. Sci. USA 112
14452-9

[2] WuCeral2017 Bioprinting: an assessment based on
manufacturing readiness levels Crit. Rev. Biotechnol 37 333-54

[3] Holzl K et af 2016 Bioink properties before, during and after
3D bioprinting Biofabrication 8 032002

[4] Malda]Jetal 2013 25th Anniversary Article: Engineering
hydrogels for biofabrication Adv. Mater. 25501128

[5] Tibbitt M W and Anseth K § 2009 Hydrogels as extracellular
matrix mimics for 3D cell culture Biotechnol. Bioeng. 103
655-63

[6] Engler AT et al 2004 Myotubes differentiate optimally on
substrates with tissue-like stiffness: pathological implications
for soft or stiff microenvironments [ Cell Biol. 166 377-27

[7] Engler AT et al 2006 Matrix elasticity directs stem cell lineage
specification Cefi 126 677-89

[8] Thiele] et 2l 2014 25th anniversary article: designer hydrogels
for cell cultures: a materials selection guide Adv. Mater. 26
125=47

[9] Irvine $ Aand Venkatraman S 5 2016 Bioprinting and
differentiation of stem cells Malectdes 21 1182

E DeSimone etal

[10] Landers R et al 2002 Rapid prototyping of scaffolds derived
from thermoreversible hydrogels and tailored for applications
in tissueengineering Biomaterials 23 443747

[11] DubbinK et al 2016 Dual-stage crosslinking of a gel-phase
bioink improves cell viability and homogeneity for 3D
bioprinting Adv. Healthcare Mater. 5 2438-92

[12] Jungst Tetal 2016 Strategies and molecular design criteria for
3D printable hydrogels Chem. Rev. 116 1496539

[13] Huemmerich D et a/ 2004 Novel assembly properties of
recombinant spider dragline silk proteins Curr. Biol. 14 20704

[14] Vendrely Cand Scheibel T 2007 Biotechnological production
of spider-silk proteins enables new applications Macromol.
Biosci. 7 401-9

[15] Schacht K and Scheibel T 2011 Controlled hydroge! formation
of a recombinant spidersilk protein Biomacromolecules 12
2488-95

[16) Zeplin PH etaf 2014 Spider silk coatings as a bioshield to
reduce periprosthetic fibrous capsule formation Adv. Funct.
Mater, 24 265866

[17] LangG, Herold H and Scheibel T 2017 Properties of
engineered and fabricated silks Sub-Ceffudar Biochem. 82
527-73

[18] Wohlrab S etal 2012 Cell adhesion and proliferation on RGD-
modified recombinant spider silk proteins Biomaterials 33
6650-9

[19] Schacht K et al 2015 Biofabrication of cell-loaded 3D spider silk
constructs Angew. Chem, 54 2816-20

[20] DeSimone E, Schacht K and Scheibel T 2016 Cations influence
the cross-linking of hydrogels made of recombinant,
polyanionic spider silk proteins Mater. Lett. 183 1014

[21] Rodriguez M J et el 2017 Silk based bioinks for soft tissue
reconstruction using 3-dimensional (3D) printing with in vitro
and in vivo assessments Biomaterials 117 105-15

[22] Chung[HY etal 2013 Bio-ink properties and printability for
extrusion printingliving cells Biornater. Sci. 1 76373

[23] Urayama K, Takigawa T and Masuda T 1993 Poisson ratio of
poly(vinyl alcohol) gels Macremolecules 26 30926

[24] Rammensee S efal 2006 Rheological characterizationof
hydrogels formed by recombinantly produced spider silk Appl.
Phys. A82 2614

[25] DeSimone E ef af 2015 Biofabrication of 3D constructs:
fabrication technologies and spider silk proteins as bioinks
Pure Appl. Chem. 87 737-49

[26] Slotta U etal 2007 Spider silk and amyloid fibrils: a structural
comparison Macromol, Biosci. 7 1838

[27] Kisiday ] et al 2002 Self-assembling peptide hydrogel fosters
chendrocyte extracellular matrix production and cell division:
implications for cartilage tissue repair Proc. Nat! Acad. Sci. USA
99 5956=10001

[28)] Jial et af 2014 Engineering alginate as bioink for bioprinting
Acta Biomater. 10 4323-31

[29] Billiet T et af 2014 The 3D printing of gelatin methacrylamide
cell-laden tissue-engineered constructs with high cell viability
Biomaterials 354962

[30] Hersel U, Dahmen C and Kessler H 2003 RGD modified
polymers: biomaterials for stimulated cell adhesion and
beyond Biematerials 24 4385415

[31] HwangCM etal 2013 Assessments of injectable alginate
particle-embedded fibrinhydrogels for soft tissue
reconstruction Biomed. Mater. 8 014105

[32] Even-Ram $and Yamada KM 2005 Cell migration in 3D
miatrix Cury. Opin. Cell Biol 17 524-32

[33] Wozniak M A et @l 2004 Focal adhesion regulation of cell
behavior Biochim. Biophys. Acta—Mol. Celi Res. 1692 103-19

[34] Doyle AD etal 2009 One-dimensional topography underlies
three-dimensional fibrillar cell migration J. Celf Biol 184
481-90

[35] Duan B etal 2013 3D Bioprinting of heterogeneous aortic valve
conduits with alginate/gelatin hydrogels f. Biomed. Mater. Res.
A1011255-64

[36] HuntN C et @l 2010 Encapsulation of fibroblasts causes
accelerated alginate hydrogel degradation Acta Biomater. 6,
3649-56

13

65



10P Publishing

Biofabrication 9(2017) 044104

[37] XiaoW Qetal 2011 Synthesis and characterization of
photocrosslinkable gelatin and silk fibroin interpenetrating
polymer network hydrogels Acta Biomater. 7 2334-93

[38] BrownJ etal2015 Impact of silk biomaterial structureon
proteolysis Acta Biomater, 11 212-21

[39] SchachtK, Vogt] and Scheibel T 2016 Foams made of
engineered recombinant spidersilk proteins as 3D scaffolds for
cell growth ACS Biomater, Sci. Eng. 2517-25

[40] Gil ES etal 2006 Mixed protein blends composed of gelatin
and Bombyx mori silk fibroin: effects of solvent-induced
crystallization and composition Biemacromolecules 7 728-35

[41] Humenik Mand Scheibel T 2014 Nanomaterial building
blocks based on spider silk-oligonudleotide conjugates ACS
Nane 8 1342-9

[42] KokelSG AV 2011 Collagen-vs. Gelatin-based biomaterials
and their biocompatibility: review and perspectives
Bii tals Applications for Ni dicine ed R Pignatello
{London: InTech)

[43] Starborg T eral 2013 Usingtransmission electron microscopy
and 3View w determine collagen fibril size and three-
dimensional organization Nat. Protocols 8 143348

[44] Mcpherson ] Metal 1985 Collagen fibrillogenesis invitro—a
characterization of fibril quality as a function of assembly
conditions Collagen Relat. Res. 5115-35

[45] Okay O 2009 General Properties of Hydrogels (Springer Series on
Chemical Sensors and Bivsensors) (Berlin: Springer)

[46] Yeung T etal 2005 Effects of substrate stiffness oncell
morphology, cytoskeletal structure, and adhesion Cell Motility
Cytoskeleton 60 24-34

E DeSimone etal

[47] Gillette B M et al 2008 In situ collagen assembly for integrating
microfabricated three-dimensional cell-seeded matrices Nat.
Mater. 7 636—40

[48] Solon Jetaf 2007 Fibroblast adaptation and stiffness matching
to soft elastic substrates Biopiys, [ 93 4452-61

[49] Lewicki P P, Busk G C and Labuza TP 1978 Measurement of gel
water-binding capacity of gelatin, potato starch, and carrageenan
gels bysuction pressure f. Colloid Interface Sei 64501-9

[50] Yazawa K etaf 2016 Influence of water content on the beta-
sheet formation, thermal stability, water removal, and
mechanical properties of silk materials Biomacromolectdes 17
105766

[51] JinH Jand Kaplan DL 2003 Mechanism of silk processing in
insects and spiders Nature 424 105761

[52] Pasqui D, De Cagna M and Barbucci R 2012 Polysaccharide-
based hydrogels: the key role of water in affecting mechanical
properties Polymers 4 1517-34

[53] Schuurman W et al 2013 Gelatin-methacrylamide hydrogels as
potential biomaterials for fabrication oftissue-engineered
cartilage conswructs Macromel, Biosci. 13551-61

[54] Kolesky D B et af2014 3D bioprinting of vascularized,
heterogeneous cell-laden tissue constructs Adv. Mater. 26
3124=30

[55] Miller TS 2014 The billion cell construet: will three-
dimensional printing get us there? PLoS Biology 12 ¢ 1001282

[56] Toh Y C, Xing] Wand Yu H R 2015 Modulation of integrin
and E-cadherin-mediated adhesions to spatially control
heterogeneity inhuman pluripotent stem cell differentiation
Biomaterials 50 37-97

14

66



Part 2. Cations influence the cross-linking of hydrogels made of recombinant,
polyanionic spider silk proteins

DeSimone E., Schacht K., Scheibel T.

Published in Materials Letters, 183, 101-104
(2016)

Reprinted with kind permission from Elsevier

67



68



Materials Letters 183 (2016) 101-104

ELSEVIER

Contents lists available at ScienceDirect

Materials Letters

journal homepage: www.elsevier.com/locate/matlet

materials letters

Cations influence the cross-linking of hydrogels made of recombinant,

polyanionic spider silk proteins

M) o

Elise DeSimone ', Kristin Schacht ', Thomas Scheibel *

Lehrstuhl Biomaterialien, Universital Bayreuth, Universititsstrafe 30, 95447 Bayreuth, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 23 December 2015
Received in revised form

29 June 2016

Accepted 10 July 2016
Available online 11 July 2016

Keywords:

Bioinks

Biofabrication

3D Bioprinting

Recombinant spider silk protein
Physical crosslinking

Spidroin

hydrogels,

Hydrogels made of polyanionic recombinant spider silk proteins (spidroins) were prepared either in the
presence or the absence of Dulbecco's Modified Cagle Medium (DMEM), Mono- and divalent cations
present in DMEM severely affected the self-assembly process of the spidroins. Although the addition of
DMEM had no apparent effect on secondary structure formation, there was a significant effect on the
kinetics as well as on the hydrogel networl;; in the presence of DMEM, gelation occurred more rapidly.
Additionally, the hydrogels were stiffer; however. the hydrogels were still shear-thinning. [n summary. it
can be concluded that there is a significant impact of ionic cross-linking on recombinant spidroin-based

@ 2016 Elsevier B.V. All nghls reserved.

1. Introduction

‘Traditional tissue engineering techniques have a significant dis-
advantage: the placement of different components which are used to
prepare tissue-like constructs (cells, biomaterials and biochemical
factors) is imprecise [ 1,2]. To overcome this disadvantage, researchers
have developed several techniques which allow for co-processing of
cells and biomaterials into specific structures; this sub-type of tissue
engineering is referred to as biofabrication |3,4|. Of these techniques,
one of the most promising is 3D bioprinting; layer-by-layer manu-
facturing of cell-encapsulating biomaterials into 3D scaffolds [5].
Natural biomaterials which have been used in 3D bioprinting are
collagen, gelatin and alginate; however, all of these have some sort of
disadvantage i.e. poor mechanical properties [1-3,6-14|., As an al-
ternative to these common bioinks, the recombinant spider silk
protein (spidroin) eADF4(C16) and its modified variant eADF4{C16)-
RGD have been recently introduced | 15].

The polyanionic spidroin eADF4(C16) consists of 16 repeats of
module C (sequence: GSSAAAAAAAASGPGGYG PENQGPSGPG-
GYGPGGP), which mimics the consensus sequence of the repetitive
core of the European garden spider Araneus diadematus dragline silk
fibroin 4 (ADF4) [16,17]. The RGD variant thereof contains an RGD
integrin-binding motif introduced by genetic engineering at the

* Corresponding author.
E-mail address: thomas.scheibel@bm.uni-bayreuth.de (T. Scheibel).
! First authors.
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C-terminus, which was previously shown to enhance mammalian
cell attachment on spider silk films [18]. These proteins can self-as-
semble from a disordered structure in solution into [3-sheet rich fi-
brils [19]. Self-assembly is triggered by temperature, kosmotropic
phosphate ions and increased protein concentration [20,21].

Bioinks naturally require the use of cell culture media in the
fabrication process. As various ions severely affect the self-as-
sembly process |22], the aim of this research was to characterize
the material properties of the hydrogel prepared in the presence of
cell culture media. Through various assays, stages of the network
formation were observed: basic protein structure (FTIR), fibril
morphology and association (TEM), hydrogel network formation
kinetics (turbidimetry). Additionally, an effect of the formed net-
work on a critical bulk property (i.e. mechanics) of the hydrogel
was also observed {rheology).

2. Experimental
2.1. Transmission electron microscopy (TEM)

For TEM analysis, 3% wjv eADF4(C16) and 3% w/v eADF4(C16)-
RGD hydrogels, in the presence or absence of 15% v/v DMEM, were
diluted to 1 mg/mL. 5 pL of the diluted hydrogel was scattered on
100-mesh Formvar-coated copper TEM grids (Plano GmbH, Ger-
many), incubated for 10 min, washed two times using 5 uL of
double distilled water (ddH,0), and fibrils were negatively stained
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using 5 pL 2% uranyl acetate solution. Samples were allowed to dry
for at least 24 h at ambient temperature before imaging. TEM
imaging of dry samples was performed with a JEM-2100 trans-
mission electron microscope (JEOL, Tokyo, Japan} operated at
80 kV and equipped with a 4000 x 4000 charge-coupled device
camera (UltraScan 4000; Gatan, Pleasanton, CA).

2.2, Analysis of gelation kinetics

For gelation analysis, 100 pL of concentrated eADF4(C16) and
eADF4{C16)-RCGD solutions in the presence or absence of 15% vjv
Dulbecco’s Modified Eagle Medium (DMEM) without phenol red (Life
Technologies, USA) were added to 96-well plates (Nunc, Germany).
Phenol red-free DMEM was used to prevent false measurement or
background noise that might be introduced by this pH indicator. The
hydrogels were incubated at 37 °C and analyzed at various time
points for changes in turbidity. Turbidity changes upon gelation were
menitored at 570 nm using a Microplate Reader (Mithras LB 940,
Berthold Technologies, Germany)} in absorbance mode. A sample
number of 4 (n=4) was used for each experimental group.

2.3. Fourier-Transform Infrared (FTIR) spectroscopy

Secondary structure content of the eADF4{C16) and eADF4
(C16)-RGD hydrogels in the presence or absence of 15% viv DMEM
(Biochrom, Berlin, Germany)} was evaluated after freeze-drying
hydrogel samples with a Bruker Tensor 27 spectrometer (Bruker,
Germany). Spectra were detected by attenuated total reflection
(ATR} with a resolution of 4cm™', and 120 scans were averaged.
Analysis of the amide I band (1595-1705 cm™~") was performed by
Fourier self-deconvolution (FSD) to determine individual second-
ary structure elements as described previously [23-26]. A sample
number of 3 (n=3) was used for each experimental group.

24. Rheology

Stress-strain curves of eADF4{C16} and eADF4{C16)-RGD in the
presence of different ions were measured using a flow measure-
ment mode at the Rheometer AR-G2 (TA Instruments, New Castle,
DE, USA} with a 25 mm plate-plate geometry and a 0.5 mm gap
and a sample volume of 600 pL at room temperature. The shear
rate was kept constant at 3.0~ 1/s. To analyze the influence of 15%
v/v DMEM on the viscosity behavior of these hydrogels, the hy-
drogels were measured using additionally the steady state flow
measurement mode. Here, the shear rate was increased from 0.1 to
1005~ ". For all measurements a solvent trap with a wet sponge
was used to minimize evaporation. All rheological measurements
were performed with pre-formed hydrogels. The highly con-
centrated spider silk solutions were gelled for 24 h at 37 °C before
rheclogical measurements. A sample number of 2-3 (n=2-3) was
used for each experimental group and one representative curve
shown per group.

3. Results and discussions
3.1. Concentration of relevant ions in hydrogel formulations

Dulbecco’s Modified Eagle Medium (DMEM) contains numer-
ous salts, sugars and proteins, which could influence the charge-
charge interactions between the proteins. In this context, salts like
CaCly, NaCl and KCl have already been identified as important in
the formation of spider silk threads in nature, and are therefore of
particular interest for the hydrogel formation as well [27]. These
ions are classified as either kosmotropic or chaotropic [25]: lons
such as Ca®*, are highly chaotropic, CI° is neither kosmotropic of

chaotropic, and K™ and Na® are kosmotropic, with K+ being
slightly more kosmotropic.

In the final formulation of the eADF4(C16) and eADF4(C16)-
RGD hydrogels prepared with DMEM, the molarity is 16.43 mM for
Nadl, 0.80 mM for KCl, and 0.27 mM for CaCl,. An example cal-
culation for NaCl is shown below in Eq. (1). The entire value is
multiplied by 0.15 to account for the fact that the final con-
centration of DMEM is 15% v/v.

6.4g/L/58.44g{mol*1000 mM /1 M*0.15 = 16.43 mM NaCl 1)

3.2. Structural characterization of eADF4(C16) and eADF4(C16)-RGD
hydrogels

The consensus motif (C-module) comprises 35 amino acids
with one (Ala)g stretch able to form f-sheets as well as glycine/
proline rich GPGXY repeats remaining disordered or helical in
solution [26,29,30]. When the protein converts from the soluble to
the insoluble state, there is an increase in the amount of [3-sheet
rich structures [21,26]. Therefore, the gelation process of eADF4
(C16) and eADF4(C16)-RGD can be characterized by the formation
of nanofibrils accompanied by this change in secondary structure.
Here, it was investigated if the presence of 15% vjv cell culture
media influences the secondary structure of eADF4{C16) and
eADF4(C16)-RGD hydrogels using FTIR spectroscopy. Fourier self-
deconvolution (FSD} of the amide I band allowed assignment of
individual secondary structure elements (Table 1) [23-26].

The hydrogels fabricated in the absence or presence of DMEM
were indistinguishable concerning their secondary structure
composition; all hydrogels showed an overall f-sheet content
between 45% and 47%.

3.3. Morphological analysis of the fibrillary network

The morphology of the fibrils and fibrillary network of the 3%
wiv eADF4{C16)} and eADF4{C16)-RGD hydrogels in presence of
cell culture media were evaluated using transmission electron
microscopy (TEM) (Fig. 1A and B).

3% wiv eADF4(C16) hydrogels were organized by nanofibrils
with a diameter of around 10 nm as shown previously, while 3% wf
v eADF4({C16}-RGD hydrogels showed slightly thinner nanofibrils
with a diameter of around 7 nm [32]. In addition, the fibrillary
network of eADF4{C16)-RGD hydrogels was more densely packed
in comparison to that of eADF4{C16) hydrogels. However, the
presence of DMEM had no apparent influence on the gross mor-
phology of the hydrogels; although there appeared to be a change
in opacity, as confirmed by turbidity measurements, likely origi-
nating from the slightly denser packing.

Table 1

Secondary structure elements of 3% eADF4{C16) and 3% eADFa{C16)-RGD made in
the absence or the presence of DMEM (15% vjv). Structural contents were calcu-
lated using Fourier self-deconvelution (FSD) of the amide [ bands.

Secondary structure contentfs

Secondary  Wavenumber 3% C16 3% C16, 3% C16-RGD 3% C16-

structure®  rangef cm ° 15% RGD, 15%
DMEM DMEM
a-helices 1656-1662 89+03 85+01 87+06 75+ 11
p-sheets 1616-1637, 447+13 471+18 451+08 461425
1697-1703
Random 1638-1655 225409 217403 230402 219 +02
coils
Turns 1663-1696 213+04 214+05 207+06 219107
Side chains  1595-1615 26+11 13422 25+04 26+ 10

? Peak assignment taken from literature [23,31).
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Fig. 1. (A, B) TEM images of hydrogels made of self-assembled recombinant spider silk fibrils. (A) 3% eADF4(C16), (B) 3% eADF4(C16)-RGD. (C-E) Time-dependent turbidity
changes {indicative of nanofibril formation) [21] of 3% eADF4(C16) and 3% ¢ADF4{C16)-RGD solutions in the absence and presence of DMEM (15% v/v) as indicated at 37 °C.
(C) Changes in turbidity were quantified at 570 nm and normalized to the highest value. Each data point is averaged from three independent samples. 3% eADF4(C16)
hydrogels in the absence of DMEM (D) and presence of DMEM (15% v/v) (E) after 2 h of incubation at 37 °C.

3.4. Effects of cell culture media on the gelation process

Physical crosslinking in recombinant spider silk protein hy-
drogels occurs due to the formation of inter- and intramolecular
interactions among the proteins based on hydrogen bonds and
hydrophobic interactions [22]. To analyze the impact of the ions
and the ionic strength of the DMEM on the assembly rate of the
network, the turbidity of each sample was monitored at 570 nm in
a time-dependent manner (Fig. 1C).

Hydrogel formation in the presence of DMEM exhibited more
rapid gelation in comparison to that without DMEM. For 3% w/v
eADF4(C16)-RGD hydrogels, the gelation process began im-
mediately after dialysis and was completed after around 10-15 h.
Formation of hydrogels made of 3% eADF4(C16) had a 5h lag-
phase and took overall longer to complete. It was also observed
that DMEM had a significantly greater influence on the rate of
hydrogel formation of eADF4(C16)-RGD compared to that of eADF4
{C16). This could be due to the additional charge residues on the
RGD sequence for ionic bonding.

3.5. Rheological characterization of eADF4(C16) and eADF4(C16)-
RGD hydrogels

Previously it has been shown that eADF4{C16) hydrogels de-
monstrate elastic moduli similar to most polymers, within the

regime of most human tissues and organs, with the exception of
bone tissue [21,33-35]. To determine the effects of cations (ex-
emplary Ca®* was tested) and DMEM on the mechanical proper-
ties of spider silk hydrogels, their stiffness was determined using
rheology (Fig. 2).

The addition of 5mM CaCl, to 3% w/v eADF4(C16)-RGD hy-
drogels resulted in a 1000 x increase of shear stress, while the
shear stress of 3% w/v eADF4(C16) hydrogels increased just 400 x
at the same applied strain. Divalent ions decrease repulsive elec-
trostatic interactions, and forces that favor intermolecular asso-
ciation reactions can prevail [36]. Additionally, COO~ ions of
amino acid side chains in the spidroins by ionic interactions, and
therefore result in a significant increase in the mechanical stiff-
ness. Interestingly, the effect of DMEM was more significant than
CaCl, alone. As DMEM is a highly complex electrolyte solution,
there is most likely multiple types of ionic bonding.

Previously it was shown that hydrogels made of 3% wjv eADF4
(C16) exhibit shear thinning behavior, in contrast to hydrogels
made of silk fibroin | 15,37|. To analyze the impact of DMEM on the
shear-thinning behavior of the spider silk hydrogels, they were
characterized using a steady state flow mode (Fig. 3).

All analyzed samples showed shear thinning behavior, with
high viscosity at low angular frequencies and a decrease in visc-
osity at higher frequencies. However, the addition of DMEM lead
to higher viscosities at low shear rates. Interestingly, no
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Fig. 2. Rheological characterization of hydrogels made of recombinant spider silk

proteins. Stress-strain curves of 3% w/v eADF4(C16) and 3% wjv eADF4(C16)-RGD
hydrogels in the absence and presence of 5 mM CaCl, and DMEM (15% vfv).
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Fig. 3. Viscosity measurements with increasing shear rate of 3% w/v eADF4{C16) and
3% w/v eADF4(C16)}-RGD hydragels in the absence and presence of DMEM (15% v/v).

differences in viscosity between 3% wfv eADF4(C16) and 3% w/v
eADF4(C16)-RGD was observed.

4. Conclusion

In this work, recombinant spider silk protein-based hydrogels
were characterized in the presence or absence of Dulbecco's Mod-
ified Eagle Medium {(DMEM). The formulation of DMEM contains
many ions which are identified as important for the self-assembly
process of spider silk proteins |27]. Data showed similar secondary
structures and fibril formation, regardless of the addition of DMEM,
and therefore differences seen in the hydrogel's stiffness, viscosity, or
turbidity can be related instead to the formation of additional phy-
sical crosslinks to the presence of monovalent and bivalent cations
[22,38]. However, which is an important property for 3D printing, the
shear thinning behavior is maintained, this being important for ap-
plications of spider silk hydrogels as bioinks.
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Appendix A

Hydrogel preparation: eADF4(C16) (MW: 47698 g mol~"') and
eADF4(C16)-RGD {(MW: 48583 g mol ') were produced and pur-
ified as described previously [16,18]. Lyophilized eADF4(C16) and
eADF4(C16)-RGD were dissolved in 6 M guanidinium thiocyanate
at 4 mg/mL and dialyzed against 10 mM Tris/HCI, pH 7.5 overnight
at room temperature using dialysis membranes with a molecular
weight cutoff of 6000-8000 Da. Subsequent dialysis against 25%
w/v poly(ethylenglycol) (PEG, 20,000 g mol ') with a volume ex-
tent of PEG between 50 and 400 was used to adjust 30 mg/mL (3%
wi/v) silk solutions as described previously [21]. Hydrogels were
formed overnight at 37 °C and 95% relative humidity [21].
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Abstract

Antimicrobiotic-resistant microbial strains are a major problem in health care and are increasing in number at an
alarming rate due to the overuse of antimicrobial agents. Therefore, there is a great interest in developing
advanced materials that are selectively inhibiting microbial growth (i.e. their adhesion) without actively killing
microbes and simultaneously promoting mammalian cell growth (i.e. by promoting adhesion and proliferation).
Microbe repellence is a specific feature of some natural spider silks. To unravel how microbe repellence can be
achieved in man-processed materials, different recombinant spider silk proteins based on the consensus
sequences of Araneus diadematus dragline silk proteins (fibroin 3 and 4) were processed into 2D-patterned films
and 3D-hydrogels. Strikingly, protein structure characteristics on the nanoscale are the basis for the detected
microbe-repellence. Designed spider silk materials promoted mammalian cell attachment and proliferation while
inhibiting microbial infestation, indicating the great potential of these engineered spider silk-based materials as
bio-selective microbial-resistant coatings in biomedical and technical applications as well as for hydrogel-based
tissue regeneration.
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1. Introduction

Pathogenic microbial contaminations of surfaces, when exposed to patients, significantly increase the risk of
infection and represent a severe problem in the public health care sector.l"? Biofilm formation on biomedical
devices, such as prosthetics, medical implants, contact lenses, and catheters, not only limits their functionality
and lifetime but can also cause life-threatening infections.># Consequently, microbial biofilm generation and
nosocomial infection during conventional medical therapy have significantly increased mortality as well as
healthcare costs worldwide in the last decade. Outside of the clinical setting, diseases associated with food
contamination as well as biofouling of material surfaces in contact with water supply systems are considered
major health issues.® There are several interacting parameters that have ultimately led to this problem, however,
the most critical is the evolution of antimicrobial-resistant (or even multi-drug resistant)® microbes due to the
overuse of antibiotics.I”-¢l Furthermore, microbial colonization can subsequently lead to formation of aimost
irremovable biofilms, hardly accessible for antibiotics as, after becoming a dense colony, the microbes secrete a
protective coating, making it much more difficult to eradicate biofilms in contrast to isolated microbes.[®1%

One example of a “superbug” is methicillin-resistant Staphylococcus aureus, a major cause of community-
acquired infections resulting in high morbidity and mortality rates in hospital-acquired infections.[' Concerning
treatment of these infections, glycopeptide antibiotics (GPAs) targeting the acyl-D-alanyl-D-alanine (D-Ala-D-Ala)
terminus of the growing peptidoglycans on the outer surface of the Gram-positive bacteria’s cytoplasmatic
membrane are considered the last, non-antibiotic resort for medical treatment.['? Nevertheless, glycopeptide-
resistant organisms cause new problems, as they significantly reduce antibiotic affinity by replacing the D-Ala-D-
Ala terminus with D-alanyl-D-lactate (D-Ala-D-Lac) or D-alanyl-D-serine (D-Ala-D-Ser), prompting the search for
second generation drugs and new strategies to inhibit spreading of such pathogens by new hygiene standards
and for materials with explicit repelling surfaces.!'¥! In this context, biomaterials with inherent non-fouling
properties would provide new opportunities of long-term protection, especially when they can be used as surface
coating materials for already existing products. However, one draw-back of such surfaces is that they often repel
any kind of cells, even human ones, making it difficult to employ them in applications such as tissue
engineering.l'4

As one critical step in biofilm formation is the initial adherence of pathogenic microbes onto a material’s
surface,® inhibiting microbial attachment is a favorable approach to develop material surfaces resistant to biofilm
formation.!'>'® There are two main approaches for inhibiting surface attachment, referred to as either active or
passive resistance. While passively resistant surfaces are typically made of super hydrophilic or hydrophobic as
well as zwitterionic or other synthetic polymers,!'”-'! actively resistant ones are often “contact killing” materials,
such as cationic polymers, amphiphilic polymers, antimicrobial peptides and polymeric/composite materials
loaded with antimicrobial agents.[?%-?% Although these approaches can combat microbial infection by inhibiting
mechanisms of persistence and adaptation, several drawbacks exist, such as instability under physiological
conditions, cytotoxicity to mammalian cells, inflammatory responses, a narrow antimicrobial spectrum, and
implications for transmitting multidrug resistance.?®! Further, antimicrobial activity has been mostly investigated in
terms of its effectiveness against bacteria, although fungal infections also contribute significantly to patient
morbidity and mortality. Moreover, fungal infections can readily form polymicrobial biofilms with enhanced

resistance to antifungal drugs, further limiting therapeutic options.?”! Therefore, efficient mitigation of microbial
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infection associated with both bacteria and fungi is required for the future development of broad-range
multifunctional material coatings.

Spider silk exhibits extraordinary mechanical properties, surpassing the toughness of other polymer fibers, and
further displays excellent biocompatibility useful for biomedical applications.?82° Remarkably, most spider silk
webs withstand microbial omnipresence and remain resistant to microbial decomposition for years, irrespective
of environmental impacts such as humidity, temperature, and location, though being composed of proteins and
therefore of amino acids, which would be a valuable source of nutrition for microbes. Only few studies have been
published examining microbe-repelling effects of natural spider silk,*% and so far, the underlying mechanism
remains ambiguous. This is because the surface of silk fibers consists of varying mixtures of spidroins,
glycoproteins and lipids, and the composition of the surface further depends on the spider species as well as
environmental conditions.*"In some cases, even antimicrobial peptides might be implemented recombinantly to
the spider silk coatings. #23% Consequently, the resistance of spider silk fibers against microbial infestation has
so far only been macroscopically described, but not assigned to single material components such as lipids,
glycoproteins, silk proteins or material features of these composite materials. Recently published results indicate
that bacterial infestation and decomposition of spider silk is inhibited by bacteriostatic activity rather than by anti-
bacterial means.[**3% The authors further hypothesized, that the complex network of interconnected crystalline
and non-crystalline structures might prevent accessibility of nitrogen, which is necessary for bacterial growth.
Here, 2D and 3D scaffolds based on explicit individual recombinant spider silk proteins, based on sequences of
the dragline silk of the European garden spider Araneus diadematus, were found to withstand microbial
infestation depending on the structural features of the material's surfaces. Two engineered Araneus diadematus
fibroins eADF3 and eADF4 and variants thereof were utilized, based on consensus sequences of the core
domains of the naturally occurring fibroins 3 and 4.6371 Materials made thereof polyanionic eADF4(C16), the
best investigated of these variants, display absence of toxicity, lack of immune reactivity and slow
biodegradation.*33% As eADF4(C16) lacks cell binding motifs, like most so far identified spider silk proteins,
eADF4(C16)-coated implants and catheters display a significantly reduced adhesion and proliferation of
mammalian cells as compared to non-treated ones.[*%4'1'When transplanted in vivo in rats, eADF4(C16)-coated
silicone implants exhibited a substantial reduction in capsular fibrosis.“?' However, cell attachment to eADF4-
based materials could be promoted by generating defined surface topographies, such as surface-structured films
or non-woven mats, on both of which good cell adhesion and proliferation could be detected due to the precisely
controlled topography, dimensions and its increased surface areal*>*3. As a second approach, genetically
modifying eADF4(C16) with the cell-binding motif RGD (Arginine-Glycine-Aspartate) promoted mammalian cell
adhesion and proliferation with good cell viability in 2D and 3D materials.[**4% Interestingly, even without
sterilization, surfaces of materials based on the used recombinant spider silk protein eADF4(C16) were
commonly free of microbes.#6:34

To systematically analyze microbe repellence, an extensive study was performed applying a diverse selection of
different biofilm forming microbes, representing pathogenic bacteria (S. mutans, S. aureus, E. coli) and fungi (C.
albicans, P. pastoris) (Figure 1A). Unlike the complex mixture/composite of natural spider silk fibers,
recombinant technologies provide pure and perfectly defined proteins and materials made thereof, which are

intrinsically non-toxic. Consequently, it was hypothesized, that anti-fouling effects of spider silk surfaces might
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not be attributed to toxic effects or explicit amino acid sequences, but to nano-structural features. Numerous
technical*”48l as well as natural®°% examples have shown the achievement of anti-fouling properties by nano-
scaled topographies (Figure 1B).2" Here, biotechnological design and recombinant production of different
spider silk proteins was applied as a platform technology to systematically study the impact of the B-sheet
structure-based nano-crystallites concerning anti-fouling performance (Figure 1C). To test the hypothesis of
nano-topographical effects leading to microbe-repellence, we investigated the impact of the bio-functionalization
with a cell-binding motif (RGD), which doesn’t change the basic crystallite-structural features of eADF4(C16) and
has the potential of bio-selective mammalian cell growth with simultaneous microbe repellence (Figure 1C: a1,
a3). To evaluate the impact of molecular weight as well as terminal domains, eADF4(C32NR4) was included
within this study as its non-repetitive terminal domain causes dimerization resulting in an apparent MW of 208
kDa (Figure 1C: a2). As no structural differences between the core-domains of these proteins and that of
eADF4(C16) could be detected,® anti-fouling properties were expected to be the same.

On the other hand, structural changes and thus changed microbe-repellent properties were predicted to be
induced by varying charges or different amino acid sequence motifs. To analyze the impact of charge, all
negatively charged glutamic acid residues (E) in the consensus sequence of eADF4(C16) were replaced by
uncharged glutamine residues (Q), resulting in the so far not examined neutral recombinant spider silk variant
eADF4(Q16) (Figure 1C: a4). We predicted, that loss of electrostatic repulsion would impact the homogeneous
crystalline distribution as found in the eADF4(C16) structure leading to rather heterogenous packing, clustering
and distribution of $-sheet structures in eADF4(Q16)-based materials. Although, the fibroin 3-based protein
variant eADF3(AQ)12 is also uncharged, the amino acid sequence significantly differs in length of the polyalanine
as well as glycine-rich sequence motif with direct implications on B-sheet size/crystallite size as well as
amorphous regions (Figure 1C: b1). It could be expected that the larger amorphous regions in eADF3(AQ)12
sterically separate the crystal parts, leading to a more homogeneous distribution of crystals similar to those
found in eADF4(C16), which are based on electrostatic repulsion (Figure 1C: b1).

Importantly, recombinant spider silk proteins can be processed into solid morphologies such as films
(representing the potential use as coatings of medical devices or bio-plastic foils as packaging materials)“!-5253
or soft hydrogels (which are highly relevant in the fields of tissue engineering and biofabrication).54-51 Thus, the
experimental design included the use of smooth and structured films as well as hydrogels. For comparison,
regenerated B. mori fibroin was included representing a non-spider silk type with a significantly different amino
acid sequence and respective slightly different structural features and therefore crystal size, poly(caprolactone)
(PCL) as a broadly applied biopolymer and gelatin, a protein-based material which is often used in the context of
biofabrication (i.e. 3D-bioprinting together with cells). To explicitly analyze their suitability in the field of
biofabrication and tissue engineering, the bio-selectivity of 2D and 3D materials made of recombinant spider silk
proteins was tested in co-culture experiments including microbes and fibroblasts.

2. Results

Bacteriostatic and fungistatic properties of recombinant spider silk films

To systematically investigate the absence of microbes and the putative bacteriostatic and fungistatic properties
of distinct spider silk surfaces, films of the negatively charged recombinant spider silk proteins eADF4(C16) and
eADF4(C32NR4) and the uncharged eADF4(Q16) and eADF3((AQ)12) were fabricated to test the influence of
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the primary structure, molecular weight, net charge and the presence of a terminal assembly domain (Table S1,
Supporting Information) on microbial adhesion.

At first, we investigated the single bacterial adhesion forces in contact with 2D spider silk surfaces. The forces
involved in bacterial adhesion were quantified by atomic force microscopy (AFM) in force spectroscopy mode
using single cell bacterial probes.”-%8 Methicillin-resistant Staphylococcus aureus strain (MRSA) is a
widespread problem in hospitals and is a highly infectious pathogen responsible for numerous fatalities
worldwide. A single S. aureus cell was immobilized on a tipless AFM cantilever and pressed with a maximum
force of 300 pN onto silanized glass slides coated with eADF4(C16), eADF4(C32NR4), eADF4(Q16),
eADF3((AQ)12), B. morifibroin, and PCL, the latter two acting as controls. Direct contact was allowed for some
microseconds (termed 0 s in the following) or additional 5 s of surface delay time before the single bacterium
was lifted and the adhesion force F.qs was measured. Then, the forces were normalized (Faq (pacteria)/ @adhesion
force on uncoated silanized glass Faq giass)), and the statistically weighted mean adhesion force was determined.
Thereby, the microbe-repellent properties of recombinant spider silk films of eADF4(C16), eADF4(C32NR4), and
eADF3((AQ)12), yielded an extremely low bacterial adhesion force (Figure 2A). The initial adhesive force at0 s
was slightly, but significantly higher on eADF4(Q16) (factor ~4.5) and even higher on surfaces of B. mori fibroin
(factor ~28) and of PCL (factor ~168) in comparison to that of eADF4(C16). At a surface delay time of 5 s, the
adhesive forces increased in all cases, but still adhesion forces on the three recombinant spider silk protein-
based films (eADF4(C16), eADF4(C32NR4), and eADF3(AQ)12,) were significantly lower than on the control
materials (B. mori fibroin and PCL). To the best of our knowledge, this bacteriostatic and fungistatic properties of
materials made of recombinant spider silk are unique, as materials prepared from regenerated B. mori fibroin,
which resemble to some extend the composition and properties of spider silk proteins but not the amino acid
sequence, do not show such behavior.

Next, we investigated biofilm formation on 2D-surfaces using E. coli and P, pastoris, this time also including an
RGD-modified variant of eADF4(C16). Microbial viability was quantified using the CellTiter-Blue assay. The
negligible adhesion of E. coli and P. pastoris on eADF4(C16), eADF4(C32NR4), and eADF3((AQ)12) as well as
eADF4(C16)-RGD films resulted in low fluorescence intensity in comparison to that of consolidated biofilm
formation on eADF4(Q16), B. mori fibroin and PCL films with much higher microbial viability (Figure 2B). These
results clearly indicated that explicit spider silk surfaces do not allow efficient adhesion of E. coli and P. pastoris,
an observation that is complementary to the previous quantitative adhesion force measurements using S.
aureus.

This finding is intriguing, since the amino acid building blocks between the different silk proteins are similar with
only slight differences. However, these differences are the basis of distinct structural features with significant
impact on protein folding and self assembly. The microbe-repellent properties of these different silks seem to be
directly based on these structural features. To confirm that microbe-repellance is based on structural but not
topographical features, flat spider silk films were compared to micro-patterned ones (2 um wide grooves, 1 ym
wide and 4 ym high ridges) concerning microbial adhesion. The surface topography of spider silk films has
previously been shown to influence mammalian cell attachment and proliferation making this experiment
important.*? Suspended cariogenic Streptococcus mutans (S. mutans) as well as pathogenic Candida albicans

(C. albicans) were seeded on top of all smooth and patterned films for 12 h at 37 °C. After washing to remove
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non-adherent pathogens, films were air dried for microscopic analysis of microbial growth. Scanning electron
microscope (SEM) images clearly showed that both smooth and patterned eADF films substantially restricted the
attachment, growth and microbial colonization of S. mutans as well as C. albicans, and confirmed the superior
repellence of spider silk 2D films (exemplarily shown are eADF4(C16) films) as compared to PCL ones (Figure
2, C-F). This finding confirmed the strict dependence of microbe adhesion to protein-structural surface pattern
but not on surface topography, which was surprising since the grooves were expected to provide optimal niches
for bacterial and fungal physical attachment, being thought to provide at least some impact on microbe
adhesion. The microbe-repellence structural features were overruling any effect that the topography would
normally have, which was also exhibited in the control groups. This property could have far-reaching impact on
future applications, as C. albicans is an opportunistic, common fungal pathogen found in hospitals and is known
to be highly infectious and life threatening. Additionally, E. coli and P. pastoris cells were tested concerning their
adhesion to all recombinant spider silk protein-based films and could not attach to either smooth and patterned
films (Figure S1, Supporting Information).

Next, it was investigated whether this protein structure-based bacteriostatic and fungistatic properties are
restricted to the surface of explicit spider silk films or if they are generic, that is, the feature is retained when
other spider silk morphologies (with identical protein structures) are prepared, such as hydrogels. Spider silk
proteins can be processed into shear thinning hydrogels which can be 3D printed,*®! and one possible
application is their use as scaffolds in tissue regeneration. Therefore, bacteriostatic and fungistatic properties
would complement other interesting features such as non-toxicity and biodegradability of recombinant spider silk
hydrogels.[?3383% These properties, in combination with a controllable adhesion of mammalian cells, would boost
their applicability in various biomedical applications.

Bacteriostatic and fungistatic properties of spider silk hydrogels

To monitor their bacteriostatic and fungistatic properties, spider silk hydrogels were incubated with E. coli and P,
pastoris for 24 h at 37 °C. As a control, hydrogels of regenerated B. mori fibroinl® and gelatin®” as a further
commonly used biomaterial were incubated in an identical manner. Subsequently, all hydrogels were washed
carefully to remove non-adherent bacteria, and an alamar blue viability assay was used to determine E. coli and
P. pastoris. Spider silk hydrogels with microbes showed little alamar blue fluorescence, exemplarily shown for
eADF4(C16) and eADF4(C16)-RGD (Figure 3A). SEM images of lyophilized hydrogels clearly indicated that
bacteria and fungi were not adhering and growing on and within recombinant spider silk hydrogels (Figure 3, B
(i-ii) and C (i-ii)) even upon incubation for 10 days (Figure S2, Supporting Information). Importantly, in this
study, adhesion of microbial cells to eADF4(Q16) hydrogels endorsed the microbe-repellence structural features
of spider silk in 3D surfaces as well to some extent (Figure 3, A, D (i-ii)). However, it can be clearly seen that B.
mori fibroin and gelatin hydrogels enabled E. coli and P. pastoris cells to adhere and colonize, (Figure 3, A, E (i-
ii) and F (i-ii)). On and within both B. mori fibroin and gelatin hydrogels, microbial biofilms could be easily
detected.

Bio-selective properties of spider silk films and hydrogels

Since the identified bacteriostatic and fungistatic properties of distinct spider silk materials can be distinguished
from the previously determined topography-dependent adhesion of mammalian cells, we wanted to elucidate

whether it is possible to trigger a bio-selective behavior, which represses the growth of microbes but enhances
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mammalian cell attachment and proliferation. To improve mammalian cell adhesion, we used eADF4(C16)-RGD
known to interact with integrin receptors to promote mammalian cell attachment.[4455% Importantly, all other
physicochemical characteristics of this variant are indistinguishable to that of eADF4(C16) including pronounced
bacteriostatic and fungistatic properties to resist biofilm formation as shown above.

Hydrogels made of eADF4(C16) and eADF4(C16)-RGD were used to encapsulate BALB/3T3 fibroblasts, and
these were seeded with E. coli and P. pastoris for 6 h to mimic a situation similar to that of a post-operative
infection (Figure 83, Supporting Information). After 6 h of incubation, hydrogels were washed carefully to
remove non-adherent cells (mammalian as well as microbial), and the hydrogels were further incubated with
fresh cell culture media. Viability of microbes and fibroblasts was evaluated by microscopy and live/dead staining
after 3, 6, and 10 days of incubation (Figure 4, (A-i) — (A-iii), (B-i) — (B-iii), (C-i) — (C-iii), and (D-i) — (D-iii)).
Encapsulated fibroblasts showed good viability within the hydrogels made of eADF4(C16) and eADF4(C16)-
RGD over a culture period of 10 days (Figure 4E), while no bacterial and fungi growth/contamination could be
detected during the entire cultivation period (Figure 4F and G), since the microbes could not adhere to start
colony formation and did not manifest a biofilm. As expected, introduction of the RGD-sequence stimulated the
proliferation of BALB/3T3 fibroblasts in contrast to eADF4(C16) hydrogels in which very little proliferation was
observed.

3. Discussion

Microbial adhesion tests with different pathogenic microorganisms using both bacteria (S. mutans, S. aureus,
and E. coli) and fungi (C. albicans, and P. pastoris) demonstrated microbe repellence of distinct recombinant
spider silk materials. None of the tested microbes could manifest biofilms on selected recombinant spider silk
films, hydrogel surfaces or within hydrogels. The inherent property of bacteriostatic and fungistatic performance
of distinct spider silk materials was speculated to be related to the structural features of the underlying proteins
responsible for the formation of hydrophobic patches.®'! The used protein platform technology (Figure 5I),
confirmed the correlation of adhesion of microorganisms with the arrangement of protein secondary structures
(i.e. hydrophobic patches) (Figure 5Il, and lll). As shown schematically, based on the primary sequence, the
size and homogeneous distribution of hydrophobic patches can be controlled due to either intermolecular
charge-charge repulsion as in eADF4(C16) and eADF4(C32NR4) or volume effect of the amorphous region in
eADF3(AQ)12. In contrast, the absence of charge in eADF4(Q16) was hypothesized to induce a denser and less
homogeneous packing of nano R-crystallites, creating large-enough anchoring sites for microbes. On the
mesoscale, microbial cell attachment most readily occurs on surfaces which are rougher, more hydrophobic and
positively charged. Distinct silk proteins, such as spider silk and silkworm silks, feature structural differences e.g.
concerning the B-sheet crystallite size (spider silk: ~7 nm, B. mori fibroin ~14-200 nm) and crystallite
orientation, 344 both influencing the dimensions of the respective hydrophobic patches. Our study demonstrated
that 2D and 3D surfaces of B. mori fibroin with larger hydrophobic patches than that of spider silk are easily
accessible for microbial manifestation. RGD-modified spider silk with homogeneous hydrophobic patches
allowed selective mammalian cell adhesion and proliferation, with concomitant repellence of microbes.

In comparison to natural spider silk with its composite surface layer. It is highly interesting that no additional
components such as glycoproteins, lipids or antimicrobial agents but only the structural features of individual

recombinant spider silk proteins are necessary to generate a microbe-repelling spider silk surface. To the best of
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our knowledge, this is a completely new finding which opens the door for novel applications of spider silk

materials, e.g., as bioselective coatings in various biomedical applications.
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Acronyms

eADF4 engineered Araneus diadematus Fibroin 4
B. mori Bombyx mori

PCL poly(caprolactone)

S. aureus Staphylococcus aureus

E. coli Escherichia coli

P. pastoris Pichia pastoris

C. albicans Candida albicans

S. mutans Streptococcus mutans

AFM atomic force microscopy

Experimental Section

Protein design and production of recombinant spider silk proteins: eADF4(C16) was purchased from AMSilk
GmbH (Planegg, Germany). The recombinant spider silk proteins eADF4(C16)-RGD, eADF4(C32NR4) and
eADF3(AQ)12 were produced and purified as described previously.?844 To generate the uncharged eADF4(Q16)
variant, the glutamic acid residues (E) of the consensus sequence of eADF4(C16) were exchanged with
glutamine (Q) ones. The recombinant spider silk protein eADF4(Q16) was produced in E. coli BL21 gold (DE3)
and purified following a protocol as described previously.'® Briefly, after cell disruption eADF4(Q16) was purified
using a heat step and an ammonium sulfate precipitation.

Bombyx mori (B. mori) fibroin protein: Regenerated fibroin solutions were prepared as described previously®® by
dissolving degummed (boiled for 30 min in 0.02M sodium carbonate) silk fibres in 9.3 M LiBr solution, dialysis
against ultrapure water (Milli-Q) for 2 d at 4 °C, centrifugation at 8500 rpm for 45 min at 4 °C, and collection of
the supernatant. The B. mori fibroin solutions had a final concentration of ~6% w/v and were stored at 4 °C until
use. For the production of flat and patterned films, solutions were freeze-dried and processed in the same way

as spider silk and PCL.

Production of flat and patterned films: All flat and patterned films of proteins and polycaprolactone (PCL;
Perstorp AB) were produced by film casting onto patterned polydimethylsiloxane (PDMS; Sylgard 184 Silicone
Elastomer, Dow Corning) substrates. PDMS stamps were produced by casting of a 10:1 mixture of PDMS pre-
polymer and curing agent (degassed for 20 min) on a photo-lithographically patterned waver to generate the
desired geometry (12 x 12 mm area with 2 ym wide grooves, ridges with a width of 1 ym and a height of 4 ym).
After curing at 80 °C for 90 min, the stamps were solidified and could be easily peeled off. To produce patterned
films, proteins and PCL were dissolved in 1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP; Alpha Aesar) at a
concentration of 100 mg/mL (room temperature, overnight). To generate films with a thickness of 10-15 ym, 250
ML of solution (corresponding to 25 mg of protein/polymer) were poured into the stamp, and the solvent was
subsequently evaporated at room temperature. The dried patterned films were removed and post-treated with
100% ethanol for 1 h to render the silk protein water insoluble upon induction of B—sheet structures. To ensure
that only material properties determined the results of microbial growth experiments, all samples (including PCL

films) were treated the same way. After post-treatment, the samples were stored sterile in 70 % ethanol at 4 °C.
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Bacteria and yeast culture on films: (a) Streptococcus mutans (DSMZ 20523, Braunschweig) and Candida
albicans (patient isolate), stored at -80 °C, were thawed at RT, fractionally spread on Columbia blood agar (PB
5039A, oxoid, Wesel) and incubated for 48 h at 37 °C and 5 % CO.. Afterwards, an overnight culture was
prepared in BBLTM Schaedler Broth medium (Becton Dickinson, Sparks MD, USA), and then the culture was
diluted (1:10) with Schaedler Broth medium. (b) Escherichia coli BL21(DE3)-gold (Novagen, Merck, Darmstadt,
Germany), stored at -80 °C, was thawed at RT and inoculated in Luria—Bertani medium (LB), at 37 °C with
constant shaking at 150 rpm until an optical density (ODeoo) between 0.8 and 1 was reached (corresponding to a
viable count of approx. 107 =108 CFU mL™"). The E. coli culture was diluted (1:10) with LB medium. (c¢) Pichia
pastoris X33 (wild type, Invitrogen, Germany) was inoculated in YPD-media and allowed to grow for 24 h at

30 °C with constant shaking at 150 rpm. The P. pastoris culture was diluted (1:10) with YPD medium.

Silk and polymer films were taken out of 70 % ethanol, subsequently washed with PBS (8.18 g NaCl, 0.2 g KCl,
0.24 g anhydrous KH2PO4, 1.78 g Na2HPO4 x 2H20, 1 L distilled water, pH 7.4, Sigma Aldrich, St. Louis,
Missouri, USA), and incubated in 5 mL of diluted microbial solution (as described above) in petri dishes (& 5 cm)
for 60 h (5 % CO2, 37 °C). Then, the films were removed and carefully washed with PBS to remove non-
adherent bacteria and yeast cells and dried at room temperature for subsequent SEM imaging. (d) For adhesion
force measurements, Staphylococcus aureus (strain SA113), stored at -20 °C, was thawed and cultured for three
days at 37 °C on blood agar plates. Then, one colony from a plate was transferred into 5 mL of sterile tryptic soy
broth (TSB) and cultured overnight at 37 °C, 150 rpm agitation. For each experiment, 40 uL of the culture were
transferred into 4 mL fresh TSB and cultured for another 2.5 h at 37 °C. The bacterial culture was washed three
times with sterile phosphate buffered saline (PBS). The final suspension of bacteria in PBS was stored at 4°C
and used no longer than 6 hours.

Adhesion force measurements: Single S. aureus cells were attached to a tipless AFM cantilever (MLCT-0 with a
nominal spring constant of 0.03 N/m from Bruker Nano, Santa Barbara, Ca, USA) coated with polydopamine that
were calibrated before each set of experiments.[®”%8 Force-distance measurements were performed using a
Bioscope Catalyst from Bruker-Nano in PBS at room temperature. The maximum force with which the cells were
pressed onto the surfaces was set to 300 pN. On each surface, 25 force-distance curves were performed for 0 s
and 5 s of additional surface delay time with one and the same cell, the total number of individual cells being
twelve. The results obtained from three of these cells were not used for the analysis as their adhesion forces
were less than 5 % of the mean adhesion force of the remaining cells indicating that the adhesive strengths of
these cells were not representative for the totality of S. aureus cells used. Nine more cells were tested on
eADF4(C16), B. morifibroin, and PCL with identical parameters under the same conditions. Approaching speed
towards the surfaces was set to 800 nm/s for O s of surface delay time and 100 nm/s for 5 s of surface delay
time. Retraction speed was 800 nm/s. To test the results of adhesion measurements for statistical significance,
all adhesion force distributions were analyzed in pairs by a Man-Whitney-U-test with the software Matlab.
Bacterial and yeast cell viability: Adhesion of E. coli and P. pastoris to silk and polymer films or hydrogels after
culturing for 24 h at 37 °C was measured by analysis of cell vitality using the CellTiter-Blue assay. Samples

incubated with bacterial and yeast cells were washed with phosphate buffered saline (PBS; Sigma-Aldrich) three
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times, and then incubated with 10 % CellTiter-Blue (Promega) in PBS for 3 h at 37 °C. 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, Berthold, Bad Wildbad) with counting time of 0.5 s.

Preparation of eADF4(C16), eADF4(C16)-RGD and eADF4(Q16) hydrogels: Lyophilized eADF4(C16) and
eADF4(C16)-RGD were dissolved in 6 M guanidinium thiocyanate (GdmSCN) at 5 mg/mL and dialyzed against
10 mM Tris/HCI, pH 7.5 overnight at room temperature using dialysis membranes with a molecular weight cutoff
of 6-8 kDa. Subsequent dialysis against 20 % w/v poly (ethylene glycol) (PEG, 20,000 g/mol) at a volume ratio
of PEG/eADF4(C16) solution of 100:1 was used to remove water by osmotic pressure and to adjust 30 mg/mL
(3 % wiv) spider silk solutions. Hydrogels were self-assembled after an overnight incubation at 37 °C. For the
preparation of eADF4(Q16) hydrogels, all steps were carried out at 4 °C, and hydrogels were prepared at
concentration of 20 mg/mL (2 % w/v) eADF4(Q16).

For co-culture experiments, 1x108 BALB/3T3 fibroblasts were added to 3 % w/v eADF4(C16) and eADF4(C16)-

RGD spider silk solutions before gelation in an incubator at 37 °C.

Preparation of B. mori fibroin hydrogels: B. mori fibroin hydrogels were prepared using sonication induced
gelation, as previously reported. In brief, 4 % (w/v) aqueous silk fibroin solution in a 15 mL conical tube was
ultra-sonicated (Ultrasonic Homogenizers HD 3100, BANDELIN) at 50 % amplitude (21 W) for 30 s, and
overnight incubation at 37 °C induced gelation.

Preparation of gelatin hydrogels: GelMA was produced upon reacting gelatin solutions (gelatin from bovine skin,
Type B, ~225g Bloom, Sigma-Aldrich) with methacrylic anhydride (Sigma-Aldrich) following previously described
protocols.% After the dissolution of 10 % (w/v) gelatin in 0.1M CB buffer (3.18 g sodium carbonate and 5.86 g
sodium bicarbonate in 1L distilled water) at 60 °C, one sixth of 1 % (v/v) methacrylic anhydride was added
dropwise every 30 min for 3 h. The solution was vigorously stirred for another 1 h, diluted with 0.1M CB, and
dialyzed for 2 days against ultrapure (Milli-Q) water at 37 °C. The solution was then freeze-dried in a lyophilizer
to obtain methacrylamide-modified gelatin as a dry white powder.

Methacrylamide-modified gelatin hydrogel was obtained by UV exposure of 5 % (w/v) GelMA solution in 24 well
cell culture vessels at 365 nm using an ultraviolet lamp (Benda, type NU -4 KL) for 15 min in the presence of 0.5
mg/mL of the photoinitiator 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure- 2959, Sigma-
Aldrich).

Bacteria and yeast culture with hydrogels: Hydrogels were incubated with 1 mL of diluted liquid cultures of E. coli
and P. pastoris for 12 h at 37 °C. Hydrogels were washed with phosphate buffered saline (PBS; Sigma-Aldrich)
three times to remove non-adherent bacteria and yeast cells and then lyophilized.

Microbial adhesion: The anti-adherence activity of eADF4(C16) and eADF4(C16)-RGD hydrogels concerning E.
coli and P. pastoris was measured by inoculating the supernatant (100 uL) of the microbe-treated hydrogels
(after washing) in fresh media and culturing for additional 12 h at 37 °C. Optical density at 600 nm (ODeoo;

OD600 DiluPhotometer™, IMPLEN) was measured to monitor microbial growth/infection.
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BALB/3T3 cultivation: BALB/3T3 mouse fibroblasts (European Collection of Cell Cultures) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Biochrom) supplemented with 10 % fetal bovine serum (Biochrom)
and 1 % (v/v) GlutaMAX (Gibco) in a controlled atmosphere of 5 % CO2, 95 % humidity and at 37 °C. Viability
and number of cells were analyzed using trypan blue (Sigma-Aldrich) in a Neubauer chamber (Laboroptik, UK).
Co-culture experiments with hydrogels: eADF4(C16) and eADF4(C16)-RGD hydrogels with encapsulated
BALB/3T3 mouse fibroblasts (i.e. bioinks) were prepared in hanging cell culture inserts using 24-well plates
(Merck Millipore) and then exposed to diluted (1:10, corresponding to OD 0.25) bacterial and yeast cells
prepared in DMEM for 6 h at 37 °C with 80 % relative humidity. Hydrogels were washed three times to remove
non-adherent microbes and incubated with fresh DMEM media and cultivated for 10 days under identical
conditions. Cell culture medium was changed every 24 h. The cell viability of BALB/3T3 mouse fibroblasts was
analyzed using the Live/Dead assay after 3, 6 and 10 days.

Live/Dead assay: Films and hydrogels of eADF4(C16) and eADF4(C16)-RGD were washed with PBS and
stained with Calcein acetoxymethylester (Calcein A/M, Invitrogen) and Ethidium Homodimer-1 (EthD-1,
Invitrogen) in cell culture medium for the detection of live and dead cells, respectively. Calcein A/M was added to
the medium at a final concentration of 0.3 yM, and Ethidium Homodimer-1 was added to the medium at a final
concentration of 0.1 uM and incubated for 30 min. After staining, the solution was removed, and fresh PBS was
added for imaging. Live and dead cells were visualized and analyzed using a fluorescence microscope (Leica

DMi8, Wetzlar) and processed using either Leica Application Suite or Image J.

Scanning electron microscopy (SEM): To analyze the morphological structure using SEM, hydrogels were
lyophilized and fixed to SEM stubs using conductive carbon cement solution (Leit-C, PLANO GmbH). Samples
were sputter-coated with 2 nm platinum (Sputter Coater 208 HR with 268 MTM 20, Cressington, Watford, U.K.)
and then imaged at an accelerating voltage of 2.5 kV using a scanning electron microscope 270 Zeiss Sigma VP
300 (Zeiss, Oberkochen, Germany) and Field Emission Gun (FEG; Apreo VS, ThermoFisher Scientific/FEI,

Germany).
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Figure 1. Schematic overview of the conceptual strategy to prevent biofilm formation using spider silk
materials. Various biofilm-forming microbes representing pathogenic bacteria and fungi (A) as well as P. pastoris
(model system) were chosen to verify previously established concepts of passive biofilm prevention by nano-
structured surfaces (B) using the engineered recombinant spider silk platform technology (C). It is predicted that
particularly the charge and the amino acid sequence contributes to the homogeneity of crystallite size and
distribution. Biotechnological engineering allows for systematic adaption of e.g. molecular weight (a1 vs. a2) and
bio-functionality (a1 vs. a3) not affecting the crystallite properties of the underlying silk proteins. On the other
hand, changes such as charge (a1 vs. a4) or amino acid sequence (a1 vs. b1) are expected to impact crystallite
size and distribution. Combining microbe-repellant structural features with the ability to modify the intrinsically
bio-compatible spider silk proteins with cell-adhesion motifs (a3) resulted in distinct bio-selective 2D and 3D
spider silk materials.
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Figure 2. Bacteriostatic and fungistatic properties of 2D scaffolds made of recombinant spider silk
proteins. (A) Adhesion force measurements using single S. aureus probes on silanized glass coated with
eADF4(C16), eADF4(C32NR4), eADF4(Q16), eADF3((AQ)12), B. mori fibroin, and PCL, the latter two serving as
controls. Representative normalized mean adhesion forces were obtained from 25 force-distance curves
performed on each surface for 0 s (brown) as well as 5 s (green) surface delay time using one and the same cell
immobilized on a cantilever with a nominal spring constant of 0.03 N m~'. Forces were referred to the values
measured on uncoated silanized glass (4.8 + 2.4 nN). It was detected that all distributions of adhesion forces
were significantly different with p values below 0.001. (B) Viability of E. coli and P. pastoris cells on films of
eADF4(C16), eADF4(C32NR4), eADF4(C16)-RGD, eADF3((AQ)12), B. mori fibroin, and PCL, after incubation for
24 h at 37 °C. Microbial viability was quantified using the CellTiter-Blue assay by measuring the transformation
of the blue fluorescent dye resazurin into red fluorescent resorufin using 530 nm excitation and 600 nm emission
filters in a microplate reader. Each result is an average of five experiments, and the error bars designate the
standard deviations. Student's t-test was performed for statistical analysis, *indicates significant difference to
eADF4(C16) (p < 0.05). Exemplarily SEM images showing (i) plane and (ii) micro-patterned surfaces of (C & E)
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eADF4(C16) and (D & F) PCL after 12 h of incubation with (C & D) S. mutans and (E & F) C. albicans at 37 °C.
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Figure 3. Bacteriostatic and fungistatic properties of spider silk hydrogels made of eADF4(C16). (A)
Viability of microbial cells on hydrogels made of eADF4(C16), eADF4(C16)-RGD, eADF4(Q16), B. mori fibroin
and gelatin after 24 h incubation with E. coli and P, pastoris at 37 °C. Microbial viability was quantified using the
alamar blue assay by measuring the transformation of the blue fluorescent dye resazurin into red fluorescent
resorufin with 530 nm excitation and 600 nm emission filters in a microplate reader. Minimal adhesion of E. coli
and P. pastoris on eADF4(C16) and eADF4(C16)-RGD hydrogels resulted in low fluorescence intensity in
comparison to adhesion on eADF4(Q16), B. mori fibroin and gelatin hydrogels with higher microbial viability.
Each result is an average of three experiments, and the error bars designate the standard deviations. Student's
t-test was performed for statistical analysis, *indicates significant difference to eADF4(C16) (p < 0.05). SEM
images of hydrogels prepared from (B) eADF4(C16), (C) eADF4(C16)-RGD, (D) eADF4(Q16), (E) B. mori fibroin
and (F) gelatin after 24 h of incubation with (i) E. coli and (ii) P. pastoris. Arrows show biofilm or microbial cells on

hydrogels. Scale bars = 2 pm.
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Figure 4. Bacteriostatic and fungistatic properties of 3D scaffolds made of eADF4(C16) in co-culture of
microbes and mammalian cells. Fluorescence images of (A and B) eADF4(C16) and (C and D) eADF4(C16)-
RGD hydrogels with encapsulated BALB/3T3 fibroblasts and co-cultured with (A and C) E. coli and (B and D) P.
pastoris for (i) 3 days, (ii) 6 days, and (iii) 10 days. Scale bars = 100 ym. The cells were stained with calcein A/M
(live cells: green) and ethidium homo dimer | (dead cells: red). Ethidium homodimer | also stained the hydrogels
yielding an unspecific red background fluorescence (A-D). Proliferation of mouse fibroblastss (BALB/3T3) in
coculture over 10 days was measured using (E) the absorbance of cell titer blue. Microbial growth of E. coli and
P. pastoris in fresh media was measured using (F and G) optical density at 600 nm (ODeoo) with microbial
inoculated hydrogels (after washing) and after incubation for 12 h at 37 °C. Each result is an average of three
experiments, and the error bars designate the standard deviation. Student's t-test was performed for statistical
analysis, *p < 0.05.
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formation yields hydrophobic surface patches with unique distribution and dimensions. (I1l) Homogeneous
hydrophobic patch distribution of eADF4(C16), dimeric eADF4(C32NR4), and eADF3((AQ)12) shows microbe
repellence characteristics. The absence of charge-charge repulsion or steric effects in eADF4(Q16) leads to the
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attachment of microbial cells. eADF4(C16)-RGD allows selective mammalian cell attachment with simultaneous

microbe repellance.
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Figure S1. Bacteriostatic and fungistatic properties of films made of eADF4(C16). SEM images showing (i
& iii) plane and (ii & iv) micro-patterned surfaces of films made of (A) eADF4(C16), (B) eADF4(C32NR4), (C)
eADF4(C16)-RGD, (D) eADF4(Q16), (E) eADF3(AQ)12, (F) B. mori fibroin and (G) PCL after 12 h of incubation
with (i &ii) E. coli and (iii & iv) P. pastoris at 37 °C. Scale bars = 2 ym.
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Figure S2. Bacteriostatic and fungistatic properties of hydrogels made of spider silk variants. Viability of

E. coli and P. pastoris cells on hydrogels of (A) eADF4(C16) and (B) eADF4(C16)-RGD over 10 days was

quantified using the CellTiter-Blue assay by measuring the transformation of the blue fluorescent dye resazurin

into red fluorescent resorufin using 530 nm excitation and 600 nm emission filters in a microplate reader. Cell

culture treated plates without coating were used as control. Each result is an average of five experiments, and

the error bars designate the standard deviations. Student's t-test was performed for statistical analysis, *p <

0.05.
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mammalian cells (BALB/3T3) within hydrogels of eADF4(C16) and eADF4(C16)-RGD. The cell viability of mouse

fibroblasts (BALB/3T3) in co-culture with microbes was evaluated by cell staining with calcein A/M (live cells:

green) and ethidium homodimer | (dead cells: red), and microbial growth of E. coli and P. pastoris in fresh media

was measured using the optical density at 600 nm (ODsoo).
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Table S1. Properties of recombinant spider silk proteins

Recombinant spider silk Mw (kDa) No. of charged amino acid pl
protein residues at neutral pH
(positive/negative)

eADF4(C16) 47.7 0/16 3.5
eADF4(C32NR4) 104.1 2/34 3.5
eADF4(C16)-RGD 48.5 117 3.6
eADF4(Q16) 48.0 0/0 7.8
eADF3(AQ)12 48.0 0/0 5.5

Charged amino acid residues refer to silk sequences only; the T7 tag, present in all

constructs, comprises an additional arginine residue.
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Characterization of Hydrogels Made of a Novel Spider Silk
Protein eMaSp1s and Evaluation for 3D Printing

Christopher Thamm, Elise DeSimone, and Thomas Scheibel*

Recombinantly produced spider silk proteins have high potential for bio-
engineering and various biomedical applications because of their biocompat-
ibility, biodegradability, and low immunogenicity. Here, the recently described
small spider silk protein eMaSp1s is assembled into hydrogels, which can

be 3D printed into scaffolds. Further, blending with a recombinantly pro-
duced MaSp2 derivative eADF4(C16) alters the mechanical properties of

the resulting hydrogels. Different spider silk hydrogels also show a distinct
recovery after a high shear stress deformation, exhibiting the tunability of

their features for selected applications.

1. Introduction

Orb-weaver spiders can produce up to seven different silk types
in specific glands for applications such as offspring protection,
prey wrapping or building the spider web.' 3 The most fre-
quently investigated silk type is the dragline silk (MA: major
ampullate silk), which forms the frame and radii of an orb
web.*7] Some of the notable characteristics of MA silk are its
high toughness, biocompatibility, and low immunogenicity.-'!|
MA silk is typically composed of two classes of spider silk
proteins (i.e. spidroins), major ampullate spidroin 1 and 2
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(MaSpl and MaSp2), each exhibiting a
large repetitive core domain, flanked by
nonrepetitive amino- and carboxyterminal
domains.'*1 Core domains comprise
polyalanine motifs, which form B-sheet
crystals and are responsible for the high
tensile strength of spider silk fibers. In
addition, glycine-rich motifs form an
amorphous matrix, which surrounds the
B-sheet crystals, and this matrix is respon-
sible for the good elasticity.'*'®! The spi-
droins contain terminal domains needed
for proper storage and assembly, which
have crhelical structure '3

Large scale production of spider silk by farming is not fea-
sible due to the cannibalistic behavior of most spider species >l
Therefore, spidroins have to be recombinantly produced in host
organisms like Escherichia coli to have appropriate amounts
for processing into fibers and other morphologies. > In
particular, developing cost-effective methods for producing
3D morphologies of recombinant spider silk is an important
endeavor for this field P71 Recently, a short MaSp1l (MaSpls)
derivative has been described, expanding the list of major
ampullate spidroin classes.” This protein comprises only
439 amino acids in total, consisting of a small nonrepetitive
core and two flanking terminal domains. An engineered variant
thereof, eMaSpls, could be successfully recombinantly pro-
duced and spun into fibers, and the resulting fibers had good
mechanical properties.??)

In addition to fiber assembly, other morphologies were
investigated to expand the applicability of this protein. Among
these non-native morphologies are hydrogels, which are 3D
polymer networks absorbing water in excess of over 95%
(w/w).*32 Hydrogels made of recombinant spidroins have
been successfully produced in the past, and properties thereof
can be controlled by adjusting protein concentration, pH, tem-
perature, ion composition, and ion concentration B33 They
assemble upon concentration-dependent gelation in which
P-sheet rich silk fibrils form a stable physically cross-linked
3D network.**3*31 The structure, the rheological properties
(i.e., a shear thinning behavior), and the biocompatibility of
spider silk hydrogels make them promising candidates for bio-
medical applications.*®*l One particularly interesting use of
hydrogels is in 3D printing to develop biologically functional
constructs. To the best of the authors’ knowledge, there is only
one case where recombinant silk proteins were used in an
extrusion printing process to produce biofabricated scaffolds.*
Conversely, there are many interesting examples of using silk
fibroin of silkworms for 3D printing. However, a disadvantage
of extrusion printing of silk fibroin is that blending with other
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biomaterials such as gelatin and hydroxyapatite is required
for the hydrogels to be printable.*!l Further, silk fibroin has
also been utilized in inkjet printing, a process where the pre-
cursor solution is printed instead of the preformed hydrogel,
and which works by similar principles to an inkjet printer. This
technique allows higher resolution than extrusion printing, but
yields smaller constructs.®® Although inkjet printing is not
effective for tissue engineering, it is much more appropriate for
other applications, for example, silk fibroin was used as an ink
for effective development of biosensor arrays.*?!

In this study, we successfully produced hydrogels of eMaSp1s
and performed a rheological and structural analysis. Strikingly,
blending with an engineered MaSp2 variant eADF4(C16) sig-
nificantly altered the mechanical properties of the hydrogels.

2. Experimental Section

All chemicals used in this study were of analytical grade
and acquired from Carl Roth GmbH & Co. KG (Karlsruhe,
Germany). Double-distilled water (ddH,0) was prepared using
a Millipore system (Merck Millipore, Darmstadt, Germany).

2.1. Recombinant Production and Purification of Spidroins

The engineered protein MaSpls (eMaSpls) consists of a small
core domain, flanked by nonrepetitive termini and has a molec-
ular weight of 43 kDa. eMaSpls was produced recombinantly
in E. coli and purified using affinity chromatography steps and
ammonium sulfate precipitation as described previously.?’!

The recombinant spidroin eADF4(C16) was produced and
purified as previously described.®’!

2.2. Hydrogel Formation

Hydrogels were produced following the protocol reported previ-
ously.*l Briefly, lyophilized proteins were solved in 6 M guani-
dinium thiocyanate and then dialyzed against 10 x 10~ m Tris/
HCl, pH 7.5 overnight at room temperature using dialysis
membranes with a molecular weight cutoff of 6000-8000 Da.
Subsequent dialysis against 25% (w/v) poly(ethylene glycol)
(PEG) (35 kDa) removed water by osmotic stress, allowing pro-
tein concentrations of up to 70 mg mL.1*>* Final concentra-
tions of the protein solutions were determined photometrically
after PEG-dialysis. Since gelation is faster at higher tempera-
tures,® solutions were gelled at 37 °C for 60 h and hydrogels
were stored at 4 °C for 24 h before analysis.

2.3. Analysis of Gelation Kinetics

For gelation analysis, 150 uL of concentrated protein solutions
were added to Nunc 96-well plates (Thermo Fisher Scientific,
Darmstadt, Germany), incubated at 37 °C and analyzed at
various time points for changes in turbidity. Turbidity changes
upon gelation of the protein solution were monitored at
570 nm using a Microplate Reader (Mithras LB 940, Berthold
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Technologies, Bad Wildbad, Germany) in absorbance mode. For
each protein concentration four samples (# = 4) were analyzed.

2.4. Fourier Transform Infrared (FTIR) and Circular Dichroism
(CD) Spectroscopy

FTIR measurements were recorded in absorbance mode using
a Bruker Tensor 27 IR spectrometer (Bruker, Rheinstetten, Ger-
many). Lyophilized hydrogel and protein samples were placed
on an attenuated total reflection (ATR)-crystal and pressed with
a stamp. Each measurement comprised a 60-scan interferogram
with a 2 em™ resolution between 4000 and 800 cm™ and atmos-
pheric compensation. The amide I region (1590-1720 cm™)
was analyzed by Fourier self-deconvolution (FSD) using OPUS
software (version 6.5). Signals were assigned to protein sec-
ondary structure elements according to Hu et al.**!

Far-ultraviolet (UV) CD measurements were performed
using a Jasco J-715 spectropolarimeter (Jasco, Grof-Umstadt,
Germany). Protein concentrations were adjusted to 0.2 mg mL ™!
using 10 x 103 m sodium phosphate buffer, pH 7.5, and
cuvettes were used with a path length of 0.1 cm.

2.5. Rheological Properties

Stress—strain curves of eMaSpls hydrogels were measured
according to a protocol established previously.*** Briefly, the
deformation curves of various hydrogels were monitored for
10 min using a flow measurement mode at an AR-G2 rheo-
meter (TA instruments, New Castle, DE, USA) at a constant
shear rate of 3.0 x 10} s™! with 25 mm plate geometry and a
100 um gap. To analyze the viscosity behavior of the hydrogels,
steady state flow measurements were performed with shear
rates increasing from 0.01 to 500 s°'. In all measurements a
solvent trap with a wet sponge was used to reduce evaporation.
Shear (G) and elastic (E) moduli were calculated as described
in one of the previous publications!®*l according to Hooke’s law
using the Poisson's ratios published by Urayama et a6l Three
samples (n = 3) were measured for each experimental group,
and one representative curve is shown per group.

Hydrogels were additionally evaluated for recovery by meas-
uring the storage and loss modulus before and after a large
deformation which induces either “fluid-like” viscosity (40 s
shear rate) or “soft solid-like” viscosity (0.2 s shear rate). This
was conducted by taking the hydrogels through a three step
analysis: the first step was a measurement before deformation
for 10 min (600 s) by small oscillations (10 rad s, 0.5% strain).
The oscillation program and rate was based on protocols previ-
ously written.’-*% The linear strain value was determined by
the analysis of the stress—strain curves and the shear rate from
data as previously established.’>%| The second step was a large
deformation step in a flow mode for either 40 s shear rate for
1sor 0.2 s7! shear rate for 10 s. The third step was to measure
the modulus after deformation over a period of 5 min (300 s)
by small oscillations (10 rad s™!, 0.5% strain) to see if there is
any recovery. Three samples (n = 3) were measured for each
experimental group, and one representative curve is shown per
group.
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2.6. Congo Red (CR) and Thioflavin T (ThT) Binding
Experiments

2.6.1. CR

Soluble protein and solubilized hydrogels were diluted to a pro-
tein concentration of 0.2 mg mL™ and mixed with 4 x 107 m
CR in 10 x 107 m Tris/HCI, pH 7.5. Ultraviolet-visible {UV-vis)
spectrometry was performed using a Cary 50 Bio spectrometer
(Varian, Darmstadt, Germany) after 30 min of incubation time,
Baselines without CR were recorded at the same protein con-
centration to correct the spectra for light scattering.

2.6.2 ThT

Soluble protein and solubilized hydrogels were diluted to a pro-
tein concentration of 1.0 mg mL™" and mixed with 15 x 10°° m
ThT for 10 min in 10 x 10~ M Tris/HCI, pH 7.5. Fluorescence
spectra were recorded using a Jasco FP-6500 fluorescence spec-
trometer with a 3 mm path length at an excitation wavelength
of 450 nm (Jasco, Grofi-Umstadt, Germany).

2.7. Transmission Electron Microscopy (TEM) Imaging

For TEM analysis, eMaSpls hydrogels were resolubilized
manually by harsh mixing in ddH,0, followed by centrifuga-
tion at 17 700 g for 30 min, and 5 pL of the resulting protein
solution (1.0 mg mL™"} were spotted on supports (Pioloform
100-mesh copper grids and Formvar 200-mesh copper grids
(Plano GmbH, Wetzlar, Germany)), incubated for 2 min,
washed two times with 5 pL. ddH,0, and stained using 5 pL
of 2% uranyl acetate solution. For atomic force microscopy
(AFM) analysis, 30 pL of protein solution {1.0 mg mL™") was
spotted on freshly cleaved mica plates (& 10 mm, V1 grade,
Plano GmbH, Wetzlar, Germany). TEM samples were dried
for at least 20 h at 20 °C before imaging,

TEM 1imaging of solubilized hydrogel sam-
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a DimensionTM 3100 device equipped with a NanoScope V
controller (Veeco Instruments Inc., Plainview, NY, USA) using
SiyN, cantilevers (OMCLAC160TS, Olympus, spring constant
of 42 N m™', resonance frequency of 300 kHz, tip radius less
than 7 nm) and operating in Tapping-Mode. AFM scans were
processed using NanoScope Analysis software version 1.40r3
(Bruker, Santa Barbara, CA, USA).

2.9. Scanning Electron Microscopy (SEM) Imaging

To analyze morphological structure via SEM, hydrogels were
chemically fixed using a fixation buffer {2.5% (v/v) glutaralde-
hyde, 80 x 10~ m HEPES, 3 = 10~ m CaCl, pH 7.3) at room
temperature followed by incubation for 4 h at 4 °C. Then, sam-
ples were washed with water four times, frozen at —80 °C and
freeze dried. SEM pictures of dry platinum sputtered samples
(2 nm platinum coating; Cressington sputter coater 108auto,
Watford, United Kingdom) were taken at an accelerating voltage
of 2.5 kV, using a scanning microscope Leo 1530 Gemini {Carl
Zeiss, Oberkochen, Germany).

2.10. Optical Imaging

Visualization of hydrogel fibrils was performed after adding
ThT, using an inverted optical microscope (Leica DMi8) with an
excitation wavelength of 480 nm using the software Leica V4.3
(Leica Microsystems, Wetzlar, Germany).

2.11. Differential Scanning Calorimetry (DSC)

DSC of freshly produced hydrogels was conducted using a
DSC1 (Mettler Toledo, Columbus, OH, USA) by applying
between 14 and 16 mg of hydrogel under nitrogen-atmosphere
conditions and a heating rate of 20 °C min ",

ples was performed with a JEM-2100 trans- A
mission electron microscope {JEOL GmbH,
Freising, Germany) operated at 80 kV.
Images were recorded using a 4000 x 4000
charge-coupled device camera (UltraScan
4000, Gatan, Pleasanton, CA, USA) and
Gatan Digital Micrograph software (version
1.83.842).

norm. turbidity (570 nm) [%]

2.8. AFM Imaging

For AFM analysis, eMaSpls hydrogels were

prepared in solution identically as for TEM,
and 30 ul protein solution (1.0 mg mL™)
were spotted on freshly cleaved mica plates
(@ 10 mm, V1 grade, Plano GmbH, Wet-
zlar, Germany). AFM samples were dried for
at least 20 h at 20 °C before imaging. AFM
scanning of dried samples was done using
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time [h]

Figure 1. A) Turbidity changes of 3%, 5%, and 7% (w/v) eMaSp1s solutions over time incu-
bated at 37 °C. Changes in turbidity were monitored at 570 nm and reflect the rate of hydrogel
formation. Each data point was averaged from three independent samples {n = 3), and standard
deviations are indicated for each time point. Photographs of B} 3% {w/v) and C) 7% (w/v)
eMaSp1s hydrogels. Scale bars: 0.5 cm.
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2.12. Dispense-Plotting

Robotic dispensing was performed using a 3D Discovery
(regenHU) in a laminar-flow hood. The print head (DD-135N,
print head for contact dispensing) operated in the y,z-plane
and the collector along the x-axis. Printing was conducted at
room temperature in a pressurized 3cc syringe (regenHU).
Dispensing was achieved by pneumatic-driven piston driving
hydrogel through a needle with an inner diameter of 0.33 mm.
The flow was regulated by pressure (0.5 bar), and the printing
velocity was 20 mm s, The printed constructs were imaged
using a stereo microscope {Leica M205C, Leica Microsystems,
Wetzlar, Germany).

2.13. Stereomicroscopy

The Leica M205C stereomicroscope {Wetzlar, Germany)
was used lo capture images of printed scaffolds. The
images of hydrogels were taken on light reflected from
dark field using a 0.63x objective with a polarization lens.
One representative scaffold was imaged per experimental
group.

3. Results and Discussion

3.1. Assembly of eMaSp1s Hydrogels

It has been previously shown that the recombinantly pro-
duced spider silk protein eADF4(C16) (a 48 kDa MaSp2
derivative, consisting of 16 repetitive consensus sequence
modules of the core domain of Araneus diadematus fibroin
4 (ADF4), containing polyalanine stretches (A) and glycine/
proline-rich areas (Q), (Figure S1, Supporting Information))
can spontaneously self-assemble into hydrogels at concen-
trations between 5 and 70 mg mL™".*35% Similarly, eMaSp1s
self-assembled into hydrogels at concentrations between 20
and 70 mg mL~%.

The produced eMaSpls hydrogels exhibited good storage
stability, remaining intact when water or buffer was added.
With this successful processing into hydrogels, eMaSpls is
one of the few recombinantly produced spider silk proteins,
which are able to form both wet-spun solid fibers'?’l and stable
hydrogels.

The influence of protein concentration on the rate of gela-
tion was analyzed by turbidity measurements at 570 nm for five
consecutive days (Figure 1A). Gelation began after a few hours
and was almost complete after 60 h; notably, the gelation rate
was almost independent of protein concentration. Although
the gelation rate was comparable, 7% (w/v) eMaSpls hydro-
gels showed a slightly increased turbidity in the assembled
hydrogel in comparison to lower protein concentrations, which
could be confirmed visually (Figure 1B,C). As also described by
Schacht et al.l*¥! for a different recombinant spider silk protein,
the gelation process was highly reproducible at all eMaSp1s
concentrations.
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Figure 2. FT-IR spectroscopy showing (A: amide | and Il region)
B) secondary structure distribution based on FTIR spectra of a
3% (w/v) eMaSpls hydrogel in comparison to freeze-dried (fd) eMaSp1s.
C) CD spectra of soluble eMaSp1s (0.2 mg mL™") versus hydrogels made
thereof.
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3.2. Structural Analysis of eMaSp1s in Solution and in Hydrogels

It was recently shown that eMaSpls has orhelical secondary
structure in aqueous solution, dominated by its helically folded
terminal domains. However, during hydrogel formation, spider
silk proteins structurally convert into 3-sheet rich structures.**31

Therefore, resuspended hydrogels were analyzed using FTIR
and CD spectroscopy to determine their secondary structure
content (Figure 2A; Table S1, Supporting Information). In FTIR
spectra, the absorbance maxima at 1625 and 1519 cm™ indicated
the presence of B-sheets. FSD of the amide I band (Figure 2B)
showed that the overall B-sheet content increased from 9% to
27%, the o-helical content decreased from 28% to 22% and the
random coil content decreased from 44% to 35% upon hydrogel
formation. All hydrogels showed a maximum at 963 cm™, indi-
cating that the polyalanine regions were in f-sheet conformation
(data not shown).”? These findings also suggested that f-sheet
formation occurred preliminary in the previously unfolded core
domain of MaSpls while the folded termini mainly retained
their helical structure during hydrogel formation.

CD spectroscopy confirmed the FTIR data, showing a change
in ellipticity which indicated the additional formation of -sheet
structures, lowering the overall signal intensities (Figure 2C).
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3.3. B-Fibrillization During eMaSp1s Hydrogel Formation

Hydrogels were resuspended in buffer and analyzed by TEM,
AFM. CR staining, and ThT staining (Figure 3A B).1*5

TEM as well as AFM revealed fibrillar structures
(Figure 3A,B), exhibiting a length of around 200-500 nm,
average diameters of 15 nm (Figure 3A), and heights in the
range of 1.0-1.3 nm (Figure 3B). Length and diameter of
eMaSpls fibrils is consistent with values reported earlier for
recombinant spider silk fibrils.*5¢

The absorbance spectrum of CR redshifted upon binding to
the B-sheets within the nanofibrils (Figure 3B}, and ThT fluo-
rescence significantly increased at 482 nm (Figure 3C), both
confirming the formation of f-sheet containing fibrils during
eMaSpls hydrogel formation.

3.4. Rheological Characterization of eMaSp1s Hydrogels

Previously described recombinant spider silk hydrogels
made from eADF4(C16) showed elastic moduli in a range of
1-30 kPa.**57! The mechanical properties of eMaSpls hydro-
gels were determined using rheology (Figure 4). All eMaSpls

B
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Figure 3. Identification and morphology of B-sheet fibrils in 3% (w/v) eMaSp1s hydrogels. A) TEM image and B) AFM image of eMaSp1s fibrils.
The color bar on the left side of the AFM image presents heights from —5 nm (dark brown) to 5 nm (white). The inset shows height profiles of
three randomly selected eMaSp1s fibrils. C) CR and D) ThT spectra of samples gained from eMaSp1s hydrogels and freshly purified eMaSp1s in

solution.
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Figure 4. Rheological measurements (stress—strain and flow curves) of
3%, 5%, and 7% {w/v) eMaSp1s hydrogels at 20 °C. Each hydrogel was
measured in a single experiment, and representative curves are shown.
A) Stress-strain and B) flow curves of eMaSpls hydrogels at different
protein concentrations. C) Shear moduli and elastic moduli of eMaSp1s
hydrogels.

hydrogels showed slightly inferior values in maximum shear
stress compared to that of previously determined eADF4(C16)
hydrogels at the same concentration (Figure 4A)./*%5%58 Shear
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and elastic moduli increased with increasing protein concentra-
tion; this is likely due to less eMaSpls nanofibril mobility in
highly concentrated solutions, causing higher mechanical stiff-
ness of the hydrogels (Figure 4C).)5

To analyze whether the hydrogels also showed shear thin-
ning behavior as previously shown for hydrogels made of
eADF4(C16),/*l eMaSp1s hydrogels were characterized using a
steady state flow mode and exhibited shear thinning at these
conditions (Figure 4B).

Taken together, the mechanical properties of eMaSpls
hydrogels are in the same regime in comparison to that of
eADF4(C16) hydrogels.

Something notable about Figure 4A,C is that there is a
sharp increase in the stiffness of the hydrogels from 5% to
7% (w/v), a behavior that was also observed for eADF4(C16)
hydrogels.**l Although the studies here are not sufficient
to explain this behavior, the authors would speculate this is
because working with higher concentration within the starting
solution triggers aggregation, resulting in a mixture of fibrillar
network formation with protein aggregation. It was decided
from this point that only 3% (w/v) hydrogels would be tested;
the desired future application of these hydrogels is soft tissue
engineering or drug delivery, and as 3% and 5% (w/v} had
nearly the same modulus, it was sensible to use the formula-
tion which requires less protein and which also yields slightly
larger pore sizes.

Next, concentrated eADF4(C16) and eMaSp1s solutions were
mixed and then assembled into hydrogels. Surprisingly, mixed
hydrogels made of equal amounts of both proteins showed a
significantly increased shear stress in comparison to those
made of only a single protein (Figure 5A).

To analyze the basis of this unexpected behavior, samples
were freeze dried and investigated by SEM. Hydrogels made
of eADF4(C16) showed sheet-like morphology with sheet-like
pores around 100 um (Figure 5C).*" By contrast, eMaSpls
hydrogels revealed a morphology with predominantly round
pores at a smaller size range of 20-40 um (Figure 5B). Blend
hydrogels appeared to be composed of a mixture of both mor-
phologies (Figure 5C).

Next, the thermal stability was characterized by DSC
(Figure SE). After initial water removal, all hydrogels were
stable upon =150 °C. DSC measurements showed a main endo-
thermic peak of eMaSpls at 281 °C, of eADF4({C16) at 330 °C
and of the 1:1 blend hydrogel at 311 °C. In summary, although
there is a special structure which results from the blending, the
thermal stability of the blend was not noticeably increased but
was in between that of the single protein hydrogels, indicating
a blend with likely phase-separated eADF4(C16) and eMaSpls
areas (i.e., reflecting an interpenetrating network). Therefore,
it was not a molecular interaction between both proteins, but
rather the interpenetration, yielding the increased mechanical
properties.

3.5. 3D Printing and Oscillation Experiments
eMaSpls, eMaSpls blend, and eADF4(C16) hydrogels as a con-

trol were examined for printability using similar parameters as
those reported previously for eADF4(C16) hydrogels.*!
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Figure 5. A) Rheological, B-D) SEM, and E) DSC analysis of 3% {w/v) blend hydrogels made of eMaSp1s and eADF4{C16) in a 1:1 (w/w} ratio com-
pared to single-protein hydrogels. SEM images show hydrogels made of B) eMaSp1s, C) eADF4(C16), and D) 1:1 (w/w) blend hydrogel.

Dispense plotted hydrogels of eMaSpls were not as form
stable as those made of eADF4(C16) (Figure 6). This was not
expected considering the shear thinning behavior of the pro-
tein combined with a higher modulus as determined by stress—
strain measurements (Figure 4). To identify the origin of this
behavior, oscillation experiments were conducted to evaluate
the shear modulus before and after a large deformation with
an experimental set-up and parameter determination similar to
protocols previously reported.*” 4°!

Based on the change in the shear storage modulus of the
different hydrogels before and after “fluid-like” viscosity
deformation, MaSpls and the blend were not able to com-
pletely recover their mechanical properties after deformation
(Figure 7A). On the other hand, eADF4(C16) experienced a per-
manent increase in the loss modulus (Figure 7C). This shear
rate resulted in the hydrogel exhibiting a “fluid-like” behavior
with viscosities less than 10 Pa s (Figure S2, Supporting
Information). In the case of the “soft solid-like” behavior, the
blend and eADF4(C16) seemed to recover instantaneously
at viscosities greater than 100 Pa s (Figure S2, Supporting
Information), but the eMaSpls hydrogel did not recover

Macromol. Biosci. 2017, 1700141

1700141 (7 of 9)

at all. eADF4(C16) showed a slight, irreversible increase
in the loss modulus, and in this case the blend did as well
(Figure 7D).

These results were confirmed by observing the apparent
yield stress using stress—strain measurements. Directly after
printing, the apparent yield stress decreased significantly in
the case of hydrogels made of eADF4(C16), eMaSpls, and the
blend (Figure S3, Supporting Information). Interestingly how-
ever, in this case, the eMaSp1s hydrogels also recovered their
original apparent yield stress, although with a much slower
recovery time.

4. Conclusion

Hydrogels of the spider silk protein eMaSpls were assembled
and characterized. Hydrogels showed a fibrillar morphology
with increased B-sheet content and shear thinning properties as
well as shear and elastic moduli different to that of previously
produced recombinant spider silk hydrogels based on MaSp2
derivatives eADF4(C16).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Further, the hydrogels were strengthened
by blending with eADF4(C16). However,
under high shear rates, the eMaSp1s hydro-
gels and hydrogel blends were not able to
recover within minutes, unlike eADF4(C16).
Therefore, although the eMaSpls hydrogels
are not suitable for 3D printing, they could
be envisioned for other applications such as
injectable drug delivery reservoirs, which will
be investigated in the future.

Supporting Information

Supporting Information is available from the Wiley
Online Library or from the author.
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: COOH .

NRN core domain NRC M,(eMaSp1s):
HN 42.7 kDa
ISSSLDSAGASAAQTVRINGYGQIEAEAAAAAAAGSGVARRGG Y GQDETGARNSARIAT
GAGGAGRIGYGQRGAGTGDSPAATVATVAGVGGAGRGE Y DQGRSGATVARATAGRGE Y YQGEAG
LGDAAAATGAGRAERGGYGEGGAAAGNAATAAAGEQGG Y GGOGLSGSYGGOQGAAALASAAAT

™ _ COOH M, (eADF4(C16)):

[ GSSAAAARAAASGPGGYGPENQGPSGPGGYGPGGP ]

C-module
Figure S1: Scheme and sequence of eMaSpls and eADF4(C16). Specific motifs are
highlighted in red (poly-A) and blue (glveine-rich). The theoretical molecular weights (Mw)
of both proteins were calculated using ProtParam tool: http://web.expasy.org/protparam.
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Table S1: Secondary structure content of MaSp1s hvdrogels and blended hvdrogels with
eADF4(C16) as determined by FSD of FTIR spectra.

a-helices [-sheets (}-turns m:_]:il;m side chains
3 % (w/v) MaSpls 21.7 26.6 16.7 336 1.5
7 % (w/v) MaSpls 12.0 253 239 342 4.6
3 % (wiv)
1:1 eADF4(C16): 10.6 334 334 31.3 28
eMaSpls Blend
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Biomedical Applications of Recombinant

Silk-Based Materials

Tamara Bernadette Aigner, Elise DeSimone, and Thomas Scheibel*

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 early 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-

2. Biomedical Engineering

Biomedical engineering (BME) is the prac-
tice of applying engineering principles to
medical problems in order to umprove
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."! It 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

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 as well-known as, for
example, collagen, for biomedical engineering.
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those in third world countries.

The population world-wide is growing
larger due to an increase in successful
birth rate and life expectancy.?! The aging
population is particularly problematic in terms of medical
costs, as they are at increased risk for disease, injury, and tissue
dysfunction.®! Common ailments of the elderly include dilapi-
dation of joints through arthritisl and failure of the heart and
blood vessels through various heart diseases5) Although there
are many existing treatiments, 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 successful
existing therapy is organs replacement.®) 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
risk of infection. Further, the demand of organs is much greater
than the supply, and the associated costs are quite highI”l There
are also diseases which effect this population and are currently
untreatable such as Alzheimer’s.®

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 is particularly complicated because it requires both treat-
ment of the disease and replacement of the damaged tissue.

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

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 (HAIs)." Of these incidents, the most
predominant types were pneumonia (21.8%), surgical-site
infections (21.8%), and gastrointestinal infections (17.1%).
Infections 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.
However, 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.'!

A last short-coming of modern medicine worth mentioning
is the lack of remedies available to those in third world 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 trends 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,!'® technology for mapping and
stimulating the brain achieved through recent pushes by the
BRAIN initiative as well as its internationalization,!'”l 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),'” biomaterial
coatings (active or passive) which physically disrupt bacteria
with or without use of antibiotics to prevent disease trans-
mission,!””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 biotechnological production. However,

Adv. Mater. 2018, 1704636

1704636 (2 of 28)

www.advmat.de

Tamara Bernadette Aigner
graduated from the double
degree Bachelor's and joint
Master's program for
biological chemistry at

the Johannes Kepler
University (Austria, Linz)
and the University of South
Bohemia (Czech Republic,
Ceské Budé&jovice).

She is currently a

Ph.D. candidate at University
of Bayreuth (Germany) under the supervision of
Thomas Scheibel and her research focuses on using
recombinant spider silk proteins as a biomaterial for
heart muscle and nerve regeneration.

Elise DeSimone received

her Bachelor's degree in
biomedical engineering
from Rennselaer Polytechnic
Institute (Troy, New York)
and Master’s degree in
biomedical engineering from
Tufts University (Medford,
Massachusetts). She is
currently a Ph.D. candidate
at University of Bayreuth
(Germany) under the
supervision of Thomas Scheibel and her current research
focuses on the use of recombinant spider silk proteins as
a biomaterial for biofabrication.

Thomas Scheibel has been
full professor at the depart-
ment of biomaterials at
the Universitit Bayreuth
in Germany since 2007.
He received both his
Diploma of Biochemistry
(1994) and a Dr. rer. nat.
(1998) from the Universitit
Regensburg in Germany.
After his postdoc at the

. = University of Chicago
(1998-2001), he received his habilitation (2007) from
the Technische Universitit Miinchen in Germany.
His research focuses on biotechnological production
and processing of structural proteins, as well as their
biomedical and technical application.

over the past 15 years, the recombinant production of silk
proteins has been optimized to the extent that it can even be
manufactured.'’l 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 biomaterials.
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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.”*” 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 o-helices to coiled-coil to collagen/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 f-sheet content, usually
these B-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 f-sheets
are surrounded by crhelices 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.I*"l

Due to the significance of secondary structures to mate-
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 coil,
polyproline Il-like conformations or o-helical structures. The

sources of natural silk
insects

Spiders silkworm & moths

K~

multiple silk types  single silk type

honey bee wasp
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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 3-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-B-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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terminal domains in spider silk proteins, in contrast, often show
orhelical structures, revealing orhelix bundles. When the protein
solution is heated, conformational changes occur in the core
domain forming Psheel andfor Bium structures. Pt In FTIR
gpectroscopy the sum of these C=0 stretching vibrations is
found in the broad amide 1 band located between 1705 and
1595 em™L Several methods were developed to retrieve infor
mation about the secondary structure content from the amide 1
band. To estimate the single bands which forn the broad and
undefined amide [ band, Fourier selfdeconvolution {FSD) is
applied as described i Hu et al®2 Fach of the single bands can
then be assigned to a secondary structure motif, and thereby
the percentage of each structural element can be calculated.
The secondary structure content of solid silk samples differs
remarkably between the species and the treatment of the material,
for example, recombinant honey-bee silk mainly consists of coiled-
coil structure (60%), whereas recombinant spider silk can reach a
Bsheet content of about 40%, F123%!

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 ingects, silk is produced in Malpighian tubules, labial, or
dermal glands. Silks produced in the labial glands of different
animals show all five known silk protein structures {coiled-coil,
extended fsheet, cross-fisheet, collagen wriple helix, polygly-
cine 1) as they are used for various functions. In dermal glands
silks only adopt Bsheet stmicture, and Malpighian tubule silks
form either cross-f or echelical structures

In contrast to most insects, which can produce one silk type
onlyP" orb weaving spiders are able to produce up to seven
different silks, each in a separate gland ¥l However, dragline
silk, 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 (MaSp1 and
MasSp2).2% The main difference between MaSpl and MaSp2
is that MaSp1 is almost proline-free, while MaSp2 coutains
about 15% proline residues. !

3.2. Recombinant Silk—Why Co Recombinant?

There are many drawbacks to harvesting from natural bioma-
terial sources, these include batch-to-batch variation, impuri-
ties, risk for disease transmission, risk for rejection by immune
response, and gathering in substantial {useable) quantities 7]
In the case of silks, the main drawback of harvesting the mate-
rial, with the exception of B. moni silk, is that large seale 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, as most species are territorial and cannibal-
istic. ¥l Nevertheless, efforts have been made to harvest native
silk {rom Nephila spiders and combine it with decellularized.
porcine veins to prepare nerve guidance conduits.B% Insects
stich as lacewing flies or bees are easier to farm, however they
produce minuscule amounts of silk, and harvesting these silks
would not only be tedious, but would severely limit their appli-
cations due to the limited amouut of material " Consequently,
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in terms of sourcing, silk is less accessible unlike other nanral
materials such as collagens, which are abundant, however are
at higher risk for an nndesirable response upon implantation.
Collagen has been associated with product impurities, disease
transmission, and increased likelihood of bacterial infection 1l

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

For a more in depth discussion on the challenges of recom-
binant silk production, the authors refer readers to in-depth
reviews on this subject.[*?

Several steps are required to design and produce a recom-
binant protein. They can be roughly divided by natural DNA
sequence determination, recombinant DNA design based
on natural sequence, vector cloning, host organism transfor
mation, induction, and purification of the protein.®1 When
engineering recombiuant protein, it is often advantageous to
engineer the sequence to be produced more efficiently, while
maintaining its key functions. Although a demanding task, this
offers huge advantage in terms of studying these proteins, and
further allows for hybridizing or functionalizing recombinant
silk protein (Figure 2). The most often used host organism for
recombinant silk protein production is Escherichia coli (E. coli),
and therefore, the process will be explained fromn thig perspec-
tive, although other hosts are alse available and have been
recently reviewed 34

Recombinantly produced silk proteins have been in general
shown to be versatile in terms of being able to forin several,
tailorable morphologies. They can be formed into filins, cap-
sules, particles, foams, hydrogels. micrometerfibers and
nanofibers (Figure 3). This allows a wide range of applications
in different fields.

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 proteing, especialy with
spider silks. Thiz is because spider silk can be character
ized by species, silk type (e.g.. dragline or flagelliform silk)
andfor protein type {e.g., MaSpl vs MaSp2). Further, there
is sometitnes confusion between silk proteins produced by
insects {fibroins) versus silks produced by spiders (spidroinsj,
and spider silk proteins are often referred to as 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 spidroins as MaSp1 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 MaSp1
or MaSp2. Another way researchers name their recombinant

Film on glass plate

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 consensus modules in the sequence.

As a further complication, throughout the course of their
research, some groups will change their naming svstem ol
their proteins, making it difficult 1o differemiate between a
newly designed recombinant protein or a variation or optimi-
zation of an earlier recombinant protein. Although the deci-
gion to 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”P1 also called MS1,%8 eADT4(C16) which
was originally ADFAH(C16)47 or €M% and r$1/9¥% which is
also called 1F9.5%

To provide a guide for the reader for this review, recombi-
nant silk proteins used in BME are summarized in Table 1.

4. Regenerative Medicine

Damaged human tissues or organs 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 to heal or replace damaged tissues or
organs.*l The important concepts and definitions will be pre-
sented here; however, the authors encourage interested readers
1o 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 %3]

The largest subfield of regenerative medicine is tissue engi-
neering, which is the selection and spatial arrangement of cells
and biomaterials for artificial vissue design. The approach used
is typically characterized as botmom-up or top-down, where
bottom-up refers to modilar assembly of building units into
tissue-like constructs, and top-down refers to simply combining
the components and allowing them to selfform structures.©®
Which type of method iz used, bottom up or lop 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 function immediately,
such as in heart or heart tissue replacement. On the other
hand, there are tissues which can benefit from a slow healing
process, for example in neurological tigsues where there is a
nerve gap. Regardless of the technique, the “building blocks”
for fmplants made based on regenerative medicine principles
are biomaterials, cells, soluble bicactive factors, and special-
ized, in vitro culturing conditions (e.z., mechanical stimulation
through liquid flow) (reperted by nibib online!®*¥). It is imper-
tant to note that not all these “building blocks™ must be uged in
one construct, and it is widely debated which of these compo-
nents are truly necessary for regenerative medicine.

In this review, the tissue engineering design element
focused on is biomaterials based-on silk proteins. As defined
by the National Institutes of Health in the 1980s a biomate-
rial is "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 fiunc-
tion of the body.”®7 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
wy o recapitulate properties of the extracellular matrix {ECM)
by altering the morphology of the biomaterial, introducing
gradients of biomaterials, and g0 on. One of the most signifi-
cant design elements of a biomaterials scaffold is dimension
that the cells are cultured in (1D, 2D, or 3Dj; in 1D cells form
elongated shapes, which polarizes the cells {e.g., cortical neu-
rons), in 2D cells tend to form monolayers as in the case of
membrane tissues (e.g., endothelial cells), and in 3D cells tend
to form irregular shapes with many filopodia, and this is the
environment which most cells are exposed to [l

4,1, Micrometer-Fibars Made of Recombinant Silk Protains

“Micrometer-fiber” is a term which will be used by the authors
to describe fibers which have diameters in the micrometer-
range. Iu terms of gilk proteins, the most classic example of
producing these fibers is by bicmimetic or wet spinniug, the
latter being the extrusion of a spinning dope into a coagulation
bath /%1 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-based micrometer-fibers
for tissue engineering applications {e.g., suture materialg) /™
Thig is unexpected in that wet-spun fibers usually provide the
best mechanical properties out of all fiber preduction methods
(raw extracted, electrospinning, microfluidics), as well as the
excellent control of fiber diameter™ That this technique is
nsed less often than other techmigues 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
meshes P16:5971]

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 "% No toxicity was detected, and the immunogenicity was
low as determined by the presence of infiltrated immune cells,
and the formation of fibrous capsule or granulation tissue.
A particularly important point of this smdy was the removal
of endotoxing, a common problematic by-product of recombi-
nant proteins produced in F. coli. Next, it was shown that the
selfassembled micrometer-fibers could be sterilized without
negative effects on the fiber properties, Figure 4.7°| This is a
clear benefit of this particular protein variaut toward tissue
engineering, as endotoxin-fiee, sterile materials are necessary
to qualify for Food and Dmg Administration (FDA)-approval.
After pilot studies were complete, fiber meshes were pro-
duced from 4RepCT selfassembled fibers, and compared to
films and foams for promoting growth of primary fibroblasts
as well as maintenance of differentiation state {as measured by
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Table 1. Recombinant silk proteins used in biomedical engineering applications, not including information on modified versions (e.p., with
RGD sequence).

Qrigin species Maturzl protein Recambinant Haost Molecular weight Urique features of the Reference
orotein {recombinant recombinant protein
protein) primary sequence
Anrherago pernyi Fibroin EAEFMNs £, eoli strain BL21 =11.4 kDa, =22.9 kDa Gorich, poly-A repeat, [31d)
{rnotk) repetitive unit repeated

5o T times

Apis mellifara AmelF1-4 Recornbinant £ eoli strain 32 kDa 29-33% alanire, amino (31]
(honey bee) AmelF1, AmelF2, Rosetta 2 (DE3) add sequence of recom-
AmelF3, AmelF4 competent cells birart protein exactly the
samme as natural protein
Bombyx mori Heavy chain Transgeric silk Transgenic silk- NjA—Variable Matural silk fibroin 152]
(silkwsoron) (H-chain) fibroin worm, B. morf Maturzl sitk fiproin = characterized by silk
100-400 kDa, fibroin block {CAGAGS)
usually =300
Bomibyx mori Light chiain L-RGDS:2 Transgenic silk- NjA—Vaiiable, Natural silk fibroin light 53]
(sitkwaorrn) {L-crain) fibrein (LRF) worm, B. mor MNatural sitk usually  ehain rmodified with RGD
=26 kDa binding sequence
Bembyx mori Crystatline [(AGSGAG)EgAS],  Trarmsgericsilkworrn,  19.9 kDa (theoretical Polyglutamicadd for [54]
{silkworm) 8. morand E. coff 19.7 kDa) @l binding
Bo mbpe muri Silk Rbroin & nd SFLP47Kand  Fooolistrain HBIO)  SELP-315K =65 kDa Silic fbroin block 5]
{silkworm) and elagtin SELP-B1SK SELP-47K =70 kDa {GAGAGS) and marn-
*mamrmialian” malian elastindike block

[GYGVYP) either with
silic & tirmes and elastin
7 times {SELP-47K)
orwith silk 8 times
and elastin 15 times

(SELP-$15K)
Chrysopa carnea Malxe2 M[AS]C £ enli strain 53 kDa AS module repeated [33b,56]
{lacewing) BL21 {DE3) Btirmes

Vespo simillimo Vasilkl-4 Recombinant £. colf strain BL21 30-70 kDa Relatively low number 157]
(hornet) Vssill-4 of repetitive sequences,

arrling add sequenace

egactly the sarme as

natural protein
Auaneus disdematus ADF-4 (Ma5p2) eADF4{CI8), £. colf strain BL21 4% ¥Da GPGXOrich with paly-A 58]
{soider) eADF4{x6) sequence, module is
repeated 16 times

Lugrosthenops eusialis MaSpl 4RepCT £, eolf strain BL21 23.4kDa Gerich, poly-A repetitive [31b,591
(spider) unit repeated 4 tirnes

Nsp!’.‘:'.fa davipas MaSpl 6Grmer, 15mer E. coli strain or 16-22 kDa, Gerich, poly-A monomer [31a,60]
(spider) RY-3041, a rrutare 4050 kDa

BLR (DE3) defedtive
in the expression of

SlyD protein
Nephila clavipes MaSpl 1F9and r51/9 Pickia pastoris (yrast) 94 kDa 9 monomer repeats, {49,50,61]
(spider) or Saccharomyces rronomer contains con-
carevisios (yeast) SEASUS Primary repeals
Nephila clavipas Maspl, MaSp2 MaSpl, rMaSp2 Transgenic goats 65-120 kDa not defined [62]
(spider)
Mephila clavipes MaSpl MS1 {15mer) £ soli BLR (DE3) MS1:39kDa MSE: Gorich, poly-A, [46,63]
(spider) repetitive unit repeated
15 tirres
MaSp2 MS2 (Srmerd) MS2: 2815 kDa MS2: Gerich, pr;ly-n,
4% Q, repstitive urit
repeated 9 tirmes
Adv. Masar 2018, 1704636 1704636 (7 of 28) © 2018 WILEY-VCH Verlig GrbH & Co. KGad, Weinheim
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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 ) 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.I”>! Copyright 2010, American
Chemical Society.

collagen I 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 (lle-Lys-Val-Ala-
Val), or YIGSR (Tyr-lle-Gly-Ser-Arg) were also tested.”* 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
mmsulin 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.”?l 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.”” 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 maodified 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.””< 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 and/or hollow tubes such as vascular grafts 7 nerve
guides *! skin grafts, or wound dressings*'l One common
lechnique to produce sub-micrometer and nanofibers is
electrogpinning,

Electrogpinning is the formation of fibers in the micrometer
to nanometer range by electrically charging a slowly extruded
solution ¥ First, a droplet forms at the tip of the needle,
and, if the parameters are set 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, into an ultrathin
fiber which forms the mat.*** The main advantages of electro-
spinning are that it requires low working volumes to produce
large amounts of scaffold, and there is relatively fine control
over what is produced. However, the disadvantage is that mats
produced from electrogpinning are generally 2D, although
it is technically possible to produce 3D scaffolds!® Further,
low molecular weight (i.e., most recombinant proteins) poly-
mers or proteins are often difficult o nse in electrogpinning,
although this can usnally be overcome by increasing the con-
centration.® Another disadvantage to electrospinning solu-
tions is that they are commonly produced by dissolving the
solute in toxic, fast evaporating solvents. This, combined with
the extreme electrical voltage, makes the process less friendly
to biological agents exposed to the process, and can also be con-
sidered dangerous from a regulatory point of view.

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

In an evaluation of Balb/3T3 mouse fibroblast adhesion of
films, hydrogels, and nonwoven mats produced from recom-
binant spider silk eADF4{C16), one of the most interesting
results was that, without introduction of an RGD sequence,
cells were able 1o attach to nonwoven meshes. This was sur-
prising, since the flat films prepared by the same recombi-
nant protein restilted 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 silk materials can also
be enhanced 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 !

In a similar study, attachment of primary green fluorescent
protein (GFP)-expressing fibroblasts from rabbits to AmelF3
{recombinant honey bee silk, Table 1) nonwoven meshes
was evaluated®'™ In this case, an aqueous solvent was used
for electrospinuing, but poly(ethylene oxide) was added as
a fiber forming agent. It was shown that there was fibroblast
monolayer formation in 7 d, without any modification to the
protein, as in the case of eADF4{C16). However, in this case,
there were no filins cast as a further control, and no citations or
previous work are available showing cell culture on films made
of the recombinant honey bee silk protein. Therefore, it is not
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possible to definitively conclude if the arrachment of cells on
this recombinant silk is due to its biochemical or physical char-
acter; or if it was due to the use of this morphology.

A more complex example of using nonwoven mats pro-
duced from recombinant spider silk proteins was exhibited in
Zhu et al., using MasSp1/Masp2 blended with collagen. The
spinning dopes were at concentrations of 100 mg mi™! and
comprised of either collagen type I, 4:1 MaSpl/MaSp2, or a
blend of the two. Here, human decidua perietalis placental
stem cells were cultured on the nonwoven mats and tested for
proliferation and neural differentiation®” MaSp-based non-
woven meshes had the advantage thar thev resisted degrada-
tion in Dulbeccd's Modified Eagle Medium and were mechani-
cally stronger (Young's modulus <1 GPa for collagen-based
and =4.5 GPa for MaSp-based (ibers). On the other hand, the
collagen-based nonwoven mats were more biologically active
with increased attachment as well as increased expression of
B-tubulin 111, a structural protein found in the axons of neu-
rons. To try to achieve both of these properties, they experi-
mented with the ratios of collagen and recombinant spider
silk protein in the spinning dope, and it was found that the
fibers produced from 30% MaSp content seemed to be the
best balance between the two properties, mechanical stability,
and bioactivity, showing resistance to degradation as well as
significant differentiation of the stem cells. However, these
nonwoven meshes were only cultured for 7 d, and neural cell
differentiation and maturation is a much longer process, and
perhaps it would have been more advantageous to use less col-
lagen and allow for longer growth periods.'"™ Another pos-
sible route for this would be instead to use mixtures of recom-
binant protein variants, which have collagen-associated cell-
binding peptides, or other neuronal growth factors. Thereby,
the mechanical stability of silk would not be compromised by
blending.

In summary, fiber mats are an interesting morphology
bridging the gap between flat films and complex 3D networks
like hydrogels. It was shown that sub-micrometer fiber mor
phologies can enhance the cell attachment. However, there
geems to be firther benefits of including eell-recognition sites,
which should be considered in terms of producing functional
tissue, but have not been thoroughly analyzed so far.

4.3. Films

Filins are the morphology of choice for screening the response
of cells to the biochemical features (e.g., cell-binding sites),
cytocompatability, and physical (e.g, charge) character of
the biomaterial. The small amount of material required, the
ability to control the effects of topology and mechanical stiff-
ness, as well as the ease and simplicity for high-throughput
experiments, makes films a particularly powerful tool for ini-
tial characterization of the material. Especially in terins of
recombinant proteins, this can be a crucial point due 1o the
low amount of available material before the production is opti-
mized. Films have been produced by recombinant silk pro-
teins 4RepCT, eADF4{C16), N[AS],C, 6/15mer, MaSpl/MaSp2
{transgenic goats), Vssilks, EAEFN,,. transgenic fibroing and
variants thereof.
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4.3.1. Recombinant Silks Processed into Films

Silk films are usually produced by casting a silk solution within
various solvents like 1,1,1,3,3,3-hexalluoro-2-propancl {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 solution, and films must be post-treated to be rendered
water insoluble. The posttreatment step usually is incuba-
tion in primary alcohols like methanol or ethanol at various
percentages ranging from 70% to anhydrons Bl 2eds7uee]
One exception is that, if cast out of formic acid, the proteins
tend to immediately convert into S-sheet rich structures, and
therefore post-treatment is not necessarily required.*>¢ Films
out of aqueous solutions were sometimes posi-reated with
alcohol B185726905% 4 d sometimes used as obtained 717475901

The surface characteristics of silk films such as surface
topography, roughness, and composition are commonly
investigated by various microscopy techniques such as atomic
force microscopy (AFM) F**7! light iicroscopy, and scanning
electron microscopy {SEM).*?% 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
films tend to be slightly hydrophilic {contact angle between
55° and 90°).33570:852.5%] Given how similar recombinant silk
films seem in materials characterization tests, the results in
cell enlture were surprisingly different.

One of the most common ways to evaluate recombinant
silk proteins films is by determining cell attachment and
proliferation. 4RepCT filing were ineubated with human
fibroblastg, and although no cell recognition sites were pre-
sent, cells adhered, proliferated. and produced collagen 1.7Y
Several cell binding motifs-—RGD, IKVAV, YIGSR, and RGE
as negative control—were generated. Primary human fibro-
blasts, keratinocytes, endothelial, and Schwann cells were
seeded on silk films with the different binding motifs. Focal
adhesions of fibroblasts, keratinocytes, and endothelial cells
were best on filmg of the RGD variant, whereby Schwann
cells seemed to prefer films made of the IKVAY variant.”!
Films of different silk variants bearing a fibronectin motif,
with RGD being presented in a loop similar to native ECM,
were incubated with human primary cells, which showed an
increased attachment, spreading stress fiber formation and
focal adhesion points compared to RGD-4RepCT. Moreover,
human dermal microvascular endothelial cells (HDMEC),
human mesenchymal stem cells (hMSC), and human epi-
dermal keratinocytes (NHEK) were able to attach and prolif
erate, and NHEK conld be directed to migrate inte 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 domains
for cell adhesion, has a net negative charge, and the films
have a smooth surface”*! An RGD tag was covalently bound
to the C-erminus by introducing 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 RG E-modified control./*%!
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In Kambe et al., the antachment of chondrocytes isolated
from white rabbits was tested on films produced from fibroing
with different numbers of RGD meotifs per recombinant pro-
tein. Indeed, it was shown that primary chondrocvies exhib-
ited a spread morphology on fihms of the L-RGDSx2 after
12 h, which was not found on films of native fibroin. A modi-
fied cantilever was used to determine the adhesive force and
demonstrated an increase in adhesive strength on the RGD
modified fibroin surface. Further, real-tine polvinerase chain
reaction {qPCR) measurements revealed that this increased
cell adhesive strength did not occur at the expense of down-
regulating the chondrocvte-specific phenotype. Thus, films
of the L-RGDSx2 fibroin containing two RGD motifs in
the fibroin light chain were determined to be a promising
substrate for primary chondrocyles™ Films made of four
recombinant silk proteing of Vespa simillima hornets were also
investigated. It was shown that Vssilkl and Vesilk2 film sur
faces are positively charged at physiological pH and were rather
hydrophobic with water contact angles between 859 and 90°.
It was therefore not surprising that there was a significant
higher cell adhesion on films made of Vesilkl 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 proteins, for instance collagen I or fibronectin 7%
In a further study, an RGD motif was added to Vssilkl, which
improved NIH3T3 fibroblast adhesion 5%

Independent of cell-binding motifs, it was also shown that
by structuring filing of different eADF4(C16) variants and the
lacewing egg stalk mimic N[ASC, the attachment of Balb/3T3
fibroblasts and C2C12 myoblasts can be improved. Maoreover,
the cells aligned in the groves of the structured filins, inde-
pendent of the silk proteins and variants used, and myoblasts
even formed myotubes™™ Films of transgenic silkworm silk
have also been analyzed by several groups. In Yanagisawa
et al., a collagen or an RGD motif was added to the light chain
of fibroin in an attempt to improve cell adhesion. Tests using
Balb/3T3 Lbroblasts showed that on films of both constiucts
adhesion could be improved compared to that on filing of
native fibroin, whereby RGD modified silks resulted in the best
performance 5

Recombinant silk films have also been used as screening
tools for more specific applications. On 4RepCT filins, 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 morphology and immu-
nohistochemistry were assessed.”® Lewicka et al. investigated
neural stem cells (NSCs) on 4RepCT films and showed that
before differentiation cells could proliferate and after differen-
tiation 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 resulted in a lower
success rate compared to the positive control {poly-L-ornithine
and fibronectin coated plates). These results suggest the appli-
cability of 4RepCT films in combination with NSCs for drg
screening and in the future for cell therapy-based treatments
of neurological disorders like Parkinson’s disease or trau-
matic gpinal cord injuries™! In the study by An et al. MaSp1
and MaSp2 filns were compared to B. mert silk films, and it
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was shown that cortical neurons grow on MaSpl 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 MaSp1, also found in brain aggrecan
core protein, which seems to support neural growth™"

MaSp1 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 oblained on films of the
15mer without the RGD tag. Although experimentally uncon-
firmed, it was speculated that the RGD motif was not acces-
sible on the surface.’' To remedy the problem, the silaffin
derived RS tag, which is responsible for silica mineralization in
Cylindrotheca fusiformis, was 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

as
memer+BSP Control
s Démer Control
¥ Bemer+BSP
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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. ™! Another interesting recom-
binant silk is the silk moth derivative EAEFN,, (n = 5 or 10)
from Antheraea pernyi. On EAEFNy, 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 onto EAEFN; films than
B. mori fibroin films, however, the positive control resulted in
the greatest degree of biomineralization by the osteoblasts*1

In a separate study, 6mer 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 hepeidin, 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.**!
In their last study a tag-free purification approach of plain 6mer
and 15mer was developed and shown to be noncytotoxic. 1%

In Petzold et al., the response of primary cardiac cells from
3-day-old Sprague-Dawley rats was evaluated on films prepared
from eADF4(x16), a positively charged variant of eADF4(C16).
Cardiomyocytes cultured on eADF4(x16) 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,|**"

=2

Cell viability in fluorescence units
- §8EEERBEE

3days 7 days 14 days

Figure 5. a} CafP 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 émer+BSP films and determined using an alamarBlue assay. Here, a higher cell viability/proliferation was found for cells on émer-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 [#%d
Copyright 2011, Royal Society of Chemistry.
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Figure 6. Cardiomyocytes cultured on fibronectin and eADF4(x16) films. a,b) Heart muscle cells on fibronectin and eADF4(x16) stimulated with 0.2%
or 10% fetal bovine serum (FBS), stained for sarcomeric-@-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 methods!® or did not show any micro-
scopy images to confirm their cell culture data.>%“"! 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,
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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 um) 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,
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and gas foaming, In the case of gas foaming, the polymer is
saturated with a gas, such as CO,, at high pressure. Then, the
pressure is slowly released to atmospheric pressure, which
reduces the solubility of the gas in the polymer and thereby gas
bubbles are formed.*” In solvent-casting particulate leaching,
galt particles are homogenecusly dispersed in a polymer solu-
tion and the solvent is evaporated. The salt is leached out of the
scaffold in a water bath, which leaves behind a porous foam
structure.™ Salt leaching is the most common techuique for
producing foams from recombinant silk proteins.

To create a scaffold by freeze-drving, the most simple method
is to freeze an aqueous polymer solution, which results in crystal
formation by the solvent, and then to 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.! Allernatively,
the pore size can also be controlled by nse of emulsion freeze-
drying, where an agqueocus phage s mixed with a watermiscible
organic solvent and subsequently frozen. 2 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 formation of ice crystals, and hence 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 further processing ™! Pore
direction can alse be controlled by cyrostructuring. Cryostruc-
turing, or the directional growth of solvent crystals, occurs when
a temperatire gradient is applied, and it follows that the pores
are also aligned into a specific structure.10%

4.4.1. Recombinant Silks Processed into Mesoporous Foams

eADF4{C16) foams were prepared by salt-leaching and had a
frsheet content similar to samples of post-treated eADF4{C16}
films (=4296).1 Seaffolds made of eADF4{C16) were found
to be in the range of sofi tissue (elastic compressive moduli =
0.94-3.24 kPa) which is compared 1o r51/9 foams which had
about 100¢ the tensile strength at 18 £ 5 N em ™ {180 kPa).*?l
This, combined with gravimetric analysis of e ADT4{C16) foams
determining a porosity of 92%, indicated these foams could
be promising for tissue engineering applications. Therefore,
foams made of eADF4{C16) with and without RGD domain
were further evaluated {or 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*! In spite of its high stiffness, a similar result
was obtained testing 313 fibroblasts on 1F9 foams after 14 d in
culture, as determined by confocal laser seanning microscopy
(CLSM) [#4 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."? Further, 181/9 foams were com-
pared to B. mori silk fibroin ones, which showed a similar result
in terms of 313 fibroblast attachment and proliferation #1104
but allowed a 5x faster migration through the network, leading
to the conclusion that r$1/9 foams vielded a reduced merility
of 373 cells °¥ Freeze-dried L-RGDSx2 fibroin {LRF) scaffolds
with a mean pore diameter of 80 wm showed promising results
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for botie and cartilage tissue engineering, where primary chon-
drocytes from white rabbits produced more cartilage-like tissue
on the surface of LRF than on native fibroin.5*

The FEuprosthenops australis derivalive 4RepCT and vari-
ants thereof were formed into foams with pore sizeg between
30 and 200 umPW#73076940 (pfortunately, the exact mecha-
nism of foam preparation is not explained in any of these
studies. Human primary fibroblasts seeded onto 4RepCT
foams exhibited attachment, spreading, proliferation, and
collagen 1 production over 11 .74 I a follow up study, NSCs
were shown to successfully differentiate to astrocytes using
ciliary neurotrophic factor®™! 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 used.
hiPSCs as well as hESCg maintained their pluripotency even
after 30 passages on 4RepCT films, and successfully differenti-
ated into cardiomyocytes and neuroectoderm on foams. They
were then injected in severe combined immunodeficiency
mice, where they formed teratoma generating cells from all
three germ lavers. Further, hiPSCs seeded on silk filins were
successfully differentiated into endoderm, cardiomyocytes, or
nenroectoderm.” In a follow up study hPSCs were cultivated
over 10 passages and they were confirmed to be karyotypically
normal and pluripotent.l**!

Two studies address pancreatic island engineering using
either 4RepCT variants with N-terminal RGD, RGE, IKVAV,
and YIGSRI™! or N-terminal VN or fibronectin (FN) as well as
RGE incorporated after the second or third Rep motif (2R- or
3R-4RepCT) 7% In Johansson et al., mouse and human pancre-
atic islands were seeded direcly onto the scaffolds, and it was
shown that the most effective adhesion tock place on foams
prepared from RGD4RepCT. Fven afier a month in culture,
the clusters maintained key functions such as insulin release
upon glucose stimulation, and increase in Ca’} upon potas-
sium or glucose stimulation. The cells on silk foams showed less
necrogis compared to {ree floating clusters, and human islands
were found to forin sprouts and new iglet like structures from
donors less than 35 vears old. Therefore, it was suggested to use
this in vitro model for screening of potential therapeutic treat-
ments and development of novel transplantation strategies.
Islands from RGD-4RepCT and “free-floating” control samnples
were also tansplanted into the anterior chamber of mice eyes.
Islands from RGD-4RepCT were maore stable in size, showed a
better vascularization, lower cell death, and less insulin loss than
observed in the control group.”® In a follow-up study, mouse and
human pancreatic islands, as well as MIN6m9 mouse beta cell
line, were investigated. Single cell suspensions were seeded onto
the foams, and clister formation was determined. RGD-4RepCT
as well as 2R4RepCT resulted in the best cluster formation, and
these dusters also showed functionality in terms of msulin pro-
duction and a change in [Ca®"); after depolarization (Figure 7).
Further, the custers from 4-RepCl and 2R-RepCT were trans-
planted inio the anterior chamber of mice eye. and both groups
facilitated insulin production and the formation of microvascila-
ture, whereby larger vessels were found in 2R-4RepCT.75

In further studies, r$1/9 scaffclds were formed into bar
shaped scaffolds and implanted into the midline dorsal subeu-
tanecus area of BALB/¢ mice, where no toxicity or other tissue
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Figure 7. Human fcells 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 (ZR-4RepCT) (n = 3, triplicates, *p < 0.05) and determination
of change in internal calcium concentration upen 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 f-cells; further some glucagon producing cells were found.
Scale bar: 50 um. Reproduced with permission.*® Copyright 20186, Elsevier.

pathology was observed. Histology performed after eight weeks
showed clear ingrowth of adipose and fibrous tissue as well as
vascularization and nerve fibers|*!l In a separate study, B. mori
fibroin and rS$1/9 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 ¥S1/9 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
rS$1/9 than in B. mori fibroin scaffolds. For the bone implants,
Roentgen and CT studies revealed that after four weeks a
higher recovery took place in case of rS1/9 in terms of bone
formation and maturation.*'" Further, scanning probe nano-
tomography confirmed a better regeneration of bone tissue in
rats using r$1/9 compared to B. mori fibroin, probably due to
higher nanoporosity thereof.!*!l

The performance of transgenic silkworm silk foams
[(AGSGAG),EgAS] was also evaluated for its ability to promote
bone regeneration. This silk contains additional 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 native 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,
13C erosspolarization 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 preduction 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-
teins networks, induced by physical or chemical crosslinking
in solution, which are primarily composed of water (>90%)
but still retain their structure'™ Examples of physical
crosslinking 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,!196%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.|172111
The formation of hydrogels through self-
assembly is 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.'7 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.

BALB3T3

4.5.1. Recombinant Silk Hydrogels for
Biofabrication

bioink gelation
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bioink preparation by encapsulation of cells in recombinant silk solution

eADF4(C16)

with
or
without
14

-RGD

‘. 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 to be effective for ~cell viability.

3D bioprinting, Figure 812 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 to 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 specific cell types or growth
factors should be used in an attempt to achieve a specific tissue
function.
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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!''*l 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 inflammatory and wound
healing responses, for example, scar tissue formation. Thereby,
fibroblasts are attracted by the giant cells and begin synthe-
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.!"l

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-
coating 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 um thick by dip-coating
the implant into aqueous silk solution three times with the
aim of reducing capsular fibrosis (Figure 9).”*'" 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) (PEI: 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) coaling. 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 rMaSp1/rMaSp2 onto
silicon wafers, stainless steel, titanium chips, and PU or sili-
cone catheters, A general smocthening 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-coating. 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 aminoglvcosides 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,/*!

In order to functionzlize implants with biologically active
peptides, 4RepCT was modified with either cell-recognition
peptide (FN-4RepCT) or an antimicrobial motif (Mag-4RepCT).
The coating process was analyzed using quartz 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#)

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/®%*  Although

less cell proliferation

less ECM synthesis

/and remodeling

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
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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.""l 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!'?’! 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*?!l

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)./"%*!

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

www.advmat.de
a *
. <'\Ktarget tissue
e.g. tumor
systemic administration targeted drug delivery

target tissue

mechanisms
of silk particle uptake
macropinocytose endocytosis

¥ drug target cell
silk * » molecules specific receptor
particle
target cell endocytosis
specific ligand 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.

microspheres and nanoparticles, and both were successfully  6.1. Hydrogels

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

suffers, like all naturally derived polymers, from batch-to-batch ~ Hydrogels are a particularly attractive choice for drug
variations making quality control, necessary in biomedical appli-  delivery because they can be easily loaded with relatively high
cations, difficult,'”!] highlighting the use of recombinantly pro-  amounts of water-soluble drugs by diffusion or by encapsula-

duced silk proteins.
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by hydrogel-specific characteristics, such as crosslinking den-
sity, environment-responsive swelling, or shrinkage. A further
advantage is that preformed hydrogels are often injectable, or
the hydrogel precursor solution can be injected as a liquid and
gel on site. Therefore, hvdrogels stay at the site of interest much
more successfilly than for example particles, which have a
short residence time in the blood, especially at smaller size 12

Challenges associated with nzing hydrogels as drug delivery
carriers are that they often have an uncontrollable buist release,
either immediately due to rapid diffusion time of small mol-
ecules, or later from a sudden, rapid degradation of the
hydrogel[2%! However, most of these challenges are simple to
overcome, for example by creating environmentally sensitive
hydrogels % or by making mulimembrane hydrogels ™7
Recombinant silk hydrogels are particulardy interesting due to
their slow biodegradation, however the ouly type examined so
far iz silk-elastinlike proteins (SELPs) (Table 1).

6.1.1. Recombinant Silk Hydrogels for Drug Delivery

One group focuses on the production of SELP hydrogels, in par-
ticular for cancer therapy. In the foundational publications, they
investigated different variants of SELP, and showed that SELP-
815K hydrogels (Table 1) had the best release of adenovirus M5

In a paper by Poursaid et al. two variamts of SELPs were
tested as chemoembolization agents: SELP-47K and SELP-
815K55 Chemoembolization is a cancertreatment where
the blood vessels to the tumor are blocked, resulting in tumor
shrinkage, combined with chemotherapy drugs, to actually kill
the tumor cells. " First they conducted in vitro tests in micro-
fluidic channels desigied to imitate the hepatic vascular system,
where they cbserved that the sol-gel transition occurred at an
appropriate time point, which further resulted in clogging of
the targeted channels only. It performed with similar success
in rabbits, where it gelled in the site of interest and resulted in
significant umor shrinkage 5%

Although these stdies show these hydrogels to be prom-
ising for chemoembolization, there were a few points which
were lacking conclusive comments from the researchers.
For example, they reported reduction in tumor growth rate,
however, they did not mention if there was complete regression
of the wimor, or if 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
often studied due to their simplicity and the possibility to obtain
zeroth-order release kinetics allowing a constant drug adininis-
tration [ Hofmann et al. investigated silk fibroin films as drug
delivery matrices by casting films from a protein—drug mixture.
Indeed it was found that films with higher crystallinity showed
no initial burst release. Further, the activity of protein drugs
wag evaluated and it was shown that horse radish peroxidase
was still active after release from methanol treated filins P4
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Long-term studies of enzymes entrapped in silk fibroin films
showed a 40-100% activity of glucose oxidase, lipase, and horse
radish peroxidase after 10 mouths of storage!™™! It was further
resolved that the entrapped enzyme was only released afier
proteolytic silk degradation, which wag in turn dependent on
the secondary structure of the silk matrix. Hence, controllable
release kinetics of the films could be realized by adjusting the
silk structure with different post-treatment techniques andjor
the addition of a plasticizer like glycerol *¥

6.2.1. Recombinant Sifk Films for Drug Delivery

The authors are only aware of two publications utilizing recom-
binant silk films for drug delivery. In both cases, (ilms were
formed from eADF4(C16) by film casting. In order to allow
an easy removal, films were cast onto a polytetrafluorethylene
surface either from organic HFIPI* or aqueous solution /2%
Int the study conducted by Hardy et al., eADF4{C16) was addi-
tionally blended with polycaprolactone and  thermoplastic
polyurethane at various ratios, and resulting films were about
100 pm thick.** The films were well-characterized using dif-
ferential scanning calorimetry and tensile testing (Young's
moduli with $500™*! or 3300 MPal*>), as well as thermogravi-
metric analysis!™ isoelectric point,™! water absorption, ™l
and water contact angld'* measurements.

Low molecular weight drug models (methyl violet or ethacri-
dine lactate) were loaded by incubation, and diffusion was
determined in phosphate-buffered saline {PBS) via UV-vis
spectrometry. The highest loading and the fastest release were
observed in pure silk constructs, presumably due to the nega-
tive charge of eADF4{C16). The time of releage could be fur-
ther shortened by the addition of enzymes. B In Agostini et
al., pure and multilayered films as well as the impact of addi-
tives glycerol and 2-pyrrolidone on the release of loaded low
molecular weight (etracaine HCl and paracetamol} and high
molecular weight {fluorescein isothiocyanate (FITCj-bovine
seruin albumin (BSA) and FITC-dextran) model drigs 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 um thick mono-
layers. Multilayer films prepared by pressing a FITC-BSA and
glycerol (glue) film between two pure silk films did not show
any improvement in terms of release. Coating of FITC-BSA
and 2-pyrrolidone (plasticizer) loaded films lead to a decrease in
burst release to 209 followed by a steady release over 90 d.[¥

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

8.3, Capsules

Capsules allow the encapsulation and protection of larger maole-
cules, small particles, or even small microorganisms." A cap-
sule can be formed around a solid core, which is then removed
afterwards. This technique was for example used to obtain Lbl-
capsules from modified B, mori fibroin by applying the silk onto
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silica particles, which are subsequenily dissolved % In the
field of recombinant silks capsules were formed in an emulsion
process, whereby an amphiphilic molecule lines the interface
belween water and oil thereby forming a capsule wall [*#1%

6.3.1. Recombinant Silk Processed into Drug Delivery Capsules

eADF4{C16) spider silk capsules were prepared in a water-
in-oil emulsion using either toluenel*®¥7 or silicon oil.2*7"
Toluene has the advantage that it induces f-sheet formation
and thus, no further post-treatment is necessary (Figure 11a);
however, it also has the disadvantage that it is cytotoxic.*"!
Silicon oil on the other hand is FDA-approved, but an additional
post-treatiment step must be included afier capsule formation.
The capsule diameter as determined by light microscopy was
1-30 wim. Mass balance measurements showed that the mem-
brane thickness was 50-70 nm. Compression tests performed
with AFM gave a Young's modulus of 0.7-3.6 GPa. The capsules
prepared in silicon had a molecular weight cut-off (MWCO)
>40 kDa,M ¥ whereby the capsules prepared in toluene had a
MWCO of about 27 kDa.“#1374 No rupture was observed under
osmotic stress up to 107 Pa, and the capsules were chemically
stable in 2% sodium dodeeyl sulfate and 8 wmurea.

In further studies by Bliim et al., f-galactosidase was loaded
into capsules. ™% [t was shown that the enzyme could be
entrapped in the capsule protecting it from proteolysis. Using
such a cloged reaction chamber with a semi-permeable mem-
brane, inactive enzymes or their precursors could be encapsu-
lated and then activated from outside by cecomplementation of
B-galactosidase 37

All three studies show that it is possible 1o prepare capsules
from recombinant silk proteins with reasonable stability. This
drug 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 microorganisms,
which makes it attractive for further research.

6.4. Particles

Previously it was shown that regenerated silk fibroin particles
can be used as mobile drug delivery systems'™1 Several dif
ferent methods have been developed for preparation of silk
fibroin particles as for example salting out, microfluidics, phase
separation with polyvinyl alcohol, desclvation in an organic
solution and liquid templating. The mest commonly unsed
approach for recombinant silk proteins is salting-out in phos-
phate buffer (Figure 11b), taking advantage of the fact that silk
proteins are less soluble at high salt concentrations due to elec-
trolyte nonelectrolyte interactions, '

6.4.1. Recombinant Silks Processed into Drug Delivery Particles
In Lammel et al. particles were prepared by mixing an

eADF4{C16) solution and phosphate buffer with a pipette,
a micromixing device with laminar or turbulent flow, and by
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dialysiz of protein solution against phosphate buffer. Due to
the importance of particle size, it was desired to establish the
relationship between the concentration of the protein solution,
the concentration of phosphate bulfler, as well ag the mixing
time for determining particle size. Particle sizes were found
to be between 250 mn (micromixing with turbulent flow) and
2.1 pm (dialysisj as determined by SEM and laser diffraction
spectrometry {LDS)™) In general it was found that the lower
the protein concentration, the higher the phosphate buffer con-
centration and the faster the mixing time the smaller the final
particles will be.

Particles were also characterized in terms of heat, mechan-
ical, colloidal, and chemical stability. Lucke et al. showed that
eADTF4(C16) particles prepared by micromixing {332 mmn) or
in an ultrasonic atomizer (6.7 wm) could be steam sterilized
without any effect on gize or secondary structure ™ A closer
lock on the interfacial properties of the particle was obtained
by direct force measurements with a colloidal probe. Thereby it
was found that eADF4{C16) particles are surrounded by a fuzzy
protein layer protruding into the solution. This diffuse layer
allows long-range interactions, which are based on electrostatic
and steric forces (Figure 11¢).*Y Interestingly. an increase in
physical crosslinking, for example, by increasing the molec-
ular weight, had a severe impact on elastic modulus, whereby
chemical crosslinking with ammonium persulfate (APS) and
trig(2, 2 -bipyridyljdichlororutheninm{lly  (Rubpy) had only
minor stiffening effects, ag the initial f-cheet content in non-
crosslinked particles was already high. Additionally, a contin-
nous deformation behavior without buckling indicates a high
homogeneity of silk partides.) Interestingly crosslinking
did have an effect on chemical stability: when incubated in
6 M guanidinium thiocyanate, formic acid, HFIP, 8 M guani-
dinium hydrochloride, and 10 % 107% M Tristhydroxymethyl)
aminomethane (Trig) buffer crosslinked particles were stable
for 25 h, whereby non-crosslinked particles were only stable in
guanidinium hydrochloride and Tris buffer.l

Colloidal stability of eADF4(C16) particles and its vari-
ants was determined in several studies. It was found that
eADT4{C16) particles are stable for six months in water, but a
decrease in pH™* or the addition of kosmotropic salts™* leads
to particle agglomeration. It is known that particles with a zeta
potential below —20 mV show only litdle agglomeration.™® In
a study by Elsner et al.. panticles made of eADF4{C16) hybrid-
ized with different motives (RGD, RgG. Tat) and of eADF4({x16)
were tested and the results remained consistent: particles of
eADF4(C16) and the RGD variant 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 concentration, and
on the pH.%l A later study detected that MS1 particles had a
positive zeta potential of =9 mV, and interestingly a 8:2 mix-
ture of MS1:MS2 gave an even higher value of =15 mV. Her2
binding peptides were genetically added to both variants
(H2.1/2M51/2), which had no influence on the zeta poten-
tial. The stability was tested by turbidity measurements and
revealed that MS2 particles are more stable than MS1 particles,
and the mixtures are found in between. Importantly, 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 B-sheets are induced in an
ethanol jwater 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.
c) Different layers in particles contributing to their properties: In the core elastic deformation takes place, which mainly determines the mechanical
propetties 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 solution, it is possible to consider particle loading.

In a study by Hofer et al., they could show using FITC-
labeled proteins that neither uptake of uncharged FITC-dextran
nor negatively charged FITC-bovine serum albumin into
eADFA4(C16) particles. The positively charged FITC-lysozvme
could successfully be loaded, whereby again pH and ionic
strength played a crucial role. Interestingly, the zeta-potential
of the particles was the same before and after loading."* A
similar observation was also made by Schierling et al. where
particles of several eADF4{C16) derivatives (negatively charged)
were loaded with fluorescently labeled PEI (positively charged)
or eADF4{k16) particles ({positively charged) with labeled
ssDNA (negatively charged or with a plasmid DNA doxoru-
bicin {Dox) mixture) and this loading had no eflect on the col-
loidal stability™*¥ Also negatively charged MS2 particles could
be loaded with thodamine B or Dox!® In a later study it was
shown that MS1 particles can be loaded with almost double the
amount of Dox than MS2 particles {645 vs 372 ng per pg silk),
although MS1 and Dox are both positively charged. The reason
might be a higher hydrophobicity as well as the loser packing
of Ms1 particles facilitaring diffusion. Further, 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.*7 In the case of loading eADF4(C16), Lammel et al.
proposed that loading is mainly driven by three parameters: {1
charge of the drug (determined by KJ, ie., if the particle pos-
sesses a negative charge, only positively charged drigs can be
loaded; {2} octanol water partition coefficient {logP,,), 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
eADF4{C16) particles with the model drug thodamine B or
Bcarotene.*71#¥ Similar results were observed for H2.1/2MS1,
which could be successfully coprecipitated with Dox. Thereby
=355 ng of Dox were loaded per pg of silk #**! [nterestingly, this
resemnbles only half the amount loaded via diffusion.

Release of dmigs from particles was investigated in different
buffer systems usually by UV-Vis spectroscopy. 75015147148
Superhydrophobic f-carotene could only be released upon
digestion of the silk particle. Here it was shown that the
eADF4{C16) particles remained intact in artificial gastric fluid.
whereby they were dipested in artificial intestinal fluid.#7
A decrease in pH caused a busst-release of lysozyme, methyl
violet, or ethacridine lactate loaded eADFA{C16) particles, as
well as of Dox-loaded H2.1MS1 and H2.2MS1 (H2.1/2M31) par-
ticles. This could be explained by a change in charge due to the
pH change, diminishing the electrostatic interactions between
silk and drug and thereby promoting drug release 0144145 Only
a small burst release of about 20% was reported by Florczal
et al. in MS$1, MS2, and their mixtures with or without binding
peptide, and decreasing pH had less influence than in studies
described before®7! Also an increase in iomic strength or
character (i.e., kosmotropic or not) effected the kinetics.[h144l
Furthermore, it was found that in comparison to eADF4{C16)
the lysine bearing eADF4({x16) revealed a burst release of small
molecules like 6-carboxy-flucrescein under all tested condi-
tions. This could be explained by the fact that lysine residues
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found in eADF4{x16) are more hydrophilic and, hence, can be
easier assessed by salts and solvents. A coating of eADF4{x16}
particles with eADF4(C16) using a layerbylayer technology
was thought lo slow down the release, but the opposile was
true. Thus, the electrostatic repulsion of eADF4{C16) and the
cargo overnuled the desired closing effect of eADF4(C16).55%
In another approach crosslinking with APS and Rubpy was
successfully used to dlow down the release of the model drug
thodamine B. Further, it was shown that the mechanism of drug
incorporation has a major influence on the release profile/™*l
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 electrostatic and
hydrophobic interactions first need to be transported to the sur
face due 1o a concentration gradient driven process. Then they
can be slowly released from the surface, where they are bound
via electrostatic interactions '35l

The last major step in evaluating drug delivery systems is the
cellular uptake. Therefore, Elsner et al. investigated eADF4(C16)
variants possessing  different motifs, namely eADF4{C16)-
RGD, eADFAH{CI6)-ReG, eADF4{C16)Tat, Tat- eADF4(C16), Tat-
eADF4{C16)-Tat, and the pesitively charged eADT4{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 fluorescence activated
cell gorting in which only 19% of Hela cells took up eADF4{C16}
particles after 72 h, but /% internalized eADF4{x16) particles.
The other variants were up-taken by 30-40% of Hela cells 1204

In a follow up study it was shown that even particles loaded
with model drugs did not influence cell growth behavior. DNAS
Dox loaded eADF4(k16) particles were also investigated iu terms
of cytotoxicity. Balb/3T3 fibroblasts, Hela, and Kelly neuroblas-
toma cells were incubated with DNA/Dox loaded eADF4(x16)
particles. All three cultures were terminated within 48 h when
cultured with particle concentrations greater than 48 ng uL-1.014%

The up-take mechanism was found to be clathrin-mediated
endocytosis in case of eADFHCI6)-RGD and eADF4{x16)
particles, and macropinocytosis in case of eADF4(C16) and
eADF4(C16)-RyG particles (Figure 115) ¥ CISM confirmed
that H2.1MS1 spheres not only targeted but also success-
fully entered Her2-overexpressing cancer cells exdusively,
whereby the nucleus was not penetrated (Figure 12).4% A signi-
ficant decrease in viability of Her2-overexpressing cancer cells
was observed when H21/2ZMS1 panicles loaded with Dox
were added compared to MS1 control particles loaded with
Dox. CLSM revealed that Dox effectively entered the nudeus.
The HerZ-negative control cell line on the other hand showed a
general decrease 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 physical-chemical properties could be improved
without losing these favorable drug delivering properties of MS1
particles. It was shown that the mixture containing the Her2
binding peptide successfidly targeted Her2-positive cells and
caused =60% toxicity in these cells, whereby nonfunctionalized
spheres reduced the viability by 109% only. Also HerZ-negative
control cells showed a rather high viability of 90267

Besides loading of particles with dmg molecules, recom-
binant silk can be complexed with plasmid DNA {pDNA) to
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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 andfor 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.“®! 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.'*”! 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."*) 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.!"" 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-poly{t-Lysine) construct {Imer + 15 Lysines).
The goal here was to increase the molar percentage of the
tumor-homing peptides. The same cells as i the previous
study were tasted and it could be shown that again a selective
transfection of tumorigenic cells occurred. The F3 bearing
complex with a size of about 100 nm was less cytotoxic and
showed an overall better transfection efficiency and is there-
fore the more promising candidate.”>*

[n summary, it can be said that particulate drug delivery
systems made of recombinant silk proteins have been thor
oughly investigated nsing SEM H46475862.1200.139.142-145.147.145)
LIS B8 M415 o ] SESSELLILIL o determine particle size.
Minor changes in the recombinant silk protein, the intrinsic
properties of the {model) drug, the methoed of preparation and
loading, as well as the release conditions have a major influ-
ence on loading efficiency and release kinetics. Further 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 cellularuptake studies2*™ Addi-
tionally, systems can be cell-targeted by the introduction of
binding peptides as shown for H2.1/2MS1 particles 9 How-
ever, all recombinant silk particles systems 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 silk proteins as a
biomaterial was illustrated, Figure 13. They have been applied
with particular success in tissue engineering and medical
implant coatings, where it was found that cell behavior can
be controlled by altering the charge ™ by introducing cell-
binding peptides and by changing the morphology of the
scaffold B2 74 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 dmig
loading. Although drug delivery systems have been shown to be
functional in vitro, none of the systemns developed so far have
tested in animal models. Although there are many advantages of
using recombinant spider silk proteins for medical applications
compared to other proteins, there are three in particular which
the authors believe make this class of proteins exceptional.

The de nove preduction of recombinant proteins guaran-
tees reproducible quality in the necessary quantities. This
thereby also enables tailoring materials to have a special
functionality,?=13* {or example by the introduction of different
binding peptides.f7 The latter is particularly interesting, as
most materials made of unmodified recombinant silk proteins
are inert to cells, not allowing for attachment or differentiation,
but also not causing any cytotoxicity. This is significant in that it
makes it possible to culture cells on recombinant silk, and also
provides a particularly powerful tool for mechanistically stud-
ying the effects of these binding peptides, or any other property
such as topographv.®”** A gtep remaining for approving this
material for cell culture is the regular removal of endotoxins, a
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common byproduct from gram negative bacteria {e.g., E. coli).[38
However, it is clear from the studies from one group, that it is
possible to achieve a complete removal of these byproducts by
using purification columns, as well as sterilize silk proteins.”>!

The second property of recombinant silk materials which
makes them particulatly outstanding as a biomaterial is the
way the body responds to them. First demonstrated in 1710
ag a wound dressing, spider silk could prevent bleeding and
promote wound healing.” It has been recently shown in
animal models that there is no significant fibrous capsule for
mation around recombinant silk-coated implants, as well
as a significant reduction in the infiltration of inflammatory
cells compared to controls.” Further, spider silk implanted
into pigs subcutaneously was locally tolerated.™ Problems
with biocompatibility of silkworm silk only cccurred due to
gericing, which are gluelike proteing that encapsulate the raw
fiber {also found in transgenic silkworm silk).P*) Hence, no
immune response was ohserved 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 physiclogical conditions for a significant amount of time.
This s true even for fragile stmactures such as films or foams,
which is unique compared to other naturally derived biomate-
rials; this iz likely due to the low number of available sites for
hydrolysis or active biodegradation of silk materials ** On the
other hand, degradation is still possible given the availability of
matrix metalloproteinase (MMP) degradation sites in the pri-
mary structure, making it also more advantageous compared
to stable, synthetic polymers which have no biodegradation
sites > However, it is important to note that the silk materials
must be tested case-by-cage because protein {olding alters the
availability of cleavage sites 5™ and sometimes it is necessary
to introduce additional degradation sites into the recombinant
silk protein 58]

The performance and success of a biomaterial is greatly
determined by its stability in vivo, the rate of degradation, and
the degradation products. Important hereby is 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 biomaterial ideally keeps its 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 tissue 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 proteins are
gaining interest in the biomedical field; the body recognizes the
degradation prodiicts and can clear them P57

In a foundational study on recombinant silk biodegrada-
tion, Lammel et al. investigated spider silk particle degrada-
tion using elastase and trypsin. It was found that elastase and
irypsin first degrade the hydrophilic parts of the eADF4{C16)
particle shell, and the hydrophobic particles then agglom-
erate. A rearrangement in the agglomerated particles leads
to exposure of hydrophilic parts, which can then again be
degraded .’ Further it was shown that eADF4{C16) parti-
cles can be completely digested using proteinase K or artifi-
cial intestinal fluid, but not in artificial gastric fluid* In a

D 2018 WILEY-VOH Verlag GmbH & Co. KGaA, Weinheim

143



SCIENCE NEWS /BX%ER?APS
www.ad dsci com www.advmat.de
Natural template
of silk material
Host organism for
recombinant production
yeast i silkworm
Tailored morphology
‘ by processing Y
silkworm lacewing |
Particle Capsule A
Biomedical applications
A
implgnl coating
..
3D bioprinting < 3D cell culture
Film ‘ Foam
drug delivery 20 cell culture
cardiac tissue '
Micron-fiber Nano-fiber
honey bee wasp

<

ﬁ
(]

spider

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.”3 Copyright
2010, American Chemical Society. 3D cell culture; Reproduced with permission.l’**! Copyright 2016, Elsevier. Cardiac tissue.** Implant coating.?® Drug
delivery; Reproduced with permission.* Copyright 2014, American Chemical Society.

follow up study in vitro, the degradation of several different
eADF4(C16) scaffolds was investigated. [t 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
X1V (PX1V) 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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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.*
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 silk implant coatings of polydimethylsiloxane
(PDMS) resulted in a similar behavior, whereby the coating
was rather stable against degradation by CHC, but was fully
degraded in the presence of PXIV within 6 d."¥ Furthermore,
enzymatic degradation of eADF4{C16) foams was investi-
gated using the same enzymes. A 1300x higher protease con-
centration 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 still left after treatment
with CHC for 15 d.%*9 Moisenovich et al. performed two
studies with 1519 silk foams, whereby the same degradation
experiment was performed. Foams were incubated in PBS
and Fenton's reagent (0.1 1077 M FeSO,, 13 1077 m Hy04). It
was shown that the foams are quite stable in PBS {20% loss),
but degrade very fast in Fenlon's reagent (>90% loss) over 11
weeks*Y Interestingly, a similar result was obtained in the
follow up study already after 7 weeks /1]

The degradation of recombinant honey bee silk AmelF3
was investigated using trypsin and c-chymotrypsin, both com-
monly found in the digestive system in the small intestine, [l
As in 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
meashes, was evaluated 31

Price et al. even introduced a sequence recognized by MMPs
to SELP-815K in order to improve the degradability. In the
presence of 40 % 107" v MMP-2, there was complete degrada-
tion of the protein in solution within 120 min, and hydrogels
in vitro were significantly degraded after 14 (; and there was a cor
responding increase in goluble protein found in solution. For in
vivo testing, 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
tumor. In vitro, hydrogels containing the degradation sequence
could be degraded by MMP-2 completely after 60 min, whereas
there was no degradation detected for those not containing the
degradation sequence. By tailoring the hydrogel formulation,
prolonged expression of the adenovirus could be achieved, and
thereby there was a decreased growth rate of the tumor and an
increase in the survival rate over a 50-day period, compared 1o the
animals where adenovirus was injected alone 5%

8. Conclusion

In this review the use of recombinant gilk proteins as a bio-
material assembled into different morphologies is summa-
rized, and particularly promising results are highlighted.
It can be stated that materials prepared from recombinant silk
proteing show some clear advauntages for BME compared to
other biomaterials, such as their high-quality de novo produc-
tion, low immunogenicity, and slow biodegradation. The next
important step is to obtain FDA-approval for recombinant silk
materials and then it ig likely that these biomaterials will be
used more frequently, and with great anticipation and hope
for future success.
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Abstract: Despite significant investment in tissue engineering over the past 20 years, few tissue engineered
products have made it to market. One of the reasons is the poor control over the 3D arrangement of the scaffold’s
components. Biofabrication is a new field of research that exploits 3D printing technologies with high spatial
resolution for the simultaneous processing of cells and biomaterials into 3D constructs suitable for tissue engi-
neering. Cell-encapsulating biomaterials used in 3D bioprinting are referred to as bioinks. This review consists
of: (1) an introduction of biofabrication, (2) an introduction of 3D bioprinting, (3) the requirements of bioinks,
(4) existing bioinks, and (5} a specific example of a recombinant spider silk bioink. The recombinant spider
silk bioink will be used as an example because its unmodified hydrogel format fits the basic requirements of
bioinks: to be printable and at the same time cytocompatible. The bioink exhibited both cytocompatible (self-
assembly, high cell viability) and printable (injectable, shear-thinning, high shape fidelity) qualities. Although
improvements can be made, it is clear from this system that, with the appropriate bioink, many of the existing
faults in tissue-like structures produced by 3D bioprinting can be minimized.

Keywords: biofabrication; bioink; biomaterials; biomedical applications; 3D bioprinting; biotechnology;
NICE-2014; spider silk.

Biofabrication

[n 1907, a protocol was first described for maintaining the viability of isolated tissue outside of an organ-
ism [1]. This technique, called in vitro tissue culture, catalyzed a boom of biclogically-based technology and
debate over the possibilities and implications of this development. One of the most exciting technologies
which emerged is tissue engineering. Traditionally, tissue engineering is the modular assembly of biomateri-
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als, cells and biochemical factors into tissue-like constructs [2]. Most accept the premise that in order to do
this successfully one must, to some degree, mimic the properties of the target tissue. These constructs are
immediately implanted or incubated in vitro prior to implantation. Relevant applications of tissue engineer-
ing include, but are not limited to: implants for regenerative medicine [3], in vitro models [4], biobots [5], and
alternative food-sources [6]. Although tissue engineering has shown promise towards these applications, few
have been approved for consumer use,

The high attrition rates of tissue engineered products are often hypothesized to be due to the modularity
oftheapproach. It results in high variability in the spatial arrangement of the different components (biomate-
rials, cells, soluble and insoluble biochemical entities). This is problematic for presentation of factors to cells,
which direct their behavior, as well as the architecture-dependent mechanical properties of these materials
[7]. Due to the intimate relationship between structure and function in biclogical systems, which is observed
across size scales, the success of tissue engineering is thereby limited by this poor control over hierarchical
structures and their assembly [8, 9]. To overcome these limits, novel technologies have been established:
cell-sheet technology, embedding or molding, centrifuge casting, dielectrophoresis, magnetic-force driven
cell-motion, micro-fluidics, biospraying and 3D bioprinting (Table 1). Of these, perhaps the most interest-
ing is the process of 3D bioprinting (3DBP). In this context, biofabrication can be defined as the automated,

Table1: Published techniques in biofabrication and their basic, generalized process.

Technique

Basic process

References

Embedding or
malding

Centrifuge casting

Dielectrophoresis

Magnetic-force
driven cell-motion

Micro-fluidics

Cell sheet

Biospraying

3D bioprinting

1. Suspension of cells in polymer solution

2. Addition of crosslinker or induction of crosslinking conditions

3. Encapsulation of cells in crosslinked polymer solution, typically within a vessel
which results in a defined 3D shape

4. Removal of construct from mold if necessary

1. Suspension of cells in polymer solution

2. Addition of crosslinker or induction of crosslinking conditions

3. Cell-polymer solution transferred to vessel with defined 3D shape

4. Centrifugation during polymerization of construct

5. Removal of construct from mold if necessary

1. Suspension of cells in a viscous polymer solution

2. Application of spatially non-uniform electric field

3. Movement of cells, depending on the set-up, towards low or high field intensities

4. Rapid polymerization of the solution, and encapsulation of cells

1. Labeling of cells with magnetic nanoparticles

2. Cells cultured under magnetic field until monolayer formation

3. Repositioning of cell monolayer onto a magnetized, positive mold

4. Removal of cell-based constructs from mold

1. Pre-fabrication of cell-laden constructs as ‘building blocks’

2. Flowing of constructs through microfluidic channels to a collection site

3. Fusion of the constructs at the collection site

1. Culture cells on a *smart polymer’ surface until monolayer formation; many
cultures are done in parallel

2. Release of an undisrupted monolayer from the polymer’s surface upon external
stimulus (e.g. UV)

3. Layering of monolayers to create 3D constructs

1. Suspension of cells in polymer solution

2. Placement of polymer solution into a chamber with a nozzle

3. Application of pressure resulting in a controlled spray of the material

1. Generation of 3D image

2. Dissection of image into 2D layers

3. Translation of data to 3D printer

4. Layer-by-layer printing until construct completion

5. Post-processing if necessary

[10,11]

(2]

[13]

[14]

[15, 16]

[17]

[18,19]

[20-22]
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additive assembly of a biological construct by 3D patterning of cells and biomaterials in one processing step
[23, 24]. Although each of the named methods has unique advantages, 3DBP is often considered the most
valuable technique for tissue engineering/biofabrication dueto it having the best spatial control over specific
components of the system.

The purpose of this review is to give the theoretical framework of 3DBP, and based on this framework to
critically evaluate the recent success of the technology with a particular focus on its use in printing silk-based
bioinks; bioinks are materials which are compatible with the 3DBP process.

3D bioprinting (3DBP)

3D printing, first patented by Charles W. Hull in 1986, is rapid fabrication of physical, three-dimensional mor-
phologies [25]. The process can be divided into five steps: (1) generation of a 3D image, (2) re-definition of the
3D image into a stack of 2D layers by an user-demarcated thickness, (3) interfacing this data with the printer,
(4) printing a layer of the previously defined thickness one-by-one until the construct is complete, and (5) any
necessary post-processing of the material [26-29]. The last step, post-processing, will be discussed in greater
detail in later sections, as this is dependent on the material which is used. Although this process applies to most
of the existing 3D printers, it should be said that this is a general description: there are many types of 3D print-
ing. As such, the nomenclature for this field is broad, and there is great variety depending on the subfield. For
example, some are based on the use of solid or liquid materials in the printing process, while others are based
on how the 3D object is created, for example, by adding material a layer at a time (additive manufacturing) [30].

3D printing fitting the definition of biofabrication is referred to as 3D bioprinting (3DBP). Its anatomical
elements include: the print head, the material cartridge, the actuator, the nozzle, the working area, and the
print stage. The print head is the part which connects precise, motor-controlled movement with actuation
of the material. The material cartridge holds the biomaterial and the cells to be printed under user-specified
conditions. The actuator is some element which applies pressure to cause material deposition. The nozzle
is the orifice, frequently a blunt needle, from which material is ejected. The print stage is the surface which
the 3D scaffold is printed onto, and in many set-ups also provides further motor-control. The working area is
the volume of space available for the construct. 3D bioprinters are most commonly classified based on their
mechanism of material deposition: extrusion, inkjet, or laser-assisted bioprinting (LAB).

Extrusion 3DBP, sometimes referred to as direct-write printing, is a set-up where the mechanical or pneu-
matic pressure is applied to a cartridge of material to extrude a continuous solution [31]. In the case of inkjet
3DBP, heat or acoustic energy is used to propel droplets of solution; the pressure in the cartridge is kept con-
stant with compressed gas [32]. In LAB, a high energy density beam is directed through a glass slide onto an
energy absorbing layer, typically gold or titanium, and the focused energy causes the formation of a concave
pocket in the material layer, and subsequently droplets or a jet being propelled towards a collector [33,
34]. Generally, the final printed volume is composed of single droplets; therefore they are correspondingly
depicted in Fig. 1. Each of these actuation mechanisms has direct and indirect effects. The direct, downstream
effects are on the materials which can be printed and on the shape of the volume which is printed (Fig. 1).

In order to be suitable for biofabrication, the most critical characteristics of a 3DBP process are that it
is (1) cell-friendly, (2) reproducible and practical, (3) it allows for printing complex physical and chemical
gradients, and (4) geometric structures. The performance of printers is typically evaluated by cell density
and viability (fulfills requirement 1), process speed, resolution and accuracy (fulfills requirement 2), and the
range of printable materials (fulfills requirement 3 and 4). How well these different printer set-ups generally
perform will now be discussed based on these requirements.

Extrusion printing

From this basic set-up there are many interesting variations, for example coaxial needle design [37] or
complex robotic joints to increase the degree of geometric freedom [38]. In biofabrication the resolution of
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Actuators
Extrusion Inkjet Laser
Pneumatic Piston Screw Thermal or Acoustic
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Extrusion Inkjet Laser
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Extrusion Inkjet Laser
Fiber Droplet Droplet

‘Collector substrate

Fig. 1: The different types of 3D bioprinting set-ups. They are defined based on their mechanism of material deposition, the
viscosity range of printable materials, and the morphology of the printed volume (i.e. fiber or droplet). These definitions are
given in relation to a representation of a print head which shows the actuator, the housing, the material cartridge, and the
nozzle (needle) [26, 32, 35, 36].

this technique is mainly limited by requirement 1 mentioned in the chapter above. Cell-free inks enable fiber
diameters, and thus resolutions of this method, to be as small as 10 um [39]. Using cell-loaded bioinks limits
the nozzle diameter and leads to a decrease in resolution to dimensions in the range of 200 pm. This limita-
tion in resolution is accompanied by an increase in fabrication speed, as such extrusion printing enables
generating 3D structures of clinically-relevant sizes in a reasonable period of time [29]. In terms of the effects
on cells, cells can be printed at densities of several million/mL, and there is a wide potential for cell viability
post-printing; the cell viability ranges from as low as 40 % to as high as 97 % post-printing [26, 40]. Based
on this broad range, which is also compared across similar processing conditions (temperature and shear
stress), it is reasonable to conclude that cell viability is significantly affected by the bioink which is used.
Further, the attractiveness of this type of system is the wide-range of printable materials. In general, provid-
ing printable, biocompatible materials is a greater challenge in the field than the printing technology itself,
as will be discussed in the later section, Bioinks.
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Inkjet printing

Inkjet systems are the next most commonly used technique for 3DBP. The variables considered for the printed
volume (size, shape, speed) are pressure in the material cartridge, rate of nozzle opening and nozzle size. Its
performance allows cell viability of ~85 % and a resolution of 50 um [26]. Compared to the other methods dis-
cussed in this review inkjet printing based on commercially available inkjet printers suffers from the lowest
cell density (typically <1 million cells/mL) which can be printed [26]. Inkjet printing is also limited to a narrow
range of low material viscosities to avoid nozzle clogging or application of cell-damaging forces. There have
been, however, some adaptations used to prevent these problems, for example, nozzle-free ejection [26]).

Laser-assisted bioprinting (LAB)

LAB is the least commonly used technique due to the complexity of the set-up, and the fabrication systems
not being commercially available. However, this should not indicate that it is not a valuable technique. A
distinct advantage of LAB is the absence of nozzle clogging, allowing a wide-range of rheological material
properties, although the non-dynamic viscosity range is limited compared to extrusion printing [36]. LAB has
exceptional resolution in the 10-micron range without affecting the cell viability as compared to the other
techniques. The process reliably has cell viabilities above 95 %, and can be used with cell densities of up to
108 cells/mL [26]). Unfortunately, in spite of these attractive features from the technical point of view, LAB
alone is unable to reach clinically-relevant construct volumes in a reasonable timeframe. This is because of
the low volume of printing material in the donor layer as well as of printed droplets. Therefore, LAB might be
limited in its practical applications in tissue engineering in the future.

Bioinks

In 3D bioprinting (3DBP) the term “bioinks” is used to describe cell-encapsulating material-matrices which
combine printability with cytocompatibility. These demands are quite high and often result in contradicting
requirements, making bioinks one great challenge in biofabrication. An ideal bioink can be printed, has high
shape-fidelity upon printing, is cytocompatible, and is tailored to its target tissue. Amongst studied bioinks,
hydrogels have had the greatest tendency towards success [29].

The major physicochemical parameters determining the printability of a hydrogel are their viscosity and
their rheological properties. During 3DBP, the bioink should extrude smoothly and undergo a rapid gelation
after printing. If the bioink is already pre-gelled, then the printing process should not result in irreversible
damage of the polymer network. Adequate mechanical properties, which can be tailored by polymer con-
centration or crosslinking of the hydrogel, are necessary to retain the designed and fabricated shape up to
clinically-relevant sizes [41]. As previously stated, the requirements imposed by the technique for the bioinks
tend to conflict with the biological requirements imposed by the cellular components. The final constructs
should allow migration, proliferation and support targeted differentiation of encapsulated cells, which typi-
cally calls for a soft substrate. Additionally, the gelation process should be mild and cell friendly [20]. Finally,
once the hydrogel precursors have been printed and the cells have survived, the scaffold must degrade at a
pre-determined rate when exposed to physiological conditions found in the target tissue [42]. Refer to Fig. 2
for representation of these requirements.

Established bioinks

Existingbioinksincludenatural (e.g.alginate, fibrin, collagenand gelatin) and synthetic[e.g. poly(ethylenglycol)
(PEG), polylactic acid (PLA)], polymers as well as modified versions of these polymers. The most commonly
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Bioink

Physicochemical Physiological
properties properties

Cytocompatibility

+ Cell viability

« Cell migration

« Cell proliferation
+ Cell differentiation
+ Tissue formation

Printability
+ Shape fidelity
+ Mechanical stability

Unlimited diffusion

Tailored biodegradability

Cell-loaded 3D construct

Fig. 2: Physicochemical and physiological requirements of the bioink. Physicochemical properties are related to the printabil-
ity by the viscosity and macrom olecular structure of the material. The printed construct should also allow for diffusion, relating
the printed architecture to the cytocompatibility. The physiological activity is related to cytocompatibility by the degradation
products, the behaviorunder physiological conditions, and the biological activity (e.g. cell binding motifs). The final product,
the cell-loaded construct, should seamlessly combine these gualities.

used bioinks are the unmeodified, natural polymers processed as hydrogels, and will therefore be the focus of
this discussion; natural polymers are the only biomaterials whose fabrication process can be directly used for
3DBP [43, 44). For more detailed information, refer to Table 2 and to Malda et al. [29].

Alginate is one of the most commonly used materials for 3DBP. As a biomaterial in general, alginate has
been confirmed to be beneficial for cell viability and differentiation [42], as well as drug delivery [43, 45].
However, alginate-based bioinks also degrade rapidly, translate poorly when used with human-derived cells,
and have a limited amount of bioactive binding sites [42, 43, 46]. The next most commonly used bioink is
fibrin which has been used due to its success when cultured with neurons [22, 47] and the ability for auto-
logous sourcing [48]. However, fibrin hydrogels possess poor mechanical properties for most applications
and degrade before construct maturation [49, 50]. The last most commonly used hydrogel is collagen and
its derivative, gelatin. Collagen possesses a major advantage in being biodegradable, biocompatible, easily
available and highly versatile [32]. However, collagen-based bicinks show batch-to-batch variations, contrac-
tion of constructs, poor mechanical properties, are difficult to sterilize, and have poor water solubility 32, 51,
52]. In an attempt to maintain some of the positive biological activities while reducing these disadvantages,
gelatin has also been developed as a bioink [53-55]. Although gelatin shows improvement of the water solu-
bility and viscosity, the gel formation is solely based on physical intermolecular interaction of the gelatin
molecules, and the resulting gels are not stable under physiological temperature. Additionally, these gels are
also highly variable from batch-to-batch.

In order to expand the range of usable bioinks, there have been many modifications made to these
polymers. The most common modifications are chemical ones or polymer blending [35]. Some examples of
chemical functionalization include: methacrylation and acetylation of gelatin (modifies degradation) [54,
56], oxidation of alginate (modifies degradation) [42, 64], and synthesis of a block co-polymer comprised
of poly(N-(2-hydroxypropylimethacrylamide lactate) [p{HPMAm-lactate)] and PEG (improves biod egradabil-
ity) [62]. Some examples of blends include fibrin and alginate (improves biological activity) [22, 54, 61, 65,
66], alginate and gelatin, alginate and gelatin in modified and unmodified forms [55], alginate, gelatin and
hydroxyapatite {(optimized for bone tissue engineering) [58], thermoresponsive poly(N-isopropylacrylamide)
grafted hyaluronan (HA-pNIPAAM) blend ed with methacrylated hyaluronan (HAMA) (to improve printability)
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[63], gelatin with hyaluronic acid or gellan gum (to improve cell behavior towards bone tissue engineering,
mechanical properties and printability) [55, 59, 60, 67]. However, even with these modifications, there is an
urgent need for further development of bioinks to improve the mechanical properties, gelation process, cyto-
compatibility, degradation rate, tissue specificity, and adaptability to clinical set-ups.

Silk materials are parficularly interesting for technical and biomedical use since they show absence
of toxicity, slow degradation, low or absence of immunogenicity, and extraordinary mechanical proper-
ties [40, 68-70]. Silk-based biomaterials have been used for medical sutures and breast implant coatings
[70-72], biosensing applications [73], and enzyme immobilization [74-76]. Recently, a silk-gelatin blend was
used as a bioink [20, 57]. This composite was cytocompatible, crosslinked, showed improved mechanical
properties (to gelatin alone), improved cell viability and differentiation (to gelatin, alginate and silk alone),
and improved degradation rates (to alginate and gelatin) [20, 43]. However, it was impossible to print silk
fibroin without additives; deposition of plain silk fibroin solutions leads to frequent clogging due to shear-
induced B-sheet crystallization [57]. In contrast, compared to silk fibroin scaffolds, spider silk bioink can
flow through the nozzle without clogging facilitating scaffold manufacturing [40]. This is due to the fact that
hydrogels made of recombinant spider silk proteins are physically crosslinked by B-sheet structures and
hydrophobic interactions and entanglements, which allows for reversible gelation upon shear-thinning [40,
77]. Further, due to the biotechnological production of recombinant spider silk proteins they can be geneti-
cally modified, e.g. with the cell binding motif RGD improving cell attachment [40, 78]. The combination of
these mechanical and biological properties raises the number of applications of recombinant spider silk as
a novel bioink.

Post-processing and crosslinking

Without delving into complex macromolecular chemistry, it is important to briefly discuss some of the
options for solidifying materials in 3DBP when materials do not self-assemble. The basic requirements for
a crosslinking process are that it must be rapid for shape-fidelity as well as non-toxic to cells. There are two
basic types of crosslinking which can be used: physical or chemical. In the case of physical crosslinking,
the most common approach is to maintain the conditions which stabilize the liquid phase in the mate-
rial cartridge and the conditions which push it towards gelation in the working volume or a tandem print
head. An example of this principle is printing a temperature-sensitive hydrogel onto a heated print stage
[55]. The advantage of physical crosslinking is that if is often cell-friendly; the disadvantage is that the
networks formed are typically weak and their degradation difficult to control. Due to these disadvantages
most physically crosslinked hydrogels must be post-processed by chemical crosslinking, and this results
in newly formed covalent bonds [29]. This is particularly true for inkjet printing, where the necessity of
a low viscosity material mandates some type of post-processing. Some interesting examples of chemical
crosslinking techniques include the use of enzymes or UV light [31, 47]. An example of a versatile method
for generating UV-crosslinkable hydrogels is by functionalizing 2-hydroxyethyl methacrylate (HEMA) with a
photoinitiator. HEMA is a polymeric monomer which can be coupled at hydroxyl groups, making it compat-
ible with many other polymers [79]. However, these types of crosslinking techniques often require synthetic
chemistry, making them impractical. Wet-chemical crosslinking allows for predictable, stable network for-
mation, however, the used crosslinking agents may be harmful to cells, and it requires a precise control of
crosslinking kinetics to avoid nozzle clogging [29].

3D bioprinting with recombinant spider silk proteins

Recently, the recombinant spider silk protein eADF4(C16) and a variant containing an RGD-motif were estab-
lished as bioinks. eADF4(C16) consists of 16 repeats of a module C mimicking the repetitive core sequence
of dragline silk Araneus diadematus fibroin 4 (ADF4) of the European garden spider (Fig. 3a) [81, 82]. The
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(b)

CAD template 3D construct

3D printing
[

Fig.3: (a) eADF4(C16) and eADF4(C16)-RGD are made of 16 C modules. The C-module reflects the consensus sequence of the
repetitive core sequence of Araneus diadematus fibroin 4 (ADF4), one of the main components of the dragline silk of the Euro-
pean garden spider (A. diadematus). Dragline silk is the best characterized spider silk, constituting the outer frame of orb webs
and serving as a lifeline for the spider [80]. (b) Going from a CAD template (left) to a 3DBP recombinant spider silk construct
(right). Recombinant eADF4(C16) was printed by robotic dispensing. In the CAD template, the different shades of gray represent
thickness with darker shades representing multiple layers. In the image of the construct it can be qualitatively observed that
the construct has the same shape as the CAD file, and the printed strands made of spider silk also have high shape fidelity
without the use of post-processing, crosslinking or thickeners.

recombinant spider silk proteins were assessed regarding their printability [40], and spider silk constructs
could be printed by robotic dispensing using a print head with an electromagnetic valve. The hydrogels were
process-compatible and had high shape fidelity (Fig. 3b). The printability is based on the B-sheet transforma-
tion of the proteins during gelation and shear thinning behavior of the hydrogels (Fig. 4).

It was shown that recombinant spider silk proteins can be used as bioink for 3D printing without the need
of additional components or post-processing [40]. In contrast, alginate and fibroin need post-processing with
crosslinkers or thickeners added to the solution to increase the printing fidelity [20, 58]. For more detailed
information of other bioinks, refer to [29] and Table 2.

To produce cell-loaded 3D hydrogel constructs, cells were encapsulated within a highly concentrated silk
solution before gelation. The addition of cells to the bioink did not influence the self-assembly into a hydrogel
or the printability of the material [40]. The cells survived the printing process and were viable at least 7 days
in sttu. The viability within the spider silk hydrogel could be quantified with 70.1 + 7.6 %. Although the cell
viability in the spider silk constructs is lower when compared to established bioinks such as alginate (~90 %)
and gelatin (~98 %), it could be shown that the printing procedure did not significantly affect viability, since
after printing 97 % of the cells survived [40, 42, 83].
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Fig. 4: Printing process for a physically crosslinked recombinant spider silk bioink. Cell-loaded spider silk constructs were
printed by robotic dispensing, as mentioned in Fig. 3. The process begins with preparation of the hydrogel from a cell-loaded
solution. The corresponding Fourier-transform ed infrared spectroscopy (FTIR) structure data shows a peak shift corresponding
to B-sheet form ation which occurred during self-assembly of the hydrogel. The next step in the process represents the print-
ing of the hydrogel accom panied by alignment of B-sheets under shear-stress, and this corresponds to the given rheological
behavior with increasing angular frequency leading to a decrease in com plex viscosity, which is called shear-thinning. The final
constructis represented by a stereoscope image ofthe layered structure. The right-hand im age represents the presence of
viable cells (redlines reflect auto-fluorescence of spider silk; red stzined cells are dead and green stained ones viable).

Conclusion and future perspectives

In conclusion, 3D bioprinting (3DBP) techniques hold potential to overcome the current, process-based
challenges faced in tissue engineering: high variability and low control over the placement of different scaf-
fold components. Of the different types of 3DBP, it seems as though extrusion printing will be one excellent
option for the future of biofabrication, despite some of its drawbacks (nozzle clogging, resolution). Extrusion
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printing allows for fabrication of clinically-relevant constructs (size, cell density) and greater ease in bioink
development. Additionally, these advantages outweigh the disadvantages. For example, bioinks are critical
in cell viability after printing (physicochemical properties) and cell behavior throughout construct matura-
tion (physiological properties). Current bioinks tend to be better in either the “cell friendliness” (e.g. fibrin,
gelatin) or printability (recombinant spider silk protein). Future work will most likely focus on polymer
blends such that advantages are conserved or enhanced, and the disadvantages minimized or eliminated.

In terms of cell viability after printing, it is reasonable to hypothesize that cell viability is directly cor-
related with the mechanical stress that the cells are exposed to. In the optimal viscosity range for extrusion
printing, there seems to be some protection to shear stress which is absent in inkjet printing; in LAB there
are virtually no shear forces on the bioink, due to the nozzle-free set-up. However, LAB is incompatible with
higher viscosity ranges, due to the incompability of cells with certain wavelengths and energy densities.
Thereby, due to the greater flexibility in bioink development, it seems as though extrusion bioprinting will be
the technology that shows the greatest potential in the future. However, it is also possible to imagine future
developments will also focus on combining the different types of 3D bioprinting in order to further optimize
the process.
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