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Abstract 

Tissue engineering and cardiovascular disease management are essential in 

regenerative medicine, addressing the pressing need for functional tissue 

regeneration and improved treatment options for cardiac conditions. This thesis 

explores the potential of recombinant spider silk proteins as versatile biomaterials 

for tissue engineering applications and stent coating technology, aiming to 

advance the fields and offer innovative solutions to critical medical challenges. 

In the realm of tissue engineering, the design and fabrication of biomimetic 

scaffolds play a pivotal role in guiding cell behavior and promoting tissue 

regeneration. Due to their structural similarity to the extracellular matrix and 

ability to support cell growth and function, hydrogels have emerged as promising 

scaffolds for tissue engineering applications. This thesis presents eADF4(C16)-

CBD, a modified spider silk fusion protein processed into an injectable hydrogel 

with enhanced mechanical properties and stability compared to the unmodified 

spider silk variant. By modifying the recombinant spider silk with a cellulose-

binding domain, the hydrogel achieves increased mechanical strength and 

improved cell adhesion, making it a valid scaffold for tissue regeneration. The 

eADF4(C16)-CBD hydrogel exhibits excellent biocompatibility, tunable mechanical 

properties, and the ability to support cell proliferation, presenting a versatile 

approach for tissue engineering in various clinical applications. 

In the domain of cardiovascular disease management, the development of 

improved coatings for drug-eluting stents is of utmost importance. Current stents 

face significant challenges, including inflammation or limited endothelialization. To 

overcome these limitations, this thesis investigates the potential of eADF4(C16) 

as a coating material for stents. By genetically coupling the cell-selective peptide 

REDV, the eADF4(C16)-REDV coating promotes cellular attachment and rapid 

endothelialization, mitigating inflammation and enhancing the formation of a 

functional endothelial layer. The eADF4(C16)-REDV coating demonstrates 

excellent hemocompatibility, tunable degradation properties, and the ability to 

release therapeutic agents in a controlled manner, offering a promising solution to 

improve stent performance and patient outcomes. 
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Experimental investigations, encompassing cell culture studies, mechanical 

characterization, biocompatibility assessments, and in vitro evaluations, 

substantiate the potential of recombinant spider silk proteins in tissue engineering 

and cardiovascular disease management. The exceptional versatility, 

biocompatibility, and tunable properties of eADF4(C16)-CBD and eADF4(C16)-

REDV make them highly attractive biomaterials for various biomedical 

applications. These proteins provide opportunities to address the complex 

challenges associated with tissue regeneration, such as the development of 

functional tissues with appropriate mechanical properties and the improvement of 

stent coatings to achieve enhanced endothelialization, reduced inflammation, and 

improved hemocompatibility. 

Developing and utilizing these biomaterials will offer new possibilities for 

addressing the complex challenges associated with tissue regeneration and 

cardiovascular diseases, ultimately leading to enhanced patient outcomes, 

improved quality of life, and the advancement of biomedical science.
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Kurzzusammenfassung 

Geweberegeneration (engl. Tissue Engineering) und die Behandlung von 

kardiovaskulären Erkrankungen sind essentiell in der regenerativen Medizin und 

zielen darauf ab, den dringenden Bedarf an funktionellen Geweben und 

verbesserten Behandlungsmöglichkeiten für Herz-Kreislauf-Erkrankungen zu 

decken. Diese Dissertation erforscht das Potenzial von rekombinanten 

Spinnenseidenproteinen, insbesondere eADF4(C16)-CBD und eADF4(C16)-REDV, 

als vielseitige Biomaterialien für Anwendungen im Bereich des Tissue Engineering 

und der Beschichtung von Stents, mit dem Ziel, innovative Lösungen für wichtige 

medizinische Herausforderungen anzubieten. 

Im Bereich des Tissue Engineering spielen das Design und die Herstellung von 

biomimetischen Gerüsten eine entscheidende Rolle bei der Steuerung des 

Zellverhaltens und der Förderung der Geweberegeneration. Aufgrund ihrer 

strukturellen Ähnlichkeit zur extrazellulären Matrix und ihrer Fähigkeit, das 

Zellwachstum und die Funktion zu unterstützen, haben sich Hydrogele als 

vielversprechende Gerüste für Anwendungen im Tissue Engineering 

herauskristallisiert. Diese Dissertation fokussiert sich auf eADF4(C16)-CBD, ein 

modifiziertes Spinnenseiden-Fusionsprotein, als injizierbares Hydrogel mit 

verbesserten mechanischen Eigenschaften und Stabilität im Vergleich zur 

unmodifizierten Variante. Durch die Modifikation der rekombinanten Spinnenseide 

mit einer Cellulose-Bindungsdomäne erreicht das Hydrogel eine erhöhte 

mechanische Festigkeit und verbesserte Zelladhäsion, was es zu einem geeigneten 

Gerüst für die Geweberegeneration macht. Das eADF4(C16)-CBD Hydrogel 

zeichnet sich durch exzellente Biokompatibilität, anpassbare mechanische 

Eigenschaften und die Fähigkeit zur Unterstützung der Zellproliferation aus, was 

eine vielseitige Verwendungsmöglichkeit für Tissue Engineering in verschiedenen 

klinischen Anwendungen darstellt. 

Im Bereich der Behandlung von kardiovaskulären Erkrankungen ist die 

Entwicklung verbesserter Beschichtungen für medikamentenfreisetzende Stents 

von größter Bedeutung. Aktuelle Stents stehen vor erheblichen 

Herausforderungen, wie Entzündungen oder begrenzter Endothelialisierung. Um 

diese Einschränkungen zu überwinden, untersucht diese Dissertation das Potenzial 

von eADF4(C16) als Beschichtungsmaterial für Stents. Durch die genetische 
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Kopplung des zellselektiven Peptids REDV fördert die eADF4(C16)-REDV 

Beschichtung die Zelladhäsion und eine schnelle Endothelialisierung, was 

Entzündungen mindert und die Bildung einer funktionalen Endothelschicht 

verbessert. Die eADF4(C16)-REDV Beschichtung zeigt eine ausgezeichnete 

Hämokompatibilität, anpassbare Abbau-Eigenschaften und die Fähigkeit, 

therapeutische Wirkstoffe kontrolliert freizusetzen, was eine vielversprechende 

Lösung zur Verbesserung der Stent-Leistung und der Patientenergebnisse bietet. 

Experimentelle Untersuchungen, einschließlich Zellkulturstudien, mechanischer 

Charakterisierung, Biokompatibilitätsbewertung und in vitro-Evaluationen, 

belegen das Potenzial der rekombinanten Spinnenseidenproteine im Tissue 

Engineering und im Management von kardiovaskulären Erkrankungen. Die 

außergewöhnliche Vielseitigkeit und Biokompatibilität von eADF4(C16)-CBD und 

eADF4(C16)-REDV machen sie zu äußerst attraktiven Biomaterialien für 

verschiedene biomedizinische Anwendungen. Diese Proteine bieten Möglichkeiten, 

die Entwicklung funktionaler Gewebe mit geeigneten mechanischen Eigenschaften 

und die Verbesserung von Stent-Beschichtungen zur Erzielung einer verbesserten 

Endothelialisierung, einer reduzierten Entzündung und einer verbesserten 

Hämokompatibilität voranzutreiben. 
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Chapter 1 Literature Review 

1.1 Introduction / Background 

Tissue engineering (TE) represents a beacon of hope in the realm of regenerative 

medicine, offering potential solutions to the monumental challenge of repairing or 

replacing damaged or lost tissues and organs. While many approaches of TE are 

possible, the most prominent one hinges on using scaffolds that dictate the course 

of the desired tissue formation. A particular scaffold structure that has been at the 

centre of attention in recent years is hydrogels, owing to their adaptability to the 

target site's geometry and close mimicking of the physical environment. 

Furthermore, their injectability directly into the patient's target site reduces the 

need for extensive surgical procedures [1, 2]. Hydrogels can be either laden with 

cells or designed to serve as scaffolds providing cell attachment points [3]. Despite 

the promise of hydrogels, their stiffness often limits physically cross-linked 

hydrogels, being mostly in the range of 10 Pa to single-digit kPa values, making 

them unsuitable for numerous applications, including bioprinting multilayered 

structures or their usage in TE applications involving high mechanical stress [2, 

4]. Chemically cross-linked hydrogels, although stiffer, ranging in the realm of 

several kPa to even MPa, tend to disintegrate under injection pressure or when 

printed as pre-formed gels [5]. Consequently, the optimal injectable TE scaffold 

combines relatively high stiffness, suitable pore size for culturing the target 

tissue's cells, injectability, and, ideally, the provision of cell attachment points [2]. 

Cardiovascular and arterial diseases hold the status of the leading cause of 

mortality worldwide [6, 7], accentuating the significance of exploring advanced 

treatment options to alleviate the colossal healthcare burden. Among arterial 

diseases, coronary artery disease has been a focal point of concern, necessitating 

surgical intervention involving stent implantation for a substantial number of 

patients globally [8]. The intervention is required to alleviate the detrimental 

effects of stenosis, a narrowing of blood vessels supplying oxygenated blood to 

the heart due to plaque accumulation [9, 10]. Despite the widespread use and 

success of modern drug-eluting stents (DES), these devices still present 

considerable challenges, such as inflammation, weak hemocompatibility, and, 
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most crucial, limited endothelialisation [11], demanding the development of novel 

materials to overcome these limitations and enhance stenting technology. These 

two diverse fields, tissue engineering focused on hydrogel applications and 

cardiovascular interventions, represent distinct medical challenges yet share a 

common goal of improving patient outcomes. 

Drawing on the need to improve upon these two diverse but crucial medical fronts, 

this thesis set out with two over-arching goals: enhancing scaffold designs for 

tissue engineering applications and developing materials for cardiovascular stents 

with enhanced functionality. The common thread binding the endeavours in both 

approaches is the exploration of recombinant spider silk proteins, specifically the 

MaSp2-derived eADF4(C16) [12, 13]. 

Therefore, this thesis presents a novel hydrogel formulation, marrying the 

beneficial qualities of elevated stiffness, injectability, and potential cell adhesion 

points by modifying a recombinant spider silk protein with a cellulose-binding 

domain (CBD). Especially spider silk fibres have been lauded for their remarkable 

mechanical properties [12, 14-19], biocompatibility [12, 17, 20-22], degradability 

[22], bacteriostatic [23] and hypoallergenic [13] characteristics throughout many 

studies. Moreover, the recombinant spider silk protein eADF4(C16) has proven its 

versatility, being processable into various morphologies, including physically 

cross-linked hydrogels [24]. A mechanical enhancer in the form of cellulose, an 

abundant, renewable, and biocompatible biopolymer [25], was introduced to 

enhance the stability of these hydrogels. To strengthen the mechanical properties 

of the resulting hydrogels, cellulose-binding domains derived from cellulose-

degrading microorganisms [26, 27], were genetically modified onto the 

eADF4(C16) protein sequence, marking a first in the production and processing of 

such a fusion protein into hydrogels. 

Turning to the cardiovascular front, the aim was to broaden the field of current 

stent coating materials by developing a natural material that minimises 

inflammation, slowly degrades into non-toxic and non-inflammatory products, 

exhibits excellent hemocompatibility, facilitates rapid endothelialisation, and offers 

a tunable, elongated degradation rate. The proposed solution involved leveraging 

the promising qualities of eADF4(C16) for stent coating and building on these to 

mitigate the challenges associated with the current DES.  
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Therefore, the cell-selective peptide REDV [28-30] was genetically coupled to the 

spider silk protein to promote cellular attachment and thus facilitate the rapid 

endothelialisation of the stent. 

The research efforts have offered potential advancements in TE and cardiovascular 

disease management, leveraging the multifaceted recombinant spider silk protein 

eADF4(C16) as one central solution. 

This concise literature review delves into the realm of hydrogels and coatings in 

TE, emphasising their distinctive properties and importance in these applications. 

By unravelling the fundamental principles and critical factors that govern their 

performance, the aim is to illuminate the path towards developing innovative 

materials and strategies that enhance their functionality and broaden their use in 

the field. With a particular focus on cellulose-binding materials and drug-eluting 

stents (DES), this review sets the stage for the research chapters of the thesis, 

highlighting the immense potential of these applications in advancing the field of 

TE. 

1.2 Tissue Engineering 

TE and regenerative medicine have garnered significant interest in recent years, 

offering promising solutions to address the growing need for tissue repair and 

replacement in various clinical applications. Ancient civilisations utilised wound 

dressings from natural sources [31, 32], which could be considered as first 

rudimentary forms of TE. In the late 19th and early 20th centuries, pioneering 

researchers such as Wilhelm Roux, Leo Loeb, and Konrad Heim laid the foundation 

for modern tissue culture techniques [33]. However, it was not until the early 

1980s that the term Tissue Engineering was defined in medical and science 

publications, marking the beginning of its recognition as a distinct discipline [34, 

35]. Fast forwarding to today's advances, numerous research societies have been 

established, making TE a staple in medical research, defining it as an 

interdisciplinary biomedical engineering field that leverages the synergy between 

cells, engineering techniques, material science, and relevant biochemical and 

physicochemical factors to restore, maintain, improve, or replace various types of 

biological tissues [36]. 
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TE mainly involves using cells and tissue scaffolds to create new, viable tissue for 

medical applications. The textbook procedure for doing so is displayed in Figure 

1-1. Here, It is depicted that the conventional way of TE starts with the extraction 

(isolation) and cultivation (expansion) of patient cells, followed by the seeding in 

a pre-designed scaffold (tissue development) and, lastly, the re-implantation of 

the patient’s cells [37]. In an optimal case, this circumvents the issue of donor 

rejection as commonly observed with donor organs and avoids the need for 

immunosuppressive treatment. However, the field is not limited to only those 

components. In modern practice, TE encompasses a wide range of applications to 

repair or replace portions of or entire tissues, such as bone, cartilage, blood 

vessels, bladder, skin, and muscle [38]. In addition, these tissues typically demand 

specific mechanical and structural properties for proper functioning [39]. 

 

Figure 1-1: Illustration of the traditional approach of Tissue Engineering. Cells suitable for the target 

applications are extracted and isolated from the patient, cultivated in vitro, seeded onto scaffolds 
and re-implanted into the patient. Adapted from reference [37] (© M. Asadin et al., published by 
MDPI, distributed under the terms of the Creative Commons Attribution 4.0 International License 
(CC BY 4.0), http://creativecommons.org/licenses/by/4.0/) 

http://creativecommons.org/licenses/by/4.0/
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It is important to note that, in addition to scaffold-based strategies, non-scaffold 

approaches in TE have gained considerable attention. These techniques often rely 

on the self-organizing ability of cells to form functional tissues without the need 

for a predefined scaffold structure. One prominent method is the use of cell sheets, 

where layers of cells are cultured and then stacked or rolled to create three-

dimensional tissue constructs [40]. Another approach involves organoids, which 

are miniaturized and simplified versions of organs, grown from stem cells or 

organ-specific progenitor cells [41]. These organoids can recapitulate the complex 

architecture and functionality of native tissues. Additionally, decellularization 

techniques are employed to strip cells from donor tissues or organs, leaving behind 

an extracellular matrix that can be repopulated with patient-specific cells [42]. 

These non-scaffold methods offer unique advantages, such as preserving the 

native tissue architecture and reducing potential issues related to scaffold 

degradation. They hold great promise for advancing regenerative medicine and 

developing new therapeutic strategies but are not covered in further detail 

throughout this thesis. 

1.3 Scaffolds 

In TE, scaffolds serve as three-dimensional cell carriers and/or provide a cell-

friendly environment to induce cellular growth upon implantation at the target 

site. Ceramics, metals and alloys, natural and synthetic polymers, and composites 

are usually the materials of choice, as the scaffold must meet specific conditions 

depending on the target application [38]. As such, material sciences play a crucial 

role in scaffold design to fulfil the general guidelines of a suitable TE scaffold as 

follows: 

1. Scaffolds should be biocompatible to ensure seamless integration with the 

host body while avoiding mutagenic, carcinogenic, or cytotoxic responses 

that may trigger severe inflammation [43]. 

2. The scaffold should exhibit appropriate mechanical properties to provide 

temporary structural support until the formation of new tissue [44]. 

3. The surface properties of the scaffold must enable cell attachment, 

migration, proliferation, and differentiation [45]. 
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4. Biodegradability is crucial for the scaffold to avoid additional surgery for 

implant removal, with an ideal degradation rate matching the pace of new 

tissue formation [46]. 

5. High porosity and surface-to-volume ratio of the engineered 3D scaffold are 

necessary for promoting cell attachment, offering cell growth sites, and 

facilitating nutrient exchange during in vitro and in vivo culture [47]. 

6. The scaffold should mimic the native extracellular matrix (ECM) in structure 

and biological function [48]. 

To meet these criteria, a wide array of morphologies for scaffolds has emerged, 

including but not limited to films/coatings [49-52], fibres [53-55], hydrogels [56-

59], foams [43, 60], (micro)spheres [22, 61-63], non-woven meshes [20, 21, 64] 

or decellularised tissues [65-67]. These scaffolds are made from different 

processing techniques, such as (bio)printing [68-71], additive manufacturing 

[72], solvent casting [73], electrospinning [20, 21, 64] or self-assembly [74-78]. 

Recently, combinations of different techniques yielded even more sophisticated 

scaffolds [79, 80], paving the way for more complex applications. 

TE has shown significant advancements in recent years, offering promising 

solutions for various clinical applications. However, current scaffold production 

approaches face several challenges and limitations that must be addressed to 

unlock their full potential. 

One of the primary challenges lies in replicating the complex nature of the native 

extracellular matrix (ECM) [81], which provides an attractive environment for cell 

growth and tissue specificity. In addition, achieving precise control over scaffold 

architecture, including pore size, shape, and interconnectivity, is essential for 

promoting cell infiltration and nutrient exchange, yet remains a significant hurdle 

[58]. 

Another challenge is the balance between mechanical properties and 

biodegradation rates, as materials with suitable mechanical properties may not 

always exhibit the desired biodegradation rates [22, 82]. Ensuring biocompatibility 

and avoiding negative immune responses or inflammation is also crucial, 

especially when using synthetic polymers [83-85]. 
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Furthermore, integration between the scaffold and host tissue is vital for TE 

success [86]; however, current approaches may struggle with seamless 

integration, leading to potential mechanical instability and tissue-engineered 

construct failure [87]. Another critical aspect is vascularisation, as developing an 

adequate blood supply for tissue survival and functionality is often challenging to 

achieve with existing scaffold production methods [88]. 

Lastly, the scalability, reproducibility, and cost are additional challenges faced by 

TE. Many scaffold fabrication techniques are time-consuming, labour-intensive, 

and unsuitable for large-scale manufacturing. Furthermore, developing, 

producing, and validating tissue-engineered constructs can be expensive, limiting 

their widespread clinical adoption [89, 90]. 

Hydrogels and coatings of biomaterials have emerged as essential components in 

TE, playing a critical role in addressing the diverse requirements of regenerating 

and repairing damaged or lost tissues. These versatile morphologies can provide 

a platform for cellular attachment, proliferation, and differentiation, which are vital 

factors in the successful regeneration of functional tissues [5, 56, 91]. 

Hydrogels are three-dimensional, polymeric networks that closely resemble the 

native extracellular matrix (ECM) of many tissues. The primary principle behind 

hydrogel formation is a dense, hydrophilic network, mostly consisting of polymers, 

capable of captivating and retaining water molecules, resulting in a liquid-like yet 

stable structure, as shown in Figure 1-2. The distinctive properties of hydrogels, 

including their inherent biocompatibility, adaptable mechanical strength, and 

capacity to incorporate cells and bioactive molecules, render them optimal 

selections for a broad range of TE applications [1, 92]. 
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Figure 1-2: A): A hydrogel schematic showing a three-dimensional structure with a dense polymer 

network. B): Photograph of an actual protein hydrogel. In this case, a hydrogel from recombinant 
spider silk eADF4(C16). 

Coatings, respectively films, as depicted in Figure 1-3, on the other hand, are 

thin layers of biomaterials, typically with a thickness ranging from nanometers to 

a few micrometres, applied to the surface of implants, scaffolds or medical devices 

to enhance their performance and biocompatibility. These films exhibit structural 

integrity and can be tailored to exhibit specific mechanical, chemical, or physical 

characteristics and often provide a barrier, controlled release of substances, or 

improved biocompatibility when used in TE applications [16].  

 

Figure 1-3: A): A schematic of a thin polymer film. B): A photograph of a film cast from regenerated 

cellulose. Adapted from reference [93] (© M. Reimer et al., published by MDPI, distributed under 
the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), 
http://creativecommons.org/licenses/by/4.0/) 

 

http://creativecommons.org/licenses/by/4.0/
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1.3.1 Scaffold materials: Biomaterials in Tissue Engineering and 

Medicine 

To delve deeper into the processing of hydrogels and films, this section will briefly 

introduce different biomaterials, focusing specifically on polymers and proteins. 

Biomaterials are materials designed to interact with biological systems for various 

medical applications, such as tissue repair and replacement. They are engineered 

to be biocompatible, ensuring minimal adverse reactions when in contact with 

living tissues or cells [94]. Various biomaterials are employed in TE, including 

metals, ceramics, and polymers.  

Metals such as stainless steel [95], titanium [96, 97], or cobalt-chromium alloys 

[98] have been widely used in various medical applications due to their high 

mechanical strength and durability. For example, metallic materials are primarily 

employed in orthopedic [99] and dental implants [100], as well as cardiovascular 

stents [101, 102] and other load-bearing applications owing to their ability to 

withstand the mechanical demands of these applications. However, metals also 

have limitations, such as the potential for corrosion [103] and a lack of bioactivity, 

which can hinder their integration with surrounding tissues [38].  

Ceramics, on the other hand, are inorganic, non-metallic materials that include 

bioceramics such as hydroxyapatite, calcium phosphate, and bioactive glass [97]. 

These materials exhibit excellent biocompatibility, bioactivity, and 

osteoconductivity, making them suitable for bone TE and dental implants [104]. 

Ceramics can be processed into various forms, such as porous scaffolds [99] and 

coatings [4], to promote cell adhesion, proliferation, and differentiation. However, 

ceramics are often brittle and have limited mechanical strength [45], restricting 

their use in load-bearing applications. 

Polymers have garnered substantial interest in TE due to their remarkable 

versatility, customisable properties [105], and often straightforward fabrication 

processes. Polymers can be classified as either synthetic or natural in origin. 

Synthetic polymers offer superior control over their mechanical and degradation 

properties [82], whereas natural polymers, such as proteins, facilitate improved 

biological interactions [106] and often demonstrate inherent biocompatibility 

[107]. 
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A crucial aspect to consider when selecting biomaterials for TE applications is their 

degradation behaviour. Synthetic polymers can be engineered with controlled 

degradation rates, allowing them to align with the pace of tissue regeneration [82, 

83]. This enables a progressive transfer of load from the scaffold to the newly 

formed tissue, ensuring proper tissue development. Conversely, protein-based 

biomaterials typically exhibit more intricate degradation profiles, as they are 

subject to enzymatic degradation by proteases present within the body [108]. This 

enzymatic degradation process can result in more rapid and potentially less 

predictable disintegration of the scaffold. However, the degradation products 

consist of amino acids, which can be directly metabolised by the body, thereby 

eliminating the risk of inflammation [22]. 

The following sections will focus on the characteristics and applications of naturally 

derived protein hydrogels and coatings in TE, providing a comprehensive 

understanding of their roles and potential in advancing the field. 

1.3.2 Hydrogels in Tissue Engineering 

Hydrogels have gained significant attention among the various scaffold 

morphologies due to their inherent biocompatibility, bioactivity, and ability to 

mimic native extracellular matrix (ECM) properties [1, 92]. Their high water 

content accentuates their resemblance to biological tissues, making them an ideal 

choice for TE [109]. The formation of these hydrogels relies on cross-linking, 

creating an interconnected network capable of retaining water [110], which can 

be classified into two main types: physical and chemical, as depicted in Figure 1-4. 

Understanding the differences between these cross-linking methods is crucial in 

designing protein hydrogels with tailored properties to suit specific TE applications. 

The following sections discuss the fundamental aspects of physical and chemical 

cross-linking and how they influence the properties of protein hydrogels. 

Chemical cross-linking involves the formation of covalent bonds between polymer 

chains, creating a more stable and permanent hydrogel network. Chemical cross-

linking can be achieved through various methods: 

For instance, cross-linking reagents (Figure 1-4A) create a direct, covalent bond 

between the polymer chains in the hydrogel via a chemical reaction such as the 

polymerisation of acrylamide being initiated by the addition of free radicals (such 
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as ammonium persulfate) [111]. This strategy is commonly used for its simplicity 

and effectiveness, generating a highly stable network that can withstand various 

physical and biological conditions. 

Polymer interactions (Figure 1-4B), which involve the interaction of functional 

groups on different polymer chains (for example, ionic bonding between the amino 

groups of chitosan and the carboxyl groups of alginate [112]), represent another 

approach. These reactions can be tuned to create a wide range of mechanical and 

degradation properties, enabling a high degree of control over the resulting 

hydrogel. 

Photo-cross-linking (Figure 1-4C) is a distinctive mechanism that employs light 

energy to induce covalent bonding between polymer chains (GelMA cross-linking 

with a photoinitiator, e.g. Irgacure [113]). This approach is particularly valuable 

due to its capacity for spatiotemporal control, allowing for the precise manipulation 

of hydrogel formation and structure. 

Lastly, enzymatic cross-linking (Figure 1-4D) capitalises on the remarkable 

specificity of enzyme-substrate interactions. By facilitating the formation of 

covalent bonds between polymer chains (as shown with transglutaminase 

catalysing the amide formation between amine and acyl in gelatin hydrogels 

[114]), this technique can give rise to highly specialised and biologically relevant 

hydrogel structures. However, the complexity of these systems can pose a 

challenge, necessitating careful design.  

The resulting chemically cross-linked hydrogels exhibit enhanced mechanical 

stability compared to their physically cross-linked counterparts. However, they 

often lack the dynamic, self-healing properties of physically cross-linked hydrogels 

and therefore, experience disruption upon shear [5], rendering them generally 

unfeasible for injection-based applications. Chemically cross-linked hydrogels are 

ideal for applications where long-term stability and robust mechanical properties 

are essential [79].  

On the other hand, physical cross-linking and entanglement involves the formation 

of non-covalent interactions between polymer chains, such as hydrophobic 

interactions, hydrogen bonding, and ionic interactions and are therefore often 

reversible [1].  
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Hydrophobic interactions (Figure 1-4E) come into play when hydrophobic 

segments of polymer chains self-assemble in an aqueous environment, minimising 

their water exposure and leading to a three-dimensional network structure (as 

seen in hydrophobic effects of methyl-rich regions of methylcellulose hydrogels 

[115]). This type of hydrogel demonstrates stimuli-responsiveness, as 

temperature, pH or solvent alterations may change the hydrophobic associations 

and modify the hydrogel structure [115]. 

Furthermore, ionic interactions (Figure 1-4F), which involve the attraction 

between oppositely charged ions, also contribute to forming physically cross-

linked hydrogels. Charged polymers, or polyelectrolytes, can form a physical 

network via ionic cross-linking through multivalent cations bridging negatively 

charged sites along polymer chains or through cooperative interaction of 

polyanions and polycations, as demonstrated with cationic K+ and Na+ ions within 

anionic recombinant spider silk matrices [56]. Ionic hydrogels respond to changes 

in pH or ionic strength, affecting the charge density and altering these ionic 

interactions [116]. 

Supplementing this, hydrogen bonding (Figure 1-4G), another non-covalent 

interaction involving intermolecular attraction between a partially positive 

hydrogen atom bonded to an electronegative atom (like nitrogen, oxygen, or 

fluorine) and another nearby electronegative atom, also plays a pivotal role in 

physically cross-linked hydrogel formation. Hydrogels formed through hydrogen 

bonding respond to changes in pH and temperature, which can disrupt the 

hydrogen bonds, adjusting the hydrogel's properties. One such type of hydrogel 

is composed of a blend of poly(vinyl alcohol) and DNA [117]. 

Lastly, crystalline formation (Figure 1-4H) is another mechanism where specific 

polymers can form semi-crystalline regions within their structure. In aqueous 

environments, the often intermolecular crystalline regions act as physical cross-

links, acting as nucleation points for the hydrogel network, as seen in dextran 

hydrogels [118]. These hydrogels show thermoresponsive behaviour, as heating 

can alter the crystalline regions, leading to hydrogel changes.  

Moreover, particularly in the case of physically cross-linked hydrogels, it is 

common to see a convergence of these mechanisms [56, 119]. This is mainly 
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because many of these effects are interdependent. For instance, hydrophobic 

interactions can lead to the condensation of the polymer chain, setting the stage 

for the emergence of hydrogen bonds yielding crystalline regions. In this manner, 

crystallization can occur due to strong intermolecular forces such as hydrogen 

bonding, van der Waals interactions, ionic interactions, hydrophobic interactions, 

dipole-dipole interactions, and ϖ-ϖ stacking between polymer chains [120]. 

Hydrogen bonding involves the attraction between a hydrogen atom covalently 

bonded to a highly electronegative atom (such as oxygen or nitrogen) and another 

electronegative atom with a lone pair of electrons. Van der Waals interactions are 

weak attractions between molecules or parts of molecules resulting from transient 

local partial charges. Ionic interactions occur between oppositely charged ions, 

leading to strong electrostatic attraction. Hydrophobic interactions arise when 

nonpolar groups aggregate to avoid contact with water, leading to an organized 

structure. Dipole-dipole interactions involve attractions between polar molecules 

with permanent dipoles. ϖ-ϖ stacking refers to the attractive, non-covalent 

interactions between aromatic rings, where the electron clouds of π bonds interact, 

leading to a stacked configuration. Together, these interactions facilitate the 

alignment and organization of polymer chains into a crystalline structure. This 

interplay of mechanisms underscores the complex and multifaceted nature of 

physically cross-linked hydrogel formation. 

Physically cross-linked hydrogels are often characterised by their ability to self-

heal [1], as the reversible cross-links can rearrange and reform at specific 

conditions after the hydrogel was subjected to stress or damage. This 

characteristic makes physically cross-linked hydrogels particularly attractive for 

applications requiring adaptability and dynamic responsiveness to environmental 

stimuli, such as being injected directly into the target site in a patient's body 

without needing large incisions [1, 2]. This allows for cell-laden hydrogels or plain 

hydrogels that serve as scaffolds and cell attachment points [3]. However, 

physically cross-linked hydrogels often exhibit limited stiffness, rendering them 

too unstable for many applications, including bioprinting multilayered structures 

or TE applications involving high mechanical stresses [2, 4]. 
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Figure 1-4: Various chemical and physical cross-linking mechanisms. A) Showcases the active 

cross-linking, initiated mainly by adding a reaction partner. B) Demonstrates the creation of 
hydrogels via polymer-polymer interactions. C) Reveals photo cross-linked hydrogels formed by 
covalent bonds created by photoinitiated reactions. D) Features enzyme-mediated chemical cross-

linking. In physical cross-linking, E) highlights the role of hydrophobic moieties annealing, while 
F) illustrates chain entanglement mediated through ionic interactions. G) Depicts hydrogen bonding 
as a form of physical attraction between polymer molecules, and lastly, H) shows the role of the 
formation of inter- or intramolecular crystalline regions. Figure inspiration from [110] 

The extensive range of available processing techniques opens up an immense 

spectrum of possibilities for hydrogels, allowing for the exploration of diverse 

materials and applications. Table 1-1 provides a concise snapshot of some recent 

studies using hydrogels from naturally derived materials for TE applications to 

underscore the significance and potential of these bio-based substances. Notably, 

many of these materials are subject to further modification prior to processing 

into hydrogels.
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Table 1-1: Overview of exemplary studies using naturally derived polymer hydrogels for Tissue 
Engineering applications. 

Application Base material Cross-linking Ref. 

 

 

 

 

 

Bone TE 

Gelatin-methacryloyl Chemical (photo) [121] 

Hyaluronic acid Chemical (photo) [122] 

Chitosan Physical (ion) [123] 

Collagen Physical (ion)/chemical 

(reaction-based) 

[124]/ 

[124, 

125] 

dopamine-caffeic acid Physical (ion) [126] 

Alginate/Gelatin Physical (ion) [127] 

Slik 

fibroin/Hydroxyapatite 

Physical (hydrophobic) [4] 

 

 

 

Cardiac/Vascular 

TE 

Gelatin-methacryloyl Chemical (photo) [128, 

129] 

Hyaluronic acid Chemical (reaction-

based) 

[130] 

Alginate Physical (ion) [131] 

Recombinant spider 

silk 

Physical (hydrophobic) [59] 

Silk fibroin Physical (hydrophobic) [132] 

 

 

 

 

Cartilage TE 

Alginate Physical (ion) [121, 

133] 

Gelatin Physical (hydrophobic) [134] 

Silk fibroin Physical 

(hydrophobic)/chemical 

(photo) 

[135]/ 

[136] 

Agarose/Silk fibroin Physical (crystalline) [137] 

Chitosan/Silk fibroin Chemical (photo) [138] 

 

 

Skin TE 

Collagen Physical (ion) [139] 

Fibrin/Collagen Physical 

(ionic/entanglement) 

[140, 

141] 

Silk fibroin Physical (hydrophobic) [142] 
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Drug delivery Recombinant spider 

silk 

Physical (hydrophobic) [57, 

119] 

 

Neural TE 

Hyaluronic acid/Silk 

fibroin 

Physical 

(ionic/entanglement) 

[143] 

Silk fibroin Physical (hydrophobic) [144] 

As the broad spectra of applications suggests, the mechanical properties of 

hydrogels play a significant role in TE to meet the distinct needs of the application 

and must be tuned carefully. This tuning can also alter cell adhesion, thus fostering 

the interaction between cells and hydrogel [144], and helps to mimic physiological 

conditions.  

In summary, the versatility and adaptability of hydrogels, emphasised by their 

diverse cross-linking mechanisms and tunable mechanical properties, have made 

them indispensable tools in TE. Their ability to mimic the ECM, interact with cells, 

and respond to environmental stimuli enables the design of more physiologically 

relevant systems. Despite the challenges, the continuous innovation and research 

in developing and improving hydrogel systems underscore their tremendous 

potential. Therefore, their further study and refinement promise to unlock new 

avenues for advances in TE, pushing the boundaries of what is currently 

achievable. 

1.3.3 Protein coatings for scaffolds and biomedical devices 

While three-dimensional structures such as hydrogels are often focused for 

applications due to their ability to mimic the ECM, two-dimensional films and 

coatings also play vital roles in TE. While films may seem less relevant due to their 

two-dimensional nature in a field where the natural environment is inherently 

three-dimensional, their application as coatings on devices and scaffolds is a 

significant area of exploration. Coatings, although they may not directly emulate 

an ECM or target tissue, primarily serve to enhance the surface properties of 

scaffolds and devices. This enhancement can include rendering them more 

biocompatible [16, 52, 145], promoting cell adhesion [146], bestowing 

antimicrobial properties [147, 148], or altering their mechanical properties and 

degradation profiles [103]. A typical strategy to achieve these improvements 

involves the incorporation of growth factors [149], peptides [10, 150], or other 
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drugs [151, 152] into the coating material. Various techniques are available for 

coating deposition, each with advantages and considerations. Figure 1-5 shows 

some of the most frequently used techniques. 

For example, casting (Figure 1-5A) is a versatile method for adding a liquid 

solution or suspension onto a substrate, allowing it to solidify into a thin film by 

solvent evaporation [153]. This technique is especially suitable for large-area 

coatings, accommodating hydrophilic and hydrophobic materials, but may result 

in uneven surfaces [154]. 

Dip-coating (Figure 1-5B) involves immersing a substrate into a liquid or 

suspension and then withdrawing it at a controlled rate. As the substrate is 

withdrawn, a film forms on its surface through solvent evaporation or chemical 

reaction. Dip-coating is a versatile method suitable for various materials, enabling 

uniform coatings. However, achieving precise control over coating thickness at 

large substrates can be challenging, and the method is limited by high viscosities 

[52]. 

Spin coating (Figure 1-5C) entails depositing a liquid solution or suspension onto 

a rapidly rotating substrate. The centrifugal force spreads the liquid into a thin, 

uniform layer, solidifying through solvent evaporation. This technique offers 

precise control over coating thickness and is commonly used for thin films in the 

nanometer regime [49, 155]. However, it is limited to small areas. 

Electrospraying (Figure 1-5D) utilises an electric field to generate charged 

droplets from a liquid solution or suspension, which are directed onto the 

substrate, forming a coating. It offers precise control over droplet size and 

distribution, enabling uniform coatings and is well-suited for delicate or porous 

substrates. Besides electrospraying, this method can also be conducted without 

using an electric field by utilising defined gas streams to deposit the solution. This 

method is then called spray-coating and is less precise but more feasible for 

nonconductive solvents [156]. 

Electro-coating (Figure 1-5E), also known as electrodeposition, involves the 

application of an electric field to deposit charged molecules or ions onto a 

conductive substrate. This technique controls coating thickness, yields excellent 
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adhesion, and is commonly used for metal coatings. However, it is limited to 

conductive substrates [157]. 

 

Figure 1-5: A selection of relevant coating techniques for polymer coatings in TE. A) A drop casting 
approach where a polymer solution is cast into a mold (or surface). Once cast, the solvent evaporates 

and a solid polymer coating forms. B) Demonstrates dip-coating. A substrate is immersed into the 
polymer solution and removed at a controlled speed to ensure reproducibility and homogeneous 
coatings. C) Depicts spin-coating, where the substrate rotates at high speed so the cast solution 

gets evenly and thinly distributed across the substrate. Suitable for very thin films. D) illustrates 
electrospraying. Here two opposite charges are deployed at the substrate and solution, respectively. 
The attracting charges lead to droplets being ejected towards the surface, creating a thin and well-

adjustable film on the substrate. E) highlights Electro-coating. Like electrospraying, two opposite 
charges are deployed between the solution and substrate. However, the substrate is immersed, and 
by applying several charge cycles, the thickness of the coating can be well-defined.  

Selecting a suitable coating technique is critical to achieving the desired functional 

and mechanical properties. Factors such as coating thickness, uniformity, 

adhesion, and material interactions must be considered. Furthermore, the 

processing parameters and conditions, such as solvent evaporation speed, play a 

crucial role in determining the mechanical properties of the coating, particularly in 

protein-based coatings where these parameters influence secondary structure 

self-assembly [158]. Careful consideration of these aspects is vital to optimise the 

coating process and tailor the properties of the coatings to meet the specific 

requirements of TE applications.  

Despite being less versatile than hydrogels in terms of scaffold specific properties, 

their ease of application and the many possibilities to alter surface properties led 
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to coatings being used in many TE applications. Table 1-2 provides a very brief 

overview of studies employing possible applications thereof, highlighting the great 

variability of coatings used in TE. 

Table 1-2: Overview of exemplary polymer coatings used in Tissue Engineering applications. 

Application Base material Processing Ref. 

 

 

Bone TE 

dopamine/ silk fibroin Dip-coating [159] 

polydopamine Dip-coating [160] 

Gelatin/nano-

hydroxyapatite 

Dip-coating [161] 

Nanohydroxyapatite Electrodeposition [162] 

Heparin Electro-coating [163] 

 

 

 

Cardiac/Vascular 

TE 

Recombinant spider 

silk 

Casting [146] 

Recombinant protein C Casting [164] 

mRNA Casting [165] 

polycaprolactone Electrospraying [166] 

Recombinant 

tropoelastin 

Electrospraying [167] 

 

Skin TE 

collagen Electrospraying [168] 

Recombinant spider 

silk 

Casting [169] 

 

Neural TE 

Polypyrrole Dip-coating [170] 

Chitosan Electrodeposition [171] 

Polydopamine Dip-coating [172] 

 

Other 

Devices/ 

Implants 

Recombinant spider 

silk 

Casting [16, 52, 

148] 

Silk fibroin Casting [10] 

Titanium dioxide Dip-coating [173] 
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1.4 Recombinant Spider Silk as Biomaterial 

Proteins, as a subclass of polymers, offer high versatility and often show excellent 

biocompatibility, making them a compelling choice for biomaterial applications 

[14]. With the advent of genetic engineering, the library of proteins that can be 

created to mimic natural proteins with specific properties has expanded 

significantly [174]. Moreover, the production of proteins in large-scale bioreactors 

provides an independent and sustainable source of material [13]. 

Among various protein-based materials, silk has garnered significant interest 

throughout history. Silk has been utilised in diverse cultures for its textiles and 

traditional biomedical applications, such as wound dressings [175]. Silk can be 

defined as fibril-like proteins with highly repetitive domains processed into stable 

fibres by animals [176].  

Spiders are one example of the many species capable of producing silk, alongside 

silkworms, moths, honey bees, wasps, and lacewing flies [175]. In the world of 

spiders, approximately 50% of known species utilise silk to weave intricate webs 

for capturing prey, resulting in over 130 different web shapes [177]. 

One of the most extensively studied spider silk web types is the orb web produced 

by Araneus diadematus, commonly known as the European garden spider. This 

web consists of several silk types, as depicted in Figure 1-6, with the major 

ampullate (MA) silk being of particular interest due to its exceptional mechanical 

properties [178, 179]. The MA silk is responsible for the frame and radii of the orb 

web, bearing the majority of its weight. These fibres exhibit remarkable 

extensibility (27%) and toughness (180 MJ m-3), coupled with moderate strength 

(1.1 GPa) [180]. Furthermore, A. diadematus produces other silk types, including 

flagelliform silk for catching prey, minor ampullate silk for web stability, piriform 

silk for architectural purposes, and aggregate silk for coating the catching fibres 

with sticky silk aggregates. The cylindrical and aciniform silks wrap eggs and 

enclose prey [177, 181]. 
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Figure 1-6: Illustration of the different spider silk variants found in orb webs of A. diadematus. 
Pyriform silk is used as attachment material on surfaces; Cylindriform silk is used as a protective 

shell for eggs; minor ampullate silk is used for the auxiliary spiral in the centre of the web; 
flagelliform silk forms the catching prey-catching spiral; major ampullate silk forms the frame and 
radii of the web and serves as dragline silk of the spider; Aggregate silk serves as a glue and is 

distributed across the surface of the web, and actiniform silk is used for wrapping living prey. 
Adapted and modified from reference [182] (© L. Eisoldt et al., published by Elsevier, distributed 
under the terms of the Creative Commons Attribution 3.0 International License (CC BY 3.0), 
https://creativecommons.org/licenses/by-nc-nd/3.0/) 

The remarkable mechanical properties of MA silk can be attributed to the major 

ampullate spidroin (MaSp) proteins, which have an average molecular weight of 

250-350 kDa [183]. Among these proteins, major ampullate spidroin 1 and 2 

(MaSp1 and MaSp2) have received considerable research attention [15, 184, 185]. 

These two proteins differ significantly in their proline contents, which play a crucial 

role in determining the mechanical properties of the silk fibre. MaSp1 exhibits a 

low proline content (<0.4%), while MaSp2 is rich in proline residues (>10%) [13, 

184]. 

The specific composition of MaSp1 and MaSp2 proteins varies among spider 

species and is directly linked to the mechanical properties of the resulting silk 

fibres [183] 
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In the case of A. diadematus, two types of MaSp2 proteins are present in the MA 

silk: Araneus diadematus fibroin 3 and 4 (ADF3 & ADF4). Figure 1-7 gives an 

overview of the origins and the structure of the MaSp proteins of A. Diadematus. 

The repetitive domains of MA spidroins in A. diadematus are predominantly shaped 

by poly-alanine stretches, (GGX)n and (GPGXX)n (X= variable amino acid residue) 

regions [13, 186]. As a result, the poly-alanine regions form β-sheet crystallites, 

contributing to the fibre's high tensile strength [187]. The (GGX)n and (GPGXX)n, 

on the other hand, form 310-helices [188] and β-turn spirals, donating to the fibre's 

elasticity by posing an amorphous matrix [174, 189, 190].  

Recently, more spidroins, such as the MaSp3 [191], which lacks the MaSp-typical 

poly-Ala stretches, the MaSp4 [192], with the unique GPGPQ motiv, or the very 

small MaSp5 [193] proteins have been identified in Araneus ventricosus, 
Caerostris darwini and Caerostris darwini respectively; however, their contribution 

to fibre performance in these species is yet to be defined. 

 

Figure 1-7: Overview of A. diadematus' major ampullate silk structure. The red-framed boxes 
guides towards the protein of interest of this study,ADF4. Focusing on the MA silk, a highly repetitive 
core sequence flanked by NRN and NRC is illustrated. The core domain usually comprises MaSp-

typical motifs, which, in turn, can form secondary protein structures such as β-sheets, -helices and 
-turns, as well as 310 helices, yielding the fibres mechanical properties when spun.  
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The non-repetitive domains flanking the repetitive core domains consist of 40-200 

amino acids and show predominantly α-helical structures [13, 15]. Due to the 

ability to form dimers through intramolecular disulphide bonds, the termini enable 

the storage of high protein concentrations in spiders' silk glands via the formation 

of micelle-like structures [181]. Furthermore, these termini play a vital role in the 

coordination of fibre formation as it triggers a salting-out effect and the formation 

of β-sheets during the shear-induced spinning process [76, 194-197].  

Besides the molecular structures, spider silk's extraordinary mechanical properties 

stem from its multilevel organisation, as depicted in Figure 1-8. Protective layers 

of minor ampullate silk, glycoproteins and lipids surround the fibril core consisting 

of ADF3 & 4. 

 

Figure 1-8: Hierarchical structure of the dragline thread of A. diadematus. The fibre's outer shell is 
a lipid layer, surrounding a layer made of glycoproteins and minor ampullate silk. The fibre's core 
consists of multiple fibrils made of the MaSp proteins. Figure inspiration from [13]. 

 

Due to its biocompatibility [12, 17, 20-22] and mechanical properties [12, 14-19], 

spider silk has garnered significant interest in medical and technical applications. 

Therefore, a sustainable supply of raw materials is necessary. However, unlike 

other silks, such as the silkworm Bombyx mori produces [198], spider silk can not 

be harvested by conventional means. Due to spiders' aggressive and sometimes 

cannibalistic territorial behaviour, natural spider silks' mass production and 

harvest are unsustainable [199]. 
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One commonly used technique is the recombinant production of proteins, where 

the target protein's known amino acid sequence is codon-optimised for a host 

organism and translated into a DNA sequence. Therefore, fully synthetic genes 

that differ from the natural model but encode proteins with the key features and 

structures of natural MaSp proteins have been designed. These synthetic copies 

of various silk-coding genes were expressed by several expression organisms, 

including transgenic animals such as B. mori [200], mice [201] or goats [202]. 

Other eukaryotic hosts such as yeast [203-207], plants [208, 209] or insect cells 

[19, 210-213] have also been used to produce recombinant spider silk. Lastly, a 

more practical approach is using bacterial host organisms to enable large-scale 

production in bioreactors. Amongst these hosts are Salmonella typhimurium [214, 

215], Bacillus subtilis [203] and the most popular host organism, Escherichia coli, 

which has been extensively used for recombinant spider silk proteins [12, 14, 18, 

174, 177, 194, 203, 216-226].  

In the case of the ADF4-mimicking recombinant spider silk variant eADF4(C16), 

so-called “C-modules”, as depicted in Figure 1-9 were designed to enable a facile 

cloning approach. Every module possesses the key motifs of the core domain of 

the MaSp2 gene and has been codon-optimised for the expression in E. coli. Using 

relatively small (105 bp) repeatable modules, precise control over the final protein 

size is achievable [12]. Using a seamless cloning strategy [227], these modules 

can be combined freely, and further modifications, such as the non-repetitive 

termini, can later be integrated [15, 228]. 

Recombinant "engineered Araneus diadematus fibroin 4" (eADF4) comprises 16 

repeats of the C-module, giving it the name eADF4(C16). The protein sequence 

results in a 47 kDa protein, which is smaller than the natural model, but large-

sized proteins still pose a critical problem in the expression with E. coli. Also, the 

eADF4(C16) protein does not include the C- or N-termini found in the natural 

protein [19, 177].  
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Figure 1-9: Amino acid sequence of eADF4(C16). The C-module is repeated 16 times, mimicking 

the properties of natural MaSp2 protein. Dark blue highlights the glutamic acid residue, adding a 
negative charge to each module. 

After fermentation and purification, this protein can be lyophilised and stored until 

further processing into various morphologies [229]. Furthermore, molecular 

biological means can further modify the protein due to its recombinant nature. 

This can change the protein in terms of single amino acids, such as modifying its 

default negative charge or adding new peptides or proteins to create novel fusion 

proteins [78].  

eADF4(C16) has shown great potential as a biomaterial and new approaches to 

using this excellent material for various applications have emerged. For example, 

fibres, coatings and non-woven meshes can be used as filter matrices [230, 231] 

in more technical-oriented applications. 

 

1.5 Applications of Recombinant Spider Silk in Tissue 

Engineering  

TE, in particular, poses an exciting field of application for recombinant spider silk. 

It was also shown that recombinant spider silk is a fantastic material for implant 

technology as it acts as a bacteriostatic bio-shield and avoids fibrous capsule 

formation [52]. Furthermore, through the advancements in genetic engineering 

and cloning techniques, it is possible to modify spider silk proteins to enhance 

their functionality for specific applications. One such modification involves the 

incorporation of cell adhesion peptides onto the spider silk protein, which can 
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transform the naturally cell-rejecting material into one that promotes cell 

attachment and proliferation [223]. This tailoring of spider silk through genetic 

modifications, combined with the variety of available morphologies, opens up 

exciting possibilities for expanding its potential in TE and regenerative medicine, 

enabling precise control over its interactions with cells and tissues [232]. 

Figure 1-10 overviews the most prominent recombinant spider silk morphologies 

used in TE, and Table 1-3 briefly summarizes applications thereof, highlighting 

the versatility of this material. 

 

Figure 1-10: Overview of the different recombinant spider silk morphologies used in TE. Natural 
spider silks serve as a blueprint for recombinant spider silk production. The production hosts 

bacteria, yeast, eukaryotic and insect cells are shown, as well as morphologies of recombinant spider 
silk (foam, fiber, film, hydrogel, and non-woven mesh) for potential applications in TE. Figure and 
caption adapted from reference [158] (© S. Salehi et al., published by MDPI, distributed under the 

terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), 
http://creativecommons.org/licenses/by/4.0/) 

 

 

 

 

http://creativecommons.org/licenses/by/4.0/
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Table 1-3: Exemplary overview of Tissue Engineering applications using spider silk proteins. 
Compiled from [233] and [158]. 

Application Morphology Content of study Ref. 

 

 

 

 
 

Heart TE 

coatings Cardiomyocytes 

seeded on coated 

glass substrates. 

Observation of 
contraction and 

electrical signalling. 

[146, 234] 

films Showed different cell 

morphologies 

depending on the 

spider silk variant 

used. 

[235] 

 

 
 

Vascular TE 

Fibres and non-

woven 

AV-loops in vivo in 

rat models. 
 

[20] 

hydrogels [59] 

foams Observed of vessel-

like structures within 
14 days. 

[92]59 

 
 

 

 

 

 
 

 

Neural TE 

 

 

 
 

 

 

 

 
 

Rolled non-woven 
tubes 

Observation of the 
formation of 

synapses and 

membrane potentials 

along the tubes. 

[236] 

Self-rolling 

chitosan/spider silk 

tubes 

Observation of 

directed neuron 

differentiation. 

[237] 

Natural silk fibres Parallel fibres used 

as nerve guiding 
scaffold 

[238, 239] 

Natural silk fibres Ridging of long nerve 
defects in sheep. 

[240] 

 

foams 

Observation of 

neuronal stem cell 

attachment and 

differentiation into 

astrocytes. 

[241] 

 

 
Muscle TE 

Patterned films Mayoblasts in vitro 

culture showed 
surface topography 

dependency. 

[232] 

 

Cartilage TE 

Gradient films Observation of 

gradient-dependent 

cell adhesion. 

[242] 

 

 

 

Coatings (blends 

with spider silk and 

other polymers) 

Differentiation from 

MSC to osteoblasts. 

[243] 
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Bone TE 

Coating/ film Differentiation from 

MSC to osteoblasts. 

[244, 245] 

coatings significantly 

increased 
differentiation of 

bone marrow hMSCs. 

[246] 

Coatings of a blend 

of recombinant and 

natural spider silk 

Observation of 

guided osteoblastic 

differentiation of 

MC3T3-E1 cells. 

[247] 

 

 
Bladder TE 

Cross-weaved 

natural silk fibres 

Observation of 

primary human 
urothelial cell 

adhesion without 

fibrosis-associated 

gene expression. 

[248] 

 

 

 
 

 

 

 

 

Skin TE 
 

 

 

 

 
 

 

 

Coatings/ films Elevated wound 

healing rate in vivo 

rat models. 

[169] 

Woven natural silk 

fibres 

Multilayer epidermis 

model. 

[249] 

 

fibres 

In vivo implants in 

rats showed 
fibroblast ingrowth 

and angiogenesis. 

 
[250] 

coating Showed enhanced 

cell-binding activity 

and cellular growth 

of skin-derived 

human dermal 
fibroblasts of 

neonatal origin. 

[251] 

 

 

Breast TE 

Coating Coating for breast 

implants showed 

decreased fibrosis 

and inflammation 
response. 

[52] 

 
 

TE devices 

Natural silk fibres Braided fibres used 
as sutures. 

[252] 

coatings Antifouling coating 
for polyurethane 

catheters. 

[105] 

 

 

 

 

 
Undefined 

 

foams Mesenchymal stem 

cell ingrowth with 

endodermal 

differentiation. 

[253] 

foams Observation of good 

fibroblast adhesion 
and distribution. 

[60], [254] 
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hydrogels Characterization as 

bioink with varying 
concentrations and 

cell types. 

[24, 255] [58] 

 

Table 1-3 does not showcase a high utilization of hydrogels derived from 

recombinant spider silk in precisely defined TE applications besides the AV-loop 

[59] and general printing studies [24, 58, 255]. Nonetheless, initial investigations 

focusing on their mechanical properties, printability, and cellular interactions have 

begun to shed light on their overall potential.  

Specifically, Lechner et al. conducted a pioneering study to explore the behaviour 

of Arg-Gly-Asp (RGD)-modified spider silk hydrogels. They found that these 

hydrogels undergo physical cross-linking when cells are incorporated, indicating 

an active interaction between the hydrogel and the cells. In contrast, untagged 

spider silk proteins showed no such interaction with cells. 

Importantly, the study revealed that cell viability remained remarkably high 

following extrusion-based printing, even at high cell densities of up to ten million 

cells per millilitre. This finding is a crucial prerequisite for developing spider silk 

hydrogels in TE. Figure 1-11 shows a shape fidelity assay of printed constructs 

using a filament collapse test in both the absence and presence of cell culture 

media, further confirming the structural integrity of the printed constructs [58]. 
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Figure 1-11: Shape fidelity assay of printed spider silk bioinks. A) Strands of each bioink formulation 

were printed on a pillar row with defined distances to observe the breaking point of an extruded ink 
line. B) Stereo microscopy images of the hanging lines of spider silk hydrogels with and without cell 

culture media (scale bars: 200 μm). Adapted from reference [58] (© A. Lechner et al., published by 
Wiley-VCH, distributed under the terms of the Creative Commons Attribution 4.0 International 
License (CC BY 4.0), http://creativecommons.org/licenses/by/4.0/) 

Furthermore, in vivo experiments conducted by Steiner et al. represented a 

significant advancement in the utilization of hydrogels composed of eADF4(C16). 

In these experiments, the hydrogels were transferred into teflon isolation 

chambers, as depicted in Figure 1-12A and implanted in a rat arteriovenous loops 

(AVL) for 4 weeks. In addition, they also implanted RGD-modified eADF4(C16) 

hydrogels in the AVL model to enhance vascularisation after 2 and 4 weeks. 

Upon explantation, histological and microcomputed tomography analyses (Figure 

1-12B+C) were performed on the specimens. The results confirmed the 

biocompatibility of the hydrogels and revealed the progressive formation of 

functional tissue over time. Notably, the functionalization of eADF4(C16) with RGD 

motifs proved to be a powerful strategy to improve hydrogel stability and enhance 

vascularization. In fact, the RGD-functionalized eADF4(C16) hydrogels 

outperformed other hydrogels, including fibrin gels, in terms of promoting 

vascularization [59]. Johansson et al. [92] observed a similar response in the 

presence of spider silk foams during a co-culture experiment involving endothelial 

cells and connective tissue cells. The mixture contained 2-10% endothelial cells. 

http://creativecommons.org/licenses/by/4.0/
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Over a two-week culture period, the endothelial cells aggregated and generated 

branched sprouts measuring several millimetres in length.  

 

Figure 1-12: A): Photograph of the AVL operation. The AVL was placed between two layers of spider 
silk hydrogel. B) Microcomputer tomography (µCT). After 2 and C) 4 weeks. Adapted from reference 

[59] (© S. Steiner et al., published by IOP publishing, distributed under the terms of the Creative 
Commons Attribution 4.0 International License (CC BY 4.0), 

http://creativecommons.org/licenses/by/4.0/) 

These findings demonstrate the feasibility of recombinant spider silk hydrogels for 

TE and underscore their potential for advanced fabrication techniques such as 3D 

bioprinting. The ability of spider silk hydrogels to support cell viability, exhibit cell-

interacting behaviour, and maintain structural integrity during the printing process 

holds great promise for developing complex tissue constructs with enhanced 

biological functionality. Further research in this field will undoubtedly unlock the 

full potential of recombinant spider silk hydrogels and propel their integration into 

a wide range of TE applications. 

In a research study conducted by Johansson et al. [92], they utilized a scaffold 

composed of recombinant spider silk protein known as 4RepCT, which underwent 

genetic modification through the inclusion of a cell adhesion motif from fibronectin. 

The scaffold was generated from a silk solution and mouse mesenchymal stem 

cells. The assembly triggered by the gentle introduction of air bubbles into the 

solution formed a wet foam structure (Figure 1-13A). Careful control of the air-

water interface facilitated the homogeneous distribution of cells within the silk 

material, leading to the even dispersion of cells throughout the three-dimensional 

silk foam network. After a three-day incubation, the cells were well-distributed 

within the 3D silk foam structure. The study demonstrated the successful 

distribution and integration of human embryonic stem cells, within the silk foam. 

http://creativecommons.org/licenses/by/4.0/
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Notably, cell aggregates within the 3D foam became apparent after 48 hours 

(Figure 1-13B). Subsequent induction of endodermal differentiation led to the 

formation of dense layers of cells, as confirmed by mRNA analysis. A comparison 

of gene expression profiles between 2D and 3D samples revealed a significant 

upregulation of SOX17 and CER1, along with a downregulation of pluripotency 

marker NANOG, indicating the successful initiation of differentiation (Figure 

1-13C+D). Additionally, the study explored the differentiation potential of human 

bone marrow-derived mesenchymal stem cells when mixed with the spider silk 

foam by observing the presence of lipid droplets throughout the scaffolds 

containing integrated cells after expansion and differentiation induced by 

adipocyte-specific media, as shown in Figure 1-13E. 

 

Figure 1-13: A): Foam processing with cell incorporation. Media containing cells (pink) was blended 

with the fibronectin-modified spider silk solution (blue) (I). The introduction of air bubbles with 
pipette tip (II), induced the foam formation. B): mCherry was detected after 48 h, indicating the 
presence and incorporation of the differentiated human embryonic stem cells (hESC) into the foam 

structure. C+D): Immunostaining of the endodermal markers SOX17 (green) and FOX2A (red) was 
supported by RTqPCR analysis. Expression of the genes SOX17, CER1, NANOG for hESC in the silk 
foam versus that of a 2D culture. Bars represent the mean fold change ± standard deviation (n = 
4). E): Differentiation of human mesenchymal stem cells within the-silk foam into adipogenic linage, 

showing lipids droplets stained by Red Oil (red) (n = 2, n = 4). Originally adapted from reference 
[92] (© U. Johansson et al., published by IOP publishing, distributed under the terms of the Creative 
Commons Attribution 4.0 International License (CC BY 4.0), 

http://creativecommons.org/licenses/by/4.0/). Copyright 2019, Nature Research. Modified image 
and caption adapted from reference [158] (© S. Salehi et al., published by MDPI, distributed under 

http://creativecommons.org/licenses/by/4.0/
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the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), 
http://creativecommons.org/licenses/by/4.0/). 

Finally, the study investigated the differentiation of adult precursor cells known as 

human skeletal muscle satellite cells encapsulated within the spider silk foam. 

After a two-week culture period in myogenic differentiation media, the HSkMSCs 

exhibited full alignment and coverage of the fibrillar network within the foam. 

Coatings, on the other hand, have already been used in TE applications 

extensively, and some even reached clinical trials. One such approach was 

designed by Zeplin et al., as shown in Figure 1-14. In this study, medical-grade 

silicone implants were coated with a thin layer of recombinant spider silk proteins, 

and the biocompatibility of these coated implants was thoroughly analyzed both 

in vitro and in vivo. Quantitative methods were employed to determine marker-

specific gene expression and protein concentration, allowing insights into the 

effects of the silk coating on various cellular processes. The results revealed that 

the silk coating exerted inhibitory effects on fibroblast proliferation, collagen I 

synthesis, and the differentiation of monocytes into CD68-positive histiocytes. 

Furthermore, the silk coating significantly reduced capsule thickness, post-

operative inflammation, synthesis and remodelling of the extracellular matrix, and 

the expression of factors mediating contracture. These findings are of great 

importance as they demonstrate that coatings made of recombinant spider silk 

proteins have the potential to effectively mitigate major post-operative 

complications associated with the introduction of implants, specifically capsular 

fibrosis and contraction [52]. 

http://creativecommons.org/licenses/by/4.0/
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Figure 1-14: Schematic of the spider silk-coated silicone implants, which are supposed to minimize 

fibrosis, cell proliferation, contractures and encapsulation by ECM proteins. Adapted from reference 
[52](© P. Zeplin  et al., published by WILEY-VCH and reprinted with permission under license 

number 5558781272790.) 

Besides implant coatings, more fundamental research in regard to 

biomineralization has been conducted. For example, Gomes et al.[245] 

demonstrated the potential of recombinant spider silk proteins derived from the 

major ampullate spidroin (MaSp1) from Nephila clavipes in the context of bone 

regeneration. Therefore, they genetically fused it with a bone sialoprotein. This 

functionalization aimed to promote cellular attachment, differentiation, and the 

deposition of calcium phosphate on the surface of a film. Their experiments 

resulted in an accelerated calcification in vitro, observed after as little as 6 hours 

at 37°C. Furthermore, films composed of this fusion protein facilitated calcium 

phosphate deposition and exhibited excellent adhesion properties for human 

mesenchymal stem cells, significantly enhancing their differentiation. Next, 

Plowright et al.[246] utilized the same base recombinant spider silk, however, they 

designed a new fusion of the spider silk with the silica-binding peptide R5 

(SSKKSGSYSGSKGSKRRIL), sourced from silaffin of Cerithiopsis fusiformis, at 

both termini of the silk sequence to observe bio silicification as shown in Figure 

1-15. Adding the silica domain to the carboxyl-terminal end demonstrated superior 

and more controlled silica precipitation after 4 and 8 weeks when compared to 

unmodified silk films and tissue culture plate substrates. Moreover, this modified 

silk significantly promoted the differentiation of bone marrow-derived human 

mesenchymal stem cells. 
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Figure 1-15: Calcium crystal deposition by differentiating human mesenchymal stem cell on the 
recombinant silk and silk–silica films. Calcium crystals (red) staining by alzarin red S was performed 

on hMSCs cells grown on nh-15mer (N-terminal his6 tag), nh-15mer-R5 (N-terminal his6 tag, C-
terminal R5 protein), 15mer-ch (C-terminal his6 tag), R5-15mer-ch (C-terminal his6 tag, N-terminal 
R5 protein) and TCP (Tissue culture plate) four (A) and eight (B) weeks post seeding. Scale bars are 

300 μm. (C) Quantification of calcium deposition of hMSCs grown on recombinant silk–silica 
constructs after 4 weeks (white bars) and 8 weeks (grey bars) in culture. Results for nh-15mer, nh-
15mer-R5, 15mer-ch and R5-15mer-ch silk–silica constructs and TCP no osteogenesis and TCP 
osteogenesis are shown. Data are represented as the average ± standard deviation (n = 3, *p < 

0.05). Figure and caption adapted from reference [246](© R. Plowright et al., published by Royal 
Society of Chemistry and reprinted with permission under license number 1397909-1.). 
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Lastly, in this group of exemplary spider silk usage in TE, Baoyong et al. conducted 

a study to evaluate the wound-healing properties of two types of recombinant 

spider silk proteins, pNSR-16 and pNSR-32, compared to collagen as a control in 

an in vivo rat model. The experiment involved applying these proteins on the 

wound, with an additional group left untreated as a negative control. Various 

assessments were performed on days 3, 5, 7, 14, and 21, including wound-healing 

rate, histological tests, measurement of hydroxyproline synthesis, and 

immunohistochemical staining to detect basic fibroblast growth factor. The results 

of the implantation testing demonstrated that the treatment groups receiving the 

recombinant spider silk proteins, pNSR-16 and pNSR-32, exhibited significantly 

improved wound healing compared to the control group (p < 0.01). On the 7th, 

14th, and 21st days, there was a higher expression of bFGF, which is known to be 

crucial in promoting tissue regeneration. Additionally, the levels of hydroxyproline, 

an essential component of collagen synthesis and an indicator of tissue 

remodelling, increased in the treatment groups' skin samples. These findings 

collectively indicated successful regeneration of the wound skin in the groups 

treated with the recombinant spider silk proteins [169]. 

 

1.5.1 Silk Materials in Bone Tissue Engineering 

One particularly interesting discipline of TE utilizing spider silk or silk fibroin is 

Bone tissue engineering as a promising method for bone regeneration, potentially 

replacing existing clinical therapies. 

Besides being processed and used as a graft, tissue-engineered constructs also 

open the door for three-dimensional tissue models that aid in the detection of 

tissue malfunctions and their analysis at the cellular and molecular levels [256, 

257]. By combining cells, scaffolds, and, to some extent, growth factors or 

mechanical stimuli, the objective is to create and help regenerating 3D bone 

tissues using the patient’s own cells. Selecting an appropriate biomaterial that can 

mimic the mechanical and biological properties of the natural bone tissue matrix 

to support tissue development is one of the main challenges. Due to its exceptional 

mechanical qualities, silk materials, which are a promising biomaterial for scaffold 

fabrication in general, is well suited for use in bone TE [258]. For example, 
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Hennecke et al.[252] utilized braided natural spider silk fibres as suture material 

for tendons, minimizing foreign body reactions. 

Lastly, silks have shown great promise in prior studies regarding bone TE and the 

beneficial biomineralization. Hardy et al. [243]and Yang et al.[259] observed 

biomineralization and increased alkaline phosphatase activity when human 

mesenchymal stem cells were cultivated on these materials. The calcium ions 

could bind and speed up the mineralization because the used spider silk contained 

several carboxylic acid moieties. Calcium carbonate was preferentially deposited 

on eADF4(C16), but not on the synthetic polymer phases of the blend films from 

the composite polymer solution of eADF4(C16) and poly(butylene terephthalate) 

or poly(butylene terephthalate-co-poly(alkylene glycol) terephthalate). Finally, as 

discussed before (Chapter 1.5.1), Gomes et al. [245] could further enhance bone 

regeneration with a fusion protein of recombinant MaSp1 protein and a 

sialoprotein. 

Generally speaking, clinical practice has shown that most bone fractures heal 

naturally and do not require TE strategies. Therefore, bone TE strongly focuses on 

supporting the regeneration of intricate or non-uniform fractures. Therefore, next 

to the apparent choice of silk fibres due to their mechanics, hydrogels have also 

found their way into bone TE. Hydrogels can serve as networks, which offer 

impressive options for delivering cells and cytokines to target sites, which can be 

hard to reach in deeply located bone or tendon injuries. Additionally, they are 

advantageous, especially for clinical applications, because they benefit from being 

injectable [260-262] if physically cross-linked. 

While the usage of hydrogels from recombinant spider silk in bone TE is not 

established yet, several studies showed progress in utilizing hydrogels formed 

from silk fibroin. For example, human MSCs could be successfully encapsulated in 

sonication-induced silk fibroin hydrogels, which also supported their cellular 

processes of proliferation, growth, and maintenance [263]. Furthermore, even 

without adding osteogenic stimulants to the cell culture medium, hydrogels 

induced osteogenic differentiation of human MSCs [264]. And lastly, it has been 

shown that injectable silk fibroin hydrogels speed up the remodelling processes in 

rabbit distal femurs [265]. One in vivo study with injectable silk fibroin hydrogels 

in rats showed that incorporated growth factors in these hydrogels promoted 
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angiogenesis and new bone formation [266]. Such gels highlighted a minimally 

invasive manner to deliver growth factors, drugs or cells to regenerate irregular 

or difficult-to-access cavities in bone. 

 

1.6 Recombinant fusion Proteins  

As mentioned earlier, recombinant proteins offer tremendous potential for further 

modifications and functional enhancements. This innovative approach gives rise 

to entirely new fusion proteins that possess the combined properties of the fused 

partners. These hybrid proteins have become invaluable medical research tools 

for drug-targeting applications. 

By linking specific functional proteins, such as single-chain antibodies or cell 

surface receptor ligands, to a protein, fusion proteins can be designed to target 

and interact with particular cell types selectively. This targeted approach holds 

great promise in various therapeutic applications, as fusion proteins can deliver 

payloads, such as toxins or cytokines, to desired cell populations [267, 268]. 

Notably, several fusion protein drugs, including Enbrel® (tumour necrosis 

factor/Fc-IgG1), Ontak® (interleukin-2/diphtheria toxin), Orencia® (cytotoxic T-

lymphocyte antigen-4/Fc-IgG1), Amevive® (leukocyte function antigen-3/Fc-

IgG1), Arcalyst® (interleukin-1 receptor extracellular domain/Fc-IgG1), and 

Nplate® (thrombopoietin/Fc-IgG1), have already been approved by the FDA [269-

271], underscoring the clinical significance of this approach. 

 

1.6.1 Spider silk fusions 

Consequently, genetic modifications can be utilized for recombinant spider silk to 

create fusion proteins that possess both spider silk's exceptional mechanical 

properties and the fused domain's specific functionalities. In that manner, various 

spider silk fusions have been created to date. 

For example, Neubauer et al. have created a collagen-binding spider silk fusion 

protein to initiate biomineralization on spider silk films and showed enhanced 

MC3T3-E1 mouse pre-osteoblasts adhesion on the mineralized surface [242]. 
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Similar to this approach, Dinjaski et al. fused a hydroxyapatite binding domain to 

both terminals of the spider silk and could show increased biomineralization [244]. 

Lastly, the biomineralisation could be further improved by an approach by Gomes 

et al., where they fused bone sialoprotein to a spider silk protein and archived 

mineralisation of films through deposition of calcium phosphate by the selectively 

adhered and differentiated human mesenchymal stem cells [245], as discussed in 

section 1.5. 

Luo et al. fused repeating units of resilin with a spider silk c-terminal domain from 

N. clavipes to obtain a thermoresponsive copolymer that could reversibly form 

hydrogels at a temperature threshold [272]. The thermoresponsive properties of 

the terminal domain enabled gel formation at low (~2°C) and high (~65°C) 

temperatures in prior studies and was observed for conservation of this property 

when fused to multiresponsive resilin protein with 4 and 8 repeats in this study. 

As depicted in their results shown in Figure 1-16A, both protein solutions (15% 

v/w) of either R4C, with 4 repeats of the resilin sequence, or R8C, with 8 repeats 

were able to form reversible hydrogels at lower temperatures between 4 and 15°C, 

which is higher than for gels of the unmodified terminal domain at 2°C. Both 

formulations melted above 15°C and formed irreversible hydrogels at 65°C for 

R4C and 85° for R8C, attributed to the proteins' denaturation. The rheological 

evaluation shown in Figure 1-16B confirmed this behaviour of 20% w/v gels with 

both gels crossing the sol-gel point around 20°C and again upon heating at 65°C 

and 75°C, respectively. This study highlighted the interplay of the fusion partners 

properties to yield similar ,but differently tunable properties of the fusion protein. 
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Figure 1-16: A): Test of formation of hydrogels by R4C ( 4 repeats of reisilin module with c-terminal 

spider silk) and R8C. Vials containing 15% (w/v) protein solutions were incubated for 10 min at the 
indicated temperatures and then inverted for image collection; (b) Oscillatory rheological analysis of 
R4C and R8C at a protein concentration of 20% (w/v). The temperature sweeps were performed 

with a heating rate of 2 ◦C min−1. Figure and caption adapted from reference [272] (© F. Luo et 
al., published by MDPI, distributed under the terms of the Creative Commons Attribution 4.0 
International License (CC BY 4.0), http://creativecommons.org/licenses/by/4.0/). 

Another study by Humenik et al. fused the green fluorescent protein (GFP) to the 

recombinant spider silk protein eADF4(C16). By doing so, they achieved a 

recombinant spider silk that is fluorescent and, at the same time, retains the 

properties of the spider silk, such as the gelation into physically cross-linked 

hydrogels [78]. Fundamental research to fuse GFP to spider silk proteins was 

conducted by Zhang et al.; where they mainly focused on the host organism and 

the production parameters in general but could already produce the functional 

fusion protein in small amounts [213]. 

http://creativecommons.org/licenses/by/4.0/
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By trying to mimic a complete natural spider silk molecule more closely, Thamm 

et al. recombinantly produced a short major ampullate spidroin as a fusion 

construct between Latrodectus hesperus terminal domains and the Cyrtophora 

moluccensis core domain to obtain more insight into the molecular assembly of 

spider silk fibres [183]. 

One approach by Mittal et al. fused spider silk proteins with an affinity domain Z, 

which binds immunoglobulin G (Z-silk), as well as a fusion protein with the RGD 

peptide derived from fibronectin (FN-silk). These proteins were blended with 

cellulose nano fibres to create composite materials that exhibit bioactivity 

regarding antibody binding and cellular attachment [273]. Figure 1-17A+B 

demonstrates the ability of free-standing and cast films, as well as coatings 

processed from the CNF/Z-silk blend, to bind to fluorescently labelled IgG 

antibodies, while the controls of CNF and CNF/FN-silk do not show any fluorescent 

signals, indicating the functionality of the fusion protein. Furthermore, Figure 

1-17C shows bioactivity regarding cell adhesion to the FN-silk variant 

functionalized with RGD. Here, it can be seen that human dermal fibroblasts 

adhere to the CNF/FN-silk blend films, while no cellular attachment could be 

observed for CNF films., which is supported by cell counts (Figure 1-17D) and 

Alamar blue assays (Figure 1-17E). 
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Figure 1-17: Cellulose nanofibres (CNF)-based composite films show bioactivity. A): Optical 
microscopy images of CNF and composite CNF/silk films (top panel). Scale bars:4 mm. Fluorescence 
microscopy images show the binding of fluorophore-labeled IgG (green, bottom panel). Scale 
bars: 1 mm. B): Fluorescence images of IgG-fluorophore bound to casted films (top panel) and 

coatings on CNF films(bottom panel)of CNF and the Z domain alone (CNF/Z),CNF premixed with Z-
silk (CNF/Z-silk) or pure CNF, respectively Scalebars: 1 mm. C): Human dermal fibroblasts cultured 
on CNF or CNF/FN-silk films for 7 days. Top panel: live/dead staining (green,living cells; red, dead 

cells/ autofluorescence from CNF). Bottom panel: F-actin staining (green, F-actin; blue, 
nuclei/autofluorescence from CNF). Scale bars: 500μm for 2×and 100μm for 10×. D): Number of  
Human dermal fibroblasts (mean + SD) per mm2 on free-standing films of CNF (white bar) and 

CNF/FN-silk (grey bar), at 2, 4 and 6 days, as evaluated by DAPI staining and manual counting of 
nuclei. Statistically significant differences according to Student’s t-test:**p< 0.01,***p< 0.001, 
and*****p< 0.00001. E): Representative Alamar blue viability graph of three independent 
experiments with Human dermal fibroblasts growing on CNF and CNF/FN-silk films (n=3) during 1 

week. Statistically significant differences according to Student’s t-test:*p< 0.05. Error bars show 
standard deviation. Figure and caption adapted from reference [273] (© N. Mittal et al., published 
by ACS Nano, distributed under the terms of the Creative Commons Attribution 4.0 International 

License (CC BY 4.0), http://creativecommons.org/licenses/by/4.0/) 

Lastly, two distinct approaches involving cellulose-binding spider silk fusion 

proteins to enhance the mechanical properties of spider silk materials have been 

researched and will be explained in detail in Chapter 1.7. Briefly, Meirovic et al. 

and Mohammadi et al. have both explored the incorporation of cellulose 

nanoparticles to improve the resulting morphology of spider silks, specifically films 

and sponges [216], as well as fibres [274] and films [275], respectively. 

http://creativecommons.org/licenses/by/4.0/
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These studies demonstrate the potential of utilizing cellulose-binding spider silk 

fusion proteins to enhance the mechanical properties of spider silk materials by 

showing that incorporating cellulose particles presents a valuable strategy for 

reinforcing spider silk-based films, sponges, fibres, and potentially other 

morphologies, possibly expanding their applications in biomaterials, TE, and 

beyond. 

1.6.2 Cellulose blended Biomaterials 

Cellulose, derived from plants and bacteria, is a versatile and abundant biopolymer 

with immense potential in biomaterials research. Its unique properties, including 

renewability, biocompatibility, and mechanical strength, make it an attractive 

candidate for various applications [25]. In the field of TE, cellulose-based materials 

have shown promising outcomes, demonstrating their ability to provide 

mechanical support and scaffolding in 3D cell cultures as hydrogels from cellulose 

nanofibres [276] and bone grafting scaffolds from composite materials [277-281]. 

Table 1-4 briefly overwiews studies using cellulose materials as blend partners, 

mostly utilizing its low cost, abundance, and mechacical properties. 

Table 1-4: Exemplary overview of possible cellulose-blended composite materials in Tissue 
Engineering. 

Blend material Application Effect of cellulose Ref. 

Bacterial cellulose + 

hydroxyapatite 

Enhanced bone 

regeneration in 

membranes. 

Matrix material for 

mechanical 

properties. 

[277] 

Bacterial cellulose + 

hydroxyapatite + 
growth factor peptides 

Enhanced bone 

regeneration in 
membranes. 

Matrix material for 

mechanical 
properties. 

[278] 

Cellulose nanofibres + 

silk fibroin 

Highly transparent, 

strong, elastic films. 

Matrix material for 

transparency 

mechanical 

properties 
(strength). 

[282] 

Cellulose+ 

nanohydroxyapatite 

Electrospun meshes for 

bone regeneration. 

Material for 

electrospinning. 

[279] 

Carboxymethylcellulose 

+ nanofibrous silk 
fibroin 

Hydrogels with high 

biomineralization 
capabilities for bone 

TE. 

Yields to higher 

hydrophilicity, 
supporting cell 

growth and 

biomineralization. 

[281] 

Cellulose nanofibres + 

silk fibroin 

Nanostructures with 

„ultrafast“ water 
transport. 

Mechanical 

properties and 

[283] 
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hygroscopy for 

water transport. 
Nanohydroxyapatite + 

cellulose nano crystals 

+ silk fibroin 

Freeze-dried scaffold 

for bone TE with 

enhanced 

osteoconductivity 

compared to dual 
blends of these 

materials. 

Enhanced 

mechanical and 

thermal properties 

in the composite. 

[284] 

Cellulose + silk fibroin  Mechanically strong 

electospun mats for 

cell culture. 

Matrix used for 

material 

sustainability 
wCithout 

compromising 

properties of silk 

fibroin. 

[285] 

Cellulose nanofibres + 

recombinant spider silk 
variants 

Films and coatings with 

maintained bioactivity 
from the fusion 

proteins. 

Cheap and strong 

filler material for the 
films, contributing 

mechanical 

properties. 

[273] 

 

One remarkable aspect of cellulose is its capacity to enhance the mechanical 

properties of other materials when used as a filler or additive. Studies have 

revealed that incorporating cellulose particles into silk-based materials can 

significantly improve their mechanical performance, resulting in tunable 

composites with increased strength and durability [282, 283]. The combination of 

cellulose's inherent strength and its ability to reinforce other materials makes it 

an intriguing prospect for biomaterial research. 

Following this approach, Cho et al. and Xiong et al. blended cellulose nanofibres 

with silk fibroin to produce films with elevated mechanical properties while 

maintaining the transparency of silk films at low concentrations [282, 283]. Chen 

et al. blended silk fibroin with hydroxyapatite and cellulose nanocrystals for freeze-

dried scaffolds in bone TE [284]. “Ultrastrong” fibres have been produced by Mittal 

et al. by blending cellulose nanofibrils with recombinant spider silk [273]. 

Gzuman-Puyol et al. processed a silk fibroin/cellulose powder solution into 

electrospun non-woven mats to increase mechanical properties and observe 

fibroblast proliferation rates [285]. 
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1.6.3 The role of Cellulose binding domains 

While these studies have explored cellulose-based and -blended materials in 

combination with silks, the interactions between these materials were not well-

defined. However, nature provides a solution through molecular binding sites that 

can facilitate strong interactions between cellulose and other molecules, 

potentially leading to enhanced mechanical properties through recombinant 

protein production.  

Cellulose-degrading microorganisms, such as Clostridium cellulovorans [286] and 

Cellulomonas fimi [26, 27], produce cellulase enzymes that possess a unique 

structure comprising a catalytic domain, a linker sequence, and a non-catalytic 

cellulose-binding domain. This cellulose-binding domain (CBD) is crucial in 

establishing prolonged contact between the cellulose molecule and the catalytic 

domain [287, 288].  

CBDs have cellulose recognition sites linked to a catalytic domain via a proline-

rich linker. Over time, more than 200 CBD sequences have been identified, and 

they are categorized into 13 families based on their structure and binding 

mechanisms, as summarized in Table 1-5 [289]. Families 1-3 contain the 

majority of known CBDs, ranging from 30 to 180 amino acids, and are typically 

located at a terminus of the parent protein [290]. 

Family 1 comprises fungal binding domains among the CBD families, while family 

2 encompasses the extensively studied bacterial cellulose-binding domains, 

making it particularly relevant for this study as protein production will occur in E. 

coli. Family 2 CBDs share common features such as a low content of charged 

amino acids, a high content of hydroxyamino acids, conserved tryptophan 

residues, and two cysteines positioned near the C- and N-termini. The conserved 

tryptophan residues adopt a comb-like structure, as depicted in Figure 1-18, and 

play a critical role in the binding ability of CBDs through an entropically driven 

process [291]. 
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Table 1-5: CBD families and their properties. Adapted from [289] 

Family Size (amino acids) Characteristics 

I 33-36 Exclusively CBDs from fungal 

enzymes.  

>40 members.  

Some also bind to chitin. 

II ~100 Two sub-families (IIa and IIb).  

IIa contains two chitin-binding 

domains.  

~ 40 members. 

Some IIa CBDs bind chitin, IIb 

CBDs show affinity for xylan. 

III 130-170 Two sub-families (IIIa and IIIb). 

~25 members. 

Some bind to chitin. 

IV 125-170 5–6 members.  

Does not bind crystalline cellulose. 

V 63 CBD from Erwinia chrysanthemi 

only. 

VI 85-90 6 members. Low affinity for 

crystalline cellulose. 

VII 

[292] 

~240 CBD from Clostridium thermoce 

only 

VIII 152 CBD from Dictyostelium discoidem 

only. 

IX 170-180 9 members, from thermostable 

xylanases. CBDs occur mainly as 

tandem repeats. 

X 50-55 7 members almost exclusively from 

Ps. fluorescens 

XI 120-180 4 members, mainly from 

Clostridium and Fibrobacter 

enzymes. 
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XII ~50 10 members. Mainly sequences 

derived from Bacilli endoglucanases 

and from various chitinases. 

XIII 40-45 Contains triple repeated CBDs from 

xylanases and lectin-like domains 

with different specificities. 

 

 

 

Figure 1-18: Structure of CBDCEX from C .fimi. Yellow highlights the tryptophan residues 17, 54 and 
72, forming the comb to bind to cellulose molecules. 
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1.7 State of the Art: CBD fusions 

Recombinant protein production, especially fusion proteins, shows great promise 

in developing novel materials for medicine and technology. The coupling of CBDs 

has found significant usage since the late 1990s [293], when the first structures 

were discovered and characterized. As most recombinant production procedures 

in the laboratory scale utilize bacterial cultures such as E.coli, the most used and 

researched CBDs belong to family 2, which comprises mainly bacterial CBDs. 

Because the field of CBD fusions itself emerged not recently, the area of 

applications is widespread across various disciplines. Due to the fundamental 

method and the CBDs being discovered not recently, the array of applications is 

vast, as suggested by Table 1-6, where it can be deduced that CBD fusion 

proteins are used throughout many research areas. 

Table 1-6: Exemplary overview of CDB fusion proteins and their uses. 

Application Fusion partners Effect Ref. 

Tissue 

Engineering 

CBD-RGD peptide Improved fibroblast 

affinity. 

[294] 

Emulsification CBD-Hydrophobin Improved oil-in-water 

emulsions when 
combined with 

cellulose nanofibres. 

[295] 

Protein 

purification 

metallothionein (MT)-

CBD-superfolder GFP 

(sfGFP). 

Simplified protein 

identification and 

purification. 

[296] 

Analytics CBD-rcSso7d (engineered 

protein for binding to 

various antigens) 

Utilized in a paper-

based dignostic 

approach for binding 

antigens. 

[297] 

Analytics CBD-Protein A IgG binding tests with 

CBD as immobilizing 
moiety. 

[298] 

Material 

Engineering 

CBD-recombinant spider 

silk 

Composite material 

with high strength and 

stiffness combined 

with increased 
toughness. 

[274] 

Material 

Engineering 

CBD-recombinant spider 

silk 

Self-assembly into 

nanofibrils. Processed 

into sponges and films 

with increased thermal 
and structural 

characteristics. 

[216] 



 

Chapter 1: Literature Review 

 

49 

 

Material 

Engineering 

CBD-recombinant spider 

silk N-terminus 

pH sensitive tunable 

viscosity of blends with 
cellulose nano fibres. 

[299] 

Adhesives CBD-recombinant spider 

silk 

Adhesive for 

delignified wood. 

[300] 

Adhesives CBD-recombinant spider 

silk 

Adhesive for cellulosic 

materials. 

[275] 

 

One main application until today remains the fusion of a target protein, such as 

alkaline phosphatase, with a CBD for protein purification. By using traditional 

cellulose-affinity chromatography, the fusion protein is immobilized on the column. 

Yields of up to 85% could be achieved after elution. However, the elution condition 

might partly denature the protein [289]. For a native structure, the linker 

sequence can be cleaved as it is very susceptible to proteases [301]. 

More modern and application-driven approaches include the fusion of a CBD with 

a cell affinity peptide-bearing fusion partner. The most commonly used cell-

adhesion peptide is Arg-Gly-Asp (RGD) [222, 302, 303]. In this manner, Andrade 

et al. coated bacterial cellulose fibres with a CBD-RGD fusion to create highly 

biocompatible and proliferation-enhancing scaffolds for fibroblasts without any 

chemical modifications [294]. 

Varjonen et al. showed improved self-assembly of cellulose nanofibrils by fusing a 

CBD with the surface active protein hydrophobin. By harnessing the unique 

properties of the fusion, cellulose nanofibrils were successfully organized into 

densely packed thin films at both the air/water and oil/water interfaces. This 

approach significantly enhanced the formation and stability of oil-in-water 

emulsions, remaining unchanged for several months [295]. 

Another interesting approach for the detection and purification of heavy metal 

contaminations was presented by Xiao et al. The fusion protein consisted of three 

distinct components: metallothionein (MT), cellulose binding domain (CBD), and 

superfolder GFP (sfGFP). Metallothionein, known for its high affinity for heavy 

metals, was incorporated to chelate contaminants efficiently. The CBD enabled the 

fusion protein (MT-CBD-sfGFP) to bind to cellulose selectively, simplifying the 

purification and immobilization process. Including superfolder GFP facilitated the 

fusion protein's detection during expression and immobilization stages [296].  
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Lastly, Miller et al. designed an antigen-binding domain with a CBD to create 

paper-based diagnostic systems. They showed that the high binding affinity 

combined with the available test area should be capable of capturing target 

antigens with nearly 100% efficiency [297]. 

Narrowing down the application pool to recombinant spider silk fusion proteins 

with CBDs, only a few studies have successfully created and applied the fusion. 

Lemetti et al. used an eADF3-based fusion molecule containing a CBD from 

Clostridium thermocellum as a biological water-based adhesive for delignified 

wood [300]. The same protein was used by Mohammadi et al., where they 

processed it into films and fibres with elevated mechanical properties when 

blended with cellulose nanoparticles compared to unmodified silk variants [274]. 

Furthermore, the same protein was used in another adhesive study by the same 

team for cellulosic materials [275]. 

Meirovic et al. employed a cellulose-binding MaSp1 spider silk protein blended with 

cellulose nanoparticles to create films and sponges with enhanced mechanical 

properties. The incorporation of cellulose nanoparticles into the spider silk matrix 

led to improved strength and toughness, thereby reinforcing the resulting 

materials [216]. This approach represents a promising strategy for enhancing the 

performance of spider silk films and sponges by harnessing the mechanical 

properties of cellulose. 

Voutilanien et al. fused CBDs to spider silk N-terminal domains and showed how 

the pH-sensitive switching of the N-terminus into dimers affected the cellulose 

binding affinity. By blending the protein solution with cellulose nanofibres, the 

viscosity of the solution could be precisely tuned by altering the ratio and 

concentration of their fusion variants [299]. 

In these studies, spider silk-CBD fusions have been utilized to investigate their 

potential in various applications. These investigations have primarily focused on 

two core domain fusions, namely from ADF3 and MaSp1, and one fusion 

incorporating an N-terminus. Each of these fusion proteins has provided valuable 

insights into the properties and functionalities of spider silk-CBD constructs. 

However, there remains a gap in the literature regarding exploring alternative 

spider silk proteins in combination with CBDs, especially for generating TE-feasible 
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hydrogels, which have not been reported for ADF3 and MaSp1 proteins in the 

literature.  

1.8 Peptide Modification of Biomaterials 

Another way to genetically modify a recombinant protein is to incorporate small 

peptide sequences, often called tags. These proteins can also be referred to as 

fusions, but mostly, when discussing fusion proteins, they combine two complete 

protein structures with distinct functions [301]. 

These small tags are most often used for protein purification or identification 

means. Two of the most commonly used ones are the T7-tag and the 6His-tag. 

The T7 tag MASMTGGQQMG [304] stems from bacteriophage T7 [305] and is 

mainly used to detect a protein by antibody conjugation. The 6His tag comprises 

six histamine residues (HHHHHH) and is extensively used for immobilized metal 

affinity chromatography (IMAC) on a Ni2+-NTA column [306]. Combining the two 

tags for identification in, e.g. Western Blot after purification via IMAC Ni2+-NTA 

column chromatography is one of the gold standards in recombinant protein 

production and purification [307]. 

In a more application-oriented perspective, short peptide modifications in the form 

of cell adhesion or attraction sequences have emerged, especially for applications 

in TE. These short amino acid sequences are primarily identified from the target 

tissue and the surrounding ECM. The RGD peptide mentioned above, the most 

prominent representative, is present in the sequences of fibronectin vitronectin, 

osteopontin, collagens, thrombospondin and fibrinogen [308]. Cell-specific 

integrins, consisting of two membrane-spanning subunits, bind adhesion 

molecules and trigger various signalling pathways depending on the specific 

integrin targeted [308]. 

In combination with biomaterials that show excellent scaffold properties but lack 

cell adhesion, this hurdle can be overcome by modification with these peptides. 

Focusing on this approach, many cell adhesion peptides have emerged over time. 

Even though RGD is still by far the most incorporated sequence, it is not always 

the best choice as it attracts many types of cells, whereas in TE, the attraction of 

specific cells to specific target locations might be favourable. Therefore, cell type-
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specific peptides are becoming increasingly important in modern TE approaches. 

Table 1-7 displays a catalogue of known cell-adhesion peptides used in TE 

research. 

Table 1-7: Catalogue of known and commonly used cell-adhesion peptides. 

Sequence Effect Ref. 

RGD 

(Arg-Gly-Asp) 

Recognized by several integrins. 

Crucial for cell migration, differentiation, 

and survival. 

Derived from fibronectin. 

[302, 309-311] 

LRE 

(Leu-Arg-Glu) 

Promotes neuron adhesion 

Derived from laminin. 

[312] 

IKVAV  

(Ile-Lys-Val-Ala-

Val) 

α3β1 receptor. 

Promotes cell adhesion and neurite 

growth. 

Derived from laminin. 

[313] 

DGEA  

(Asp-Gly-Glu-Ala) 

α2β1 receptor. 

Similar function to RGD. 

Derived from collagen. 

[314] 

REDV  

(Arg-Glu-Asp-Val) 

Selectively binds to endothelial cells and 

is often used in research related to 

vascular biology. 

Receptor for α4β1 integrin. 

Capturing of endothelial precursor cells. 

[29, 150, 310, 

315] 

HGGVRLY  

(His-Gly-Val-Arg-

Leu-Tyr) 

α4β1 receptor. 

Capturing of endothelial precursor cells. 

Promotes adhesion of bone marrow 

stromal cells. 

[29] 



 

Chapter 1: Literature Review 

 

53 

 

YIGSR 

(Tyr-Ile-Gly-Ser-

Arg) 

Inhibits tumor metastasis. 

α4β1 and α2β1 receptor. 

Derived from laminin. 

[316] [317] 

 

KGD 

(Lys-Gly-Asp ) 

 

Promotes keratinocyte, epithelial cell 

and fibroblast adhesion. 

Reduced platelet aggregation. 

Derived from collagen. 

[318] 

QHREDGS 

(Gln-His-Arg-Glu-

Asp-Gly-Ser) 

Promotes survival of heart cells and 

attachment and survival of keratinocytes 

and osteoblasts. 

Derived from angiopoietin 

[319] 

PHSRN  

(Pro-His-Ser-Arg-

Asn) 

Works together with RGD to enhance the 

adhesion of cells. 

α5β1 and αIIbβ3 receptor. 

Derived from fibronectin 

[320] 

NGR  

(Asn-Gly-Arg) 

Can target drug delivery to tumor 

vasculature by binding to 

aminopeptidase N, an enzyme 

overexpressed on the surface of tumor 

blood vessels. 

[321] 

GFOGER  

(Gly-Phe-Hyp-Gly-

Glu-Arg) 

α10β1, α11β1, α2β1 and α1β1 receptor. 

Often used in osteogenic approaches. 

Derived from collagen. 

[322] [323] 

[324] 

KQAGDV  

(Lys-Gln-Ala-Gly-

Asp-Val) 

Variant of the RGD motif with improved 

selectivity for integrin αIIbβ3. 

αIIbβ3 and α5β1 

Derived from fibronectin. 

[325] 

CRETAWAC 

(Cys–Arg–Arg–

Glu–Thr–Ala–Trp–

Ala–Cys) 

α5β1 receptor . 

Promotes adhesion of endothelial cells. 

[326] 

DGEA 

(Asp-Gly-Glu-Ala) 

α2β1 receptor. 

Promotes platelet adhesion. 

[327] 
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SIKVAV 

(Ser-Ile-Lys-Val-

Ala-Val) 

α3β1, α6β1 receptor. 

Increases protease activity of a human 

salivary gland adenoid cystic carcinoma 

cell line. 

Derived from laminin. 

[328] 

IKLLI 

(Ile-Lys-Leu-Leu-

Ile) 

α3β1 receptor. 

Derived from laminin. 

 

[329] 

SINNNR 

(Ser-Ile-Asn-Asn-

Asn-Arg) 

Promotes adhesion of type II alveolar 

and HT1080 cells. 

α6β1 receptor. 

Derived from laminin. 

 

[330] 

NPWHSIYITRFG 

(Asn-Pro-Trp-His-

Ser-Ile-Tyr-Ile-

Thr-Arg-Phe-Gly) 

Regulation of Melanoma Invasion. 

α6β1 receptor. 

Derived from laminin. 

 

[331] 

 

TWYKIAFQRNRK 

(Thr-Trp-Tyr-Lys-

Ile-Ala-Phe-Gln-

Arg-Asn-Arg-Lys) 

Regulation of Melanoma Invasion. 

α6β1 receptor. 

Derived from laminin. 

 

[331] 

 

KAFDITYVRLKF 

(Lys-Ala-Phe-Asp-

Ile-Thr-Tyr-Val-

Arg-Leu-Lys-Phe) 

Promotes angiogenesis. 

α5β1, αvβ3 receptor. 

Derived from laminin. 

[332] 

IDAPS 

(Ile-Asp-Ala-Pro-

Ser) 

α4β1 receptor. 

Derived from fibronectin. 

 

[333] 

LDV 

(Leu-Asp-Val) 

Promotes upport melanoma cell 

adhesion. 

α4β1, α4β7 and α4βP receptor. 

Derived from fibronectin. 

[334] 
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KQAGDV 

(Lys-Gln-Ala-Gly-

Asp-Val) 

αIIbβ3 and α5β1 receptor. 

Derived from fibronectin. 

 

[335] 

 

1.8.1 Spider silk peptide modifications 

Given recombinant spider silk proteins' well-suited nature for TE applications, 

numerous short peptide modifications have been developed to enhance their 

naturally cell-unattractive surface properties.  

Several studies incorporating eADF4(C16)-RGD have been conducted to date, 

including the observation of rheological behaviour of RGD-functionalized hydrogels 

[58], in vivo observations of vascularization in rat models as previously mentioned 

[59], cultivation of contracting human cardiomyocytes on film morphologies [50, 

146], or comparison between chemically linked RGD and recombinantly coupled 

modifications with subsequent fibroblast adhesion observations [303]. 

Interestingly, the recombinant variant showed superior cell adhesion in the last 

study. 

Furthermore, Trossmann et al.conducted an extensive study using several known 

adhesion peptides modified to the eADF4(C16) recombinant spider silk and tested 

the resulting cell reactions on cast films [336]. They observed that the resulting 

spider silk film can show significantly varying attachment behaviours depending 

on the peptide modification. The RGD-modified variant showed the expected 

outcome, with all tested cell lines attaching very well to the films. However, for 

example, on eADF4(C16)-YIGSR, NG108 cells from rat nerves attached very well, 

while they were only very poorly attached on the QHREDGS modified variant. This 

broad study impressively demonstrates just how flexible the recombinant spider 

silk protein eADF4(C16) is when modified with the respective peptide tags for TE. 

 

 

 



 

Chapter 1: Literature Review 

 

56 

 

Focusing on the RGD-modified silk, Lechner et al. demonstrated high viability of 

BxPC-3 cells (epithelial pancreas cell line) in both eADF4(C16) and eADF4(C16)-

RGD after bioprinting. Figure 1-19 shows the results of their live/dead staining 

and proliferation data after 14 days. It can be seen that cells in both hydrogel 

formulations were viable after the printing procedure. However, for the unmodified 

silk, the cell number decreased over time, whereas for the RGD-modified variant, 

no decrease in cell number occurred, suggesting some form of attachment of the 

cells within the hydrogel. Notably, although the cell number did not decrease, the 

round cell morphology of the encapsulated cells does not hint at a functional tissue 

generation and remains the subject of further research to be improved upon. 

 

Figure 1-19: Viability of BxPC-3 cells (10 mio cells per milliliter) in printed constructs comprising 

4% eADF4(C16), 3% eADF4(C16)-RGD, or 3% eADF4(C16)-RGE. Spider silk bioinks were printed 
using a RegenHU Bioplotter with a 22G tapered tip at room temperature and cultivated for up to 14 
days at 5% CO2, 95% relative humidity, and 37 °C. A) For CLSM imaging, live cells were stained 

with Calcein A/M (green) and dead cells with EthD-I (red). Background staining occurs due to 
interaction of hydrogels with EthD-I (scale bars: 100 µm). B) Quantification of viable cells on day 1 
and day 14 (**p ≤ 0.05). Figure and caption adapted from reference [336](© A. Lechner et al., 
published by WILEY-VCH and reprinted with permission under license number 5591210309508. 
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In a similar vein to eADF4(C16)-based approaches, Widhe et al. specifically 

observed the morphology and adhesion of primary fibroblasts, keratinocytes, 

endothelial cells and Schwann cells on films of the recombinant spider silk protein, 

4RepCT modified with different peptides [337]. Again, they showed that the 

peptide motifs are available for cell attachment on the surface of stiff protein films 

and distinct differences based on the used peptide modification were observable. 

Figure 1-20A demonstrates their observations for fibroblast on differently 

modified surfaces of WT (4RepCT), NRC (4RepCT with N-terminal domain), RGD, 

RGE, IKVAV, YIGSR (4RepCT with respective peptide) films. After three hours, cells 

on RGD-modified films displayed significant focal adhesion point formation and 

highly ordered actin fibres, comparable the morphology seen on fibronectin 

fibronectin (FN).In contrast, cells on films from WT and RGE silks did not form 

distinct actin cytoskeleton and showed diffused vinculin staining. Few focal 

adhesions could be seen on cells cultured on films functionalized with the other 

motifs, however, to a significantly lesser extent, while still superior to WT films 

(Figure 1-20B). Lastly, most fibroblasts cultured on IKVAV and YIGSR variants 

displayed some stress fibres, while actin filaments were rarely observed on WT 

and RGE film cultures. 
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Figure 1-20: Fibroblasts form focal adhesions on peptide-modified silk films within 3 h. a) 

Representative micrograph of F-actin (red), vinculin (green) and nuclei (blue) stained fibroblasts 
allowed to adhere for 3 h on different films. b) Percentage of cells with apparent focal adhesions  (n 

= 4, duplicates). Cells cultured on RGD ranked significantly better than WT (*=p < 0.05). Figure 

and caption adapted from reference [338](© M. Widhe et al., published by Elsevier and reprinted 
with permission under license number 5632990050324. 

Johansson et al. [339] used these 4repCT-RGD variants to observe their potential 

as foams to create pancreatic islets for potential diabetes treatments. They 

observed that during in vitro culture, islets on silk foams displayed better 

revascularization.The potential for long-term preservation of human islets was 

also assessed for the matrices. Human islet maintenance was increased (from 

36% to 79%) by matrices containing the cell-binding motif RGD compared to 
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unmodified silk foams. Furthermore, islet architecture and function were 

maintained for more than 3 months in vitro. Within the silk structure, the islets 

created vessel-like structures and produced cell-matrix connections. Lastly, RGD 

matrices encouraged the development of additional insulin-positive islet-like 

clusters connected to the primary islets via endothelial cells. Figure 1-21 

highlights some of their in vivo results, with panel A showing that foams were 

processable from both silk variants; however, the RGD-modified foams were more 

stable and showed greater growth over 4 weeks. Figure 1-21B+C highlight the 

formation of new vasculature throughout the implanted foams, with a higher 

degree of revascularization occurring in the RGD-variant. Lastly, the images 

presented in panel D demonstrate the high cell viability for both foam 

formulations; however, patches of apoptotic cells could be detected for the 

unmodified variant, whereas the RGD-variant displayed homogeneous cell growth 

and vascularization.  

Lastly, Bini et al. produced a recombinant MaSp1-RGD protein and showed 

improved human mesenchymal stem cell attachment and proliferation on 

electrospun non-woven mats of the silk variant [222]. Furthermore, they observed 

that when compared to tissue culture plastic, recombinant spider silk and 

recombinant spider silk modified with RGD both supported higher osteogenic 

outcomes from human bone marrow-derived mesenchymal stem cells. 

Surprisingly, when compared to the identical protein containing RGD, the 

unmodified recombinant spider silk protein showed improved bone-related results 

determined by calcium deposition. 

These studies on various types of recombinant spider silk further solidify it’s high 

potential for TE application, especially when further modified with peptides for 

enhanced cellular interactions. However, as noted before, most studies focus on 

RGD-modified silk or incorporate other tags for general studies without specific 

final applications, a research gap still waiting to be targeted. 
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Figure 1-21: Pancreatic Islets maintained on RGD foam show improved in vivo survival and 
vascularization. A:) Percentage of islets that showed a stable or positive increase in size over a 4 

week period. (5 mice, 1–6 islets per eye). B): Percentage of control islets (white bars) and islets 

from RGD foam (black bars) that showed clear vascularization by transmitted light imaging 4 weeks 
post-transplantation. (n = 3 separate transplantation experiments, 12 recipient mice, 1–6 islets per 

eye). C): Representative (n= 3) bright field micrographs of control islet (left) and islet from RGD 
foam (right) during in vivo imaging of the eye, where vasculature can be seen as grey areas. Scale 
bars = 50 μm. D): Morphology by H/E (hematoxylin and eosin staining) (left panel) and insulin 

(green, right panel) staining of eye sections showing representative (n=3) control islet (upper 
graphs) and islet from RGD foam (lower graphs). Vasculature was seen in islets from both culture 
conditions (white arrowhead), although vessels with erythrocytes were more common in islets from 
RGD foam. Areas of visual cell death were sometimes present in the control islet (white-lined circle). 

Scale bars = 50 μm. Figure and caption adapted from reference [339](© U. Johansson et al., 
published by PLOS ONE, distributed under the terms of the Creative Commons Attribution 4.0 
International License (CC BY 4.0), http://creativecommons.org/licenses/by/4.0/) 

 

1.9 State of the art: Drug-eluting stents (DES) 

Following the approach of cell-selective tailoring of a spider silk-based material, 

the application as a coating for DES poses an exciting field of application. 

Therefore, DES and their development will be highlighted for perspective. 

Cardiovascular medicine uses stents to treat coronary artery diseases (CAD). 

CADs are characterised by the narrowing of blood vessels, mainly caused by 

plaque attached to the vessel walls, which ultimately leads to blocked vessels and 

insufficient oxygenation of the system, often culminating in death. With 

approximately 1 out of 5 deaths [340], CADs are the leading cause of death 

worldwide. The first coronary stent was successfully implanted in 1977 by 

Gruentzig of Switzerland [341]. The typical treatment for CADs is using coronary 

http://creativecommons.org/licenses/by/4.0/
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stents to re-open a clogged vessel, thus preventing elastic recoil. Figure 1-22 

shows a schematic of the procedure. First, a catheter with an inflatable balloon 

and the crimpled stent is inserted into the artery, into the centre of the plaque 

clogging. The balloon is inflated, simultaneously plastically deforming the stent 

and elastically deforming the vessel, including the plaque layer. Finally, the balloon 

deflates, and the catheter with the mounted balloon is removed from the vessel 

and the patient's body. The stent inhibits sufficient stiffness and strength to 

counteract the vessel's urge to recoil, keeping it open. In the ideal case of a 

correctly functioning stent, the blood vessel is entirely remodelled after 12-24 

months [342]. Historically, stents are made of metal, primarily stainless steel 316L 

[101], or in more modern approaches, titanium [343] and cobalt-chromium [98] 

alloys.  

 

Figure 1-22: Schematic of stent deployment showing a nearly closed blood vessel. A metal stent 

on an inflatable balloon is inserted into the target area, where the balloon is inflated, and the metal 
stent expands. After stent deployment, the balloon gets deflated and removed from the system, 
leaving an expanded stent mesh. 
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The introduction of bare-metal stents enhanced the safety of angioplasty, the 

surgical intervention to re-open blocked blood vessels [344], but long-term 

outcomes were limited due to neointimal hyperplasia that led to in-stent restenosis 

[345]. Neointimal hyperplasia is the condition of re-narrowing vessels due to the 

infiltration of smooth muscle cells (SMC), which build the structural support around 

blood vessels.  

To address this issue, drug-eluting stents (DES) were developed to deliver 

antiproliferative drugs at the injury site during the early phase of vessel healing 

to prevent the over-proliferation of the vascular smooth muscle cells [337-339]. 

Developing effective DES entails addressing several more challenges, including 

selecting appropriate drug and polymer combinations, optimizing polymers' 

biodegradability and mechanical integrity, ensuring coating uniformity, preventing 

thrombosis and hypersensitivity reactions and promoting endothelialization of the 

vessel.  

DES are metallic stents coated with a biodegradable polymer coating containing 

an anti-proliferative drug such as sirolimus, paclitaxel, everolimus, or zotarolimus 

[346].  

First-generation drug-eluting stents, such as sirolimus-eluting stents (e.g. Cypher 

[347, 348]) in 2003 and paclitaxel-eluting stents (e.g. Taxus [349]) in 2004, 

significantly decreased in-stent restenosis compared to bare-metal stents.  

Sirolimus, also known as rapamycin, was identified initially as an antifungal agent 

on Easter Island [350] and has shown great potential as an anti-inflammatory and 

antiproliferative drug. This has led to its application in cancer therapy and 

transplant rejection treatment. The ability of sirolimus to inhibit leukocyte and 

smooth muscle cell proliferation has made it an appealing option for preventing 

neointimal hyperplasia and restenosis [351]. 

On the other hand, Paclitaxel is derived from the bark of the Pacific yew tree and 

inhibits the breakdown of microtubules during cell synthesis, thereby hindering 

cellular replication. Additionally, like sirolimus, paclitaxel's antiproliferative effects 

have been harnessed to reduce smooth muscle proliferation and mitigate the 

occurrence of in-stent restenosis [352]. 
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Many comparative studies [353-356] have tried to find the more suitable of the 

two candidates. One of these studies identified some minor advantages for 

sirolimus [348]; however, they could not determine a significant difference in the 

long-term outcomes after five years [355]. 

Second-generation drug-eluting stents, such as everolimus-eluting (e.g. Xience 

[346]) and zotarolimus-eluting (e.g. Endeavor [357]) variants, showed various 

improvements over first-generation stents. For one, these stents use smaller 

struts that enhance stent flexibility and deliverability and have been shown to 

improve endothelialization in animal models [358]. They have also reduced late-

stage thrombosis [359, 360]. On the other hand, they incorporated more 

advanced drug formulations such as everolimus and zotarolimus. However, the 

drug-containing polymer layers remained a concern as foreign-body-induced 

inflammatory responses and delayed re-endothelialization remained significant 

issues in cardiovascular stents, including second-generation DES. 

Zotarolimus is a more lipophilic derivative of sirolimus, further leveraging the 

desirable properties of the parent drug. On the other hand, everolimus, closely 

related to sirolimus, exhibits similar antiproliferative and immunosuppressive 

effects. However, its increased lipophilicity enables rapid absorption into the 

arterial wall at the site of vessel injury [357].  

The clinical program known as the SPIRIT trials [361-364] played a crucial role in 

developing and approving everolimus-eluting stents. These trials demonstrated 

the superior efficacy of the everolimus-eluting stent compared to bare metal 

stents and paclitaxel-eluting stents, showing significant reductions in late lumen 

loss and improved safety profiles. The SPIRIT III [365] and SPIRIT IV [364, 366] 

trials further confirmed the benefits of the everolimus-eluting stent, including 

lower rates of target lesion revascularization, myocardial infarction, and stent 

thrombosis. The COMPARE [359] trial also showcased the favourable outcomes of 

the everolimus-eluting stent compared to a second-generation paclitaxel-eluting 

stent. The X-SEARCH [367] registry and the EXCELLENT [368] trial provided 

additional evidence supporting the clinical advantages of everolimus-eluting stents 

over bare metal stents, paclitaxel-eluting stents, and sirolimus-eluting stents. The 

development of a second-generation zotarolimus-eluting stent (Resolute) [369] 
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addressed the restenosis issues associated with the early version of the stent and 

demonstrated noninferiority to the everolimus-eluting stent in terms of major 

cardiac events. These advantages, combined with the vast amount of clinical trials, 

made everolimus one of the gold standards for modern drug-eluting stents. 

Besides the incorporated drug, the polymer matrix is essential when designing a 

drug-eluting stent. Therefore, significant advancements have been made in 

developing biocompatible permanent polymer coatings for DES. The Xience DES 

[370] and the PROMUS Element DES (everolimus-eluting) [368] incorporate a 

polymer composition consisting of an initial layer of poly(n-butyl methacrylate) 

and a second layer of the highly fluorinated pöoymer poly(vinylidene fluoride-co-

hexafluoropropylene). Similarly, the Resolute Integrity (zotarolimus-eluting) 

[371] and the Resolute Onyx [371] (zotarolimus-eluting) utilize a BioLinx polymer, 

which is a blend of hydrophobic C10 polymer and polyvinylpyrrolidone C19 

polymer with both hydrophobic and hydrophilic groups, and hydrophilic 

polyvinylpyrrolidone polymers [372]. However, despite advancements in the 

biophysical properties of polymers, they continue to exhibit drawbacks, such as 

delayed endothelialization and hindered arterial healing within the stented 

segment. [373]. To mitigate these challenges, biodegradable polymer coatings 

have been engineered to enhance long-term stent outcomes by minimizing 

polymer-associated adverse effects. 

To date, a series of randomized trials have demonstrated the higher efficacy and 

safety of biodegradable-polymer-coated drug-eluting stents (DESs) compared to 

first-generation DESs, and their non-inferiority to second-generation DESs [374]. 

The most commonly researched polymer coatings for DES are poly-L-lactic acid 

(PLLA), poly-D,L-lactic acid (PDLLA), and poly(lactic-co-glycolic acid) (PLGA) 

[375]. PLLA, derived from lactic acid, stands out for its biocompatibility, decent 

mechanical strength, and cost-effectiveness. It has been widely employed as a 

drug-eluting layer or platform in DESs, demonstrating favourable outcomes 

regarding safety and efficacy. Clinical trials have shown promising results with 

PLLA-based DESs, such as Excel [376], Orisiro, and BioMime [377], which exhibit 

improved biocompatibility and reduced thrombosis rates compared to earlier-

generation DESs.  
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PDLLA, another synthetic biodegradable polymer, exhibits lower crystallinity and 

faster degradation than PLLA. Its amorphous structure allows for favourable drug 

distribution and prolonged release profiles. PDLLA-based DESs, such as Nobori 

[378], Yukon Choice PC [379], Firehawk [380], and Ultimaster [381], have 

demonstrated promising clinical outcomes, including reduced thrombosis rates 

and improved safety.  

PLGA, a lactic and glycolic acid copolymer, provides further versatility in DES 

design. By controlling the molar ratio of monomers, the physicochemical 

properties of PLGA can be tailored to meet specific requirements. DES 

incorporating PLGA, such as Tivoli [382], Synergy [383], Mistent [384], and BuMa 

[385], have shown promising safety and efficacy profiles. The fast degradation of 

PLGA compared to PLLA and PDLLA offers potential benefits in reducing the 

incidence of very-late thrombosis. However, its rapid degradation can also induce 

arterial inflammation due to acidic by-products [11], necessitating controlled 

degradation strategies and careful consideration of drug release behaviour. 

Despite their successful implementation and undoubted suitability as DES 

coatings, these polymers have specific considerations. PLLA, despite its excellent 

biocompatibility and mechanical strength, has a slow degradation rate, which may 

lead to a prolonged presence of the polymer in the vessel. This extended presence 

can hinder the endothelialization process and potentially contribute to a higher 

incidence of in-stent thrombosis [386]. PDLLA, on the other hand, exhibits faster 

degradation than PLLA, but it can still induce arterial inflammation due to its acidic 

degradation products and coating defects [387]. PLGA, known for its faster 

degradation, has been associated with releasing acidic by-products, leading to 

inflammation and adverse tissue reactions. The acidic nature of these polymers 

can hinder proper healing and potentially contribute to complications such as 

chronic inflammation and neoatherosclerosis [388]. In addition, hydrophobic 

polymers used as stent coatings present another challenge related to delayed 

endothelialization. These hydrophobic surfaces are limited to facilitating 

endothelial cell migration, adhesion, and proliferation onto the stent surface [166, 

389]. As a result, the process of endothelialization, which is crucial for restoring 

the normal function of the vessel and preventing thrombosis, may be hindered.  
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To overcome this limitation, it is necessary to develop new materials that address 

the shortcomings of current stent coatings, especially regarding endothelialization. 

By improving the surface properties and promoting better endothelial cell 

interactions, these innovative materials can enhance stenting technology, improve 

clinical outcomes, and reduce the reliance on prolonged antiplatelet therapies, 

thereby minimizing the associated bleeding risk. 

In accordance with this thesis’ projects, the focus of novel materials lies within silk 

protein materials. The two significant studies leading to the objective of this study 

will now be discussed briefly. 

The first study by Xu et al. focused on silk fibroin from B. mori as a coating for 

sirolimus-eluting magnesium stents. They aimed to enhance the corrosion 

resistance of Mg-based stents while increasing biocompatibility. After dip-coating 

their surfaces in a 1% wt protein solution in HFIP, they characterized their coating 

by observing endothelial cell (EC) attachment, conducting initial blood 

compatibility tests with platelet-rich plasma (PRP) from rabbits, and detecting 

sirolimus elution. Their findings showed a near ~70% release of sirolimus after 1-

3 days and good human umbilical vein endothelial cell (HUVEC) attachment while 

minimizing platelet aggregation on the surface [151].  

However, their results seem inconclusive due to several aspects. First, their 

detection of sirolimus was conducted by uv-spectrometry at a wavelength of 

280 nm with no proof that their protein coating is not degrading. As the protein 

would also be detected at 280 nm, it cannot be deducted that the measured values 

were solely determined by drug release. Furthermore, according to the 

manufacturer, their measured concentration in phosphate-buffered saline (PBS) is 

higher than the solubility of sirolimus in water. Furthermore, the measured 

supernatant was used as an incubation buffer for the next measurement step, 

making it impossible to determine the end point of the elution.  

Regarding the Hemocompatibility, their results seem to be in accordance with the 

literature for silk fibroin in a blood environment [390]. However, due to the 

minimalized approach with PRP, other coagulation factors of whole blood might 

have been overlooked.  
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Wang et al. presented a study using silk fibroin blended with the REDV peptide 

and heparin on magnesium surfaces as DES coatings. Their approach was utilizing 

an aqueous silk fibroin solution to enhance EC selectivity while minimizing blood 

clotting. Their surface modification resulted in remarkable improvements in 

hemocompatibility, as evidenced by reduced platelet adhesion, decreased 

hemolysis rate, and prolonged blood coagulation time. Additionally, the cell culture 

of human umbilical vein endothelial cells (HUVEC) and vascular smooth muscle 

cells (SMC) demonstrated a higher number of attached HUVECs on the 

functionalized samples compared to the unmodified Mg alloy surfaces [10].  

However, their results still showed a significant number of SMC being attached to 

the surface, which might have adverse effects regarding neointimal hyperplasia in 

a theoretical in vivo translation. 

Combining the results of these two approaches towards silk-based stent coatings, 

one major downside is the non-selectivity of silk fibroin. Both studies showed 

suitable HUVEC attachment; however, also SMC grew favourable on the substrate 

when tested. The REDV peptide might shift the selectivity slightly, but if the base 

material is cell-attractive such as silk fibroin [391-393], the general attractiveness 

seems to outweigh. 

So while silk fibroin showed extremely promising first results, the research gap 

lies within a material combining these previously discussed features and extending 

towards the more selective adhesion of HUVEC while still exhibiting excellent 

biocompatibility, Hemocompatibility, and drug release properties.  

1.10 Objectives 

The objectives of this thesis are two-sided. The first objective is the creation of 

novel fusion proteins based on the recombinant spider silk eADF4(C16). After the 

successful production and characterization, the proteins from objective 1 are 

applied in two ways: The evaluation as TE materials as cellulose-enhanced 

hydrogels and as a coating material for DES, Giving rise to the objectives as 

follows: 
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1. The design, production, purification and characterization of the 

novel recombinant spider silk variants eADF4(C16)-CBD and 

eADF4(C16)-REDV. 

 

2. The processing of eADF4(C16)-CBD in hydrogels and their 

evaluation for use in Tissue Engineering. 

 

3. The processing and evaluation of eADF4(C16)-REDV into metal 

coatings for their future use as DES coatings. 

 

 

1.10.1 Objective: design, production, purification and 

characerisation of novel eADF4(C16) based proteins 

The overarching first objective is a prerequisite for both projects; the creation of 

the novel protein at hand. The REDV-modified protein was designed, produced and 

purified in the same manner as other small peptide-modified eADF4(C16)-based 

proteins before [303]. Briefly, the desired REDV sequence, including a short linker 

sequence was modified onto the spider silk sequence by a seamless cloning 

approach [174], the sequence containing vector was then transferred into e.coli 

for protein production and purified via an inclusion body purification. 

Characterizatization of the protein was carried out by CD spectroscopy, SDS-PAGE, 

and cell culture experiments. 

The cellulose-binding variant was designed in the same manner, via a seamless 

cloning approach, however proved more challenging in terms of the production 

parameters. Due to the complex tertiary structure of the cellulose-binding domain, 

the fermentation parameters had to be adjusted carefully to exclude the possibility 

of overexpression. Consequently, inclusion body purification could not be 

conducted but a lower yield supernatant purification had to be carried out followed 

by IMAC chromatography. The produced protein was then assessed additionally 

by far-UV CD spectroscopy and QCM-D measurements to confirm the intact 
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tertiary structure of the CBD as well as the capability to bind to cellulose 

substrates. 

1.10.2 Objective: eADF4(C16)-CBD Hydrogels 

The first stand-alone part of this thesis aims to widen the array of injectable 

hydrogels in bone TE applications by developing a novel cellulose-binding 

recombinant spider silk protein and investigating its mechanical properties and 

performance as a hydrogel scaffold. Injectable hydrogels offer numerous 

advantages in TE, including their ability to be directly administered to the target 

site, eliminating the need for extensive surgical procedures [1, 2]. As such, there 

is a need for a hydrogel that combines elevated stiffness, suitable pore size for 

cell cultivation, injectability, and the provision of cell attachment points [3]. 

The production of a cellulose fibre-enhanced hydrogel with improved mechanical 

and cell adhesion properties was hypothesised to be capable of filling this gap. 

Therefore, this first part of the thesis focuses on a cellulose-binding recombinant 

spider silk protein to work towards that aim. As mentioned before, spider silk is 

known for its remarkable mechanical properties [12, 14-19], biocompatibility [12, 

17, 20-22], degradability [22], and hypoallergenic nature [13]. The previously 

observed mechanical enhancements provided by cellulose particle blending [216, 

281, 282, 284, 394] were utilised by fusing the cellulose-binding domain CBDCEX, 

derived from C. fimi, onto the recombinant spider silk protein eADF4(C16). This 

fusion enabled specific binding between spider silk and cellulose molecules, 

resulting in a more robust and more stable hydrogel than traditional eADF4(C16) 

gels, rendering them more suitable for TE applications. 

Furthermore, the performance of the hydrogels as scaffolds for TE applications 

was evaluated. Cell viability and proliferation assays assessed biocompatibility and 

confirmed the hydrogels' ability to support cell growth and tissue regeneration. 

This approach offered distinct advantages compared to various biodegradable 

polymer-based materials tested in processing bone replacement implants. 

Collagen, for example, is of special interest because it is present in the natural 

bone structure. However, it falls behind because it lacks mechanical stability in 

vitro, and disintegrates over time [395]. 
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Turning to spider silks, other fusion proteins, such as engineered ADF3 and 

recombinant MaSp1 proteins cannot be processed into viable hydrogles. The 

literature lacks reports of eADF3-based hydrogels and recombinant MaSp1 

proteins requiring high temperatures for hydrogel formation, which is unsuitable 

for cell culture [272, 396]. In contrast, this approach utilizing the cellulose-binding 

fusion protein based on an ADF4 protein [397, 398] presented a unique 

opportunity to develop injectable hydrogels with good mechanical properties at 

37°C. 

By pursuing this objective, this study seeks to contribute to the field of TE by 

introducing a novel cellulose-binding spider silk hydrogel. The outcomes of this 

study have the potential to advance the development of innovative biomaterials, 

improve TE strategies, and ultimately enhance clinical outcomes in regenerative 

medicine. 

1.10.3 Objective: eADF4(C16)-REDV Coatings 

The second objective of this study is to develop and evaluate the performance of 

a novel coating for DES using the eADF4(C16)-REDV fusion protein. DES have 

significantly improved the treatment of coronary artery disease by releasing drugs 

that prevent restenosis and promote vessel healing. However, current DES 

coatings still face challenges such as delayed endothelialization and increased risk 

of thrombosis and inflammation [386-388]. 

To overcome these limitations, this project focused on the recombinant spider silk 

eADF4(C16)-REDV fusion protein as a coating for DES by incorporating the REDV 

peptide, which exhibits a specific affinity towards endothelial cells. A fusion protein 

instead of a polymer/peptide blend could ensure that the small peptide does not 

prematurely elute out of the matrix and is homogeneously distributed. 

Furthermore, the production of the coating material occured in one step, 

minimizing eventual chemical modifications. 

Through this innovative coating approach, the biocompatibility of DES could be 

improved and facilitated early endothelialization, leading to reduced risk of 

thrombosis and improved long-term clinical outcomes. The eADF4(C16)-REDV 

coating was thoroughly characterized and evaluated for its ability to promote 
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endothelial cell adhesion, proliferation, and migration and its capacity to minimize 

thrombogenicity and prevent restenosis. 

Furthermore, drug elution of the antiproliferative drug everolimus was assessed 

as a countermeasure to neointimal hyperplasia.  

The recombinant spider silk protein eADF4(C16) promises to be an excellent 

material for a stent coating because it is biocompatible with low to no immune 

response [14, 20, 180]. Furthermore, it showed  slow biodegradation rates 

depending on the processing method and the ability to coat implants to protect 

them from forming a fibrotic capsule [14]. Another beneficial property in medical 

applications is eADF4(C16), being bacteriostatic and, most importantly, repellent 

against most human cell types, including blood cells [14, 399]. 

REDV, on the other hand, binds α4β1 integrins, which are abundant in EC, while 

scarce on SMC membranes [400]. This enabled the fast formation of an EC 

monolayer covering the stent, which is beneficial for covering coronary stents as 

in-stent restenosis (ISR) often occurs when cells carried by the bloodstream 

adhere to the stents [342, 401-403]. Furthermore, it has been shown that the 

REDV peptide supports angiogenesis [28, 30, 404], which could also prove 

beneficial as surrounding spreads of the artery are most likely damaged by the 

plaque. Figure 1-23 shows the theoretical layers of an artery opened by an 

eADF4(C16)-REDV coated stent. The blood vessel is held open by the mechanics 

of the stent, which is coated with the endothelial cell-selective fusion protein to 

support the formation of a monolayer of endothelial cells. 

Building upon the findings from Wang et al [10] and Xu et al [151], this approach 

presented eADF4(C16) as a base material for DES coatings to exploit its inherent 

cell-repellent surface to improve upon the uncontrolled cell growth on silk fibroin 

materials. Furthermore, incorporating drug release and a degradation study with 

relevant protease environments in vitro was used to determine how feasible this 

material is in drug elution. Lastly, hemocompatibility observations conducted with 

fresh human whole blood were utilized to gain valuable insights into the behaviour 

of eADF4(C16) in an appropriate blood environment. 
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Figure 1-23: Schematic of a stented vessel with a monolayer of EC forming to avoid neointimal 

hyperplasia. 

 

1.11  Scope of work 

Figure 1-24 serves as a visual demonstration of how the individual chapters are 

arranged and intertwined.  

Chapters 2 and 3, cover the creation and application of the cellulose-binding 

recombinant spider silk protein eADF4(C16)-CBD and chapter 4 and 5 focus on 

the production, characterization and application of eADF4(C16)-REDV as DES 

coating material. 

Both approaches start with identifying the correct fusion sequence for the 

modification of eADF4(C16). Therefore, chapter 2 describes identifying a suitable 

CBD sequence, the genetic modification of eADF4(C16), and protein production 

and purification. Lastly, it focuses on the characterization of the protein, including 

the detection of its cellulose binding capability.  

Similarly, chapter 4 focuses on the genetic modification of eADF4(C16) with the 

REDV endothelial cell-specific adhesion peptide. After modification, the 



 

Chapter 1: Literature Review 

 

73 

 

production, purification and characterization will be described, including 

determining its EC selectivity and endothelialization possibilities in vitro. 

Next, both proteins will be processed into their respective morphologies and 

assessed for use in TE applications. While the approach of cellulose-enhanced 

hydrogels follows the principle of mechanical cell signalling for attachment, the 

REDV variant covers the chemical route of cell attraction. 

Chapter 3 will describe the processing of eADF4(C16)-CBD into cellulose fibre-

enhanced hydrogels, their printability, rheological characterization and application 

as TE scaffolds in vitro. 

Chapter 5 concludes with applying eADF4(C16)-REDV as a potential coating 

material for DES. Therefore, dip-coated stainless steel sheets are characterized by 

their thickness, hydrophobicity and surface homogeneity. Furthermore, the results 

of various human whole blood assays are discussed to deepen the knowledge of 

the Hemocompatibility of recombinant spider silk proteins. Lastly, everolimus 

elution over 29 days and enzymatic degradation in physiologically relevant wound 

healing conditions are occupied to observe the long-term stability of the coating. 

Lastly, chapter 6 summarises the findings and elaborates on future prospects for 

these TE approaches. 



 

Chapter 1: Literature Review 

 

74 

 

 

Figure 1-24: Schematic of this thesis’ structure. Both approaches start with a similar starting point: 

genetic spider silk modification. Once the novel proteins are created, the approaches divide into 
processing the protein into hydrogels for eADF4(C16)-CBD and into coatings for the REDV variant. 
Then, both morphologies will be evaluated on their potential use in Tissue Engineering applications.
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Chapter 2 Recombinant cellulose-binding 

spider-silk fusion protein: production and 

characterisation 

2.1 Introduction 

This Chapter serves as the foundation for processing cellulose-fibre enhanced 

eADF4(C16)-based hydrogels. Therefore, it first describes the design and 

production of the fusion protein, followed by experimental observations and 

discussions regarding the purification and characterisation of the cellulose-binding 

eADF4(C16)-CBD.  

The examination commences with an exploration of the design process 

underpinning this protein variant's creation. Next, the procedures involved in 

producing and purifying eADF4(C16)-CBD, essential to ensuring a high-quality 

protein for subsequent investigations, are discussed. Therefore, the cloning, 

fermentation and purification via IMAC are described. Next, The resulting product 

is charactzerized via SDS-PAGE and MALDI-.TOF. 

Continuing forward, an investigation is conducted into the crucial aspect of proper 

folding of the cellulose-binding domain within the fusion. This step is conducted 

via circular dichroism and fluorescence spectroscopy and holds immense 

significance in ensuring the functional binding properties of the fusion protein. 

Subsequent exploration revolves around the protein's binding capabilities to 

cellulose, utilising quartz crystal microbalance measurements on cellulose 

substrates. This discussion delves into theoretical foundations and experimental 

results, shedding light on the interaction between the protein and cellulose. 

Through an analysis of these aspects, this chapter lays the groundwork for future 

applications of the eADF4(C16)-CBD fusion protein. It sets the tone for Chapter 3, 

which delves deeper into its potential across Tissue Engineering.
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2.2 Materials and Methods 

Chemicals used in the experiments of this chapter were purchased from Roth 

(Karlsruhe, Germany) if not stated otherwise. eADF4(C16) was purchased from 

AMSilk GmbH (Planegg/ Munich, Germany). All nucleotide sequences were 

acquired from Eurofins Genomics (Germany). Enzymes were acquired from New 

England Biolabs (Germany) and used according to the manufacturer's protocol. 

 

2.2.1 Genetic engineering of the fusion protein eADF4(C16)-CBD 

To produce eADF4(16)-CBD, first, a modified nucleotide sequence, optimised for 

expression in E. coli [405], was created by fusing the cellulose-binding domain 

CBDcex with the eADF4(C16) sequence. The full protein sequence comprises of: 

(GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP)16 G PTPTPTTPTPTPTTPTPTPT G 

SGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGWTLTFSFPSGQQVTQASSTVTQS

GSAVTVRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFSLNGTPCTVGG. The CBDcex 

[406] domain, including its PT-rich linker sequence, was derived from the 

exoglucanase enzyme found in C. fimi, and a seamless cloning approach, as 

described previously [19], was used for creating this fusion. In short, as depicted 

in Figure 2-1, the eADF4(C16) protein modification began with both the 

eADF4(C16) and the target sequence (CBD) being processed from individual 

cloning vectors (pCS). For the modification with peptides or fusion domains to the 

C- or N-terminus of the insert, the vector containing the eADF4(C16) sequence 

was cut with BsaI/BsgI for C-terminal modification. Another pCS vector containing 

the targeted modification sequence within the "insert region" (between BamHI and 

HindIII restriction sites) was cut oppositely with BsaI and BseRI for its N-terminal 

modification. This generated two complementary parts of the pCS vector, one 

carrying the eADF4(C16) sequence and the other containing the targeted 

modification. The restriction products were then isolated by agarose gel 

electrophoresis. After ligation, the newly formed pCS vectors were transformed 

into E. coli DHb10 (Novagen, Germany) for high DNA yield following a 20 mL 

overnight culture in LB-media at 37°C and subsequent DNA extraction (Promega, 
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Wizard® Genomic DNA Purification kit, # TM050). When cut with BsaI, the vector 

was cleaved within the ampicillin resistance-coding sequence, enabling the 

identification of the correctly ligated vectors by their ampicillin resistance on 

ampicillin containing substrates. Identified colonies were selected for overnight 

culture, and correctly assembled constructs were identified through sequencing 

conducted by Eurofins Genomics, Germany.  

Once the modification of eADF4(C16) in a pCS vector was confirmed by 

sequencing, the insert (in this case eADF4(C16)-CBD) was cleaved with 

BamHI/HindIII and transferred into the expression vector pET28a [407], as shown 

in Figure 2-2. In this procedure, the cut fusion-protein sequence was ligated with 

a BamHI/HindIII digested pET vector, which serves as a commonly used 

expression vector. Unlike the pCS vector, the pET28a vector is designed for protein 

expression, which, besides the lac operon necessary for induction, includes a 6-

His tag (not shown in Figure 2-2) and a T7 tag at the protein's N-terminus. 

Kanamycin resistance was used as selection tool for ligated vector colonies. The 

accuracy of the DNA sequence was again confirmed through sequencing conducted 

by Eurofins Genomics, Germany. 
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Figure 2-1: Workflow of combining two cut pCS parts to yield one closed pCS vector with the 
modified eADF4(C16) sequence. All involved restriction sites are shown, while the used sites are 

highlighted for each step. BamHI and HindIII are required for the next cloning step and are therefore 
included in this scheme. The two sequence-bearing vectors are digested with BseRI/BsaI and 
BsaI/BsgI, respectively. These fragments are then ligated to create a new pCS vector comprising 

the fused sequence. 
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Figure 2-2: Workflow of the eADF4(C16)-target-sequence transfer into an expression vector (pET). 
BamHI/HindIII digested the fused sequence in the pCS vector. The sequence is then transferred into 

a pET vector which has been treated the same. The sticky-ends facilitate improved ligation 
specificity, and the kanamycin resistance of the pET vector serves as a selection marker for 
successful cloning attempts.A general pET vector, not including the 6-His-tag is shown. 

2.2.2 Protein expression and purification 

The final pET28a_eADF4(C16)-CBD plasmid was introduced into E.coli 

BL21(DE3)gold (Novagen, Germany) and cultured via fed-batch process in 1.3 L 

Minifors (Infors, Germany) ,3.5 L Biostat (Satorius, Germany), 5 L Labfors (Infors, 

Germany), or 30 L Biostat (Satorius, Germany) fermenters in “modified complex 

medium light” (1.08 wt% tryptone/peptone, 1.65 wt% yeast extract, 10.53 mM 

KH2PO4), as previously described [74, 408]. Briefly, the complete fermentation 

was conducted at 30°C instead of the optimal 37°C for E.coli growth [409]. This 

alteration was introduced to prolong the cultivation overnight without reaching the 

decline phase. The pH was kept at a constant value of 6.7±0.1 by automatically 

adding (NH)3 and H3PO4. Pure oxygen was introduced to maintain a set point of 

40% pO2 to sustain aerobic conditions if necessary. Furthermore, upon depletion 
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of the base feed substance (glycerol), an automated feed was activated at 

approximately 1 mL/min. Fermentation parameters were surveilled and managed 

with the EVE software-platform for bioprocesses (Infors, Germany). Protein 

production was induced after an optical density at λ=600 nm (OD600) of 60 was 

reached and was achieved by supplementing the culture to a total concentration 

of 0.1 mM Isopropyl β-d-1-thiogalactopyranoside (IPTG) for a duration of 1.5 

hours.  

Figure 2-3 shows a representative fermentation profile with the crucial factors 

for bacterial growth displayed. The oxygen partial pressure (pO2) was utilized as 

a rough indicator of the culture process. It can be deduced that between 500-600 

minutes, the bacterial mass reached a point where the oxygen content of the 

supplied air decreased, and the automatic oxygen supply started. The spike in pO2 

concentration around minute 950 indicates the initial feed source (glycerol) 

depletion and initiated an automatic feed of 4% (software-specific value, equals 

approximately 1mL/min) to maintain constant bacterial growth. Furthermore, it 

can be seen that the automatic pH adjustment relied solely on the addition of 

(NH)3 starting with the additional supply of oxygen, indicating the countermeasure 

of the production of acidic compounds by E.Coli [410]. 

 

Figure 2-3: Representative fermentation profile of overnight cultivation followed by a 1.5-hour 
induction window of eADF4(C16)-CBD. 
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Next, the final cell suspension was harvested, washed with washing buffer (10 mM 

Tris/HCL pH7.5, 150 mM NaCl), and then incubated with 0.2 mg/ml lysozyme 

(Merck, Germany) and Protease Inhibitor Mix-HP (SERVA, Germany) at 4°C for 2 

hours. Cell disruption was performed using a high-pressure homogeniser 

Microfluidizer M110S (Microfluidics, USA-Newton) with two cycles at 150 bar. After 

centrifugation (30 min at 22,000 x g, 4°C), the sample underwent heat 

precipitation at 70°C, followed by another centrifugation step.  

The supernatant was then purified using immobilised metal ion affinity 

chromatography (IMAC) on an Äkta purifier (GE healthcare) utilising the 6HIS-tag 

at the N-terminus of the protein. For this purpose, two HisTrap™ High Performance 

(Cytiva, Merck, Germany) columns were used in combination. The pre-conditioned 

cell lysate was loaded onto the column overnight at a flow rate of up to 2 mL/min. 

Elution occurred with an immidazole gradient in steps of 0 mM, 35 mM and 300 

mM in 100 mM NaCL, 50 mM Tris/HCL pH 7.5. After IMAC, the eluate was dialysed 

against 300 mM NaCl, 50 mM Tris/HCL pH7.5 for short-time storage at 4°C. 

Figure 2-4 depicts a representative chromatogram, where 800mL of the cell 

lysate was loaded overnight, followed by introducing an imidazole-free buffer until 

the original UV absorbance of ~0 was detected. Next, weakly bound proteins were 

eluted by the liquid phase containing 35 mM imidazole, indicated by the UV peak 

at 1500 mL. Once a stable UV signal was established, the target protein elution 

with 300 mM imidazole was initiated, as displayed by the UV peak at ~1850 mL. 

Lastly, 500 mM imidazole was used to wash off any remaining bound protein. 

However, the absence of a peak suggests that all bound protein was eluted at 300 

mM. The yield of the purified protein was approximately 0.2 mg per gram of 

centrifuged bacterial mass. The display of the conductivity served as a control 

measure and showed no irregularities. The conductivity is higher during the 

loading phase due to the high amount of salts in the bacterial suspension. 
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Figure 2-4: A representative chromatogram of the IMAC-purification of eADF4(C16)-CBD. 

 

2.2.3 SDS polyacrylamide gel electrophoresis, silver staining and 

Western Blot 

For SDS-PAGE analysis, 10% gels were cast and stored at 4°C until usage. All 

samples were mixed with Laemmli buffer (10 % w/v SDS, 50 % w/v glycerol, 

300 mM Tris/HCl pH7.5, 0,05 % w/v bromophenol blue), supplemented with or 

without β-Mercaptoethanol (to a final concentration of 20% v/v), and denatured 

by incubating the samples for 10 min at 95°C. A molecular protein standard (0.8 

µL, SERVA dual color protein standard) and the individual samples at protein 

concentrations of approximately 2 µg were loaded onto the gel, followed by gel 

electrophoresis for 1h (500 V, 30 mA per gel, 200 W) in running buffer (0.25 M 

Tris/HCl pH 6.8; 8% SDS, 40% glycerol, 0.04% bromophenol blue). 

After SDS-PAGE, silver staining was performed for protein detection. First, the gels 

were washed with MQ-H2O and then incubated for 10 min in FIX I buffer (30% v/v 

ethanol, 10% v/v acetic acid). After another wash step with MQ-H2O the gels were 

incubated for 30 min in FIX II buffer (0.4 M sodium acetate; 0.5% v/v acetic acid; 
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30% v/v ethanol; 3.5g Na2SO3), followed by four wash steps with MQ-H2O and 

incubation in silver staining solution (6.5 mM AgNO3, 50 µL formaldehyde) for 45 

min in a light-proof container. After that, a small amount of developer solution 

(2.5 g Na2CO3, 100 µL formaldehyde in 50 mL H2O) was added to precipitate free 

silver. The rest of the developer solution was then added. The gels were incubated 

until protein bands were detectable, and adding 10% glycerol stopped the 

developing reaction. Silver staining was carried out at room temperature, and the 

gels were rocked gently during incubation times. 

Immunoblotting, specifically Western Blotting, reveals proteins within a protein 

mixture using specific antibodies. Before blotting, the SDS gel and four 

Whatman® filter papers in the same size as the gel (8x9 cm) were incubated in 

western blot transfer buffer for 5 min (50 mM Tris, 40 mM glycine, 1.3 mM SDS, 

20% v/v methanol). A polyvinylidene difluoride membrane, the size of the gel, 

was activated by gently rocking in 100% methanol for 30 sec. Subsequently, the 

membrane was washed thrice with MQ-H2O before incubation in western blot 

transfer buffer for 15 min. The western blot was performed by stacking the 

components: (top to bottom) 2 Whatman® filter papers, SDS-PAGE gel, the PVDF 

membrane and 2 Whatman® filter papers. The electrophoretic transfer was 

conducted for 1h at 0.75 mAmp/cm2 of membrane and 8 W.  

After blotting, the PVDF membrane was incubated for 1h at RT in a blocking 

solution (5% Casein in PBS). The membrane was washed three times with 1x PBS 

and the blot was subsequently incubated for 1h in 50 mL of a conjugated antibody 

solution (T7-HRP-antibody (Merck, Germany) in PBS +1% Casein; 1:5000). After 

a last wash step using PBS, the membrane was placed protein side up on a sheet 

of aluminium foil and incubated with ECL western blotting reagent (Promega, 

Germany) for 2 min, before detection of the luminol-based chemiluminescence 

with an Ettan DIGE imager (GE healthcare). 

Figure 2-5 summarizes the observations from silver staining and Western Blot 

for the target protein used to determine protein purity. Furthermore, the 

corresponding western blot identified the protein band at the 300 mM imidazole 

lane as eADF4(C16)-CBD by T7-specific antibody detection. The protein band of 

the flow-through sample showed a protein mixture flowing through the column 
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without interaction, and the Western Blot confirms that no eADF4(C16)-CBD is 

present, therefore suggesting that the capacity of the column was not depleted 

and all available target protein bound to the column. The 35 mM imidazole lane 

shows some protein bands, most likely representing weak, non-specific binding of 

E.coli proteins. Lastly, the 300 mM lane showed one distinctive protein band, which 

could be identified as eADF4(C16)-CBD by the Western Blot. 

 

Figure 2-5: A: Silver stained SDS-gel of samples taken from IMAC-purification of eADF4(C16)-CBD 
and B: corresponding Westen Blot with T7-HRP-antibody detection. 

 

2.2.4 MALDI-TOF 

The eADF4(C16)-CBD protein exhibited an unexpected phenomenon of reduced 

mobility, showing a protein band between 75 and 100 kDa, commonly observed 

in proteins rich in alanine and acidic residues [411].Therefore, MALDI-TOF analysis 

was performed to verify the correct protein size, and the obtained results (Figure 

2-6) confirmed a protein size of 60.7 kDa based on the m/z value for the +1 

charge. Another peak at half the size represents the +2 charge and further 

indicates protein purity. These findings support the notion that the observed low 

mobility is a consequence of the properties of the eADF4(C16)-CBD protein. 
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MALDI-TOF analysis was conducted using a Bruker MALDI-TOF Autoflex (Bruker, 

Germany) equipped with a 337 nm N2 laser and operated at an acceleration 

voltage of 20 kV. Protein samples dissolved in 3 M guanidinium isothiocyanate 

were desalted using ZipTip C4 and co-eluted with the matrix consisting of sinapinic 

acid (20 mg/mL) in 60% acetonitrile and 0.1% trifluoroacetic acid. The processed 

data were analysed using mMass v5.5.0 software [412]. 

 

Figure 2-6: MALDI-TOF of eADF4(C16)-CBD in aqueous solution showing a +1 peak at 60716 m/z 
and a +2 peak at 30361 m/z. 

 

2.2.5 Circular Dichroism (CD) spectroscopy 

For near-UV measurements, protein solutions were prepared at 1 mg/mL 

concentrations in analytically pure 10 mM Tris/HCl (pH 7.5) containing 150 mM 

NaCl. The solutions were obtained by ultracentrifugation at 55,000 rpm for 30 

minutes using an Optima MAX-XP centrifuge (Beckman Coulter). Near-UV 

measurements were performed at 20 °C using a 1 cm pathway quartz cuvette at 

intervals of 10 °C for thermal degradation. Chemical denaturation experiments 

involved mixing the stock protein solution with guanidinium chloride (GdmCl) in 

ratios to maintain the final protein concentration of 1 mg/mL. Far-UV CD spectra 

were recorded with 0.1 mg/mL protein concentrations using a 1 mm pathway 
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cuvette. All spectra were obtained as an average of five scans using a Jasco J815 

spectrometer (Jasco, Germany). 

 

2.2.6 Fluorescence spectroscopy 

Fluorescence spectra were obtained by recording the emission spectra from 

protein solutions at a 0.5 mg/mL concentration. The solutions were prepared in 

analytically pure 10 mM Tris/HCl (pH 7.5) containing 150 mM NaCl and placed in 

quartz cuvettes. A fluorescence spectrometer, FluoroMax-3 (Jobin-Yvon Inc.), was 

used for the measurements with excitation set at a wavelength of 295 nm. 

 

2.2.7 Cellulose-binding assay 

A simplistic approach was chosen for the initial observation of the cellulose-binding 

activity of the fusion. Therefore, 1 mg/mL of cellulose fibres (C6288, Sigma-

Aldrich, Merck, Germany) was incubated with eADF4(C16)-CBD and eADF4(C16) 

solutions in varying buffer compositions on a shaking thermoblock (450 rm at 37 

°C) for 30 minutes. After incubation, the suspension was centrifuged for 30 

minutes at 13,000 x g, and the supernatant was analysed for UV absorption at 

280 nm. 

 

2.2.8 Spin-coating 

To cellulose-coat 14mm gold QCM-D chips (QuartzPro, Sweden), they were ozone-

treated for 10 minutes using a PSD-UV ozone cleaner (Novascan Technologies, 

USA). Subsequently, 20 µL of a 0.05% w/v cellulose solution was applied to the 

chips, which were then spun for 60 seconds at 67 rps with an acceleration time of 

5 seconds using a spin coater (SCI-30, Quantum Design, Germany). Following 

spin-coating, the chips were dried for 10 minutes on a heating plate at 100°C 

(EchoTherm™ HP40, Torrey Pines Scientific, CA). Lastly, they were washed in MQ-

H2O for 3 minutes and air-dried. 
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2.2.9 QCM-D measurements 

Using a Q-Sense Analyser setup, QCM-D measurements were carried out with 

cellulose-coated 14 mm gold sensors (QuartzPro, Sweden) mounted in 4 humidity 

Modules (Biolin Scientific, Sweden). Buffer solution (10 mM Tris/HCL pH7.5, 150 

mM NaCl) and protein solutions (0.25 mg/mL) were introduced to the humidity 

modules, maintaining a 100 uL/min flow rate. Analysis and calculations were 

carried out with the Qtools software (Biolin Scientific, Sweden). 

 

2.3 Results and Discussion 

2.3.1  Designing eADF4(C16)-CBD 

The first step in creating a novel cellulose-binding fusion protein is identifying a 

feasible fusion partner. As highlighted in the literature review (1.6.3) the area of 

cellulose-binding domains (CBD) is plentiful and spread across various species 

[289]. Due to the established production of eADF4(C16) [12] in E. coli, a bacterial 

CBD [26, 290, 413] for streamlined production in the same host was targeted 

[290]. Furthermore, as the fusion protein was created with mechanically enhanced 

composites, especially hydrogels, in mind, irreversible binding mechanisms were 

favoured [289, 414]. Finally, the established variants and modifications of 

eADF4(C16) contain a T7 tag for identification purposes at the N-terminus, further 

narrowing down the amount of suitable CBD candidates to c-terminally located 

domains, which ultimately led to focusing on the CBD derived from the 

exoglucanase enzyme in Cellulomonas fimi, CBDCEX [406]. 

Furthermore, C. fimi is, like E. coli, a gram-positive, rod-shaped bacterium, 

minimizing the risk of cross species expression. C. fimi is known for its ability to 

metabolise cellulosic material and is typically found in soil [415]. The cellulose-

binding domain CBDCEX has been shown to interact with cellulose through an 

entropically driven process. This binding mechanism is attributed to the reduced 

conformational flexibility of the binding partners [293]. 

The first iteration of the eADF4(C16)-CBD fusion protein was designed by the 

addition of the CBD moiety to the eADF4(C16) sequence without a linker 
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sequence, which is found in the natural cellulase enzyme, separating the catalytic 

from the binding domain. The resulting product from the fermentation and 

purification process was only discovered within inclusion bodies, a sign of 

improperly folded, water-insoluble protein moieties [416]. Consequently, no 

cellulose-binding capabilities were detected (data of this variant not included). As 

CBDCEX contains β-sheets crucial for cellulose-binding, this discovery, combined 

with the absence of cellulose-binding activity, suggested a different approach. 

As the linker sequence mentioned above is typical for most naturally occurring 

cellulase enzymes [417], the faulty protein production was hypothesised to be 

caused by the lack of such a spacer. 

Previous studies reported reduced catalytic activity when linker regions were 

deleted in enzymes such as cellobiohydrolase I of Trichoderma reesei [418] and 

Endoglucanase A (CenA) of C. fimi [419]. However, the impact of linker 

modifications on fusion proteins remains highly variable, depending on the specific 

fusion partner. Therefore, a modified linker sequence consisting of tyrosine and 

proline, which closely resembles the natural linker in CBDCEX [418, 419], was 

introduced. Additionally, a 6His-tag was incorporated at the C-terminus of the 

fusion to enable IMAC. The resulting fusion protein variant and the individual 

amino acid motifs, is depicted in Figure 2-7. 
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Figure 2-7: A) The amino acid motifs of the hybrid spider silk-cellulose binding protein. B) 
Schematic structure of the fusion protein eADF4(C16)-CBD. Domain structure reproduced by PDB 
ID 3.2.1.91. The exposed tryptophan residues W17, W54, and W72, responsible for binding cellulose, 

are highlighted yellow. The proline-linker is demonstrated as a red string, and eADF4(C16) is shown 
in block form with the attached T7- and His-tag at the n-terminus 

 

2.3.2 Proper folding of the CBD 

Once the genetic modifications of eADF4(C16)-CBD were incorporated and the 

protein was produced and purified, the next steps involved validating its ability to 

bind to cellulose substrates and assessing whether the fusion retained its capacity 

to form hydrogels at high concentrations. 

As the cellulose binding mechanism relies heavily on a native structure of the CBD 

moiety [420], secondary and tertiary protein structure analysis techniques have 

been employed. This approach exploited that eADF4(C16) is intrinsically unfolded 

in aqueous solutions [19], and the CBD consists of short β-sheet structures and 

contains five tryptophane residues [406]. 

First, as a direct comparison to unmodified eADF4(C16), far-UV circular dichroism 

(CD) spectroscopy has been conducted. Figure 2-8 shows the resulting spectra 

between 250-195 nm, where no significant distinction between both proteins can 

be observed. As typical for eADF4(C16) and variants thereof, a minimum at 200 

nm can be observed in the overall random coil indicating spectrum [74] 
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Figure 2-8: Far-UV CD spectra of eAD4(C16) and the CBD-modified variant. 

The limited contribution of the CBD can be attributed to its relatively small 

proportion within the fusion protein (62 amino acids out of 726 amino acids). 

These findings align with the results Humenik et al. [78] obtained for their GFP 

fusion. Although eADF4(C16)-GFP comprises β-sheets in a more significant ratio, 

the fusion's far-UV spectra only exhibited slight changes in intensity while 

maintaining the overall shape and characteristic minimum at 200nm. 

Consequently, near-UV observations, ensuring its native conformation, were 

employed to observe the unfolding of the globular CBD. 

Both the eADF4(C16) moiety and the linker lack tertiary structures in aqueous 

solutions. Therefore, any observed changes in protein structure could be 

attributed to the denaturation of the CBD. Additionally, since neither eADF4(C16) 

nor the linker contain tryptophan residues [15, 228], any alterations in tryptophan 

signals could also be attributed to changes in the CBD structure. 

Near-UV CD measurements revealed that the overall protein structure, particularly 

the peak at 290 nm associated with tryptophan residues [421], exhibited a 

decrease in intensity upon denaturation by guanidinium chloride (GdmCl) (Figure 

2-9A) or with increasing temperature (Figure 2-9B) indicating a loss of tertiary 

structure [422]. Furthermore, Figure 2-9B includes the shape of a near-UV 

spectra of eADF4(C16) in an aqueous solution, where the characteristic 
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fingerprint, including the 290 nm peak, is absent, closely resembling the spectra 

of eADF4(C16)-CBD denatured by 3 M GdmCl. 

 

Figure 2-9: Near UV- CD spectra of eADF4(C16)-CBD denatured by a temperature gradient (A) and 
a GdmCL gradient (B). The vertical dotted line represents the tryptophan peak at 290 nm, which 

decreases in intensity by proceeding denaturation. 

Lastly, fluorescence spectroscopy, utilising an excitation wavelength of 295 nm 

(Figure 2-10), demonstrated a red-shift and enhanced emission spectra intensity 

with increasing GdmCl concentration. This can be attributed to the exposure of 

two of the five tryptophan residues, which were previously buried within the native 



 

Chapter 2: Recombinant cellulose-binding spider-silk fusion protein: 
production and characterisation 

 

92 

 

structure of the domain, during the denaturation process. Additionally, the 

denaturation of the protein by GdmCl leads to a reduction in protein aggregation 

[423]. 

 

 

Figure 2-10: Fluorescence spectra of eADF4(C16)-PL-CBD in the presence of different GdmCl 
concentrations. 

These findings combined suggest that the CBD of the fusion protein can be 

denatured and, therefore, maintains its native structure throughout the production 

and purification processes. 
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2.3.3 Cellulose binding 

Finally, the ability of the fusion to bind to cellulose substrates was evaluated 

through two approaches. Firstly, an incubation assay was conducted to assess 

whether the protein concentration of a solution decreased due to protein binding 

to cellulose fibres (CF). Figure 2-11 summarises the concentration differences 

observed after a 30-minute incubation period.  

The protein concentration remained unchanged for all control conditions without 

added CF, confirming the stability of the protein solution in all buffer conditions 

for up to 30 minutes at 37 °C. 

Furthermore, incubation of CF with eADF(C16) did not exhibit a decrease in protein 

concentration after 30 minutes, indicating the inability of the unmodified variant 

to bind to cellulose. In contrast, all tested buffer conditions for eADF4(C16)-CBD 

showed decreased protein concentrations after centrifugation. Furthermore, when 

examining the binding activity of eADF4(C16)-CBD in different buffer compositions 

(0 mM, 150 mM, and 300 mM NaCl), it was observed that higher ionic strength, 

represented by the 150 mM and 300 mM NaCl conditions, appeared to enhance 

the binding activity of eADF4(C16)-CBD to cellulose. 

 

Figure 2-11: Cellulose-binding assay. Concentration change after a 30-minute incubation of 
cellulose fibres with eADF4(C16) based protein solutions. 
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This initial observation of the binding capacity was then confirmed with QCM-D 

measurements. Cellulose coated QCM-D chips were incubated with protein 

solutions of eADF4(C16) and the CBD variant. Figure 2-12 shows the resulting 

frequency change of this procedure, directly correlating to adsorbed protein to the 

cellulose surface on the chip. After an equilibration time of the coated chips in the 

buffer system (not shown in Figure 2-12), the protein solution was introduced at 

minute 1.5, as indicated by the first red line in the graph.  

The frequency shift revealed notable differences between eADF4(C16)-CBD and 

eADF4(C16) samples. The eADF4(C16)-CBD sample exhibited a significant 

decrease in frequency by approximately 65 Hz, whereas the frequency change was 

much less pronounced, around 15 Hz, for the sample incubated with eADF4(C16). 

Moreover, when the protein solution was replaced with a buffer solution, the 

frequency change of the eADF4(C16) samples reversed to approximately 10 Hz, 

indicating that weakly adhered protein was washed off the surface. 

In contrast, the frequency change for the cellulose binding variant remained 

around 65 Hz even after introducing the buffer. By applying the Sauerbrey 

approximation, the total mass adsorption for eADF4(C16)-CBD was determined to 

be ~375 ng/cm2, significantly higher than the value of ~50 ng/cm2 observed for 

eADF4(C16). These findings strongly support the capability of the fusion protein 

to bind to the cellulose substrate specifically, providing further evidence for the 

hypothesis of cellulose fibre-enhanced hydrogel formation. 
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Figure 2-12: QCM-D measurements of 0.125 mg/mL eADF4(C16)-CBD and eADF4(C16) on 
cellulose films. Dashed red lines indicate a change of the introduced solution. The first line shows 

the change from the buffer to the protein solution, and the second line indicates the buffer wash 
following protein incubation. Dashed lines indicate the Sauerbrey approximation for adsorbed protein 
mass on the surface of the chip. (n=3) 

 

2.4 Conclusion 

Chapter 2 demonstrated the successful production of the cellulose-binding 

recombinant spider silk eADF4(C16)-CBD via fed-batch fermentations in E. coli. 

Furthermore, the fusion protein was purified via IMAC. The resulting yield of 0.2 

mg per gram of bacteria is relatively low, and further studies should focus on 

optimising the production and purification process as the ultimate yield from a 

standard 5L fermentation was approximately 80-100 mg. For the target 

application of hydrogels, such an amount is sufficient for analysis and small-scale 

experiments. However, more extensive experiments cannot be conducted with the 

same batch of protein. Therefore the production and purification with higher yields 

would be highly desirable for future applications. 

Structural analysis of the fusion was occupied, confirming changes in the tertiary 

protein structure upon denaturation conditions, suggesting an unfolding of the 

CBD. This leads to the assumption that the domain was correctly folded into its 
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native state during protein production and retained the structure throughout the 

purification process. 

Lastly, the fusion protein showed cellulose binding activity in two independent 

experiments, suggesting an active binding domain. 
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Chapter 3 Hydrogels from recombinant 

cellulose-binding spider-silk fusion 

proteins  

3.1 Introduction 

After the successful production and characterization of eADF4(C16)-CBD in 

Chapter 2, the next step is to evaluate the protein's capabilities in forming 

cellulose-fibre enhanced hydrogels and discuss its potential application in tissue 

engineering (TE). The unique properties of eADF4(C16)-CBD make it an exciting 

candidate for hydrogel formation, combining the mechanical strength of spider silk 

proteins with the functional benefits of cellulose binding. 

Cellulose-embedded hydrogels are particularly promising for bone TE due to 

several key attributes. Cellulose, a natural polymer, provides excellent 

biocompatibility, minimal cytotoxicity, and is readily available [424]. When 

integrated into hydrogels, cellulose fibres enhance the mechanical properties, 

providing the necessary stiffness and structural integrity that are critical for 

supporting bone tissue regeneration [425]. The presence of cellulose also improves 

the hydrogel's stability and porosity, which are essential for nutrient diffusion and 

cell proliferation [426]. 

To this end, initial experiments utilized 3D bioprinting to create cylindrical 

structures, allowing for a visual assessment of shape fidelity and the printing 

behavior of the gel formulations. 3D printing was specifically chosen for this phase 

to observe how the hydrogels could be manipulated and formed under conditions 

simulating injectable applications. Understanding the printing and injection 

behavior is crucial for applications where precise placement and structural 

integrity are paramount, such as in minimally invasive surgical procedures. 

Following the 3D printing experiments, a thorough discussion was carried out 

using plate-plate rheology to compare the mechanical properties of pure 

eADF4(C16), eADF4(C16)-CBD gels, and their cellulose fibre blended variants. 
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This step was essential to validate the observations from 3D printing and to 

provide a detailed analysis of the gels' rheological properties. 

Scanning Electron Microscopy (SEM) was employed to examine the freeze-dried 

structures of the gels, offering insights into the microstructural organization and 

the interactions between the protein and cellulose fibres. This analysis provided a 

deeper understanding of how the cellulose fibres enhance the mechanical stability 

and structural integrity of the hydrogels. 

Lastly, the potential for TE applications was evaluated by encapsulating MG63 

osteoblast-like cells within the gels. The biocompatibility and effectiveness of the 

hydrogels were assessed using live/dead staining and a proliferation assay over 

an 8-day period. These experiments aimed to demonstrate the hydrogels' ability 

to support cell viability and proliferation, key factors for their use in tissue 

regeneration. 

This chapter thus combines advanced fabrication techniques with comprehensive 

mechanical and biological assessments to establish the viability of eADF4(C16)-

CBD hydrogels for tissue engineering applications. 

3.2 Material and Methods 

Chemicals used in the experiments of this chapter were purchased from Roth 

(Karlsruhe, Germany) if not stated otherwise. eADF4(C16) was purchased from 

AMSilk GmbH (Planegg/ Munich, Germany). 

3.2.1 Hydrogel preparation 

Aqueous eADF4(C16)-based protein solutions were dialysed against a 20% w/v 

PEG 40000 solution in 10 mM Tris/HCl pH 7.5, 150 mM NaCl, supplemented with 

5 mM DTT to concentrated protein solutions through the hygroscopic effect of the 

PEG solution. The dialysis process was performed using 6-8 kDa cutoff dialysis 

tubes to maintain slow up-concentration and low-shear. After dialysis, the protein 

solution was further dialysed against a volume ratio of at least 1:1000 in 10 mM 

Tris/HCl pH 7.5 buffer for 30 minutes to remove excess salts. The dialysed protein 

solution was then incubated at 37 °C to induce hydrogel formation for up to 16 

hours. The highly concentrated protein solutions were gently mixed with up to 3 
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mg/mL CF (C6288, Sigma-Aldrich, Merck, Germany) before gelation for the 

processing of Cellulose fibre-blended gels. 

 

3.2.2 Rheology 

Rheological measurements of the prepared hydrogels were conducted using a TA 

Instruments DHR2 Rheometer (TA instruments, Germany) with a 25 mm plate-

plate geometry and a 0.4 mm gap, employing a lab-made solvent trap to prevent 

drying of the gels at room temperature. Oscillation mode was used for all pre-

formed hydrogels. First, a frequency sweep ranging from 0.1 to 100 rad/s was 

performed to determine the viscoelastic region of each gel variant. Subsequently, 

amplitude sweeps were conducted, covering a range of 0.01 to 1000% strain at a 

frequency of 10 rad/s. Viscosity measurements were obtained using a flow ramp 

for 500 seconds, with the shear rate gradually increasing from 0.001 to 100/s. 

 

3.2.3 3D printing  

Hollow cylinders with a 5 mm diameter and a single filament wall were 3D printed 

using a pneumatic extrusion bioprinter (3D Discovery Bioplotter RegenHU, Villaz-

Saint-Pierre, Switzerland). The printing process involved using 2% w/v 

eADF4(C16) and eADF4(C16)-CBD gels and was guided by an STL file of a hollow 

cylinfder with a 5 mm diameter, generated with the MM Converter software. 

Printing was conducted at 10 mm/s, deploying pneumatic print heads equipped 

with a 3cc (Drifton, Denmark) cartridge and a 27G tapered tip with a 0.2 mm inner 

diameter (Cellink, Sweden) for precise gel deposition. 

 

3.2.4 Cell culture: viability and proliferation of MG63 cells 

The MG63 cell line (ATCC® CRL-1427™) was maintained in culture using Eagle's 

Minimum Essential Medium (EMEM) supplemented with 10% fetal calf serum (FCS) 

(SAFC, 12133C), 1% non-essential amino acids (Gibco, Thermo-Fisher, Germany), 

2 mM Glutamine, and 50 mM Gentamycin (Gibco, Thermo-Fisher, Germany). 
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Routine sub-culturing was performed when cells reached 80-90% confluency. The 

cells were rinsed with 1x Dulbecco's Phosphate-Buffered Saline (DPBS) and 

detached using 0.25% Trypsin/EDTA (Gibco, Thermo-Fisher, Germany) for 

subsequent passages. 

For the cell proliferation assay, cells were harvested and counted using a Neubauer 

haemocytometer. The desired cell count of 8.5x105 cells per mL of hydrogel was 

achieved by transferring the appropriate volume of cell suspension into a 

centrifuge tube and centrifuging at 300 x g for 5 minutes. The supernatant was 

removed, and the cells were resuspended in the appropriate volume of growth 

media to prepare a final media content of 15% v/v in all hydrogel formulations. 

Pre-gelled silk solutions were carefully mixed with the cell suspension to obtain a 

final protein concentration of 20 mg/mL. 

To initiate the proliferation assay, 75 µL of the gel/cells mixture was transferred to 

a 96-well plate and allowed to gel completely at 37°C, 5% CO2 for 1 hour in a cell 

culture incubator. After gelation, 100 µL cell culture media was added, and 

metabolic activity was assessed on days 1, 3, 5, and 7 using AlamarBlue™ cell 

viability reagent. Before a 2.5-hour incubation with the reagent (1:10 dilution in 

growth media) at 37°C and 5% CO2, the wells were rinsed twice with 100µL DPBS. 

Fluorescence intensity at 590 nm (Ex.: 530-560 nm) was measured using a plate 

reader. The remaining reaction solution was replaced with fresh culture media for 

further incubation. 

150 µL of cell-laden bioink was spread into µ-Slide 8 Well Glass Bottom wells for 

live-dead staining. The staining was performed on days 1 and 7 using 1 µg/mL 

Calcein-AM and 1 µg/mL Ethidium homodimer-1 (EthD-1) in 1x DPBS. After 1-2 

hours of incubation at 37°C and 5% CO2, cells were washed twice with DPBS and 

imaged using confocal laser scanning microscopy (CLSM) with a DMi8 microscope 

(Leica, Germany). 
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3.2.5 SEM imaging 

The bulk hydrogel was rapidly frozen in liquid nitrogen to prepare samples for SEM 

imaging and subjected to overnight freeze-drying (Christ Alpha LD plus, 

Germany). The dried samples were then carefully fractured embedded in carbon 

cement (Leit-C, PLANO GmbH, Wetzlar, Germany) with the fractured sides facing 

upward. To enhance conductivity, a thin layer of platinum with a thickness of 1.3 

nm was deposited onto the samples using an EM ACE600 sputter coater (Leica, 

Germany). The SEM images were captured using an Apreo VolumeScope SEM (FEI 

Thermo Fischer Scientific Inc., MA, USA. The SEM was operated at an acceleration 

voltage of 2.0 kV and a beam current of 25 pA. 

 

3.2.6 Statistical analysis 

Statistical analysis was conducted using OriginPro 2020b software. To assess the 

statistical significance of differences between groups, analysis of variance 

(ANOVA) was employed. Post-hoc tests were performed using the Tukey HSD 

(honestly significant difference) test. 

 

3.3 Results and discussion 

3.3.1 Hydrogel formation 

After the successful production and characterisation of the cellulose-binding 

recombinant spider silk protein eADF4(C16)-CBD, the gelation and printability 

properties were evaluated to assess its potential for hydrogel-based applications. 

The fusion protein exhibited self-assembly into fibrils when processed and exposed 

to shear in buffers with low ionic strength, similar to previous observations for 

eADF4(C16) [56] and its GFP fusion counterpart [74]. This self-assembly 

phenomenon created soft hydrogels with elastic moduli from 0.2 to 110 kPa for 

chemically cross-linked gels between 1-7% w/v comparable to soft human tissues 

[24]. However, for eADF4(C16)-CBD, even in high ionic strength environments 
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(≥150 mM NaCl), the maximum achievable concentration for eADF4(C16)-CBD 

solutions was limited to approximately 2% w/v before precipitation occurred. 

Surprisingly, the 2% w/v eADF4(C16)-CBD hydrogel demonstrated superior shape 

fidelity and print accuracy compared to 2% w/v eADF4(C16) hydrogels. Figure 3-1 

illustrates the striking difference, as the eADF4(C16) gel print was interrupted due 

to cylinder collapse after a few layers, while the 2% w/v fusion-gel was printed up 

to an entire hollow cylinder structure. This improved printability of the fusion 

protein could be attributed to dimer formation, as previous studies have shown 

that CBD-spider silk fusion proteins readily form disulphide bridge-driven dimers, 

enabled by two cysteine residues in the CBD domain [216]. Although different 

recombinant spider silk and CBD sources were used in those studies, the 

dimerisation of various CBDs has been reported in the literature [427, 428]. 

Additionally, non-reducing SDS-PAGE analysis revealed the presence of dimers in 

the eADF4(C16)-CBD fusion protein (Figure 3-1E). 

Consequently, dithiothreitol (DTT) was introduced as a reducing agent to prevent 

dimerisation during the dialysis steps. Notably, the half-life of DTT is significantly 

decreased during the gelation process at 37°C [429], rendering it inactive within 

a few hours. Therefore, the dimerisation process was enabled during gelation, 

enhancing the cross-linking of the hydrogels, leading to a more densely linked gel. 
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Figure 3-1: 3D-bioprinted hydrogels from eADF4(C16)-CBD (A+B) and eADF4(C16) (C+D). Both 
gels are at 2% w/v protein concentration and were printed as a hollow cylinder with 5 mm in 

diameter. E: Silver stained SDS-gel of eADF4(C16)-CBD in reducing and non-reducing conditions. 

 

3.3.2 Enhanced Stiffness of eADF4(C16)-CBD Hydrogels through 

Cellulose Microfiber Blending 

Next, the focus shifted to enhancing the stiffness of the hydrogels, which is crucial 

for tailoring their mechanical properties to specific applications, particularly in TE. 

The goal was to create cellulose fibre-enhanced hydrogels to modulate the 

stiffness and promote improved cell viability and integration. Rheological data 

provided valuable insights into the viscoelastic properties of these gels and 

evaluated their suitability for specific applications. 

The utilized cellulose fibres were acquired from Merck, Germany and are depicted 

in Figure 3-2. Labelled as „cellulose fibres-medium“, they show an average length 

of 100 µm, per the manufacturer data and confirmed by SEM images. However, 

the thickness and uniformity appear to be random, which might be attributed to 

the manufacturing process. These fibres represent one of the simplest and 

cheapest forms of cellulose fibres, being processed from plant material and 

purified to be used in chroatography. 
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Figure 3-2: SEM micrographs of the used CF to blend with eADF4(C16)-CBD for size analysis. Scale 
bars: A+B: 200 µm;C:20 µm. 

 

Figure 3-3 presents the amplitude sweeps of 2% w/v eADF4(C16) (Figure 3-3A) 

and eADF4(C16)-CBD (Figure 3-3B) hydrogels with and without 3 mg/mL 

cellulose fibres (CF). The resulting moduli exhibited typical profiles for soft 

hydrogels, similar to those observed for eADF4(C16) hydrogels in previous studies 

[24, 56].  

The amplitude sweep shows elevated moduli for both eADF4(C16)-CBD with and 

without cellulose-fibre reinforcement throughout the linear viscoelastic region 

from approximately 0.05 to 2% strain. Furthermore, the flow point for both these 

gels occurred at a higher strain of ~40% compared to between 10-20% for 

eADF4(C16) gels, indicating stiffer, more stable gels [430]. 
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Figure 3-3: Amplitude sweep of 2% w/v eADF4(C16) (A) and eADF4(C16)-CBD (B) with and without 
3 mg/mL cellulose fibres (CF). (n=2) 

The printability results (Figure 3-1) suggested that the cellulose-binding 

hydrogels had higher moduli and a flow point at higher strain rates than 

unmodified hydrogels. This behaviour aligns with the observations made for stiffer 

gels of unmodified eADF4(C16) at higher concentrations [58]. Notably, with 

eADF4(C16)-CBD, the increase in stiffness could be achieved while keeping the 

protein concentration the same, which is suggested to be more favourable for TE 

applications. Higher protein concentrations can lower water content and pore size, 

potentially hindering cell viability [431, 432]. 

The stiffness of eADF4(C16)-CBD hydrogels, as displayed as elastic modulus in 

Figure 3-4 and evidenced by the stress-strain behaviour in Figure 3-5, 

significantly increased compared to the unmodified protein. Moreover, the 

mechanical properties of the cellulose-binding variant were further enhanced upon 

blending with cellulose fibres. In contrast, hydrogels formed by eADF4(C16) 

showed decreased stiffness upon blending, which could be attributed to the 

disruption of physical cross-linking by the binding to cellulose fibres when blended 

with 3 mg/mL. 
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Figure 3-4: Stiffness of 2% w/v hydrogels of eADF4(C16) and CF-ehnanced eADF4(C16)-CBD 
(n=3).  

Interestingly, even without the incorporation of cellulose fibres, eADF4(C16)-CBD 

hydrogels at a concentration of 2% w/v exhibited a higher stiffness than the GFP 

fusion hydrogels presented by Humenik et al. [78] by surpassing a maximal shear 

stress of 250 Pa. This observation was attributed to the dimerisation capabilities 

of eADF4(C16)-CBD combined with the physical cross-linking that occurs in all 

eADF4(C16)-based hydrogels. 

Notably, the cellulose fibre-enhanced hydrogels showed a nearly 100% increase 

in yield stress compared to the GFP variant, indicating a significant improvement 

in mechanical strength. This increase was attributed to the additional binding of 

the fusion protein to CF, which act as a semi-chemical cross-linking agent. 

Figure 3-5B illustrates the viscosity profile of the four tested gel variations, 

confirming their shear-thinning behaviour, which is essential for successful 3D 

printing processes [58]. Interestingly, the eADF4(C16)-CBD hydrogels exhibited 

a unique viscosity profile, showing no significant differences between cellulose 

fibre-blended and unblended gels. In contrast, eADF4(C16) hydrogels exhibited 

higher viscosity upon blending with cellulose fibres than their unblended 

counterparts. 
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These observations could be explained by the role of cellulose fibres in the gel 

structure. Specifically, the presence of CF contributes to increased resistance to 

flow within the gel, leading to higher viscosity [433]. However, these fibres may 

also disrupt the physical cross-linking between fibrils in eADF4(C16) hydrogels. In 

CBD gels, conversely, the cellulose-binding domain of the fusion protein exhibits 

an affinity for cellulose fibres, enabling the protein to form tight connections with 

the cellulose, thereby maintaining the overall structure and cross-linking density 

of the gel. As a result, the increased resistance to flow expected when adding 

cellulose fibres may be counteracted by the more robust cross-linking and 

interconnected network in the CBD gels, resulting in minimal changes to the 

viscosity profile. 

 

Figure 3-5: A: Stress-strain behaviour, and B: Viscosities of the different hydrogel blends. n=2 

Figure 3-6 depicts the hypothesised gelation process involving eADF4(C16)-CBD 

and cellulose fibres, forming a "double cross-linked" hydrogel with enhanced 

mechanical properties. The process can be divided into two main steps that 

elucidate the hydrogel formation: 

i) Mixing cellulose fibres and concentrated eADF4(C16)-CBD in an aqueous 

solution initiates the interaction between the cellulose fibres and eADF4(C16)-CBD 

fusions. 
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ii) Due to the binding between protein and cellulose, the local density of protein 

bound to cellulose rapidly increases. This leads to the formation of numerous 

network cross-links and subsequent self-assembly of the protein into fibrils, 

similar to the process observed in unmodified eADF4(C16) hydrogels [24]. 

The resulting hydrogels possess a "double cross-linked" network structure, where 

interactions between the CBD and cellulose occur on one side, while hydrophobic 

interactions between the fibrils contribute to the overall gel structure on the other 

side. This double cross-linking mechanism enhances the mechanical properties of 

the hydrogel. 

 

Figure 3-6: Schematic of the hypothesised gelation process. i): The eADF4(C16)-CBD protein (blue: 

eADF4(C16) moiety, green with purple cloud: CBD) binds to cellulose particles (black) in the solution. 
Ii): The dense protein-cellulose network is further cross-linked via hydrophobic interactions of the 
protein fibrils (blue boxes). 

SEM imaging of the freeze-dried bioink formulations (Figure 3-7) provided 

insights into the microstructure of the hydrogels. Both eADF4(C16) and cellulose 

fibre-enhanced eADF4(C16)-CBD hydrogels exhibited a similar overall structure 

with consistent pore sizes. The SEM images revealed the presence of cellulose 

fibres deeply embedded within the proteinaceous matrix, indicating close 

interaction between cellulose and eADF4(C16)-CBD. This finding supports the 

hypothesis that the CF can serve as anchoring points for cells within the gel matrix 

and act as integrated mechanical enhancers within the gel network. 

However, it is essential to note that the SEM images depict the freeze-dried state 

of the hydrogels, and the actual matrix structure in its hydrated state will differ. A 

hydrated gel would show larger and more flexible pore structures. Furthermore, it 

should be noted, that no cell-containing hydrogels have been imaged via SEM. The 

combination of sample preparation for cells for SEM, involving dehydration steps 
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and the proteinaceous matrix structure of the protein pose a challenge in imaging 

both in a near-native state as the dehydrating steps would shrink down the pore 

size. Simultaneously, freeze-drying of the cells would alter their morphology  

Nonetheless, these observations provide valuable insights into the structural 

characteristics of the hydrogels and support their potential as injectable 

biomaterials for treating small and potentially deeply located defects in bone and 

cartilage. 

 

Figure 3-7: SEM images of the freeze-dried bioink formulations. A)+C) eADF4(C16); B)+D) 

eADF4(C16)-CBD. Red dotted lines highlight incorporated cellulose fibres; scale bars: A)+B): 100 

µm; C)+D): 50 µm. 

 

3.3.3 Application in Tissue Engineering: Injectable hydrogels for 

bone defects 

So far, cellulose-fibre-enhanced eADF4(C16)-CBD hydrogels demonstrated 

improved mechanical properties compared to hydrogels from eADF4(C16) at the 

same protein concentration. Furthermore, the printability, and thus potential 
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injectability of the fusion, was maintained, showing enhanced resolution and shape 

fidelity. These findings suggested that these hydrogels could pose a suitable 

scaffold for TE when injected into, for example, bone defects or when used for 

cartilage repair without extensive incisions into the patient's body. Therefore, Cell 

viability and proliferation examinations have been conducted as a first 

approximation to potential future applications using the MG63 osteosarcoma-

derived cell line [434]. Figure 3-8 summarises the findings with a proliferation 

assay over the period of 8 days (Figure 3-8A). Here, the proliferation rate was 

compared between 2 % w/v eADF4(C16) and fibre-enhanced eADF4(C16)-CBD 

gels, showing no significant difference after one day of cultivation. However, 

starting at day three until the end of the experiment on day 8, the proliferation 

rate was significantly elevated for cells growing in the eADF4(C16)-CBD gels 

compared to the unmodified counterpart, indicating a more suitable environment 

for tissue development. 

Furthermore, Live/dead staining revealed minimal dead cells in both ink 

formulations (Figure 3-8B-E). Previous studies on cell proliferation in 

eADF4(C16) hydrogels have shown only a slight increase in cell number, which 

could be marginally improved by incorporating the cell adhesion peptide RGD [57, 

59]. Additionally, the results of these studies indicated a round morphology of the 

encapsulated cells, a characteristic hypothesized to be enhanced by incorporating 

solid anchor points into the ink formulation. Many studies have demonstrated this 

strategy's effectiveness in varying hydrogel formulations [435-437], suggesting 

the potential of using blended cellulose fibres as these anchoring sites.  

Interestingly, the presence of cellulose fibres in eADF4(C16)-CBD hydrogels not 

only increased the proliferation rate compared to eADF4(C16) gels but also 

resulted in significant changes in cell morphology (Figure 3-8F+G). As 

hypothesised before, this indicates that the cells attached to the micropatterned 

cellulose fibres within the gel, which are approximately 50-100 µm long, as shown 

in Figure 3-2. This attachment allows the cells to spread and develop their 

morphology, a phenomenon suggested in the literature before [438, 439]. 
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A crucial aspect of the enhanced cell spreading and growth observed in cellulose-

embedded hydrogels can be attributed to the phenomenon of biofouling. 

Biofouling refers to the accumulation of microorganisms, cells, and biological 

molecules on a surface, which can significantly influence the biological interactions 

at the material interface. In the context of tissue engineering, biofouling of 

cellulose fibers within hydrogels can play a beneficial role. Cellulose, being a 

natural polysaccharide, provides an excellent substrate for protein adsorption from 

the surrounding biological environment or cell culture media [440]. These 

adsorbed proteins can act as mediators for cell adhesion, promoting integrin 

binding and subsequent cell spreading. Furthermore, the natural hydrophilicity 

and rough surface texture of cellulose fibers enhance initial cell attachment and 

proliferation [441]. The inherent biocompatibility and minimal cytotoxicity of 

cellulose ensure that these biofouling interactions do not elicit adverse immune 

responses, making cellulose-embedded hydrogels an ideal scaffold material for 

supporting osteoblast activity and bone tissue growth. 

In contrast to 2D osteoblast cell culture observations on the surface of hydrogels, 

where stiff matrices have shown favourable outcomes in terms of attachment and 

proliferation [113, 442, 443], further studies suggested that highly porous and 

comparatively soft hydrogels are suitable bioinks for encapsulated osteoblasts 

[431, 432]. In 3D environments, the stiffness of the matrix was shown to have 

limited effects compared to factors such as mass transfer and available area for 

proliferation, which seem to have a more significant impact on cell fate [113].  

Nevertheless, eADF4(C16)-CBD-based hydrogels for TE can never be load-bearing 

due to their limited mechanics. However, other applications where the load is not 

crucial can be targeted due to the exceptional ECM-mimicking properties of 

hydrogels. Furthermore, softer gels have been demonstrated to promote 

mineralisation [431], potentially stiffening the gels in vivo once the tissue signals 

its need.  

However, regardless of whether softer or stiffer matrices are utilised, encapsulated 

osteoblasts have mainly exhibited spherical morphology and decreased cell 

numbers over time without the addition of solid anchor points [113, 444-446]. 
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This novel bioink formulation meets the suggested requirements, as even the 

stiffer CF-blended eADF4(C16)-CBD hydrogels (~3.5 kPa, Figure 3-4) remain 

relatively soft compared to alternatives found in the literature (several 100 kPa 

[113]). Considering these aspects, it is remarkable that a steady proliferation 

profile and observable cell spreading in an injectable and form-stable hydrogel 

could be observed simultaneously. 

 

Figure 3-8: MG63 cell culture on 2% (w/v) eADF4(C16) and eADF4(C16)-CBD (blended with 0.3% 
(w/v) cellulose fibres) hydrogels. A): Proliferation assay of MG63 cells in the bioink formulations 
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over 8 days; ***p≤0.001. B)-E): Confocal micrographs of Live (green)/Dead (red) stained MG63 

cells in the bioinks after 1 and 7 days; Scale bar:200 µm. F)+G): magnified micrographs of the cell 
morphology at day 7; scale bar: 200 µm. 

 

 

3.4 Conclusion 

Chapter 3 delved into utilising the novel cellulose-binding fusion protein 

eADF4(C16)-CBD for hydrogel applications. The investigation revealed promising 

properties and capabilities of the fusion protein in the context of hydrogel 

engineering. 

The findings demonstrated that eADF4(C16)-CBD retains the inherent ability of 

the unmodified protein to form hydrogels and surpasses it in terms of printability 

and shape fidelity. This suggests that the fusion protein offers a solid foundation 

for designing and fabricating hydrogels with precise geometries and structures. 

Moreover, rheological evaluations unveiled that incorporating cellulose fibres into 

eADF4(C16)-CBD hydrogels further enhances their mechanical properties. The 

presence of cellulose fibres results in a double cross-linked network, combining 

the hydrophobic interactions characteristic of the unmodified gels with the 

cellulose-binding capabilities of the fusion proteins CBD. This unique combination 

of interactions imparts the hydrogels with increased stiffness and improved 

mechanical integrity.  

To assess the suitability of eADF4(C16)-CBD hydrogels for Tissue Engineering 

applications, in vitro experiments were conducted using the MG63 cell line. The 

results revealed significantly improved cell proliferation rates and distinctive cell 

morphologies within the cellulose fibre-enhanced eADF4(C16)-CBD hydrogels 

compared to eADF4(C16) hydrogels of the same concentration. This suggests that 

incorporating cellulose fibres provides anchor points for cells, promoting cell 

attachment, spreading, and morphological development. These findings highlight 

the potential of eADF4(C16)-CBD hydrogels as injectable biomaterials. 

However, there are limitations of the eADF4(C16)-CBD-based gel formulations in 

regards to bone TE. More precisely, the bioprinting approach described in chapter 
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3.3.1 has not been carried out with cells in the gel formation. It needs to be 

verified that the incorporated cellulose-fibres do not negatively impact the cell 

viability upon the sheer-inducing printing procedure. Additionally, to further 

research the suitability of the gel forumalation for TE approcahces, different cell 

types should be introduced and evaluated, potentially looking in other fields than 

bone-related TE with a high focus on stiff gels. As described in 3.3.3, the hydrogels 

presented here are, despite the increased stiffness profile, still in the low-stiffness 

regime of hydrogels for TE. Considering this, applications related to brain TE might 

be relevant for this gel formulation. However, only for in vitro and 

research/diagnostic purposes as the introduction of non-degradable cellulose-

fibres in brain tissue should be avoided at all cost. 

Lastly, while cellulose offers numerous advantages for TE, one significant 

challenge is its lack of biodegradability in human systems. Humans do not possess 

the necessary enzymes, such as cellulases, to break down cellulose into its 

constituent sugars. This means that cellulose-based scaffolds can persist in the 

body for extended periods, which can be both beneficial and problematic. On the 

one hand, the persistence of cellulose can provide long-term structural support, 

which is particularly advantageous in bone tissue engineering where gradual 

scaffold degradation and replacement by natural bone can be desirable. On the 

other hand, the inability to degrade cellulose may lead to potential issues with 

scaffold clearance and integration. Over time, the accumulation of non-degradable 

cellulose could provoke a foreign body response, leading to chronic inflammation 

or fibrous encapsulation. 

In summary, this chapter showcased the promising properties and capabilities of 

eADF4(C16)-CBD for hydrogel applications. The fusion protein combines the 

unique features of the unmodified eADF4(C16) protein with cellulose-binding 

capabilities, resulting in hydrogels with enhanced printability, mechanical 

properties, and cellular compatibility. These findings lay the foundation for further 

exploration and development of eADF4(C16)-CBD hydrogels for various tissue 

engineering and regenerative medicine applications, where controlled mechanical 

properties and cell interactions are crucial for successful tissue regeneration. 
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Chapter 4 Endothelial cell-selective 

recombinant spider silk fusion protein: 

production and characterisation  

4.1 Introduction 

Chapter 4 focuses on the REDV-modified recombinant spider silk variant, 

eADF4(C16)-REDV, as a coating material for drug-eluting stents (DES). For this 

purpose, first, the design, production and purification of the protein are described 

in this chapter, before Chapter 5 governs the application thereof as a potential 

drug-eluting coating.  

First, the eADF4(C16)-REDV protein was synthesised leveraging an E. coli 

expression system and purified from inclusion bodies. Next, the characterisations 

conducted in this chapter include observations regarding protein identity using 

MALDI-TOF, SDS-PAGE and CD spectroscopy. Furthermore, the purity of the 

obtained protein was confirmed by these measurements and additional 

fluorescence spectroscopy. Lastly, the peptide modification's feasibility with the 

REDV sequence was examined by cell culture experiments comprising of 

attachment and proliferation studies. 

Chapter 5 will follow up these characterisations in applying the protein as films 

and coatings for cell culture or to provide coatings on 316L stainless steel, chosen 

as a representative material for metal stents. A series of biological assays were 

conducted to demonstrate the potential of eADF4(C16)-REDV as a suitable coating 

material for drug-eluting stents. These assays included cell adhesion and growth 

tests, hemocompatibility with human whole blood, enzymatic degradation, and 

drug elution. 
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4.2 Material and Methods 

Chemicals for the conduction of the experiments of this chapter were purchased 

from Roth (Karlsruhe, Germany) if not stated otherwise. eADF4(C16) was 

purchased from AMSilk GmbH (Planegg/ Munich, Germany). All nucleotide 

sequences were acquired from Eurofins Genomics (Germany). Enzymes were 

acquired from New England Biolabs (Germany) and used according to the 

manufacturer's protocol. 

 

4.2.1 Cloning of the REDV-modified eADF4(C16) protein 

The cloning of eADF4(C16)-REDV was conducted using the same method 

described in 2.2.1. The sequence used for further modification on the C-terminus 

of eADF4(C16) was: GGGGS GREDVYG. The short, glycine-rich sequence serves 

as a spacer between both fusion partners. Furthermore, the target sequence was 

incorporated into a pET29 vector instead of pET28a. 

 

4.2.2 Protein Production and inclusion body purification 

Modified recombinant spider silk proteins were produced using an E. coli 

expression system. The eADF4(C16)-RGD fusion protein was synthesised by using 

the BL21 gold (DE3) (Novagen, Germany) strain of E. coli in a fed-batch 

fermentation process, as detailed in prior literature [303].  

The fermentation process was carried out as described in 2.2.2. However, the 

production process was initiated by introducing a 1M concentration of isopropyl-

beta-D-thiogalactopyranoside (IPTG) over 16 hours, and the growth phase was 

maintained at 37°C. 

A representative fermentation monitoring is shown in Figure 4-1 where a typical 

profile for an overnight inclusion body-producing profile is depicted. The start of 

the growth phase is observable from 0 to approximately 250 minutes, where the 

temperature was at a constant 37°C. This period is shorter than for producing 

eADF4(C16)-CBD, as described in chapter 2.2.2, because the initial inoculum 
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volume was greater, and the temperature was at the ideal value for fast E. coli 

growth. This process was chosen to achieve a sufficient cell number in the first 

hours to enable the following induction with 1M IPTG at 30°C overnight. Doing so 

initiated the overexpression of the protein and storage in inclusion bodies. In 

contrary to eADF4(C16)-CBD, eADF4(C16)-REDV does not feature any secondary 

structures in the solution, eliminating the need for delicate induction time 

monitoring to avoid misfolding and inclusion body formation. Therefore , the high 

yield of an inclusion body fermentation could be exploited with up to 20 hours of 

induction times bein employed without risking obtaining non-functional products 

[174]. The fermentation profile shown in Figure 4-1 closely resembles the one 

shown in Figure 2-3. However, the temperature profile varies, resulting in a spike 

in pO2 around 450 minutes when the temperature was regulated from 37°C to 

30°C, as oxygen has a higher solubility at higher temperatures and additional O2 

was already supplied to maintain the set value of 40%. The feed was set to 4% 

for the remaining ~1100 minutes, and the profile showed no irregularity, 

suggesting continuous aerobic protein production.  

 

Figure 4-1: Representative fermentation profile of overnight induction for the high-yield production 
of eADF4(C16)-REDV. 

 

For protein purification from inclusion bodies, the harvested bacterial suspension 

underwent two rounds of washing using a buffer solution of 150 mM NaCl and 10 
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mM Tris/HCl at a pH of 7.5 following the fermentation and harvest processes. 

Subsequently, the cellular structures were disrupted for 4 hours through the 

introduction of lysozyme at a concentration of 0.2 mg/mL within a solution 

containing 5 mM ethylenediaminetetraacetic acid (EDTA) and 1 mM 

phenylmethylsulfonyl fluoride (PMSF). Next, the cells were subjected to disruption 

using a high-pressure homogeniser (Niro Soavi, Italy, model NS1001L2K) with two 

cycles of 150 bar. The homogenised suspension underwent centrifugation at 4°C 

and 22,000 x g for 45 minutes. Isolation of the released inclusion bodies was 

achieved by first suspending the remaining pellet in a detergent buffer with a ratio 

of 1:10 (60 mM EDTA, 2% (v/v) Triton X-100, 1.5 M NaCl) and allowing it to 

incubate for 30 minutes. Initially, the dispersion was centrifuged at 4°C 22,000 x 

g for 15 minutes. Subsequently, the resulting pellet was resuspended in a Tris-

EDTA buffer containing 1 mM EDTA, 100 mM Tris-HCL at a pH of 7.5, and 100 mM 

NaCl. Next, a 30% ammonium sulphate precipitation was carried out overnight. 

Subsequently, the precipitate underwent centrifugation at 4°C and 22,000 × g for 

45 minutes. The resulting pellet was washed using 8M carbonyl diamide (urea) for 

1 hour, followed by another round of centrifugation. The process of urea washing 

was repeated twice more. The pellet was subjected to a series of water washes 

until the absence of DNA contamination was confirmed by observing the 

absorbance at a wavelength of 260 nm using a NanoDrop 1000 (Peqlab, Germany) 

spectrophotometer. Subsequently, the obtained material underwent lyophilisation 

(Alpha 1-2 Ldplus, Christ, Germany) for long-time storage of the purified 

eADF4(C16)-REDV product.  

The inclusion body purification yielded up to 30 mg of protein per gram of bacteria 

and was further lyophilised for long-time storage. Figure 4-2A shows a schematic 

of the eADF4(C16)-REDV protein with a T7-tag at the N- , and the REDV peptide 

on the C-terminus of the 16 C-modules. The purity of the lyophilised protein was 

confirmed by SDS-Page, followed by silver staining (Figure 4-2B), as no 

additional bands are visible. eADF4(C16)-REDV showed no difference to 

eADF4(C16) in its mobility during electrophoresis, suggesting the same or very 

similar molecular weight, as expected for such a short peptide modification. 

However, as discussed in 2.2.4, eADF4(C16)-based proteins display an intriguing 
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characteristic of reduced mobility. This is evidenced by observing a protein band 

between 50 and 75 kDa during gel electrophoresis.  

 

Figure 4-2: A) A schematic of the fusion protein eADF4(C16)-REDV. The individual C-modules are 
shown in light and dark blue, the N-terminal T7-tag is highlighted in orange and the C-terminal REDV 
peptide in red. B) The silver-stained SDS-PAGE gels of eADF4(C16) (left) and eADF4(C16)-REDV 
(right) show the purity of the product and similar molecular weights. 

Due to the inaccurate size display of both protein variants in the SDS-gel, MALDI-

TOF (Figure 4-3) has been conducted to confirm the identity of the product and 

the purchased control protein eADF4(C16). The theoretical molecular weight of 

eADF4(C16)-REDV is 48.7 kDa and 47.6 kDa for eADF4(C16) as computed with 

the GENtle software. 
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Figure 4-3: MALDI-TOF was used to determine the molecular weight of eADF4(C16) (green) and 
the REDV variant (red). Results indicate that eADF4(C16) and eADF4(C16)-REDV molecular weights 

are 47.7 kDa and 48.7 kDa, respectively. A smaller peak at one-half the molecular weight 
corresponds to molecules with a z value of 2.  

 

4.2.3 Preparation of aqueous eADF4(C16) solutions 

Given their water-insoluble nature, a two-step process is employed to achieve 

aqueous solutions for all eADF4(C16)-based proteins intended for characterisation 

measurements. First, the proteins are solubilised in a 6M guanidinium thiocyanate 

(GdmSCN) solution. Subsequently, they are dialysed against a 10 mM Tris/HCl 

buffer at pH 7.5. The dialysis is carried out in a buffer volume that is always at 

least 100 times the volume of the protein solution, with the buffer being changed 

at least three times to ensure efficient removal of GdmSCN. 
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4.2.4 Protein characterisation 

Protein characterisation was carried out by far-UV CD (2.2.5), SDS-Page (0) and 

MALDI-TOF (2.2.4) under the same conditions, as described in their respective 

chapters.  

Additionally, fluorescence spectroscopy was carried out to validate the proteins' 

purity. Therefore, spectra were obtained by recording the emission of protein 

solutions from 300 nm to 450 nm at a 0.5 mg/mL concentration. The solutions 

were prepared in analytically pure 10 mM Tris/HCl (pH 7.5) and measured in 

quartz cuvettes. A fluorescence spectrometer, FluoroMax-3 (Jobin-Yvon Inc.), was 

used for the measurements with excitation wavelengths set at 280 nm for 

tryptophan residues and 220 nm for tyrosine residues. 

 

4.2.5 Cell culture: adhesion and proliferation 

For all cell culture experiments, thin films of eADF4(C16) and modifications thereof 

were produced by casting from hexafluoroisopropanol (HFIP, Merck, Australia). 10 

mg/mL solutions were cast directly into the wells of tissue culture-treated 48-well 

plates (Corning Costar TC-Treated Multiple Well Plates, Merck, Australia) and 

allowed to dry overnight. The coated wells were then post-treated by incubating 

with 80% w/v ethanol for 30 minutes, followed by a rinsing step with MQ-H2O. 

For the cell culture experiments, three distinct cell types were used: human 

umbilical vein endothelial cells (HUVEC, C2519AS, Lonza, Australia), human 

coronary artery smooth muscle cells (HCASMC, FC-0031, Lifeline Cell Technology, 

USA), and neonatal human dermal fibroblasts (NHDF, CC-2509 Lonza, Australia). 

Maintenance and expansion of the cells was executed at 37 °C in a 5% CO2, 

humidity-controlled environment (SafeGrow Pro, Bioari, Italy), utilising their 

respective growth media: EGM-2 BulletKit Medium (Lonza, Australia), VascuLife 

SMC Complete Kit (FC-0031, Lifeline Cell Technology, USA), and FGM-2 Fibroblast 

Growth Medium-2 BulletKit (CC-2509 Lonza, Australia). Passaging of the cells was 

occupied once a confluence of 70-80% was reached, and no passage after 9 cycles 

was utilised for experiments. 



 

Chapter 4: Endothelial cell-selective recombinant spider silk fusion 
protein: production and characterisation 

 

123 

 

Cell adhesion was assessed on silk substrates by seeding 30,000 cells in 200 µL 

of corresponding cell culture media into wells of a 48-well tissue culture treated 

plate (Corning Costar TC-Treated Multiple Well Plates, Merck, Australia). The wells 

were protein-coated, with uncoated tissue-treated wells serving as controls. After 

an incubation period of 4 hours, the wells underwent a wash procedure with 

phosphate-buffered saline (PBS, Gibco, 100110023, Merck, Australia) to eradicate 

non-adherent cells. The relative cell attachment was quantified using the CellTiter-

Glo assay [447] with a GloMax Discover Microplate reader (Promega, Australia) 

guided by the manufacturer's protocol.  

In the proliferation assay, each well was seeded with a suspension of 3,000 cells 

in 200 µL medium. The culture media was replaced every 48 hours. At specified 

intervals for measurement, the wells were rinsed with PBS and subjected to the 

CellTiter-Glo assay, as detailed by the manufacturer's protocol. 

Simultaneously, additional cell-seeded wells were prepared for microscopy on each 

measurement day by undergoing fluorescent staining. These wells were washed 

and fixed using 3.7% paraformaldehyde (Merck, Australia) and permeabilised with 

0.1% Triton X-100 (Merck, Australia) in PBS. Staining procedures involved the use 

of 300 nM 4',6-diamidino-2-phenylindole and dihydrochloride (DAPI, Merck, 

Australia) for cell nuclei, phalloidin-rhodamine (ActinRed™ 555 ReadyProbes, 

Thermo Fisher, Australia) for F-actin, and Anti-CD31 antibodies conjugated with 

Alexa Fluor® 488 [JC/70A] ab215911 (abcam, USA) for the PECAM-1 molecule 

within endothelial cell walls. These staining steps were conducted in alignment 

with the instructions provided by the manufacturers. 

4.2.6 Statistical analysis 

Statistical analysis was conducted using OriginPro 2020b software. To assess the 

statistical significance of differences between groups, analysis of variance 

(ANOVA) was employed. Post-hoc tests were performed using the Tukey HSD 

(honestly significant difference) test. 
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4.3 Results and discussion 

4.3.1 Protein characterisation 

Circular dichroism (CD) spectra (Figure 4-4A) showed no discernible differences 

between eADF4(C16) and the REDV variant, indicating that the REDV modification 

did not have a significant impact on secondary protein structure showing a 

minimum at 220 nm, which is in accordance with other peptide modified 

sequences such as eADF4(C16)-RGD which yield intrinsically unfolded structures 

in aqueous solutions [303]. 

Additionally, the absence of tryptophane residues in eADF4(C16)-REDV enabled 

the usage of fluorescence spectroscopy to confirm the product purity. Figure 

4-4B shows a the combined emission spectra of excited tyrosine and tryptophane 

residues with a peak for tyrosine, which is present in the protein structure, and 

no signal for tryptophane. The missing signal for tryptophane is an indicator of 

protein purity, as most E.coli proteins comprise tryptophan residues [174] 

These results combined demonstrate that the novel REDV-spider silk fusion 

protein was successfully produced and isolated using an E. coli expression system. 

 

Figure 4-4: A): The CD-spectra of both eADF4(C16) variants from 195 to 260 nm show no 

significant changes caused by the peptide modification. B): Fluorescence spectra of eADF4(C16)-
REDV displaying a Thyrosine peak and no Tryptophane emission peak. 
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4.3.2 Cell selectivity 

The presence of endothelium is crucial in our native blood vessels as it serves to 

prevent thrombosis and neointimal hyperplasia. The endothelial cells form a lining 

within the blood vessels, playing a significant role in maintaining vascular 

homeostasis and preventing the formation of blood clots and excessive cell 

proliferation in the vessel wall. As a protective barrier, the endothelium helps 

regulate blood flow, inhibits platelet aggregation, and maintains a healthy vascular 

environment. Thus, endothelial cells' presence and proper function are essential 

for maintaining the integrity and functionality of the blood vessel [448-450]. This 

challenge could potentially be overcome by exploiting the naturally inferior cell 

adhesion properties of ADF4(C16) towards most tested cell types thus far [16, 21, 

232, 303], combined with the endothelial cell-selective properties of the REDV 

peptide.  

The REDV motif has been demonstrated to selectively interact with endothelial 

cells in the cardiovascular system through the α4β1 integrin receptor [451]. This 

ligand is found in the III-CS domain of human plasma fibronectin [30]. Although 

the α4β1 integrin is present in various human cell types, including cells of neural 

crest origin, melanoma cells, lymphocytes, and hematopoietic stem cells [30], it 

has been successfully employed to enhance the specific endothelialization of 

surfaces both in vitro and in vivo. Additionally, it has been used as a targeting 

ligand on particle systems to deliver payloads specifically to endothelial cells 

[452]. 

To assess the cell selectivity of the new protein, cell adhesion tests have been 

performed with endothelial cells (EC), smooth muscle cells (SMC) and fibroblasts 

(FB) as the most common cell types surrounding vessel structures. The minimally 

adhesive eADF4(C16) variant was employed as negative controls, following 

previous studies [16, 21, 232, 303]. On the other hand, the highly-adhesive RGD-

functionalized silk, eADF4(C16)-RGD [16, 21, 232, 303],and fibronectin-coated 

tissue culture plates (TCP) were utilised as positive controls. To assess cell 

adhesion after 4 hours, the metabolic activity of the cells was measured using the 

CellTiter-Glo Assay, with ATP-dependent luminescence serving as a proxy for cell 

number.  
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The cell attachment data presented in Figure 4-5 provides compelling evidence 

that the REDV-functionalized silk adheres explicitly to endothelial cells. The results 

reveal distinct patterns of cell attachment for the different surfaces investigated. 

The TCP and RGD-functionalized surfaces demonstrated strong attachment of all 

cell types, and no statistically significant differences were observed between them. 

These findings indicate that both surfaces effectively support cell attachment and 

exhibit comparable adhesive properties. 

In contrast, the unmodified silk exhibited minimal adhesion across all cell types 

tested, consistent with previous reports [21, 232]. This limited adhesion can be 

attributed to the inherent low-affinity nature of unmodified silk towards cell 

adhesion molecules. 

Remarkably, the REDV-functionalized silk exhibited selective cell adhesion. SMC 

and FB did not show statistically significant differences in adhesion between the 

REDV-functionalized materials and the unfunctionalised silk negative control. 

Moreover, their adhesion was significantly lower than the positive controls 

(p≤0.001), underscoring the efficacy of the positive control surfaces for these 

particular cell types. 

Notably, the HUVECs demonstrated elevated attachment to the eADF4(C16)-REDV 

surfaces compared to eADF4(C16) as supported by the literature in both 

monoculture and coculture experiments [150, 315, 453]. Although a limited 

number of smooth muscle cells adhered to both the unfunctionalized eADF4(C16) 

and the eADF4(C16)-REDV, the current clinical materials lack selectivity towards 

endothelial cells compared to vascular smooth muscle cells. This suggests that 

these spider silk materials could offer significant advantages in vivo. 

The data support the notion that the REDV-functionalized silk promotes specific 

adhesion of endothelial cells while displaying reduced adhesion to other tested cell 

types. 
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Figure 4-5: 4-hour adhesion of A) human smooth muscle cells, B) fibroblasts, and C) endothelial 
cells.Normalized to TCP-adhesion. ***p≤0.001. 

 

4.3.3 HUVEC proliferation 

To ensure the rapid endothelialisation of biomedical devices, endothelial cells must 

exhibit robust proliferation on surfaces. Therefore, the growth of endothelial cells 

on TCP and the silk surfaces was evaluated, as depicted in Figure 4-6A. 

After 7 days, both TCP and RGD-functionalized surfaces demonstrated the highest 

population of endothelial cells. The growth curves of these surfaces began to 

plateau around day 5, indicating that a monolayer coverage was being 

approached. Notably, the surface density of HUVECs on the REDV-functionalized 

surfaces was statistically higher than that on the unmodified silk materials, albeit 

lower than that on TCP or RGD surfaces. This discrepancy could be attributed to 

lower initial cell adhesion or a reduced proliferation rate on the REDV-
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functionalized surfaces. Nonetheless, the REDV-functionalized surface exhibited 

specificity towards endothelial cells and the ability to promote endothelium 

formation. 

It is worth mentioning that the REDV peptide was shown to have the capability to 

capture endothelial progenitor cells from the blood flow, which could potentially 

enhance its efficacy in vivo [29, 453, 454]. This additional functionality further 

underscores the potential of the REDV-functionalized surface for applications 

involving endothelialisation. 

These findings demonstrate that the REDV-functionalized surface exhibits 

specificity towards endothelial cells and supports their proliferation, highlighting 

its potential as a suitable substrate for promoting endothelialisation on biomedical 

devices.  

Fluorescence microscopy was performed to further confirm the quantitative EC 

proliferation results shown in Figure 4-6B. The microscopy images revealed that 

only a few cells could adhere to the unfunctionalised silk surface, and minimal 

proliferation was observed. In contrast, the endothelial cells exhibited significant 

proliferation on the TCP, RGD-functionalized, and REDV-functionalized surfaces, 

reaching near-monolayer coverage over the 7-day experimental period. 

Furthermore, CD31 staining on day 7 demonstrated the formation of a confluent 

endothelium, where the cells exhibited cell-cell connections. This staining supports 

the eADF4(C16)-REDV fusion proteins ability to promote the formation of an 

endothelial cell monolayer. 

At early time points, cells on eADF4(C16)-REDV surfaces exhibit a qualitatively 

less spread morphology. This may be attributed to the REDV ligand interacting 

with only one known integrin, potentially restricting initial cell spreading compared 

to the RGD ligand, which binds to multiple integrins. 

In summary, the fluorescence microscopy results complement the quantitative 

data on EC proliferation. The images show that the unfunctionalised silk surface 

had limited cell adhesion and proliferation, while the TCP, RGD-functionalized, and 

REDV-functionalized surfaces facilitated robust EC proliferation and the formation 

of a confluent endothelial monolayer. While the coverage of the eADF4(C16)-REDV 
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coated surface does not reach the same level of confluence as the positive controls 

by day 7, it is expected, that both surfaces will yield full coverage and plateau in 

a similar value of luminescence for long-term experiments. 

 

Figure 4-6: A) 7-day proliferation of human endothelial cells on fibronectin-coated TCP and films of 
the spider silk variants. ***p≤0.001. B) Representative fluorescence images of endothelial cells on 

various surfaces over 7 days. Cell nuclei were stained blue (DAPI), f-actin was stained red 
(rhodamine-conjugated phalloidin), and CD31 was stained green (Alexa Fluor 488-conjugated rat 
anti-human CD31 antibody) (on day 7 only). Scale bar for all images identical: 200 µm. 
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4.4 Conclusion 

In conclusion, this chapter presents significant findings regarding the potential of 

the novel REDV-functionalized eADF4(C16) silk protein as a coating material for 

promoting endothelialisation on biomedical devices. The results highlight the 

endothelial cell specificity introduced by the REDV modification, demonstrating 

selective adhesion and proliferation of endothelial cells whilst minimising adhesion 

of other cell types. The REDV-functionalized surface effectively supports 

endothelial cell growth, forming near-monolayer coverage, characterised by cell-

cell adhesions after 7 days in vitro. 

These findings show promising first results supporting the use of eADF4(C16)-

REDV as a stent coating material in regards to the hypothesized cell selectivity 

towards EC. The next chapter therefore will delve into hemocompatibility and more 

application-oriented observations regarding the coating of 316L stainless steel.  
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Chapter 5 Endothelial cell-selective 

recombinant spider silk fusion protein: 

application as a coating for DES 

5.1 Introduction 

This final research chapter combines the findings about eADF4(C16)-REDV from 

the previous chapter and expands into the observation as a potential coating 

material for drug-eluting stent applications. It features the characterisation of 

coatings on 316L stainless steel by SEM, water-contact angle measurements and 

adhesion-centered assays. Next, observations regarding their hemocompatibility, 

including coagulation and Factor XII activation assays on platelet-poor plasma, 

were conducted. Furthermore, enzymatic degradation behaviour in a simulated 

wound-healing enzyme mixture was observed. Lastly, everolimus drug-elution 

capabilities have been explored by detecting small amounts of released drug via 

HPLC-LCMS. Furthermore, this interdisciplinary array of experiments is a valuable 

example of the culmination of cooperative work within and across different 

universities for such tasks. For these experiments, expert knowledge from various 

sources was made available and significantly improved the outcome of this project.  

In this manner, Dr Yukie O’Brian performed Gas chromatography measurements, 

Athulya Wickramasingha, under the supervision of Prof. Luke Henderson, observed 

the polyacrylamide coatings as an intermediate layer between steel and spider silk 

at Deakin University, and Prof. Anna Waterhouse provided extensive knowledge 

about blood-surface interactions and kindly offered her help by hosting a research 

stay at her group for Cardiovascular Medical Devices at the University of Sydney 

to conduct these experiments.  
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5.2 Material and Methods 

Analytical grade chemicals were purchased from Merck, Australia and used as 

received if not stated otherwise. eADF4(C16) was purchased from AMSilk GmbH 

(Planegg/ Munich, Germany). 

Procedures that included blood collection from healthy volunteers were conducted 

in alignment with the University of Sydney Human Research Ethics Committee's 

approval (HREC, project 2014/244), adhering strictly to the stipulations of the 

Helsinki Declaration. Anticoagulated whole blood, spiked with pre-loaded 0.5 U/mL 

heparin (Heparin Sodium Injection; SAGENT Pharmaceuticals Inc, USA) in the 

drawing syringe, was collected from venous blood donors who had not used any 

anti-thrombotic drugs within the preceding fortnight and was utilised 15 minutes 

after collection. 

 

5.2.1 Coating of 316L stainless steel 

For the production of spider silk coatings on 316L stainless steel sheets, the sheets 

were initially cut to a dimension of 6 mm x 8 mm for blood tests and 6 mm x 6 

mm for drug elution and enzymatic degradation essays, followed by a cleaning 

procedure that involved ultrasonication baths with isopropanol, ethanol, and MQ-

H2O in 3 cycles for 30 seconds each to eliminate surface impurities. Following the 

cleaning and drying with nitrogen gas, a 200 mg/mL solution of the eADF4(C16) 

variant was used to dip-coat the steel samples at a 1 mm/min withdrawal speed 

with a lab-made dip coater based on a syringe pump (Harvard, PHD 22/2000, 

USA). Once coated, the sheets dried through solvent evaporation at ambient 

temperature overnight. A post-treatment step was applied on the coated sheets 

by incubating with 80% v/v ethanol for 30 minutes. This step was concluded with 

a water rinse and subsequent nitrogen gas drying. 

To assess drug elution, everolimus (EVE, SML2282, Merck, Australia) was 

dissolved in a 200 mg/mL eADF4(C16)-REDV solution in HFIP at 10 mg/mL. This 

solution was used to dip-coat 316L stainless steel sheets as before. The post-
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treatment of these coated sheets was conducted by exposure to an ethanol-rich 

atmosphere for 16 hours. This method was implemented to circumvent the 

solubilisation of EVE in liquid ethanol before a final rinse in water was conducted. 

 

5.2.2 AFM 

An MFP-3D Origin (Asylum Research, USA) atomic force microscope (AFM) was 

utilised in tapping mode to conduct AFM on silk-coated 316L stainless steel sheets 

that featured partly delaminated coatings for the determination of film thickness. 

To create the partly delaminated films, an additional 6 x 4 mm steel sheet was 

tightly clamped onto a 6 x 8 mm sheet to be removed after the coating process. 

The film was therefore only partly covering the bigger sheet and upon removal, 

this layer delaminated a few mm into the coating of the main sheet. 

The AFM used Tap300-G cantilevers (BudgetSensors, Bulgaria) with a spring 

constant of 40 Nm-1, with a scan size of 40 μm x 40 μm. Post-acquisition, the 

images were processed using the Asylum Research 14 software. 

 

5.2.3 Bending/scratching assay 

Qualitative observations of their bending behaviour and resistance to scratching 

have been conducted to assess the stability of the eADF4(C16)-based coatings on 

316L stainless steel. For the bending behaviour, dried and wet (30-minute 

incubation in water at 37°C) coated 6 x 8 mm steel sheets were bent carefully by 

hand until the opposing 6 mm edges made contact. After a hold time of 5 seconds, 

the sheets were carefully released. The wet sheets were dried with nitrogen gas, 

and cut approximately 1 mm from the bend to minimise the sample height for 

SEM. 

For scratching, wet (30-minute incubation in water at 37°C) and dry coated sheets 

were placed on a flat surface and fixated. Next, the sharp tip of self-closing forceps 

(F.S.T, USA) was used to create a fine scratch on the coating surface. The wet 
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samples were dried with nitrogen gas, and all samples were directly prepared for 

SEM imaging. 

 

5.2.4 SEM 

Scanning electron microscopy (SEM) was conducted on silk-coated 316L stainless 

steel sheets following the scratch and bending treatments, exposure to whole 

blood to evaluate clotting or exposure to enzymatic solutions for degradation 

assessment. For human blood-based samples, fixation was done using 2.5% w/v 

glutaraldehyde, followed by post-fixation with 1% v/v osmium tetroxide, 

subsequent dehydration in a series of ascending ethanol concentrations, and final 

drying with hexamethyldisilazane [167]. Enzymatic degradation test samples were 

washed in distilled water thrice and dried in a desiccator for two weeks. All samples 

were sputter-coated with 5 nm of gold using a Safematic CCU-010 (Safematic, 

Switzerland) before imaging with a Teneo VolumeScope (FEI, USA). 

 

5.2.5 Water contact angle 

Measurements of water contact angles were undertaken on silk-coated stainless 

steel sheets using an OCA 20 tensiometer (Dataphysics, Germany). The procedure 

involved dispersing 8 uL of water onto the surface. The contact angle was recorded 

following a 5-second equilibration period. 

 

5.2.6 Gas chromatography 

Gas chromatography was carried out to identify if HFIP traces remained in the 

protein coatings after post-treatment. Therefore, post-treated sheets were 

incubated in 100% methanol overnight. The methanol was then analysed for any 

remaining HFIP. Furthermore, standard samples with 0.1, 0.01, 0.001 and 

0.0001 % v/v HFIP were prepared by a dilution series. Gas chromatography was 

carried out by Dr. Yukie O’Brian of the University of Melbourne TrACEES platform, 

who kindly provided the SOP of the conducted measurement: 
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The gas chromatography analysis was carried out using an SGE BPX-VOL column 

with dimensions of 30 m length and 0.25 mm inner diameter, and a particle size 

of 1.4 μm. Helium was used as the carrier gas at a 1.0 mL/min flow rate. The 

injection volume was set to 1 μL. The inlet temperature was maintained at 270°C, 

and a split ratio of 50:1 was applied. 

The oven temperature program consisted of an initial temperature of 40°C for 1 

minute, followed by a temperature ramp of 10°C/min until reaching 270°C. The 

final temperature was held at 270°C for 2 minutes. 

For mass spectrometry (MS) analysis, electron impact ionisation mode was 

employed. The source temperature was set to 180°C, while the interface 

temperature was maintained at 200°C. The mass range was selected from 30 to 

500 m/z. 

The above parameters were used to ensure accurate and efficient separation, 

detection, and analysis of the target compounds using gas chromatography 

coupled with mass spectrometry. 

 

5.2.7 Polyacrylamide functionalisation and lap shear test 

The functionalisation with an intermediate acrylamide layer was observed to 

examine the potential of an additional polymer layer between silk and steel. The 

experiments were conducted according to Emonson et al.[157].  

An electrochemical cell was initially set up for functionalising stainless steel plates 

with a diazonium compound and acrylamide. A glass beaker was filled with a 350 

mL solution consisting of H2SO4 (0.01 M, 350 mL), 4-nitrobenzene diazonium 

tetrafluoroborate (20 mM), and acrylamide (1 M, 24.8 g, 0.35 M). 

The cell used a set of 10 stainless steel plates (25 mm × 85 mm × 2 mm), each 

spaced 4 mm apart, as the counter electrode. Another identical set of plates with 

the same spacing served as the working electrode. The counter and working 

electrodes were placed 4 cm apart, with an Ag/AgCl reference electrode in the 

centre. 
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After functionalisation, the steel plates were cleaned by sonicating in 150 mL of 

ethanol for 5 minutes. This ensured that any adsorbed material was thoroughly 

washed away. After this step, the samples were dried and stored at room 

temperature until further analyses were conducted. 

The shear strength of the adhesive bond created between metal and eADF4(C16)-

REDV was assessed in adherence to the standard methodology outlined in ASTM 

D1002-10 [157]. Functionalised steel plates were glued together with 100 µL of a 

200 mg/mL eADF4(C16)-REDV solution and were allowed to dry for two weeks. 

Therefore, a customised 3D-printed mold was utilised to ensure a uniform 

overlapping area of 25 mm x 25 mm between bonded samples. An applied mass 

of 150 g was used during bonding to maintain a consistent, flat contact area at 

the bond interface. Pre- and post-adhesion weights of the samples were obtained 

to monitor the precise quantity of silk fibroin used in the bonding process by the 

weight difference. 

Upon completion of the drying process, the samples were carefully extracted from 

their holders and placed into a 10 kN Instron universal microtester for mechanical 

testing. To avoid any torsional stresses induced by the tensile testing clamps, a 

metal wire was threaded through the top sample's water jet cut hole and secured 

to this wire for testing. 

The rate of tensile extension during the test was set at 0.5 mm/min. Lap shear 

strength σ of specimens was calculated by Equation 5-1, with F representing the 

maximum force at failure (N), and A denoting the bonding area between metal 

specimens (m2). 

𝜎 =
𝐹

𝐴
                 (5-1) 

Given the inherent challenges of applying precise amounts of viscous silk solution 

onto a metal surface, all σ values were normalised by the calculated weight 

difference. This normalised lap shear strength (σN) is presented in MPa/g and used 

to mitigate data variations caused by differences in adhesive quantity. 
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5.2.8 QCM-D measurements 

Initial hemocompatibility experiments included the observation of fibrinogen 

adhesion onto eADF4(C16)-based coatings. Therefore, QCM-D chips were spin-

coated with a 10 mg/mL protein solution in HFIP, according to 2.2.8. The QCM-D 

measurements have been conducted as described in 2.2.9 with PBS as a buffer 

system and 1 mg/mL human fibrinogen (F3879, Merck, Australia) in PBS as an 

incubation medium. 

 

5.2.9 Factor XIIa activation 

For the quantitative observation of blood coagulation, previously established 

proocols were used, according to Ruhoff et al [455]. 

Material-induced factor XII (FXII) activation was assessed using the chromogenic 

FXIIa substrate S-2302 (HD-Pro-Phe-Arg-pNA∙2HCl) (Chromogenix, Diapharma, 

USA) as previously described [455]. Human platelet-poor plasma (PPP, acid citrate 

dextrose), obtained from the Australian Red Cross Lifeblood (with informed 

consent, 19-08NSW-02), was incubated for 10min at 37 °C in Bovine serum 

albumin (BSA, Merck, Australia)-blocked wells containing samples prior to S-2302 

addition (0.4mM in 50 mM Tris, 150 mM NaCl buffer, pH 7.7). Activated FXII 

production of p-nitroaniline from S-2302 cleavage was measured at 405 nm every 

30 seconds using a microplate reader (CLARIOstar, BMG LabTech, Germany). 

Linear least-squares regression was performed on the linear portion (0–10 min) 

of the curve, and the slope was used to quantify the substrate cleavage rate (each 

replicate was analysed separately). 

 

5.2.10 Turbidity assay 

The clotting time assay was performed with PPP (n = 5 donors), according to a 

previously established protocol by Ruhoff et al [455]. PPP was centrifuged twice 

at 1700 × g for 20 min at 37 °C, checked for a platelet count of < 1 × 103 μL−1 



 

Chapter 5: Endothelial cell-selective recombinant spider silk fusion 
protein: application as a coating for DES 

 

138 

 

using a Sysmex KX21 hematology analyser (Sysmex Corporation, Japan), then 

pooled and frozen at −80 °C (1 mL aliquots) until use.  

To measure coagulation, materials were pre-incubated with PPP at 37 °C for 10 

min to allow surface-induced FXIIa generation prior to adding CaCl2 (1 mM final, 

50% final plasma concentration) to allow coagulation to progress. Absorbance 

(405 nm) was monitored every 30 seconds, using a microplate reader 

(CLARIOstar, BMG LabTech, Germany) and clotting time was calculated at 50% 

maximal absorbance. 

 

5.2.11 Whole blood rocking assay 

To evaluate the coatings' hemocompatibility in a more application-oriented 

environment, whole-blood rocking assays have been conducted, as previously 

described [456]. Therefore, 316L stainless steel (0.6 × 0.8 cm2) and eADF4(C16)-

(and its REDV and RGD modified variants) coated steel sheets were employed as 

substrates. BSA (3% w/v) in saline solution was used to pre-incubate the 24-well 

plate overnight at 4 °C to diminish non-specific protein adsorption. After a wash 

with pre-warmed saline (3x, 1 mL, 37 °C, 0.9% saline, Baxter, USA), the samples 

were incorporated into the wells and incubated with anticoagulated whole blood 

(800 µL, 0.5 U mL–1 heparin, n = 3 individual donors) in a shaking incubator at 

37 °C with 120 rpm, (Multitron, Infors HT) for specific time intervals. 15 µg/mL 

Alexa Fluor-647 human fibrinogen (Invitrogen, F35200 Lot#2489019) was added 

to the blood to enable fluorescence detection and quantification of the fibrin clot. 

After blood incubation, samples were washed thrice with pre-warmed saline and 

then fixed in a 2.5% glutaraldehyde solution in 0.1 m phosphate buffer for an hour 

in the dark. After washing with 0.1 M phosphate buffer (3x, 5 min), samples were 

preserved in 0.1 M phosphate buffer solution and fluorescence readings were 

recorded with a microplate reader (CLARIOstar, BMG LabTech, Germany).  
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5.2.12 Modified chandler loop 

Modified Chandler loop experiments were carried out per ISO 10993-4 [457]. 

Segments of Tygon tubing (ND-100-65, internal diameter 0.250 inches, outer 

diameter 0.312 inches, SDR Scientific, Australia) measuring 23 cm in length were 

used. Sheets of spider silk-coated and uncoated 316L stainless steel, measuring 

0.6 x 1.2 cm2, were inserted approximately 2-3 cm into the tube opening and 

tightly aligned to the tube wall. Human whole blood was added to the tubes and 

sealed with 2.5 cm long silicone tubing (Masterflex L/S 18 96410-18, Cole Palmer, 

Australia). The tubes were maintained at 37°C and rotated at 30 rpm. Samples 

were collected after 30 minutes by filtering the blood through 40 µm filters 

(CLS431750, Sigma Aldrich) and gently immersed in a saline solution to rinse off 

non-adherent blood. Any filtered blood clots were washed thrice with saline, and 

the resultant weight of the steel sheets was used to calculate the final weight 

increase of the sample. 

 

5.2.13 Enzymatic degradation 

For the degradation study, spider silk-coated stainless steel samples were 

incubated with a solution of matrix metalloprotease-2 (MMP-2 human, Merck, 

Australia) and human elastase (human Neutrophil Elastase protein (Active) 

(ab280938), abcam, USA). Both enzymes were used at a concentration of 250 

ng/mL each in enzyme buffer (50 mM Tris/HCL pH 7.5, 10mM CaCl, 150mM NaCL, 

0.05% Tween-20). This degradation process was tracked over 29 days. Spider silk-

coated steel sheets incubated in buffer without enzyme served as the control. 

Sample collections and buffer/enzyme exchanges were performed thrice weekly 

(Mon-Wed-Fri). The degradation process was quantified as mass loss of the protein 

coating by measuring the concentration of the released protein, using a NanoDrop 

1000 (Peqlab, Germany) at a wavelength of 280 nm, therefore giving an indirect 

degradation rate based on the mass loss of the coating. 
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5.2.14 Everolimus elution 

Everolimus (EVE) elution into PBS was tracked by incubating the coated sheets at 

37°C. Buffer changes were performed at each measurement point. Measurements 

were taken at 1, 2, 3, 4, and 5 hours on the first day, every 48 hours until day 14, 

and on day 21 and day 29. This sampling schedule was based on the expected 

burst release as suggested by previous studies which eluted everolimus and its 

derivatives into PBS [96, 151, 458, 459]. 

The total amount of loaded EVE was determined by dissolving the post-treated 

and drug-loaded specimens in 100 µL HFIP, followed by the addition of 900 µL 

methanol for HPLC detection. The concentration was then computed using pre-

established standards. 

 

5.2.15 HPLC-MS 

Liquid drug elution samples were lyophilised (Biobase BK-FD10P, China) and re-

solubilised in 200 µL methanol (HPLC grade, 67-56-1, Thermo Fisher). Following 

10 minutes of centrifugation at 13,000 x g, 150 µL were transferred into HPLC 

vials for analysis on a Shimadzu Prep HPLC-MS (Shimadzu, Japan). Data collection 

and analysis were done using LabSolution software.  

The sample was separated using an HPLC ACE EXCEL 5 SUPERC18 250 x 4.6mm 

column (Winlab, Australia) at 40°C. Elution was carried out using a gradient of 

buffer A (99.9% water, 0.1% formic acid) and buffer B (99.9% acetonitrile (ACN, 

HPLC grade, Merck, Australia), 0.1% formic acid) as described in Table 5-1. The 

flow rate was maintained at 1.5 mL/min, and the injection volume was 100 µL. 

Chromatograms at UV 280 nm and m/z 975.7 were compared to a previously 

established EVE standard, as shown in figure 5-1, to determine the quantity of 

the drug. The total amount of drug loaded on a coating, used to compute the total 

release, was indirectly determined by solubilising the post-treated, drug-loaded 

coatings. 
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Table 5-1: Buffer gradient used in HPLC-MS data acquisition 

Time 

(min) 

Buffer A Buffer B curve 

0 97 % 3 % isocratic 

0-1 10 % 90 % linear 

1-2.5 5 % 95 % linear 

2.5-3.5 5 % 95 % Isocratic 

3.5-10 97 % 3 % isocratic 
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Figure 5-1: EVE-standard for HPLC-MS and UV 280nm. A) Chromatogram of EVE at 975.7 m/z with 
B) the standard derived from the peak values. C) the compound's photodiode array (PDA) signal at 

280 nm, and D) the standard derived from the peak values thereof. Computed with the linear fit 
function of the Origin 2020b software. 

 

5.2.16 Statistical analysis 

Statistical analysis was conducted using OriginPro 2020b software. To assess the 

statistical significance of differences between groups, analysis of variance 

(ANOVA) was employed. Post-hoc tests were performed using the Tukey HSD 

(honestly significant difference) test. 
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5.3 Results and discussion 

5.3.1 Protein processing and coating of 316L stainless steel 

The prerequisite for subsequent analysis of the coating behaviour is a 

homogeneous, defect-free surface. SEM imaging has been conducted to observe 

the resulting surface structure following dip-coating and ethanol post-treatment. 

As shown in Figure 5-2, the surface of cleaned 316L stainless steel sheets 

features a partial wave-like structure, typical for bulk stainless steel which has 

been processed cold, such as the rolling and cutting for these thin sheets [460]. 

However, for the coated specimens, these structural patterns are entirely covered 

by the protein coating. The coating is homogeneous and defect-free, setting the 

stage for further analysis of the coating properties. 

 

 

Figure 5-2: Surface characterization of spider silk coatings on 316L stainless steel. The surface 
topography of pristine 316L stainless steel (left) and eADF4(C16)-REDV-coated 316L stainless steel 

(right) was visualised scanning electron microscopy 

Next, the optimal dip-coating parameters have been established to create a 

coating thickness mimicking the thickness found on commercially available DES. 

Therefore, AFM has been employed to determine the height of the resulting 

coatings. As shown in Figure 5-3, the average coating thickness of the partially 

delaminated films at the established dip-coating settings was 1.5 ± 0.3 µm, 

averaging 100 measurements per film. Even though the exact thicknesses of 

commercially available stents are confidential information, according to 

calculations made from their data sheets and other review papers estimating the 
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values, it can be concluded that most DES are coated with coatings reaching from 

2-5 µm [370, 461, 462]. Therefore, the coatings examined in this chapter are well 

within the commercially available DES coating range. However, for the translation 

to coating stent structures, a different approach to dip-coating needs to be 

evaluated as this process is limited to the viscosity of the spider silk solution and 

the existence of a re-solubilisation effect, which makes multiple dip-coating cycles 

unfeasible due to inhomogeneities occurring. Nonetheless, these model surfaces 

fulfil the purpose of observing the coating properties for potential applications as 

DES coatings.  

 

Figure 5-3: A: AFM image of a partly delamined eADF4(C16)-REDV coating on 316L stainless steel 

with indication of measurement lines used to calculate the thickness of the coating. B: thickness 
profile obtained from 1 (black line) and the average of 100 (red line) lines of the AFM image. 

After establishing the dip-coating parameters for the coating examination, water-

contact angle measurements were conducted to observe how the spider silk 

coating influences hydrophobicity. Especially regarding hemocompatibility, the 

hydrophilicity of a material is crucial; however still not completely understood. 

Generally, more hydrophilic surfaces are considered more susceptible to fibrin 

clotting and Factor XIIa activation [455]. However, blood compatibility will be 

covered in the next chapter. On the other hand, regarding EC selectivity, more 

hydrophilic surfaces are more attractive for cell attachment [463], with an optimal 

adhesion on surfaces between 40°-70° [464]. 

The water-contact angles measured for eADF4(C16)-based protein coatings can 

be seen in Figure 5-4, where the average contact angle measurements on bare 
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316L stainless steel surfaces resulted in a value of 84.2 ± 2°. In contrast, the 

contact angle for all silk coatings was approximately 40° for all variants. These 

findings align with previously published values [173, 465], confirming the 

hydrophilic nature of the silk coatings and their ability to reduce the contact angle 

compared to the bare metal surface. 

 

Figure 5-4: The hydrophilicity of the various surfaces was investigated by measuring the water 
contact using sessile droplet tensiometry. Contact angle data is presented as mean ± standard error 
(n=10 and) and *** indicates that p≤0.001.. 

A possible concern of the employed coating method might be the effect of 

potentially remaining HFIP in the coating. HFIP is shown to be cytotoxic and would 

inadvertently show a negative impact on any application in vivo and in vitro [466]. 

Therefore, gas chromatography has been used to observe the potential HFIP-

leaching of a post-treated coating overnight. Figure 5-5 shows the resulting 

chromatograms with the blank sample being pure methanol. It can be deduced 

that no apparent peak for the sample curve is detectable in the multiple ion 

chromatogram, suggesting that the remaining or leaching HFIP, if present, is below 

the detection limit existing below 0.001% .Therefore, it can safely be claimed that 

the amount of HFIP is of no concern for further in vitro and in vivo experiments, 

as the safety data sheet of HFIP claims an LD50 of 1500 mg/kg in rats, which 

should be well above 0.001% v/v in any in vivo scenario. Furthermore, a patent 

filed in 2017 titled ”Method for removing organic solvent“ used air-drying as an 

effective way to eliminate HFIP from protein coatings overnight and also confirmed 

by gas chromatography that no HFIP could be detected [467]. 
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Figure 5-5: Gas chromatography of pre-determined HFIP concentrations in methanol and an 
overnight leaching sample of an eADF4(C16)-REDV coated 316L stainless steel sheet. A: Total ion 

chromatogram. B: Multiple ion chromatogram of the sum of ions m/z = 51, 69, 99, and 129 as 

determined by a library search for the peak in A.  

Lastly, after confirming the chemical viability of the protein coatings for further 

testing, their mechanical properties were examined qualitatively. Therefore, the 

coated sheets were subjected to bending and stretching tests in dry and wet, i.e. 

swollen, conditions. Figure 5-6 demonstrates how the surfaces reacted to an 

external force. In a wet state, as would be the case for the coatings environment 

in vivo it can be seen that the coatings are not susceptible to bending (Figure 

5-6C) and scratching leaves the surface with a removed track for the contact area 

(Figure 5-6A). However, when scratching a dry coating, a large coating area 

delaminates with the scratching procedure, exposing large steel areas (Figure 

5-6B). Surprisingly, dry bending of the coatings did not lead to fracturing of the 

coating (Figure 5-6D). 

Although these findings were purely qualitative and did not hold the argument to 

support the coatings' adhesion stability, it can be deduced that the coatings seem 

more resistant to defects in wet conditions, most likely due to their swelling 

behaviour. Therefore, enhancing the adhesion to the steel and being softer, 

enabling the removal of coating while scratching. 
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Figure 5-6: Scratching and bending behaviour of eADF4(C16)-REDV coatings. The left side inserts 
demonstrate how the mechanical force acted on the coatings. A: A scratch on a wet protein coating 
showing protein removal along the scratched path, B: A scratch on a dry protein coating, displaying 

large areas of delamination C: Bending of a wet and D: a dry protein coating where no apparent 
defects are observable. 

In an attempt to increase the integrity of the coating in a dry state under 

mechanical stress, the potential of an additional polymer layer for enhanced 

adhesion was observed next. Therefore, an intermediate polyacrylamide layer 

deposition, as Emonson et al. used for B. mori films [157] was incorporated to 

enable hydrogen bonding and promote adhesion between the spider silk coating 

and the substrate. By utilising a modified electrochemical graft-from approach, 

the polyacrylamide was covalently bound to the steel, potentially enabling a 

stronger adhesion of the spider silk coating. Figure 5-7 shows visual observations 

(A-C) of polyacrylamide functionalised steel plates glued together by an 

eADF4(C16)-REDV solution. Figure 5-7A shows a glued-together specimen for 

the lap shear test, holding the weight of the second steel plate (85 mm × 25.4 mm 

× 2 mm) and Figure 5-7B shows the plates after the lap-shear experiment. The 

images suggested that the modification significantly improved the behaviour in 

terms of the delamination of the coating, as this effect could not be observed. 

Both steel plates seem to contain protein on their respective surfaces. Figure 

5-7C demonstrates the lap-shear setup, and Figure 5-7D summarises the 

normalised adhesive strengths according to the amount of protein used for gluing, 
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showcasing that the polyacrylamide functionalisation significantly increased the 

coatings' adhesion to the substrate. 

Despite these results suggesting a better adhesion of the protein coating to the 

surface, it has to be considered that these measurements were conducted in a dry 

state due to limitations in the experimental setup. However, the scratching and 

bending tests, as seen in Figure 5-6 have been conducted on these functionalised 

surfaces, resulting in complete delamination upon wetting of the coatings. This 

observation aligns with the ability of polyacrylamide to be highly soluble in water 

if not cross-linked [468] as, for example, in an SDS-gel. Therefore, the additional 

coating solubilised, leading to complete delamination. 

 

Figure 5-7: Lap-shear test of polyacrylamide functionalised steel plates glued with eADF4(C16)-
REDV solution. A: photograph of a glued specimen for testing, B: Specimens after the lap-shear test, 

C) The experimental setup and D) Normalised adhesive strengths of pristine and functionalised steel 
plates coated with spider silk. . n=3, ***p≤0.001. 



 

Chapter 5: Endothelial cell-selective recombinant spider silk fusion 
protein: application as a coating for DES 

 

149 

 

To conclude, the surface characterisation of eADF4(C16)-based coatings showed 

homogeneous surfaces created by a dip-coating approach that showed reduced 

water-contact angle, indicating a more hydrophilic surface. Furthermore, it could 

be confirmed that no HFIP from the coating procedure remains after post-

treatment, rendering these coatings viable for in vitro and in vivo testing. 

The mechanical stability, specifically the adhesion to the steel substrate, is one 

remaining concern for future applications as the coatings showed good integrity 

in a wet state, but the dry state was very susceptible to defects from scratching. 

An additional polyacrylamide layer improved this; however, it simultaneously led 

to poor performance in the wet state. 

Nonetheless, from these results, it can be derived that another, more suitable, 

preferably water-insoluble polymer layer could simultaneously enhance the spider 

silk coatings adhesion in a dry and a wet state. A natural polymer to consider 

would be chitosan which could be applied by electrospraying and layer-by-layer 

deposition, providing the sites for H-bond dependent adhesion similar to the 

polyacrylamide layer[469]. However, while water soluble, a chitosan layer would 

swell in wet state [175] and possibly lead to delamination and defects when 

immobilized. Two synthetic approaches could be the usage of (3-

Aminopropyl)triethoxysilane (APTES) or polyvinylidene fluoride (PVDF) coatings. 

APTES is an aminosilane, used for the deposition of thin monolayers of 

alkoxysilanes for attaching organic coatings to metal surfaces[470] and has been 

suggested to be biocompatible[471]. PVDF is commercially used as metal 

coatings, especially as adhesion substrate for paints. It is a thermoplast which is 

highly wear and water resistant and would could possibly also provide H-bonding 

sites for improved spider silk adhesion. Furthermore, it is commonly spray-coated, 

providing thin coatings and was found to be biocompatible[472]. 

5.3.2 Hemocompatibility 

After thorough characterisation of eADF4(C16)-based coatings for 316L stainless 

steel, the evaluation on the potential application as DES coating material was 

targeted, firstly focusing on the blood coagulation behaviour. 
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An optimal stent coating should minimise thrombosis, thereby reducing the 

occurrence of thrombus-induced restenosis, embolism, stroke and decreasing the 

dependence on antiplatelet therapy [167]. Therefore, as a first approximation of 

clotting behaviour, QCM-D measurements to asses fibrinogen adhesion, similar to 

the studies Lentz et al. [49] performed on spider silk films cast from formic acid, 

were conducted. Similar to their findings, the HFIP-cast films used in this study 

exhibited less fibrinogen adhesion than the control gold surface, as shown in 

Figure 5-8. All tested eADF4(C16) variants showed significantly less fibrinogen 

adhesion than the control specimen. However, to the instrumental limitation of the 

QCM-D device and the spin-coating setup, reliable reproducibility amongst the 

protein coatings was impossible to achieve. Nevertheless, the control gold surface 

exhibited significantly higher fibrinogen adhesion in every attempt for 

reproducibility (n=3). 

 

Figure 5-8: QCM-D measurements of human fibrinogen on gold (Au) QCM-D chips and eADF4(C16)-
based coated chips. Graph cut to exclude equilibration time. Fibrinogen introduction after ~1 minute, 

PBS washing step after ~18 minutes.  

The initial findings from QCM-D measurements using human fibrinogen suggested 

that the coatings have the potential for hemocompatibility. However, the process 

of thrombosis induced by biomaterials is multifaceted, involving various pathways 

initiated by the adsorption of procoagulant proteins such as fibrinogen, factor XII 

(FXII), von Willebrand factor (vWF), and complement proteins [455]. In addition, 

factors like shear stress can also impact the clotting process [473]. Following 

ISO10993-4 [473] guidelines, several blood-material assays were conducted to 



 

Chapter 5: Endothelial cell-selective recombinant spider silk fusion 
protein: application as a coating for DES 

 

151 

 

assess the hemocompatibility of the spider silk materials. These assays included 

clotting time measurement, FXIIa activation assay, whole blood coagulation 

assay, and a modified Chandler loop assay [473] to examine the influence of flow 

on clotting. Furthermore, scanning electron microscopy was employed to visualise 

the surfaces in both their pristine and clotted states. 

First, a clotting time assay was conducted to assess the coagulation potential of 

the spider silk surfaces (Figure 5-9A). Platelet-poor plasma (PPP) was incubated 

on the different surfaces, and the turbidity of the suspension was measured. A 

decrease in turbidity indicates clotting and the formation of fibrin clots, which 

occurs through contact activation via the intrinsic pathway [474]. The experiment 

included two control surfaces: hydrophilic (oxygen-plasma treated) polystyrene, 

known to strongly trigger coagulation, and unmodified polystyrene as a 

hydrophobic surface model. No significant difference in turbidity was observed 

between the negative control and the eADF4(C16) variants. However, the 

hydrophilic polystyrene surface exhibited noticeable clotting behavior.  

A Factor XII activation assay was performed to validate the results obtained from 

the clotting time assay (Figure 5-9B+C). This assay aimed to investigate the 

clotting mechanism in more detail. The results revealed no detectable activation 

of Factor XII on the negative control and eADF4(C16) variants, while significant 

activation was observed on the positive hydrophilic control over a 60-minute 

period. These findings are particularly noteworthy because contact activation of 

Factor XII on negatively charged hydrophilic surfaces has been shown to 

accelerate the coagulation cascade [475]. The fact that the eADF4(C16) coatings, 

which exhibit negative charges and hydrophilicity, did not induce Factor XII 

activation suggests that these silk surfaces do not trigger this particular clotting 

pathway and possess exceptional hemocompatibility for their material category. 
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Figure 5-9: . Hemocompatibility assays on spider silk coatings and control surfaces. A) Clotting was 
assessed by measuring the turbidity change when the various surfaces were exposed to platelet 

poor plasma (PPP), as an increase in turbidity indicates fibrin formation (n=4). B) Factor XIIa 
activation rate was assessed on various surfaces as it is involved in the coagulation cascade. (n=4). 
C) Representative Factor XIIa activation profiles used for determination of the slopes in panel B.. 

***p≤0.001. 

Although these results suggested very good hemocompatibility of eADF4(C16)-

based coatings, blood coagulation is, as mentioned before, a very intricate 

mechanism and still not entirely uncovered in all its complexity. Therefore, 

following the plasma-based tests, human whole blood clotting assays were 

performed on 316L stainless steel surfaces and steel surfaces coated with the 

spider silk variants using whole blood spiked with fluorescent fibrinogen. This 

assay allows for qualitative analysis of thrombosis through visual inspection and 

quantitative analysis through fluorescence measurements of the clotted surfaces. 

Visually, the bare 316L stainless steel sheets induced significant thrombosis, while 

the spider silk coatings exhibited considerably reduced thrombus formation 

(Figure 5-10A). Quantitative assessment of thrombus accumulation confirmed 

the visual observations, as the 316L stainless steel surfaces demonstrated 
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substantial clotting compared to minimal clotting on the spider silk surfaces after 

the 60-minute experiment (Figure 5-10B). 

 

Figure 5-10: Photograph of the coagulated samples after 15-, 30-, and 60-minutes exposure to 
human whole blood, and E) Quantification of the whole blood coagulation by measuring the 

fluorescence intensity of the fibrin network formed from PPP that was spiked with fluorescently 

labelled fibrinogen. Data is presented as mean ± standard error (n = 3 donors) p<=0.001 for all 
statistical analyses.. ***p≤0.001. 

Scanning electron microscopy was employed to visualize the surfaces following 

the whole blood coagulation assay, as depicted in Figure 5-11. Within 15 minutes 

of blood exposure, polymerized fibrin and activated platelets can be observed on 

the 316L stainless steel surfaces. By the 60-minute time point, an extensive fibrin 

network, activated platelets, and trapped red blood cells are evident on the steel 

surfaces. In contrast, all silk surfaces exhibit a minimal presence of platelets, white 

cells, and thrombus formation. 
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Figure 5-11: Representative scanning electron micrographs of 316L stainless steel and eADF(C16)-
based surfaces after 15, 30, and 60 minutes of exposure to whole blood. Red squares highlight fibrin 

network formations, arrows point at activated platelets and circles denote fixed red blood cells. 

Lastly, it is crucial to consider the impact of blood flow on clotting, as high shear 

rates can activate shear-sensitive platelets and von Willebrand Factor, while low 

shear rates can promote coagulation due to decreased mass transport [473]. To 

assess the thrombogenicity of the silk materials under blood flow conditions, the 

modified Chandler Loop experiment [167] was conducted (Figure 5-12). The 

results from the Chandler Loop assay align with the findings from the whole blood 

coagulation assay presented in Figure 5-10 and Figure 5-11. Visual inspection 

reveals significant thrombus formation on the bare 316L stainless steel surfaces, 

while the spider silk surfaces exhibit minimal accumulated thrombus. The 

quantitative analysis of thrombus weight supports the visual observations, as all 
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spider silk variants demonstrate significantly lower thrombus accumulation than 

the stainless steel sample.  

 

Figure 5-12: Representative photograph of samples after 30 minutes of whole blood exposure in 
the Chandler Loop assay. B) Quantification of modified Chandler Loop data by assessing mass gain 
of samples after exposure to blood. * p<=0.05, *** p<=0.001. n=9 

Previous research [49, 476] utilising human whole blood demonstrated initial 

hemocompatibility observations with eADF4(C16) particles and films. The findings 

presented here provide a more thorough analysis of the interactions between 

human blood and spider silk by examining the coagulation mechanism (activation 

of Factor XIIa) and the effects of shear on the clotting process (modified 

Chandler's loop).  

The combination of thrombogenicity experiments conducted following 

ISO 10993-4 standards provides strong evidence that spider silk alone and its 

fusion variants with REDV and RGD possess low thrombogenicity compared to 
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hydrophilic polystyrene and stainless steel controls. Notably, all eADF4(C16) 

variants exhibit reduced thrombogenicity under both static and flow conditions 

using whole blood with minimal anticoagulation, highlighting their excellent 

thromboresistant properties. Overall, these findings indicate the potential of 

recombinant spider silk materials to exhibit exceptional thromboresistance and 

support their utilization in cardiovascular applications.  

 

5.3.3 Enzymatic degradation of the coating 

The polymeric stent coating is critical in releasing antiproliferative drugs in 

commercial drug-eluting stents. The release mechanism involves Fickian-style 

diffusion and drug release through polymer relaxation and degradation [477]. 

Therefore, it is crucial to assess the degradation of spider silk coatings under 

physiologically relevant conditions. 

To evaluate the degradation, a mixture of human neutrophil elastase (250 ng/mL) 

and matrix-metalloprotease-2 (MMP-2, 250 ng/mL), two clinically-relevant human 

proteases were used at wound-healing concentrations [478-485]. The protein 

content of the coating was estimated by solubilizing post-treated steel coatings in 

HFIP, followed by dialysis against Tris/HCl pH 7.5, resulting in approximately 

3 ± 0.3 mg protein on a 36 mm2 steel sheet. 

Figure 5-13A presents the mass-loss profile of eADF4(C16)-REDV coated steel 

sheets over a period of 29 days. The mass profile shows a relatively linear 

behaviour, with an approximate mass loss of 4.5 % after 29 days, aligning with 

previous studies on formic acid-cast films and foams in wound healing-specific 

enzymatic environments observing only minimal degradation [22, 49]. 

Furthermore, control samples incubated in buffer show no degradation throughout 

the experiment, supporting that the presence of enzymes had a small effect.  

This slow degradation rate is preferable to synthetic coatings like PLGA, which 

demonstrated rapid degradation (via hydrolysis only) with mass loss of 85–90% 

after 30–60 days [486-488] when used as a coating. Other, more durable 

polymers, like coatings based on PLLA, exhibited a 15% mass loss after three 
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months and up to a 30% loss at month twelve [489]. This study elevated a bare 

metal stent to a more bulk-like method by applying a coating that was 22 m thick 

to it. Still, when comparing the degradation rate of DES coatings, spider silk and 

PLLA appear to fall into the same regime. 

SEM micrographs of the spider silk surfaces during degradation are shown in 

Figure 5-13B. These micrographs support the quantitative degradation data. The 

control samples exhibited no significant changes, while the spider silk coatings 

exposed to enzymes displayed some degradation. 
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Figure 5-13: A) Degradation of eADF4(C16)-REDV coatings shown as mass loss from protein 
coatings over time. B) Scanning electron micrographs of silk coatings exposed to either a proteinase 
solution or buffer (negative control). Scale bar: 10 µm. 

Interestingly, surface roughness increases in the day 15 image (magnified in 

Figure 5-14), which may be attributed to protein structure reorganization or 

more rapid enzymatic degradation of the amorphous protein component compared 

to the crystalline beta sheets. By day 29, the degraded spider silk surfaces still 

exhibited some surface roughness, although less pronounced than on day 15. It 

is important to note that spider silk degradation results in naturally occurring 

amino acids, which are reported to have less inflammatory potential than 

degradation products of commonly used polymers [490-492]. Most notably, after 
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29 days in a protease environment mirroring the conditions found at wound 

healing, approximately 95% w/w of the coating is still present on the steel sheet, 

displaying a homogeneous surface. 

 

 

Figure 5-14: Magnified SEM micrographs from Figure 5-13B. Enzyme-degraded (MMP-2/elastase 
mix) after 15 days of incubation. 

 

5.3.4 Drug elution properties 

Present-day drug-eluting stents employ antiproliferative drugs to reduce the 

chance of in-stent restenosis triggered by neointimal hyperplasia [373]. Therefore, 

new candidates to this type of stent coating must provide elution capabilities of 

medically significant drugs. eADF4(C16) particles made from aqueous solution 

have been used before to study the transport of hydrophilic drugs [62] and β-

carotin as a hydrophobic model drug [493], though DES typically comprise 

hydrophobic antiproliferative drugs. Consequently, this study examined the 

feasibility of eluting the gold standard hydrophobic antiproliferative DES-agent 

everolimus through eADF4(C16)-REDV coatings. Importanty, when talking about 

drug formulations, hydrophobic means low solubility in aqueous solutions (in the 

case of EVE below 1 mg/mL), whereas the solubility in non-polar solvents such as 

alcohols or lipids is elevated drasctically[494]. 
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Before application of the coating, the spider silk and the drug were dissolved in 

the shared solvent, HFIP, resulting in a transparent solution, indicating the 

adequate solubility of both solutes. Earlier studies confirm this finding where 

sirolimus (everolimus' precursor) was electrospun from an HFIP solution [373]. In 

this experiment, the coatings were designed to include about 0.6 µg/mm2, 

paralleling the drug concentration found in widely-used drug-eluting stents such 

as Cypher [495], Taxus™ [496], Corel-C [497], or Yinyi [498] which all average 

in around 1 µg/mm2. 

PBS as an elution media was chosen to mimic the bodily environment in pH and 

salt concentration and is primarily used in in vitro elution studies of everolimus 

and sirolimus, which less water soluble than EVE [458, 461, 499]. 

The quantity of everolimus incorporated into the eADF4(C16)-REDV coatings on 

316L stainless steel sheets with a surface area of 72 mm2 was estimated by 

resolubilizing post-treated and drug-loaded coatings. The final drug concentration 

in the coating was 0.3 ±0.05 µg/mm2. Therefore, the concentration in the coating 

was approximately 22±4 µg (n=2).  

Figure 5-15A details the release pattern of everolimus from the spider silk 

coatings into PBS, which took place over 29 days. A burst release occurred within 

an estimated 5 hours, releasing approximately 70% of the drug into the medium. 

Nevertheless, an uninterrupted release from the device was noted throughout the 

29-day experiment until a final EVE concentration of approximately 3.3 µg 

remained in the coating (estimation of ~15% of 22 µg total drug loaded from 

solublilized coatings. Samples from the same batch).  

This sustained release is crucial since the initial month is vital for curtailing 

neointimal hyperplasia [500, 501]. Moreover, this drug release pattern aligns with 

the release from PCL and other materials, showing an initial burst release followed 

by 3-30 days sustained release [375, 458, 502].  

Despite a significant drug portion being released in the initial hours, this does not 

directly imply an inherent shortcoming. Commercial drug-eluting stents often 

release up to 90% of the drug within 48 hours. Moreover, the drug released from 
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those stents remained detectable in the artery wall for at least 56 days post-burst 

release [503].  

This basic drug release approach showed the feasibility of eADF4(C16)-REDV 

coatings to elute the antiproliferative druge everolimus, however, several 

limitations regarding the assay medium and its applicability to human 

physiological environments need to be addressed. First, the primary medium 

(PBS) utilized in this assay was a simplified buffer solution, a common standard 

for in vitro experiments, which does not fully capture the complexity of the 

biological environment within the human body. In vivo conditions are significantly 

more complex due to the presence of various proteins and enzymes in the human 

system, such as albumin and proteases. These biomolecules could interact with 

the drug, potentially modifying the observed release kinetics. 

Next, the static nature of the assay fails to replicate the dynamic conditions of 

blood flow present in the human body. Blood flow generates shear stress and 

creates a dynamic environment that can influence drug release. The absence of 

these conditions in the assay medium can lead to discrepancies in the observed 

release profiles compared to those expected in a physiological environment.  

To enhance the representativeness of the drug-releasing assay, several 

modifications should be considered. Incorporating human plasma or serum into 

the assay medium would provide a more accurate representation of the protein-

rich environment in the bloodstream. This modification could yield more relevant 

release profiles that better mimic in vivo conditions. Implementing bioreactors or 

flow chambers that simulate the shear stress and dynamic conditions of blood flow 

would also provide a more realistic assessment of drug release under physiological 

conditions. Such systems are crucial for evaluating the performance of drug-

releasing coatings in a manner that closely mimics their behavior in the human 

body. 

Various mathematical drug elution models were examined. A simple, diffusion-

only model, the Korsmeyer-Peppas fit [504], was a poor match for the data with 

an R2 of 0.75. However, the Peppas-Sahlin model [505], expressed in Equation 

5-2, better matched the empirical data with an R2 of 0.97. 
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= k1t

m [1 +
k2

k1
tm]              (5-2) 

 

In this equation, Mt/M∞ signifies the fraction of the drug eluted, while k1 and k2, 

are kinetic constants, and m is the Fickian diffusion coefficient. The Peppas-Sahlin 

model proves beneficial when multiple kinetic processes collectively govern the 

release pattern. This model is often applied when the drug delivery results from 

an interplay between Fickian diffusion and relaxation of the polymer matrix. [505]. 

In the case of spider silk coatings, the polymer matrix relaxation might be partly 

due to the time-sensitive swelling of the polymer in the water-based environment 

and possibly other not-yet-defined factors [506]. This model permits the separate 

determination of each mechanism's contribution, as indicated in Figure 5-15B. 

Initially, drug release is primarily driven by diffusion. Over time, however, the 

polymer relaxation factor (i.e., swelling) grows in importance for drug delivery. It 

is critical to highlight that drug delivery was examined in PBS, with no proteolytic 

enzymes present, so the release data doesn't account for the effects of coating 

degradation on the release pattern. Nonetheless, the majority of drug release 

happens within the initial few hours, significantly quicker than the coating 

degradation process. Thus, the initial drug release rate likely represents the rate 

even if protein degradation occurred.  
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Figure 5-15: A) Drug elution of everolimus (EVE) from spider silk coatings fitted to a Pappas-Sahlin 
model. B) Fraction of Fickian diffusion (F; black) and polymer relaxation (R/F; red) over the time of 
drug elution according to the Peppas-Sahlin fit. Percentage estimated based on the total amount of 

drug from independent measurements. n=2  

 

5.4 Conclusion 

The data presented in Chapter 5 provides compelling evidence for the potential 

application of eADF4(C16)-REDV as a coating for drug-eluting stents. The unique 

properties exhibited by this fusion protein make it a promising candidate for 

enhancing the performance and safety of these medical devices. 

In addition to its endothelial cell selectivity, covered in Chapter 4, eADF4(C16)-

REDV demonstrates excellent hemocompatibility. The fusion protein exhibits 

excellent hemocompatibility, minimising platelet activation and thrombus 

formation, thus reducing the risk of stent-associated thrombosis. This feature is 

of utmost importance for the long-term success of drug-eluting stents, as it 

ensures the maintenance of blood flow and prevents adverse events. 

Additionally, enzymatic degradation experiments showcased the long-term 

viability of eADf4(C16)-REDV-based coatings with approximately 95% of the 

protein mass remaining after 29 days. 

Furthermore, eADF4(C16)-REDV can effectively release clinically relevant drugs 

over appropriate timeframes. The controlled release of therapeutic agents from 
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the coating allows targeted drug delivery to the site of the stent implantation, 

promoting local tissue healing and reducing the risk of restenosis. The release 

kinetics can be tailored to suit specific therapeutic requirements, ensuring optimal 

drug concentrations at the desired site for an extended period. 

Overall, the comprehensive assessment of eADF4(C16)-REDV in these chapters 

highlights its potential as a coating for drug-eluting stents. Its selectivity towards 

endothelial cells, ability to foster a confluent endothelium, excellent 

hemocompatibility, and controlled drug release make it a promising candidate for 

improving the efficacy and safety of these medical devices. Further research and 

development efforts are warranted, such as more appropriate coating technologies 

and in vivo testing. Furthermore, blending of REDV and RGD modified protein 

variants could potentially further enhance the proliferation rate of the surface 

while maintaining selectivity towards EC. However, as the RGD peptide showed 

substantially increased attachment of all the tested cell types, careful investigation 

of a “sweet spot” blend ratio would need to be carried out to evaluate if a blend 

ratio is capable of improving EC attachment while at the same time not 

significantly enhancing the attachment of other cell types. Tackling these 

remaining points could pave the way to advance the translation of this innovative 

biomaterial into clinical applications, with the ultimate goal of enhancing patient 

outcomes in interventional cardiology. 
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Chapter 6 Summary and future outlook 

6.1 Summary 

This thesis has focused on developing and characterising spider silk-based 

biomaterials for tissue engineering applications. Two main areas were 

investigated: using the cellulose-binding fusion protein eADF4(C16)-CBD for 

hydrogel applications and developing REDV-modified silk- proteins as coatings for 

drug-eluting stents.  

The exploration of spider silk proteins, particularly recombinant variants like 

eADF4(C16) and their fusion proteins (e.g., eADF4(C16)-CBD and eADF4(C16)-

REDV), presents promising advancements in TE and biomedical applications. 

These proteins offer exceptional biocompatibility, remarkable mechanical 

strength, and versatility in modifications, positioning them as superior alternatives 

to traditional materials. Their potential for promoting tissue regeneration and 

improving biomedical devices, such as stents, highlights their significance in the 

healthcare sector. 

However, several limitations must be addressed for these materials to achieve 

clinical success. Scaling up production to meet clinical demand remains a 

significant challenge, as does the high cost of production. Additionally, navigating 

complex regulatory pathways and ensuring long-term stability and performance 

in vivo are critical hurdles that need to be overcome. Collaborative efforts between 

material scientists, biologists, clinicians, and engineers will be crucial to optimize 

these biomaterials for clinical use. 

Advanced in vivo models, such as small animal models and microfluidic chips, are 

essential for testing material properties in realistic settings. These models will help 

evaluate the long-term functionality and integration of the scaffolds in a 

physiological environment. Furthermore, detailed application-specific studies 

focusing on bone regeneration, wound healing, and cardiovascular stent coatings 

will provide tailored solutions for each clinical application. 
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The progress beyond the current state of the art involves enhanced mechanical 

properties, improved biocompatibility, and specific cell adhesion properties 

introduced by functional peptides like REDV. While production scalability and cost 

remain challenges, optimizing bioprocessing techniques and leveraging economies 

of scale offer potential pathways for improvement. The research presented in this 

thesis lays the groundwork for several clinical applications, representing 

significant advancements in TE and biomedical technologies. 

The eADF4(C16)-CBD fusion protein was studied for its application as hydrogel 

materials in the first part of the thesis. Regarding the design of the fusion protein, 

it proved of great significance to include a linker sequence between the 

eADF4(C16) and the CBD moiety. Despite the recombinant spider silk's linear and 

not actively functional structure, only physical spacing between both fusion 

partners enabled a properly structured CBD, showing effective cellulose binding. 

Structural observations such as CD and fluorescence spectroscopy validated the 

adequately folded and functioning of the fusion construct. Furthermore, cellulose 

binding was demonstrated via an incubation assay and QCM-D measurements. 

The final fusion protein retained the ability of the unmodified eADF4(C16) protein's 

ability to form hydrogels, demonstrating improved printability and shape fidelity. 

Incorporating cellulose fibres further enhanced the mechanical properties of the 

hydrogels, resulting in increased stiffness and yield stress. The cellulose fibre-

enhanced hydrogels also exhibited improved cell proliferation rates and 

morphological changes in vitro, indicating their potential for tissue engineering 

applications. The findings from this research highlight the suitability of 

eADF4(C16)-CBD hydrogels as injectable yet form-stable materials for various 

biomedical applications. 

The second part of the thesis focused on silk-based protein constructs as coatings 

for drug-eluting stents.  

The eADF4(C16)-REDV protein was investigated explicitly for its potential as a 

coating to improve drug-eluting stents' biocompatibility, tissue integration, 

degradability, hemocompatibility and therapeutic efficacy.  
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One key advantage of eADF4(C16)-REDV is its selectivity towards endothelial 

cells. The specific recognition and binding of the REDV peptide sequence to 

integrin receptors expressed on endothelial cells ensure targeted and effective 

interactions with the desired cell population. This selectivity promotes the 

formation of a confluent endothelium on the stent surface, which is crucial for 

facilitating proper vascular healing and minimizing the risk of complications such 

as thrombosis. It is important to clarify that while the REDV-functionalized 

surfaces demonstrated near-monolayer coverage and the formation of endothelial 

cell-cell adhesions after seven days in vitro, this does not equate to a fully 

functional endothelium. A fully functional endothelium involves more complex 

characteristics, including barrier function, anti-thrombotic properties, and the 

ability to respond to physiological signals.  

In addition to its endothelial cell selectivity, eADF4(C16)-REDV demonstrates 

excellent hemocompatibility. The fusion protein exhibits a favourable interaction 

with blood components, minimizing platelet activation and thrombus formation, 

thus reducing the risk of stent-associated thrombosis. This feature is of utmost 

importance for the long-term success of drug-eluting stents, as it ensures the 

maintenance of blood flow and prevents adverse events. 

Furthermore, eADF4(C16)-REDV can effectively release the clinically relevant drug 

everolimus over appropriate timeframes. The controlled release of therapeutic 

agents from the coating allows targeted drug delivery to the site of the stent 

implantation, promoting local tissue healing and reducing the risk of restenosis. 

The release kinetics can be tailored to suit specific therapeutic requirements, 

ensuring optimal drug concentrations at the desired site for an extended period. 

While the in vitro results are promising, in vivo studies are essential to validate 

these findings in a more complex biological environment. The choice of in vivo 

models is crucial for understanding the behavior and efficacy of these biomaterials 

under physiological conditions. To assess the true potential of these materials, 

several experimental designs can be proposed. For instance, small animal models 

such as mice or rats could provide valuable data on biocompatibility, degradation, 

and efficacy over time. Experiments involving the implantation of eADF4(C16)-

REDV coated stents in rodent models could evaluate the stent's performance in 
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preventing restenosis and promoting endothelialization in a living system. 

Advanced imaging techniques, such as intravital microscopy, could be utilized to 

observe the endothelialization process in vivo, measuring parameters such as the 

degree of restenosis, inflammation markers, and endothelial cell coverage over 

time. However, as stent structures for rhodents may not be applicable, large 

animal models like pigs, which are more physiologically similar to humans, could 

be employed. These models can provide more relevant data on the long-term 

performance and safety of the biomaterials. Utilizing discarded human tissues 

from surgeries to create an ex vivo model can also provide a more accurate 

representation of how the biomaterials will perform in human patients. For 

instance, using segments of human veins or arteries to test the interaction of the 

coated stents with actual human endothelial tissues can offer critical insights.  

Moreover, the development of a microfluidic chip that integrates endothelial cells 

forming capillary-like structures can be used to study the interaction of 

eADF4(C16)-REDV coatings with blood flow. This setup would allow for the real-

time observation of endothelialization, drug release kinetics and the coating 

integrity under dynamic conditions, providing insights into how these materials 

interact with blood flow and cellular environments, thus mimicking in vivo 

conditions more closely than static in vitro assays. 

Overall, this study's assessment of eADF4(C16)-REDV highlights its potential as a 

coating for drug-eluting stents. Its selectivity towards endothelial cells, ability to 

foster a confluent endothelium, excellent hemocompatibility, and controlled drug 

release make it a promising candidate for improving the efficacy and safety of 

these medical devices. Further research and development efforts are warranted 

to advance the translation of this innovative biomaterial into clinical applications, 

with the ultimate goal of enhancing patient outcomes in interventional cardiology. 

These results suggest that eADF4(C16)-REDV coatings hold promise for enhancing 

the performance of drug-eluting stents and improving patient outcomes. 

Concluding, this thesis has explored the potential of recombinant spider silk 

proteins, specifically eADF4(C16)-CBD and eADF4(C16)-REDV, in advancing tissue 

engineering and cardiovascular disease management. These proteins offer unique 
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properties that can address the limitations of existing treatments and open new 

avenues for medical interventions. The modified eADF4(C16)-CBD hydrogel 

presents an injectable scaffold with enhanced stiffness, cell adhesion potential, 

and tunable mechanical properties, making it a promising candidate for tissue 

engineering applications. On the other hand, the eADF4(C16)-REDV coating for 

drug-eluting stents offers improved biocompatibility, hemocompatibility, and 

endothelialization, addressing critical challenges in stenting technology. By 

leveraging these recombinant spider silk proteins, significant progress can be 

made in tissue engineering and cardiovascular disease management, bringing us 

closer to effective and patient-centric medical solutions. 

 

6.2 Future prospectives 

The current state of the art in tissue engineering and cardiovascular disease 

management involves several approaches and materials, but significant limitations 

persist that hinder their effectiveness and broader clinical application. For TE, 

existing scaffolds such as ones made from synthetic polymers and natural 

biopolymers often lack the ideal combination of mechanical strength, 

biocompatibility, and degradation profiles needed for effective tissue regeneration. 

Synthetic polymers, while tunable in their properties, can provoke inflammatory 

responses and have suboptimal degradation rates.  

In the realm of cardiovascular disease management, DES have revolutionized the 

treatment of coronary artery disease by preventing restenosis. However, these 

stents often fall short in promoting rapid endothelialization and can lead to chronic 

inflammation and late thrombosis. Current stent coatings made from synthetic 

polymers or metallic surfaces struggle with hemocompatibility and fail to 

adequately support the formation of a functional endothelial layer. 

This PhD project seeks to advance on these limitations by exploring the potential 

of modified recombinant spider silk proteins, specifically eADF4(C16)-CBD and 

eADF4(C16)-REDV, for use in both TE scaffolds and stent coatings. The unique 

properties of these silk proteins, such as their mechanical strength, 
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biocompatibility, and tunable degradation rates, position them as suitable 

alternatives to current materials. 

For spider silk-based TE applications, the eADF4(C16)-CBD hydrogel represents a 

significant leap forward. By incorporating a cellulose-binding domain, the hydrogel 

demonstrates enhanced mechanical properties and stability, overcoming the 

fragility typically associated with physically crosslinked hydrogels made from 

recombinant spider silk proteins. This modification allows the hydrogel to maintain 

structural integrity under physiological conditions, making it suitable for injectable 

applications. Additionally, the improved cell adhesion properties of the 

eADF4(C16)-CBD hydrogel offer a more conducive environment for tissue 

regeneration, paving the way for more application-oriented experiments on this 

novel gel formulation. However, while the youngs modulus and the corresponding 

stiffness could be greatly increased, it should be noted that these eADF4(C16)-

based hydrogels still reign amongst the lower stiffness gels in TE and therefore 

should be considered for lower-stiffness applications. 

In cardiovascular disease management, the eADF4(C16)-REDV functionalized 

coating addresses the critical challenge of promoting endothelialization while 

minimizing inflammation and thrombosis. The REDV peptide's selectivity for 

endothelial cells ensures that the coating supports the rapid formation of a 

functional endothelial layer, which is essential for the long-term success of stents. 

This approach not only reduces the risk of restenosis but also enhances the overall 

hemocompatibility of the stent. 

Experimental findings from this thesis provide substantial evidence for the 

performance of these novel materials. The eADF4(C16)-CBD hydrogels exhibit 

excellent biocompatibility and mechanical strength, supporting cell proliferation 

and maintaining stability under physiological conditions in vitro. The eADF4(C16)-

REDV coatings demonstrate selective endothelial cell adhesion and proliferation, 

significantly improving the formation of a confluent endothelial layer while 

minimizing the adhesion of non-endothelial cells. These first experiments on the 

new coating material for DES showed great potential and once the hurdle of 

coating mechanisms is improved on, follow-up in vivo tests could potentially lead 

to observations regarding clinical translation. 
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While this thesis has made new contributions to the field of biomaterials for TE, 

several avenues for future research warrant exploration. These future directions 

will further enhance the understanding and application of the developed 

biomaterials. 

In the case of the eADF4(C16)-CBD hydrogel variant, future research should focus 

firstly on improving protein yield from the current production method. As 

mentioned in 2.2.2, the yield after IMAC serves for analysis purposes but large-

scale application experiments, such as in vivo trials or comparisons of different gel 

compositions, remain a hurdle with a yield this low. 

Once this issue has been improved upon, different blend compositions and 

potentially more defined cellulose components could be utilized, as the current 

cellulose fibres showed a wildly varying morphology in Figure 3-2. By more 

precisely formulating the individual materials, even more defined hydrogels could 

be created, potentially also improving by cell adhesion peptides such as RGD to 

enhance cellular compatibility further. In an even more engaging project, these 

proteins could be combined by incorporating an RGD sequence at the N-terminus 

or between individual C-modules, such as between two blocks of C8, of the fusion 

protein.  

Regarding the DES coatings, it is crucial to investigate alternative coating 

mechanisms. Enhancing the adhesion of the coating is of utmost importance to 

ensure its long-term stability and efficacy. Electrocoating involves depositing a 

coating material through an electrochemical process, enabling strong adhesion 

between the coating and the stent surface. Further investigation is required to 

determine if electrocoating could potentially generate covalent bonds with an 

intermediate layer and evaluate its feasibility as a coating method for drug-eluting 

stents.  

The transition from coating steel sheets to the stent morphology will be the next 

challenge of this new material. Dip-coating is not a feasible technique for delicate 

structures such as stents and therefore needs to be replaced by more 

sophisticated methods.  
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Among the promising techniques are ultrasonication coating and electrospinning, 

each offering unique advantages for applying coatings to DES. 

Ultrasonication coating utilizes high-frequency ultrasonic waves to create a fine 

mist of the coating solution, which can then be directed onto the stent surface. 

This method ensures a uniform and precise application of the coating material, 

even on the complex geometries characteristic of stents [507, 508]. In Fact, 

Ultrasonication coating is the standard of coating DES in the industry due to its 

fast and reproducible results. 

Electrospinning uses an electric field to draw very fine fibers from a liquid polymer 

solution, creating nanoscale fibers that form a mesh-like coating around the stent. 

This method includes preparing a viscous polymer solution, using a high voltage 

to form fibers, and collecting these fibers on the stent through rotational 

movement [509]. The shortcomings of this approach however could be the limited 

capability to coat the inner lumen-facing surface of the stent. 

These advanced coating techniques are essential for achieving the desired 

properties in drug-eluting stents, such as uniform coating, controlled drug release, 

and improved biocompatibility.  

While the exploration of eADF4(C16)-REDV as a ultrasonication coated stent 

coating is promising, several variables and future challenges must be addressed 

to ensure successful application. The substrate material of the stents, typically 

composed of metal alloys, most commonly stainless steel or cobalt-chromium, but 

also other materials such as platinum-chromium or nickel-titanium, may present 

different surface properties that may affect the adhesion and uniformity of the 

spray-coated silk proteins is a different metal than 316L stainless steel is utilized. 

Additionally, the presence of shear forces during blood flow can impact the stability 

and durability of the coating. Moreover, the mechanical deformation of stents 

during crimping and expansion poses significant challenges, as these processes 

can lead to delamination or cracking of the coating. Future research must focus 

on optimizing the spray coating process to enhance adhesion, ensuring the 

coating's robustness under physiological shear conditions, and developing 

formulations that maintain integrity during mechanical deformation. 
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Furthermore, the drug-elution time-span will most likely be altered by a different 

deposition method, being another point of interest in the future applications of 

eADF4(C16)-REDV as DES coatings. 

In addition to exploring different coating mechanisms, future research should 

investigate different drug encapsulation strategies to improve the drug loading 

capacity and release kinetics. The influence of coating thickness on drug release 

profiles should also be examined to achieve the desired therapeutic effect. 

Furthermore, the performance of the eADF4(C16)-REDV coating should be 

evaluated in in vivo models to assess its efficacy and safety under physiological 

conditions as well as to observe endothelialisation capabilities in a living organism. 

The development of these biomaterials holds great promise for advancing 

regenerative medicine and treating various biomedical challenges, ultimately 

leading to improved patient outcomes. Further research and exploration of the 

suggested future directions will be essential in realizing the full potential of these 

biomaterials in clinical applications. By addressing the identified challenges and 

pursuing the suggested future directions, we can overcome the limitations and 

maximize the potential of these biomaterials, ultimately bringing us closer to 

realising effective tissue engineering solutions and improved patient care. 
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